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CHAPTER 1 

Introduction 

1-1.  Purpose.  This EC provides guidance on the design of I-walls used as flood barriers on 
either coastal or inland flood risk management systems.  This EC will be updated periodically as 
more information becomes available to incorporate results of additional physical testing and 
numerical analysis.  The final disposition of the information contained in this EC is yet to be 
determined.  This information could be incorporated into a Flood Risk Management System 
(FRMS) Engineer Manual, or could be incorporated into existing Engineer Manuals as deemed 
appropriate.  As used in this EC, the term I-wall refers to a slender cantilever wall, embedded in 
the ground or in an embankment that rotates when loaded and is thereby stabilized by reactive 
lateral earth pressures.  T-walls or L-walls have a flat or inclined base for distributing bearing 
pressures or pile forces to the foundation.  Specific guidance on T-walls or L-walls is not 
included in this EC; however, much of the general criteria relative to hydrologic, hydraulic and 
coastal design, minimum levels of protection requirements, resilience and redundancy, and 
overall comprehensive system design of I Walls will also be applicable to design of T Walls and 
L Walls, as well as earthen levee systems.  Anchored or propped walls are also not covered in 
this EC.  Lessons learned from Hurricane Katrina will be discussed, as well as results of 
Interagency Performance Evaluation Taskforce (IPET) studies and any additional testing.  
Information on the IPET analyses can be obtained from the following web site:  
https://ipet.wes.army.mil/. 

1-2.  Applicability.  This EC applies to all USACE commands having responsibilities for civil 
works projects.  

1-3.  References.  The following documents are consolidated in this EC.  Additional references 
and related publications are listed in Appendix A. 

 a.  Implementation of Findings from the Interagency Performance Evaluation Task Force 
on I-Wall Type Floodwalls (Phase I Interim I-wall Evaluation Guidance). 

 b.  Implementation of Findings from the Interagency Performance Evaluation Task Force 
on I-Wall Type Floodwall (second letter) (Phase II Interim I-wall Evaluation Guidance). 

 c.  Engineer Circular 1110-2-6067, USACE Process for the National Flood Insurance 
Program (NFIP) Levee System Evaluation. 

 d.  Estimating Hurricane Inundation Probabilities (White Paper by Donald T. Resio et al, 
Appendix E). 

 e.  Scour Protection Alternatives (Appendix G). 

 f.  Length Effects in Levee System Reliability (Appendix I). 

 g.  Policy Guidance for the Prioritization of FY 07 Inspection of Completed Works (ICW) 
Operations & Maintenance, General (O&M Gen), Mississippi River and Tributaries (MR&T) 
and Flood Control & Coastal Emergencies Inspection Accounts (Appendix J). 
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 h.  Supplemental Policy Guidance for the USACE 26 September 2006 Policy Guidance for 
Prioritization of FY 07 Inspection of Completed Works (ICW) Operations & Maintenance, 
General (O&M Gen), Mississippi River and Tributaries (MR&T) and Flood Control & Coastal 
Emergencies Inspection Accounts (Appendix K). 

 i.  Levee Owner’s Manual for Non-Federal Flood Control Works. 

http://www.usace.army.mil/cw/cecwhs/em/fcw/lom/lom.html 

1-4.  Distribution Statement.  Approved for public release; distribution is unlimited. 

1-5.  Mandatory Requirements.  USACE district offices performing designs of I-walls are 
required to satisfy specific mandatory requirements.  The purpose of mandatory requirements is 
to assure the structure meets minimum safety and performance objectives.  Mandatory 
requirements usually pertain to critical elements of the safety analysis such as loads, load 
combinations and factors of safety.  Mandatory requirements are summarized at the end of each 
chapter.  No mandatory requirements are identified in the appendices.  Instead, any mandatory 
requirements pertaining to information contained in appendices is cited in chapters which refer to 
those appendices.  Where other Corps guidance documents are referenced, the engineer must 
review each document to determine which of its mandatory requirements are applicable.  
Engineers performing the independent technical review must ensure that all mandatory 
requirements have been satisfied.  Procedures for requesting a waiver from these mandatory 
requirements are described in ER 1110-2-1150.  To reflect current organizational structure, the 
requirements described in ER 1110-2-1150 are modified as follows.  The waiver request shall be 
sent from the District Support Team (DST) to the Regional Integration Team (RIT) at the MSC.  
The RIT shall then forward the waiver request to CECW-CE for approval or rejection within 30 
days of receipt. 

1-6.  Scope.  This EC covers methods used in the design and analysis of I-walls used as flood 
barriers.  The I-wall may be founded on sheet piling or may be full-depth concrete.  When the 
requirements of this EC conflict with those in other Engineer Manuals, Engineer Circulars or 
Engineer Technical Letters the requirements of the most recent version of this EC shall govern.  
These requirements apply to all I-walls in the planning and design phase.  This EC defines the 
types and combination of applied loads of the wall/foundation system and the various 
components that enable the I-wall to resist movement.  Most importantly, the EC specifies the 
criteria and safety factors which govern the structural design and analysis for the I-wall for 
various load combinations.   

1-7.  Background.  The performance of the I-wall structures in New Orleans and Southeast 
Louisiana during Hurricane Katrina underscored the need to provide I-walls that are more 
reliable and resilient.  While some walls that were overtopped eventually breached due to 
erosion, four I-wall/levee composite systems failures occurred prior to overtopping due to 
formation of a gap between the sheet piling and the adjacent soils on the flood side of the I-wall.  
As stated on page I-7 of the IPET Executive Summary: 

“RESILIENCE:  Of the performance of the HPS (Hurricane Protection System), beyond the 
failure of the four I-wall sections, it was the lack of resilience that stands out as a major 
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factor in the ultimate flooding and losses.  If no catastrophic breaching had occurred, the 
flooding and losses would have been significantly reduced, perhaps by half.  Structures must 
be designed to withstand overtopping and to prevent catastrophic breaching.  Such 
capability would not only have dramatically reduced the losses in New Orleans but also 
dramatically eased the burdens of recovery.” 

Limit equilibrium stability analyses, centrifuge model tests, and finite element soil-structure 
interaction analyses all indicated that a gap formed between the sheet piling and the adjacent 
soils on the flood side of the wall, and that gap formation played a key role in the instability of 
the walls.  The results of IPET studies also made it evident that failure modes not previously 
considered required further evaluation, and that loss of protection associated with the use of 
incorrect project datum, subsidence and project operation and maintenance procedures need to be 
accounted for.  Guidance has been developed in phases for evaluation of existing I-wall 
structures.  Phase I and Phase II evaluation guidance was transmitted for implementation in 
2006.  Phase III evaluation guidance is currently being prepared.  IPET also determined that risk-
based/probabilistic approaches should be used to establish design levels of protection and the 
resulting flood hazard.  This EC applies the IPET results and subsequent changes in guidance to 
the design of I-walls.  The design guidance in this EC should be updated to reflect the results of 
Phase III investigations and guidance. 

1-8.  Coordination.  The design of an I-wall is a complex problem and therefore must be 
performed with input from many disciplines.  Hydraulic, hydrologic and coastal engineers must 
determine static and dynamic loads associated with water levels, and the existence and 
magnitude of wave loads.  Geotechnical engineers and geologists must provide information on 
properties of foundation materials, and must use experience and judgment to predict behavior of 
complex foundation conditions.  Structural engineers must use the information provided to 
ensure structural features of the system can adequately resist the applied loads.  To ensure that 
the proper information is supplied, it is important that those supplying the information 
understand how it will be used during the design process. To ensure that the information is 
applied appropriately, it is important that all members of the design team understand the 
performance requirements, methods and approximations used to develop this interdisciplinary 
data.  Designing I-Walls is a part of the integrated design process for Flood Risk Management 
Systems (FRMS) that must be performed by an interdisciplinary team of engineers, planners and 
other functional members.  The engineering team leader shall fully understand the total efforts 
required to execute a complete and safe design, and shall clearly convey to the Engineer of 
Record that all applicable mandatory requirements in this EC were met or exceeded. 

1-9.  Definitions.  

Aleatory Uncertainty – Uncertainty arising from natural, unpredictable variation in the 
performance of the system under study. 

Annual Exceedance Probability – The chance of an event of a given size (or larger) occurring in 
any one year, usually expressed as a percentage.  For example, if a peak flood discharge of 5000 
ft3/s has an Annual Exceedance Probability of 5%, it means that there is a 5% chance (i.e. a 1 in 
20 chance) of a peak discharge of 5000 ft3/s (or larger) occurring in any one year. 
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Assurance – The probability that a target stage will not be exceeded during the occurrence of 
a specified flood.  Assurance is also interchangeable with the term conditional non-
exceedance probability. 

Average Recurrence Interval – The long-term average number of years between the occurrence 
of a flood as big as (or larger than) the selected event.  For example, floods with a discharge as 
great as (or greater than) the 20yr ARI design flood will occur on average once every 20 years. 

Coastal – Characterization of a structure or system that is situated in an environment subject to 
water level fluctuations and wave action.  Coastal structures or systems must typically be 
designed to take into account storm surge and wave loadings. 

Conditional Non-exceedance Probability – The probability that a target stage will not be 
exceeded during the occurrence of a specified flood.  Conditional non-exceedance 
probability is also interchangeable with the term assurance. 

Critical Infrastructure – Agriculture and food, banking and finance, chemical, commercial 
facilities, commercial nuclear reactors, materials and waste, dams, defense industrial base, 
drinking water and water treatment systems, emergency services, energy, government facilities, 
information technology, national monuments and icons, postal and shipping, public health and 
health care, telecommunications, and transportation systems business sectors. 

Deterministic Analysis – A technical analysis approach that is accomplished using single values 
for key variables, implying the value of the key variable is known exactly, as opposed to using a 
probability distribution of values for the key variables. 

Developed Area – Scattered, isolated houses or small towns with limited critical infrastructure.  
A flood in a developed area may have an impact on only a few of the critical infrastructure items 
listed above with expected local effects and the possibility of regional effects. 

Economic Analysis Period – The period of time over which the flood risk management system 
would have significant beneficial or adverse effects.  Usually this time period does not exceed 50 
years except for major multi purpose reservoir projects.  

Epistemic Uncertainty – Uncertainty due to a lack of knowledge about the behavior of the 
system that is conceptually resolvable. 

Extreme Loadings – Loadings that have a return period in excess of 750 years. 

Freeboard – The increment of levee or I-wall height added to the design flood height to increase 
the likelihood of the design event being contained without the levee or I-wall overtopping.  

I-Wall.  A slender cantilever wall, deeply embedded in the ground or in an embankment that 
rotates when loaded and is thereby stabilized by reactive lateral earth pressures. 

I-Wall/Levee Composite System – An I-wall/levee composite system consists of an I-wall 
constructed atop an earthen levee embankment. 
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Levee Segment – A levee segment is a discrete portion of a levee system that is owned, operated 
and maintained by a single entity.  A levee segment may have one or more levee features. 

Levee System – A levee system comprises one or more levee segments which collectively 
provide flood damage reduction to a defined area.  The levee system is inclusive of all features 
that are interconnected and necessary to ensure protection of the associated separable floodplain. 

Level-of-Protection – The recurrence interval of the flood event that, with a high level of 
assurance, will be safely contained within the capacity of the protection system. 

Limit Equilibrium Analysis – The limit equilibrium principle is fundamentally dependent on the 
comparison of driving forces and/or moments to resisting forces and/or moments acting on a 
structure or within an earth mass.  The limit equilibrium approach is an approximate approach, 
and provides no direct information regarding deformations; it is implied that deformations are 
sufficient to induce the failure condition.  

Limit State – A limit state is a condition beyond which a system is unfit to perform its intended 
function. 

Metropolitan Area – Major cities and population centers with a significant amount of critical 
infrastructure.  A flood in a metropolitan area would have an impact on several of the critical 
infrastructure items listed above with expected large scale regional effects and the possibility of 
national effects. 

Modes of Failure – The mechanism by which a system or structure ceases to perform its intended 
function. 

Overtopping – A static and/or dynamic event that occurs when the height of the stillwater level 
and/or associated waves exceed the top of the I-wall or levee embankment. 

Probability – A measure of the likelihood, chance, or degree of belief that a particular outcome 
or consequence will occur.  A probability provides a quantitative description of the likelihood of 
occurrence of a particular event.  This is expressed as a value between 0 and 1. 

Probabilistic Analysis – The application of probability theory and statistical methods to make 
inferences about information, facility performance, and the associated uncertainty and variability 
in conditions so that all of the pertinent parameters can be evaluated in a logical manner. 

Probability Function – A discharge-exceedance or stage-exceedance probability relationship for 
a reach developed by traditional, site-specific, hydrologic engineering analysis procedures. 

Public Safety – The concept that agencies and persons have a responsibility to consider and take 
measures that recognize that actions may directly or indirectly affect the well being of persons 
impacted by those actions. 

Risk – Measure of the probability and severity of adverse consequences. 
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Riverine – Characterization of a structure or system that is situated in a river or flat pool 
environment.  Riverine structures or systems may be designed for several design flood 
elevations, but are not typically subject to storm surge and wave loadings. 

Redundancy – The duplication of critical components of a system with the intention of 
increasing reliability of the system, usually in the case of a backup or failsafe. 

Reliability – The probability of a component, unit or system adequately performing its intended 
purpose, for a specified period of time, under given operating conditions.  (See paragraph 2-11 
for additional discussion.) 

Resilience – The ability to avoid, minimize, withstand, and recover from the effects of adversity, 
whether natural or manmade, under all circumstances of use.  (See paragraphs 2-11 and 6-1.d. 
for additional discussion.) 

Robustness – The ability of a system to continue to operate correctly across a wide range of 
operational conditions (the wider the range of conditions, the more robust the system), with 
minimal damage, alteration or loss of functionality, and to fail gracefully outside of that range. 

Service Life – The anticipated life of a flood risk management system which includes allowance 
for one major rehabilitation.  For the typical flood risk management system, the service life is 
100 years. 

Stem Height – the portion of an I-wall that is located above ground and is therefore unsupported 
by the foundation soils.  The ground surface on the protected side may be different than the 
ground surface on the flood side. 

Superiority – Increment of additional height added to a flood risk management system to 
increase the likelihood that when the design event is exceeded, controlled flooding will occur at 
the design overtopping section. 

Top of Containment – An index elevation that incorporates the hydrologic and hydraulic 
uncertainties (but not all other uncertainties) and is used to compute the expected annual damage 
and performance metrics such as the annual exceedance probability and assurance (Conditional 
Non-Exceedance Probability). 

Unusual Loadings – Loadings that have a return period between 10 years and 750 years. 

Usual Loadings – Loadings that have a return period less than 10 years. 

1-10.  Mandatory Requirements.  The engineering team leader shall fully understand the total 
efforts required to execute a complete and safe design, and shall clearly convey to the Engineer 
of Record that all applicable mandatory requirements in this EC were met or exceeded. 
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CHAPTER 2 

General Considerations 

2-1.  General.  This chapter provides a discussion of lessons learned from Hurricane Katrina and 
general information for the design of I-walls. 

2-2.  Lessons Learned from Hurricane Katrina.  Hurricane Katrina caused flooding in New 
Orleans and surrounding communities by overtopping of levees and floodwalls from storm 
surges and, at four specific locations, failure of I-wall/levee composite systems (Figure 2-1) that 
occurred prior to overtopping.  The I-wall/levee composite system failures were thoroughly 
investigated by IPET.  The results of these investigations and an explanation of the behavior of 
the I-wall/levee composite structures in New Orleans during Hurricane Katrina are described in 
detail in Volume V of the report developed by IPET.  The following discussion of resilience is 
from the IPET Executive Summary (page I-127): 

“Resilience to catastrophic breaching can provide huge benefits in reduced loss of life and 
property. It is clear that a resilient HPS can provide enormous advantages.  Resilience, in 
this case, refers to the ability to withstand, without catastrophic failure, forces and 
conditions beyond those intended or assumed in the design. For IPET purposes, resilience 
refers to the ability to withstand higher than designed water levels and overtopping without 
breaching.  As demonstrated in this analysis of Katrina, approximately two-thirds of 
flooding and half of the losses were the result of breaching, i.e., the significant loss of 
protective elevation in structures.  While overtopping alone from Katrina would have 
created dramatic flooding and losses, the difference is staggering in many regards.  
Reductions in losses of life, property, and infrastructure; associated reductions in the 
displacement of individuals, families, and the workforce, coupled with reduced disruption to 
businesses and social and cultural networks and institutions, would have a dramatic impact 
on the ability of a community and region to recover.  Added to this is the savings of the time 
and funding needed to rebuild the protection system itself, which would accelerate the pace 
of recovery.  Resilience is not a national priority in the development of HPS, and resilience 
was not an element in the New Orleans HPS design.” 

 a.  The flood barriers that failed in New Orleans were composite systems consisting of I-
wall and levee embankment as shown in Figures 2-1 and 2-2.  The I-wall/levee composite 
systems were constructed on very soft foundations, with low landside ground elevations and 
groundwater within a few feet of the landside ground surface.  The foundation for these 
structures included marsh deposits overlying very soft clay or sand.  As the flood waters began to 
rise on the I-wall, the geometry and foundation conditions resulted in deflection of the I-
wall/levee composite system, allowing a gap to form between the sheet piling and the adjacent 
soils on the flood side of the floodwall.  This gap was then filled with water and applied full 
hydrostatic pressures to the I-wall along this gap.  The formation of the flood side gap allows the 
development of a hydrostatic load condition that may extend to the piling tip in cohesive soils.  
This reduced the effective levee width approximately in half for global stability.  This loading 
led to two causes of failures.  In fine grained soils, this led to an over loading of the soils and 
affected the global stability of the system.  Where free draining soils were present, this gap led to 
a shortened direct seepage path which provided a quick pore-water pressure increase in the 
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foundation.  This increase resulted in higher than anticipated uplift forces which led to wall 
instability.  In these cases, the IPET report identifies failures associated with global instability, 
seepage, uplift and piping problems, and possible combinations of seepage induced instability. 

b.  The deflection of an I-wall/levee composite system is dependent upon the soil-structure 
interaction of the I-wall, the levee embankment and the foundation.  Physical and numerical 
models of the 17th Street Canal breach in New Orleans indicate that the gap propagated quickly 
when water levels reached 6 to 7 ft. on the wall.  The retaining wall effect of the 17th Street 
Canal wall likely increased the horizontal stress on the flood side, requiring a larger water 
pressure to initiate and propagate the gap.  On London Canal, however, the gap begins to form 
once water levels exceed the elevation of the flood side ground surface.  It should also be noted 
that most commercial software programs available prior to Hurricane Katrina incorrectly 
modeled the mechanics of the wall/foundation system and therefore did not account for 
formation of the gap.  Although many of these programs have been modified based on this 
knowledge, any program being used to solve global stability of the wall/foundation system 
should be carefully verified to ensure formation of the gap is taken into account. 

 

 

Figure 2-1.  Cross Section of Typical I-wall on Levee  

Reinforced 
Concrete 
Stem 
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Figure 2-2.  Actual I-wall with Waterstop (sheet piling below ground not shown) 

c.  It should be noted that large deflections may occur on I-walls on flat ground in soft soil, 
not just with I-walls founded in levees, which were the type of walls that failed in New Orleans.  
In 1985 a field load test was performed by the Lower Mississippi Valley Division on a 200-ft 
long PZ-27 sheet pile wall founded in soft clays (TR No.1 1988, E-99 Sheet Pile Wall Field 
Load Test Report).  The sheet pile tip was installed to a depth of about 23 ft below the ground 
surface.  The test wall was loaded to water levels up to 8 ft and included detailed instrumentation 
to collect and document wall behavior.  The test wall performed well with about 1-in. of 
deflection at the top of the wall for a water level of 6 ft.  Water levels above 6 feet caused 
significant deflection along a portion of the wall (up to 8 inches at a water level of 8 feet at one 
location along the wall).  TR No.1 does not identify the formation of a gap, and a waterproof 
membrane installed over the sheet piling and soil on the flood side of the wall for the test 
prevented visual observation of the area behind the wall where a gap would develop.  

d.  During Hurricane Katrina, flooding due to overtopping was exacerbated by scour and 
erosion of soil on the protected side of the floodwalls and at locations where higher I-walls 
transition to lower height levees.  The scour led to excessive deflection and failure of some I-
walls, and to rapid erosion of levees at some transitions.  In various locations, the use of incorrect 
or obsolete geodetic elevation references, and the effects of subsidence resulted in pre-Katrina 
flood protection elevations below original design requirements.  IPET also determined that most 
construction contract documents referenced only one benchmark for controlling construction. 

e.  The IPET report documents “Findings” and “Lessons Learned” for floodwalls as 
presented below.  While many of these findings were accounted for in previous design criteria, 
events during Katrina have added to our understanding of them.  This EC updates I-wall design 
criteria based on this better understanding. 
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(1)  Katrina generated a storm surge and wave environment unparalleled in the history of 
New Orleans. 

(2)  Barge impacts in high-wind/high-wave situations have the potential to inflict 
consequential damage to floodwalls. 

(3)  Floodwall design methods need to consider a broader spectrum of possible behaviors, 
and resilience to overtopping should be considered as a fundamental performance characteristic. 

(4)  A broad range of potential failure modes should be considered for the floodwall design 
criteria. 

(5)  I-walls should be designed to be stable with a gap between the wall and the levee on the 
water side of the wall, with hydrostatic pressure acting through the depth of the gap. 

(6)  Both horizontal and vertical variation of the strengths of clay foundation soils with 
overburden pressure should be considered. 

(7)  Water pressures in sand foundations beneath levees and I-walls should be analyzed by 
means that reflect very conservative assumptions regarding hydraulic boundary conditions, and 
seepage control measures should be included in design as needed to reduce the potential for 
erosion and piping. 

(8)  I-walls throughout the Hurricane Protection System (HPS) that were subjected to 
overtopping suffered extensive erosion and scour of the foundation of the wall on the protected 
side.  The only exceptions were walls that had paved surfaces adjacent to the walls on the 
protected side. 

(9)  While overtopping of the I-walls led to significant scour and damage in many cases, 
overtopping of T-walls did not lead to extensive scour and erosion, because the base of the 
inverted T-wall sections extended over the protected side.  T-walls performed well during 
Katrina.  Because of their pile foundations, they are better able to transfer high lateral water 
loads into stronger underlying foundation materials. 

(10)  Improved resistance against erosion at transitions between earthen levees and structures 
can be achieved by embedding the structural walls within the levee fill, and protecting the 
transition by armoring. 

(11)  Design methods should be updated periodically to include the review of recent research 
and case histories. 

(12)  All government agencies, including USACE, NOAA, FEMA, USGA and other state 
and local, must be consistent in the use of geodetic and water level surfaces in coastal regions. 

(13)  Planning, design, construction, and operation and maintenance inspection documents 
containing elevation data on flood control structures should include both geodetic and water 
surface referenced elevations. 
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(14)  Subsidence and water level monitoring instrumentation at various sites in Southeast 
Louisiana are needed. 

(15)  A minimum of three permanent benchmarks (new or existing) should be identified on 
design and construction drawings for all flood control projects. 

(16)  While the pumping stations have not been considered as an integral part of the 
hurricane protection system, they should have been.  Therefore, existing and new design criteria 
applied to the levees and floodwalls should also be applied to pumping stations. 

(17)  Design, construction, operation and maintenance, of pump stations necessary for 
dewatering the various parishes should be under the control of a single entity.  Currently these 
pump stations are controlled by the individual Parishes.  This will improve the likelihood of 
more commonality of design, equipment, and spare parts, and more consistent maintenance 
practices and operator training. 

2-3.  Location of Wall. The geographic location of the flood risk management system plays a 
significant role in the design of the I-walls that are a part of that system.  Flood risk management 
systems are typically classified as either 1.) coastal, estuarine or tidal, 2.) inland or riverine and 
3.) lake or reservoir.  The words coastal, estuarine and tidal are used interchangeably in this 
document.  The words inland and riverine are used interchangeably in this document.  The words 
lake and reservoir are used interchangeably in this document.  Brief descriptions of these 
geographic areas are included in the following paragraphs.  For more detailed information, 
please refer to Chapter 4, Hydrologic, Hydraulic and Coastal Design. 

 a.  Coastal.  Hurricanes are the primary event of concern for generating extreme water 
levels and wave conditions along the Gulf of Mexico coastline and most of the Atlantic coast.  
Hurricanes have considerable wave-producing potential in deep water, even while a hurricane is 
well away from the coast.  Hurricanes also have great storm surge- and wave-producing potential 
across the continental shelf and into shallow water.  Coastal floodwalls are designed for dynamic 
wave loads, and it needs to be understood that wave impact occurs non-uniformly along the 
length of a wall. 

 b.  Riverine.  The hazard in river settings is principally dictated by far-field precipitation 
that falls onto the surrounding watershed, or snowmelt from the watershed, which discharges 
into the system of streams and rivers.  This rainfall and snowmelt runoff raises river stages and 
increases water levels in backwater areas as the flood wave moves downstream.  In local 
backwater areas, the hazard is also dictated by local precipitation that occurs when rivers and 
backwater areas are already at elevated stages.  In some situations, particularly when the river 
stage is elevated and high winds occur, there is a chance that significant wind-wave energy can 
create dynamic loads on the I-wall. 

 c.  Lake/Reservoir Settings.  Lake levels are strongly influenced by precipitation falling on 
the watershed, which eventually discharges into the receiving water body, and by wind-induced 
water level changes and short wave generation.  Characterization of the water level and wave 
hazard within a lake or reservoir can be strongly influenced by human activities in addition to 
natural phenomena.  Maximum water levels are sometimes constrained by the presence of a 
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spillway or other operational reservoir feature that controls water levels within the system.  For 
system design within these geographic settings, it is important to understand the probabilities of 
lake levels and how they are altered by natural events and/or human activities that introduce 
water into or remove water from the system, and by the joint occurrence of wind events and 
reservoir pool levels or lake levels.  Most of the basic design considerations for riverine and 
coastal systems will also be applicable for I-walls located in lake/reservoir environments. 

 d.  Dams.  Concrete capped sheet pile walls may serve as crest walls along the top of dams.  
These walls are not within the scope of this circular. 

2-4.  Types of I-Walls.  As defined previously, I-walls are slender cantilever walls, embedded in 
the ground or in an embankment.  The I-wall can rotate when loaded and is subsequently 
stabilized by reactive lateral earth pressures.  The theoretical net lateral pressure diagrams for a 
typical I-wall in granular soil and cohesive soil are shown in Figures 2-3a and 2-3b, respectively. 

 

Figure 2-3a.  Typical Net Lateral Earth and Water Pressure (PSF) Diagram for I-Wall in 
Granular Soil 
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Figure 2-3b.  Typical Net Lateral Earth and Water Pressure (PSF) Diagram for I-Wall in 
Cohesive Soil 

 a.  I-Wall/Levee Composite System.  In some locations, I-walls are constructed to increase 
flood protection heights where levees are already in existence and proximity to adjacent property 
hinders the ability to increase the levee footprint (Figure 2-4 and Figure 2-5).  All of the I-
wall/levee composite systems in New Orleans that failed before being overtopped during 
Hurricane Katrina were of this type.  I-walls shall not be constructed atop existing levees where 
adjacent properties preclude the ability to provide levee stability that meets performance 
requirements.  Consideration of passive soil resistance, deflection and global stability is 
particularly important for I-walls constructed in this location. 

 b.  Conventional I-wall.  A conventional I-wall typically consists of sheet piling below 
ground with a cast-in-place concrete cap above ground as shown in Figures 2-1 and 2-2.  In 
general, conventional I-walls are used in place of earth levees where space limitations do not 
permit earth levees to be constructed or where the weight of levees would create settlement or 
global stability problems (Figure 2-4 and Figure 2-5).  Two variations of conventional I-walls 
will be discussed. 
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Figure 2-4.  I-wall/Levee Composite System Used Where Levee Will Not Fit 

 

Figure 2-5.  I-wall/Levee Composite System and I-Wall/Levee Transition 

 (1)  Full depth sheet piling terminating at or near finished grade with a rigid concrete cap.  
A majority of older I-Walls were designed with rigid reinforced concrete caps encasing the upper 
several feet of steel sheet piling.  The sheet piling generally terminated at or even below the top 
of finished grade, and the concrete generally continued to the frost depth or to a convenient point 
for grading around the wall in locations where frost depth is not a concern.  The engineer 
generally designed the concrete caps for such walls to be rigid elements, and the connection 
between the concrete and steel sheet was based on the adhesion or bond between concrete and 
smooth steel.  The majority of deflections resulted from the relatively flexible sheet piling 
bending due to the bending moment applied by the rigid concrete cantilever beam to the top of 
the sheets.  This type of wall has three separate design elements:  the reinforced concrete cap; the 
interface connection between the reinforced concrete and the sheet piling; and the sheet piling.  
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Specific details on the design of this type of wall are discussed in Chapter 6.  Specific details on 
the design of the concrete encasement are discussed in Chapter 6. 

 (2)  Full depth sheet piling terminating at or near top of wall with or without permanent 
concrete encasement.  I-Walls designed with sheet piling extending to the top of the wall have 
the advantage of resilience by being able to transfer lateral loads through the sheet pile 
interlocks.  This advantage is desirable if the I-wall is subject to hurricane loads such as wave or 
surge.  This type of wall has only one true design element: the sheet piling.   

 c.  Transitions.  I-walls are also used to transition into levees (Figure 2-5) and to tie into 
pump stations, road and rail road closures, and other structures.  Transitions from I-walls to 
levees require attention to embedment for seepage.  Settlement of levees relative to adjacent 
I-wall sections of the flood control project also requires special considerations.  In addition, 
particularly for hurricane protection that may be overtopped by waves, scour at the transition due 
to concentration of flow adjacent to the I-wall and levee during overtopping is a concern as 
shown in Figure 2-6.  Severe scour leading to complete loss of the adjacent levee occurred in 
several locations during Hurricane Katrina.  This lesson learned has resulted in the requirement 
that concrete, grouted riprap, or other viable slope protection shall be provided at all I-wall to 
levee transitions in new flood risk management systems.  As soil supported cantilever structures, 
I-walls typically deflect significantly under load.  Transitions between I-walls and pump stations 
or other fixed structures therefore require special design provisions.  Attention must be paid to 
water tightness of the joint, differential settlement, and reaction loads from the I-wall to the 
structure if it restrains the I-wall from deflection under load.  Additional detail on tie-ins to 
structures is contained in Chapter 6. 

 

Figure 2-6.  Diagram of Overtopping Erosion at Levee - Floodwall Transition (from Hughes 
2006) 

2-5.  Special Cantilever Wall Systems.  This EC focuses on I-walls, which are a special case of 
cantilever walls.  Other configurations of structural materials have also been used for cantilever 
walls acting as flood barriers.  Examples of other cantilever walls that are not regarded as I-walls 
include: 
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 a.  Shallowly founded, full depth cast-in-place concrete walls without piling have been used  
in some areas of the country.  These walls were limited to a stem height of no more than 7’-0” 
and the embedment ratio (embedment depth divided by stem height) was approximately 1.375.  
These types of walls were historically designed assuming that no gap would form on the flood 
side of the wall during a flood. 

 b.  Post and panel walls have been used at some sites with very stiff soils, H-piles have been 
spaced several feet apart with concrete panels placed above ground between the H-piles.  In 
cases with very stiff soils and sufficient pile embedment, long laterally loaded pile behavior 
would occur and the piles would not be considered an I-wall.  Long and short pile behavior is 
described in Chapter 4 of EM 1110-2-2906. 

 c.  These wall types are not included in this EC.  Also, T-walls or L-walls have a flat or 
inclined base for distributing bearing pressures or pile forces to the foundation.  T-walls, L- walls 
and anchored or propped walls are not covered in this EC. 

2-6.  Sheet Piling.  Steel sheet piling used for I-walls conforms to the Z-shaped sections 
produced by various manufacturers and is produced by the hot rolled and cold forming methods.  
The interlocks of cold formed sheet piling have greater permeability and, as reported by IPET, 
lower strength than the interlocks of hot rolled sheet piling.  The greater interlock strength of the 
hot rolled sheet piling improves integrity during driving and allows forces to be redistributed 
laterally along the wall at changes in wall alignment, in weak soil zones, or when the I-wall 
undergoes wave loadings that vary along the length of the wall.  The additional interlock strength 
also provides some redundancy to sections that must bridge across localized weak zones in the 
foundation material.  In New Orleans, some sections of floodwall were undermined by scour due 
to overtopping and fell over during Hurricane Katrina, yet the hot rolled sheet pile joints 
remained intact and the wall remained continuous.  The reduced reliability and any potential cost 
benefit of using cold formed sheet piling in new construction should be weighed against the risks 
associated with the potential for increased seepage and reduced resilience as a result of the 
interlock geometry. 

 a.  Domestically supplied hot-rolled sheet piling was not available for a period of time in 
the 1990’s, but newer mills have since restarted production and it is now readily available.  A 
new series of PZC shapes is currently taking over for the traditional PZ shapes used for Z shaped 
steel sheet pile.  As a result of this lack of production of hot rolled sheet piling, some I-walls that 
were constructed in the 1990’s and after may have been constructed using cold formed sheet 
piling.  The potential risks associated with these existing I-walls are currently unknown. 

 b.  Precast prestressed concrete sheet piling has also been used to construct I-walls on 
occasion.  As indicated in EM 1110-2-2504, concrete sheet piling can be advantageous for 
marine environments (corrosion resistance), streambeds with high abrasion, and where the sheet 
pile must support significant axial load.  Past experience indicates concrete sheet piling can 
undergo settlement (due to dead weight) and may also be susceptible to settlement in wave 
environments.  These concerns with settlement could cause the joints between adjacent sections 
to open creating additional seepage paths.  The designer should be aware of the impacts 
associated with seepage through the joints between adjacent sections and the possibility that the 
installation processes may increase gap formation. 
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 c.  Vinyl sheet piling shall not be used for I-walls acting as a flood barrier.  Engineering and 
Construction Bulletin No. 2002-31 provides guidance on the use of vinyl sheet pile and prohibits 
its use for applications where life safety or widespread property damage is at stake in the event 
of failure.    

2-7.  Performance Requirements and Loading Conditions.  According to the Memorandum for 
Major Subordinate Commands, with the subject Implementation of Findings from the 
Interagency Performance Evaluation Task Force on I-Wall Type Floodwalls (second letter), 
dated October 11 2006, paragraph 7.2 provides the policy statement that all I-walls serving as 
flood control barriers are critical structures and cannot be designed or evaluated based on limited 
site information.  This guidance is synonymous with the Phase II Interim Guidance for 
Evaluating Existing I-walls. 

 a.  I-walls are primarily intended to resist loads created by floods and storm surge that 
include hydrostatic water loads, wave loads, and impacts from floating debris.  Typically, flood 
risk management projects are designed to a water surface level as indicated in Chapter 4, 
paragraph 4-9.b.  For inland flood control projects the top of flood barrier provides protection 
against overtopping due to uncertainties in the design discharge and water surface elevation.  For 
coastal flood control projects, the top of barrier is established to provide protection against wave 
overtopping as well as for uncertainty in the design surge elevation.   

 b.  Effective Flood Risk Management Systems (FRMS) consist of an integrated system of 
barriers, pumping facilities, drainage control features, gates, evacuation measures and effective 
flood plain management in coordination with emergency response agencies.  The basic 
performance requirement for an I-wall is that all I-wall components and/or units shall function as 
an integrated system without overtopping or failing, resulting in uncontrolled flooding of the 
protected area, when subjected to the authorized design storm event.  For all storm events that 
exceed the authorized design storm, the I-wall shall have sufficient reliability, resilience and 
redundancy to survive a specified depth and duration of overtopping and/or interior flooding 
without catastrophic failure of the system.  The degree of resilience provided for the I-wall shall 
be sufficient to prevent damage to the structure that cannot be repaired during the estimated 
recovery time before the next major storm, and shall be sufficient to prevent the interruption of 
all public, lifeline and business services in the protected area that have catastrophic regional or 
national impacts.  These special requirements shall be incorporated into new I-wall designs. 

 c.  To ensure these performance requirements are met, loading conditions and performance 
criteria have been established.  All I-walls shall be designed using the loading conditions and 
performance criteria established in Chapter 6.  Additional discussion on potential failure modes 
is also included in Chapter 6. 
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2-8.  Site Information. 

 a.  General.  A proper stability analysis cannot be performed without knowing the potential 
planes of weakness beneath the structure, the strength of the materials along potential planes of 
weakness, uplift forces that occur on the structure or on planes of weakness, the strength of 
backfill materials, and all loads and load conditions to which the structure may be subjected.  
Knowledge of geologic formations beneath the structure is also important in defining the boring 
layout, selecting representative shear strengths to account for faults, shear zones and 
discontinuities, and seepage conditions and uplift pressures.  Use of lower bound values for 
foundation shear strength or upper bound values for loads is only acceptable when it can be 
demonstrated that the added costs to improve the accuracy of the strength and loading data will 
not lead to significant savings for construction of or modifications to the structure or foundation.  
Preliminary stability analyses should be used to identify design parameters which require special 
attention and should include sensitivity analyses of these design parameters so that a 
determination of the most important parameters can be made.   

 b.  Without adequate foundation explorations and testing, the safety factors provided to 
assess stability of the structure are meaningless.  To account for the natural variation of the soils 
and the uncertainties associated with the hydrologic, hydraulic, survey and datum information, I-
walls shall be grouped into one of three categories of site information, 1) well defined, 2) 
ordinary, and 3) limited.  Lower factors of safety are permitted by this EC in cases where there is 
well defined site information on the various foundation conditions, type of structure, hydrologic 
and hydraulic parameters and survey data.  Conversely, higher factors of safety are required 
when there is only limited information on either foundation or structure properties.  The three 
site information categories are described, in general terms, in the following paragraphs: 

 c.  Well-defined site information.  To qualify as well defined, site information must satisfy 
the following requirements: 

 (1)  Available records of construction, operation, and maintenance indicate the structure has 
met all performance objectives for the load conditions experienced. 

 (2)  Foundation stratigraphy, material parameters and site geometry can be established with 
a very high level of confidence.  Exploration and testing was performed with sufficient rigor that 
the chance of encountering unforeseen foundation conditions is extremely low. 

 (3)  Uncertainty associated with the hydraulic and geodetic datums is minimal and top of 
wall elevations can be established with a high level of confidence based on recent survey data. 

 (4)  The governing load conditions can be established with a high level of confidence. 

 (5)  This category is generally restricted to use for existing projects. 

 d.  Ordinary site information.  To qualify as ordinary, site information must satisfy the 
following requirements: 
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 (1)  Available records of construction, operation, and maintenance indicate the structure has 
met all performance objectives, but the project has experienced few, if any, of the intended load 
conditions. 

 (2)  Foundation stratigraphy, material parameters and site geometry can be established with 
a high level of confidence.  Exploration and testing was performed such that the chance of 
encountering unforeseen foundation conditions is low, so that small variations would acceptably 
be covered by design factors of safety. 

 (3)  Uncertainty associated with the hydraulic and geodetic datums is minimal and top of 
wall elevations can be established with a high level of confidence based on existing survey data. 

 (4)  The governing load conditions can be established with a high level of confidence. 

 (5)  This category applies to most new project designs. 

 e.  Limited site information.  This category may only be applied to structures designated as 
normal (EM 1110-2-2100).  I-walls serving as flood control barriers are critical structures and 
cannot be designed based on limited site information, where any of the following is true: 

 (1)  Foundation stratigraphy is based on minimal explorations. 

 (2)  Governing load conditions can usually be established with a high level of confidence. 

 (3)  Top of wall elevations cannot be established with a high degree of confidence because 
of obsolete or missing survey information. 

 f.  Specific site information requirements for reference datums and elevation measurements 
are given in Chapter 3.  Specific site information requirements associated with hydrologic, 
hydraulic and coastal requirements are given in Chapter 4.  Specific site information 
requirements associated with geotechnical parameters are given in Chapter 5. 

2-9.  New Design/Construction.  Based on the results of the IPET study and the associated 
lessons learned, the following points shall be taken into account for design and construction of 
new I-walls in order to limit deflections and increase project resilience and redundancy.  I-walls 
shall be used only in instances where other flood barrier types are impractical.  For conventional 
I-walls, heights shall be limited to walls that can be designed to the strength, stability, and 
deflection criteria described in Chapter 6.  For I-walls constructed on existing levees or in soft 
soils, besides the aforementioned performance criteria, the height of I-wall as measured on the 
protected side should be limited to six feet.  Subsequent to preparation of this draft of the EC, 
MVN completed their field load test at the London Avenue Canal (very soft site, previously 
loaded) and discovered that the I-wall deflected more than anticipated, and these results led 
MVN to reduce the maximum height of I-wall to 4 feet.  I-walls shall not be used on navigable 
waterways where impact on the wall from barges or large vessels is probable.  Existing walls in 
these situations are inadequate.  The necessary remedial measures will vary based on function of 
the wall, the exposure of the wall to these impact loads, and the consequences of I-wall failure.   
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Slope protection shall be provided at all I-wall to levee transitions in new flood risk management 
systems. 

2-10.  Designing Modifications to Existing Structures.  As a result of Hurricane Katrina, I-walls 
are being evaluated under a three phase program.  Phase I I-wall evaluation guidance is 
contained in Appendix B.  In summary, this guidance required each USACE District office to 
identify, locate and visually inspect all I-walls within their area of responsibility.  The results of 
these evaluations were to be reported to HQUSACE.  Phase II I-wall evaluation guidance is 
contained in Appendix C.  The Phase II I-wall evaluation guidance provided procedures to be 
used to pre-screen I-walls using physical characteristics and past performance to identify 
structures that indicated potential instability.  The results of these evaluations were also to be 
reported to HQUSACE.  Phase III I-wall evaluation guidance is currently under development.  
Design of modifications to existing I-walls shall be in accordance with paragraph 5-3.e., Tables 
5-1 and 5-2, and paragraph 6-1.e. 

2-11.  Redundancy, Resilience, Reliability and Robustness.  I-wall designs should incorporate 
redundancy, resilience, and reliability.  Redundancy is a basic concept that is useful for making 
decisions aimed at preventing failure of the total system.  A system must act as an integral unit, 
and not as an assembly of individual components.  A redundant system provides multiple 
components configured in independent paths that should tolerate overloading and, at least, permit 
an adequate warning of an impending disaster.  In a redundant system, failure of a single 
component should not result in a chain reaction of failures leading to the progressive collapse of 
the system.  Redundant systems must have continuous paths of components and connections that 
preserve system integrity, and if local failures occur, the continuity of the system will redistribute 
overloads or will allow overloads to flow along multiple, alternate paths.  Redundancy does not 
mean over-design, but is rather related to selecting the right type of cost effective system.  
Compartmentalized flood protection for critical infrastructure facilities is an example of a 
method to provide redundancy. 

 a.  Resilience is the capacity of a component, unit or system to withstand occasional large 
overloads (for a definite duration of time) that cause minimal permanent deformation, damage or 
cumulative degradation and then essentially recover (within a specified time) its original state 
and function after the overloading event.  Graphically, resilience is described as the area to the 
left of the resilience limit under the elastic region of a force/deformation curve as shown in 
Figure 2-7. 

 b.  There is additional capacity, beyond the resilience limit but less than the collapse limit, 
in a component, unit or system that will withstand extreme overloads (for a definite duration of 
time) that result in extensive permanent deformation, damage or cumulative degradation but do 
not lead to catastrophic failure and/or uncontrolled flooding.  Time to rehabilitate or replace the 
damaged component, unit or system may be significant.  For additional discussion on this 
subject, refer to paragraph 6-1.d. 
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Figure 2-7.  Shaded Area of Force/Deformation Curve Representing Resilience 

 c.  A resilient component or system is capable of absorbing energy during loading without 
experiencing significant permanent deformation, extensive damage or cumulative degradation.  
Relatively high resilience is required in systems which must survive occasional large overloads 
for a definite duration of time and then recover essentially to its original state after the overload 
event.  Resilience can be incorporated into an I-wall design by constructing a scour protection 
apron on the protected side of the I-wall for the purpose of minimizing erosion during flood 
events that exceed the top of wall elevation.  Including superiority in the project formulation and 
design is another example of providing resilience. 

 d.  The reliability of a component or system is the probability of the component or system 
performing its intended purpose, for a specified period of time, under given operating conditions.  
The site classification process helps provide reliability by taking into account the natural 
variation of the soils and the uncertainties associated with the hydrologic, hydraulic, survey and 
datum information.   

 e.  A properly planned, designed and constructed flood risk management system consists 
of several features including 1) a flood plain management plan, 2) an emergency flood warning 
system, 3) an evacuation plan, 4) environmental and eco-system components and 5) physical 
flood control barriers, if justified.  Selection of alignment alternatives for flood risk management 
systems shall provide robust, resilient and/or redundant public safety features while meeting 
requirements for the NED plan.  Areas that are lower than surrounding normal water levels, such 
as areas below sea level or below adjacent terminal lake levels, are especially vulnerable to loss 
of life due to flooding and therefore redundancy, resilience and/or reliability is critical.  Other 
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critical areas are those structures associated with life-line services such as hospitals, police 
departments, fire departments etc.   

 f.  Cantilever walls, such as I-walls, have limited redundancy or resilience.  Events in New 
Orleans during Hurricane Katrina demonstrated what can happen when a system with little 
redundancy or resilience experiences conditions that exceed the authorized design intent 
(whether from applied loads or resistance to loads).  To address the lack of redundancy of I-
walls, resilient features shall be incorporated into the project design to protect against water 
levels that exceed the authorized level of protection.  

 g.  For I-walls constructed in coastal regions, scour protection against wave and surge 
overtopping shall be provided in order to prevent erosion of resisting soil on the protected side of 
the wall and at transitions.  Designs have been developed by the New Orleans District for 
protection of I-walls in the New Orleans Hurricane Protection System. 

 h.  For I-walls constructed on inland flood risk management systems, protection from 
scour due to overtopping along the entire length of the I-wall is generally not practical.  Scour 
protection from overtopping of structures shall be built into selected areas of flood risk 
management projects that are intended to overtop first in the event of a flood that exceeds the 
authorized level of protection.  Regardless of location, scour protection shall be provided at all I-
wall to levee transitions.  More detail on requirements for scour protection can be found in 
Chapter 4. 

 i.  Defensive design measures may also be considered in certain situations in order to 
increase redundancy and resilience.  For defensive design, physical safeguards or sacrificial 
features may be included to absorb impacts and/or account for uncertainty.  One example of a 
defensive design measure would be a protection berm to resist impact from floating debris. 

 j.  Robustness is defined as strong and sturdily built, so a robust FRMS consists of 
features, units and components that exceed the minimum requirements for a wide range of 
operating conditions. 

 k.  Often the key to providing the engineering aspects of a robust system lies in the 
conceptual design decisions that are made in the earliest stages of system development.  A robust 
FRMS is not necessarily stronger and more expensive; rather, an expertly engineered robust 
system begins with selection of the best type of facilities and functional processes that are 
inherently more stable, durable, serviceable, resilient and reliable than other types or alternatives.  
Other common design decisions can strongly influence how robust a FRMS will be by providing 
simple processes and methods, symmetrical configurations, redundant means and paths; by 
reducing the uncertainties in the basin and site conditions to a minimum; and by increasing the 
minimum required safety factors.  Finally the engineering aspects must be effectively integrated 
with all the other operational and sustainable aspects of the FRMS. 

2-12.  Sea Level Rise, Subsidence, Initial Overbuild and Phased Construction.  Loss of 
protection due to lowering of the top of flood barrier relative to design water levels shall be 
accounted for in any flood control project with site geology that is undergoing long term regional 
settlement and/or on coastlines where future sea level rise is occurring.  For the system to be 
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reliable, the top of the flood protection must be able to provide the required design height over 
the service life of the project.  In areas where subsidence is a concern, a comparative analysis 
shall be performed comparing the I-wall/levee composite system to pile founded T-walls or other 
appropriate system.  See Chapter 3 for more detail on incorporating this phenomenon in the 
design and selection of the flood barrier height.  To ensure reliability of the system, and to 
account for local settlement caused by the weight of levees, or from general lowering of an area 
relative the water level due to regional subsidence and/or sea level rise, flood risk management 
projects shall be initially constructed to a height sufficient to maintain the required height for all 
future conditions.  Flood risk management projects shall also be constructed to the design level 
for current conditions with allowance for raising in the future to meet design heights as 
settlement and/or subsidence occurs.  I-walls may be constructed for current conditions and 
raised later.  However, design for the future condition will result in the majority of the cost for 
the wall to be expended during the initial construction in order to drive the sheet pile to the 
required future depth, as it cannot be redriven later.  In addition, the concrete and reinforcing 
steel for the initially constructed portion of the wall would need to be built with the thickness and 
reinforcing steel required for the eventual raise.  Figures 2-8 and 2-9 provide a graphical 
representation of some of these concepts. 

2-13.  Freeboard Based or Risk Based Concepts in the Levee/Floodwall Design Process. 

 a.  Freeboard Based Design Concepts. In the freeboard based concepts for levee design for 
riverine systems utilized by the Corps of Engineers prior to the mid 1990’s, the hydrologic and 
hydraulic analysis was used to develop the stage frequency curves and/or project design profiles 
based on an expected exceedance probability of 50 percent.  Basic principles of the concept are 
depicted on Figure 2-8.  The flood control system included considerations of known hydrologic 
changes such as watershed developments or conservation practices, runoff changes, reservoir 
impacts and hydraulic and/or dynamic river impacts such as loop rating curves, temperature 
impacts on ratings, future channel deterioration, and roughness changes.  These considerations 
were incorporated into the analysis leading to the projected frequency of the design event 
(typically 50, 100, 200 or 500 year frequency levels of levee protection).   In some cases, design 
events were selected from specific historical events with known discharges and stages.  If the 
planning and technical analysis of the project supported use of additional superiority in grade for 
portions of the overall system to protect critical developed areas, then some value, usually about 
2 feet, was added to the design grade in these critical areas.  Then a freeboard value, typically 3 
feet, was added to take into account the unknowns and uncertainty in the calculated design 
levels. 

 (1)  Design of levees/floodwalls in coastal settings using the freeboard based concept had 
additional considerations to include impact of waves.  Basic principles are depicted on Figure 2-
9.  Calculations were made to determine the stillwater surge levels for various storm events and a 
hydrologic analysis was conducted to determine frequencies of the design stillwater levels.  
Wave calculations using various techniques were made and appropriate values were added to the 
stillwater design levels (or stillwater design plus superiority) to establish the project design grade 
for which economic analyses of the project were made.  Little or no allowance for significant 
amounts of wave overwash was considered appropriate.  Freeboard was added to the stillwater, 
plus waves, plus superiority levels to establish the top of levee/floodwall grades.  No checks for 
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resilience of the system during events which might exceed the top of protection were usually 
considered. 

 (2)  In the planning and economic analysis of the flood control system designed with the 
freeboard based concept, the system was assumed to protect the project area only up to the 
design flowline level or design flowline level plus superiority.  Typically no benefits were 
assigned to the freeboard.  Some provisions were incorporated later into Corps of Engineers 
planning guidance which did allow benefits from one-half of the project’s freeboard to be 
considered in the project’s economic analysis.  In the freeboard based concept, the upper limit of 
the design probabilities considered unusual was established as the 300 year event. 

 b.  Risk Based Design Concepts. In the current risk based concepts for levee/floodwall 
system design, hydrologic and hydraulic analyses determine the frequency/probability curves 
and establish various degrees of assurance of non-exceedance corresponding to various flood 
elevations.  Figures 2-10 and 2-11 depict basic principles of the concept for both riverine and 
coastal systems.  A design event corresponding to a particular frequency of storm event with an 
appropriate level of assurance of being contained by the authorized alternative, is typically 
determined through the planning process and establishes the design levee grade.  If deemed 
appropriate, additional superiority may be added to the design grade (top of levee/floodwall).  
The level of assurance encompasses considerations of uncertainty in the analyses, including such 
uncertainties as watershed runoff changes, dynamic riverine changes and regional subsidence 
and/or sea level changes. 

 (1)  In coastal areas, use of the risk based concept does provide for some allowable rates 
of levee overtopping.  Basic principles of the concept as applicable to coastal areas are shown in 
Figure 2-11.  Calculations to determine stillwater levels for various storm events are made using 
ADCIRC or other appropriate models.  Appropriate considerations of such future changes as 
coastal wetlands changes are considered in the analysis.  Stillwater levels are established 
throughout the system and wave calculations are made considering site specific topographic 
features.  The top-of-levee/floodwall design level is based on the elevation which limits the 
overwash rates in cfs/ft of levee section to some appropriate allowable rate. 

 (2)  In the planning and economic analysis of the flood control system designed with the 
risk based concept, the system is projected to protect the project area up to the top of levee grade 
with appropriate assurance.  The upper limit of the design probabilities considered unusual is 
established as the event just exceeding the 750 year frequency (0.00133 annual exceedance 
probability) event.
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Figure 2-8.  Cross Section of Inland I-Wall Using Freeboard Concepts 
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Figure 2-9.  Cross Section of Coastal I-Wall Using Freeboard Concepts 
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Figure 2-10.  Cross Section of Inland I-Wall Using Risk Based Concepts 
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Figure 2-11.  Cross Section of Coastal I-Wall Using Risk Based Concepts
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2-14.  Mandatory Requirements. 

 a.  I-walls shall be used only in instances where other flood barrier types are impractical.  
For conventional I-walls, heights shall be limited to walls that can be designed to the strength, 
stability, and deflection criteria described in Chapter 6.  For I-walls constructed on existing 
levees, besides the aforementioned performance criteria, the height of I-wall as measured on the 
protected side should be limited to six feet. 

 b.  I-walls shall not be used on navigable waterways where impact on the wall from barges 
or large vessels is probable. 

 c.  For I-walls constructed in coastal regions, scour protection against wave and surge 
overtopping shall be provided in order to prevent erosion of resisting soil on the protected side of 
the wall and at transitions. 

 d.  For I-walls constructed on inland flood risk management systems, scour protection 
from overtopping of structures shall be built into selected areas of flood risk management 
projects that are intended to overtop first in the event of a flood that exceeds the authorized level 
of protection. 

 e.  Concrete, grouted riprap, or other viable slope protection shall be provided at all I-wall 
to levee transitions in new flood risk management systems.   

 f.  All I-walls serving as flood control barriers are critical structures and cannot be 
designed based on limited site information. 

 g.  All I-wall components and/or units shall function as an integrated system without 
overtopping or failing, resulting in uncontrolled flooding of the protected area, when subjected to 
the authorized design storm event.  For all storm events that exceed the authorized design storm, 
the I-wall shall have sufficient reliability, resilience and redundancy to survive a specified depth 
and duration of overtopping and/or interior flooding without catastrophic failure of the system.  
The degree of resilience provided for the I-wall shall be sufficient to prevent damage to the 
structure that cannot be repaired during the estimated recovery time before the next major storm, 
and shall be sufficient to prevent the interruption of all public, lifeline and business services in 
the protected area that have catastrophic regional or national impacts.  These special 
requirements shall be incorporated into new I-wall designs. 

 h.  To account for the natural variation of the soils and the uncertainties associated with 
the hydrologic, hydraulic, survey and datum information, I-walls shall be grouped into one of 
three categories of site information, 1) well defined, 2) ordinary, and 3) limited. 

 i.  All I-walls shall be designed using the loading conditions and performance criteria 
established in Chapter 6. 

 j.  Cold formed sheet piling shall not be used in I-walls that serve as a flood barrier. 

 k.  Vinyl sheet piling shall not be used in I-walls that serve as a flood barrier. 
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 l.  Loss of protection due to lowering of the top of flood barrier relative to design water 
levels shall be accounted for in any flood control project with site geology that is undergoing 
long term regional settlement and/or on coastlines where future sea level rise is occurring.  For 
the system to be reliable, the top of the flood protection must be able to provide the required 
design height over the service life of the project.  In areas where subsidence is a concern, a 
comparative analysis shall be performed comparing the I-wall/levee composite system to pile 
founded T-walls or other appropriate system. 

 m.  To ensure reliability of the system, and to account for local settlement caused by the 
weight of levees, or from general lowering of an area relative the water level due to regional 
subsidence and/or sea level rise, flood risk management projects shall be initially constructed to 
a height sufficient to maintain the required height for all future conditions.  Flood risk 
management projects shall also be constructed to the design level for current conditions with 
allowance for raising in the future to meet design heights as settlement and/or subsidence occurs. 
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CHAPTER 3 

Reference Datums and Elevation Measurement 

3-1.  General.  This chapter provides guidance on establishing vertical datums and elevations that 
define protection elevations of I-walls.  This guidance is intended to ensure that I-wall protection 
designs are internally and externally referenced to consistent elevation datums; and in particular, 
to ensure that the relationships and uncertainties between hydraulic-derived elevation datums and 
terrestrial (geodetic) elevations are accurately developed in the design of protective structure 
elevations.  A secondary, but equally important purpose, is to ensure that controlling elevations 
are properly and accurately referenced to nationwide geospatial reference systems used by other 
Corps Districts, and by federal, state, and local agencies responsible for flood forecasting, 
inundation modeling, flood insurance rate maps, bathymetric mapping, and topographic 
mapping.  Establishing a solid relationship between hydraulic datums and geodetic datums is 
critical in relating flood profile levels or coastal still water elevations used in high-resolution 
hydrodynamic models predicting surge and wave heights, referencing water elevations of 
hydrostatic forces and loadings on floodwalls, referencing elevations of pump station inverts, and 
relating elevations of flood inundation models deriving drainage impacts or flood volumes 
relative to first-floor elevations in commercial or residential areas.   

 a.  Scope.  I-wall protection elevation accuracy requirements are provided, along with 
recommended survey standards and specifications to meet those accuracies.  Elevation 
measurement and periodic verification procedures are provided for various design, construction, 
and maintenance phases of flood risk management systems/projects.  Although primarily focused 
on I-walls, the guidance in this chapter is equally applicable to other structural flood barrier 
systems, such as L-walls or T-walls; hereinafter collectively termed floodwalls. 

 b.  Reference datums.  The design, constructed, and maintained elevation of a floodwall 
must be referenced to a consistent frameworks, or vertical datums.  Two primary (and distinct) 
reference datums are required: 

 (1)  Hydraulic or Water Level Datums—water surface elevation relative to a locally defined 
hydraulic reference plane on a river, pool, lake, or tidal body, from which floodwall design 
elevations are derived. 

 (2)  Geodetic or Orthometric Datums—three-dimensional horizontal and vertical 
frameworks defined relative to a federally recognized terrestrial and/or extraterrestrial (satellite-
based) reference datum.  

 c.  During the detailed design process, these two reference datums must be accurately 
established on permanent benchmarks (PBMs) at each project site—hereinafter termed “primary 
project control PBMs.”  Supplemental, or local PBMs used for construction are connected from 
these primary project control PBM points.  These primary project control reference points must 
also be firmly connected to regional or nationwide vertical reference frameworks—specifically 
the National Spatial Reference System (NSRS) maintained by the US Department of Commerce 
(National Oceanic and Atmospheric Administration—NOAA).  Uncertainties in these geodetic 
or hydraulic framework elevations must be factored into the overall design height of the I-wall. 
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The hydraulic and geodetic relationships must be verified during construction, and periodically 
monitored after construction to account for subsidence, settlement, reference datum redefinitions 
and readjustments, sea level rise, and other factors. 

3-2.  Relationships between Hydraulic and Geodetic Datums.  A variety of vertical reference 
systems are used on Corps flood protection and navigation projects—see Section F-1 in 
Appendix F for a more detailed background on hydraulic and geodetic datums.  Of significance 
is the local relationship between the terrestrial or orthometric datums (NGVD29 and NAVD88) 
and the hydraulic datums (MSL, LMSL, MLLW, LWRP, Normal Pool, etc.) from which flood 
protection heights are modeled and designed.  During the detailed design of floodwall projects, 
outdated or superseded geodetic datums on floodwalls (e.g., NGVD29, MSL 1912) shall be 
updated to the federal NSRS—e.g., NAVD88.  Likewise, outdated riverine, pool, reservoir, lake, 
or tidal reference planes shall be remodeled to the current datum.  References throughout this 
guidance to the NSRS (NAVD88) are applicable only to the current vertical adjustment in the 
CONUS and Alaska.  NOAA has established independent vertical datums (orthometric or tidal) 
for some OCONUS locations—e.g., Puerto Rico (PRVD02), Guam (GUVD04), US Virgin 
Islands (VIVDXX).  Other OCONUS locations may have tidal datum references—e.g., the 
Hawaiian Islands.  All CONUS and OCONUS locales are globally referenced to the NAD83 
ellipsoid.  Minimum requirements for referencing flood control project elevations are outlined in 
Table 3-1. 

Table 3-1.  Required Geodetic and Hydraulic Datum References for USACE Flood Control 
Projects 

Flood Protection 
System Location  

Geodetic 1 

Hydraulic Horizontal Vertical 

Inland rivers, pools 
Modeled LWRP or 
pool reservoirs, etc. 

NSRS  
(NAD83) 

NSRS  
(NAVD88) 

USACE  
 
(Reference Appendix F-8) 

Coastal  
NWLP 2 

(tidal waters) 
(LMSL) 

NSRS  
(NAD83) 

NSRS  
(NAVD88) 

NOAA  
hydrodynamically modeled  
Local Mean Sea Level  
(Reference Appendix F-10) 

Great Lakes NSRS  
(NAD83) 

NSRS  
(IGLD85) 

NOAA NWLP 
hydrodynamically modeled 
Local IGLD85 

1 Superseded or legacy datums (e.g., NGVD29, MSL 1912, MLG, NAD27) shall not be used as 
a reference without including their relationship and estimated accuracy relative to the above 
datums. 
2 National Water Level Program (NWLP) 

 
 a.  Inland flood control structures.  Figure 3-1 illustrates the relationship between geodetic 
and hydraulic datums on a typical existing floodwall.  The elevation of the floodwall cap will 
normally have been surveyed relative to some local geodetic datum, such as a benchmark 
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containing a NGVD29 elevation (now superseded).  The source of this NGVD29 benchmark 
elevation may be unknown, or may not have been updated for 15 or more years.  In all cases, the 
elevation datum reference must be updated to the latest federal reference system—e.g., NSRS 
(NAVD88).  This external reference can easily be accomplished by differential GPS survey 
methods described in Section F-4 of Appendix F.  The elevation, or stage, of the river is typically 
defined relative to an established low water reference plane, such as LWRP, LWRP74, 
LWRP93, Low Water Pool, Normal Pool, etc.  The height of the floodwall is designed relative to 
predicted flood stage elevations on the river, along with related design factors.  The relationship 
shown in Figure 3-1 between the river stage and terrestrial geodetic elevation(s) is critical.  This 
relationship is not constant, and varies with the slope of the low water reference plane, design 
flood elevation, and geodetic datum readjustments.  This relationship must be firmly 
established—either from direct river gage connections or from modeled hydraulic interpolations 
between gages.   

Floodwall Protection Elevation

Geodetic references:

NGVD29, NAVD88, MSL, MSL 1912 

Water Surface Elevation

Pool or low water hydraulic 
reference  … 

eg, LWRP74, LWRP93

Relationship between time 
varying geodetic and 
hydraulic elevations must 
be verified during design 
and maintained thereafter

 

Figure 3-1.  Vertical datum relationships on inland flood control structures 

 b.  Coastal hurricane protection structures.  Floodwalls and related hurricane protection 
structures in coastal (tidal) areas require similar relationships between the design reference plane 
(e.g., mean sea level) for the stillwater surface and the local geodetic datum.  As in inland river 
systems, this relationship must be established from a tidal gage at the project site or from 
hydrodynamically modeled interpolations between tide gages.  The latest geodetic and tidal 
datums established NOAA must be used—and continually maintained and updated throughout 
the life of the project. 

 c.  Datum transformations.  The relationship within and between geodetic and/or hydraulic 
datums may or may not be easily defined.  More often than not, the relationship is complex and 
requires extensive modeling to quantify.  These relationships are especially critical on coastal 
hurricane protection projects where accurate hydrodynamic tidal modeling is essential in relating 
water level elevations to a datum that varies spatially and is time varying due to subsidence or 
sea level changes.  Thus, there is no consistent, non-varying, vertical datum framework for most 
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coastal areas—periodic survey updates and continuous monitoring are required for these 
projects.  Transforming between NGVD29 and NAVD88 is not straightforward, given NGVD29 
has not been supported or updated by NGS since it was superseded in the early 1990s; thus, 
elevations still referenced to NGVD29 can have unacceptable vertical errors.  Models have been 
developed for performing general "mapping grade" transformations from NGVD29 to NAVD88.  
These models (i.e., VERTCON and CORPSCON) were not intended to provide survey or 
construction quality accuracy, and must be used with caution given they are only coarse 
estimates.  Floodwall or levee flood protection elevations should never be designed, constructed, 
or certified based on uncertain transforms from NGVD29 using CORPSCON.  

Top of Floodwall Elevations and 
Estimated Relative Accuracies

Local accuracy  ±0.05 ft

NAVD88 network accuracy  ±0.25 ft

LMSL or LWRP accuracy   ±0.20 ft

NGVD29 accuracy   ±0.5 ft

Ellipsoid accuracy  ±0.20 ft 

NAVD88 (NSRS)  ≈ Geoid accuracy ±0.10 ft

NGVD29    accuracy ±0.5 ft 

Tidal: MLLW, MLG (epoch?)  accuracy ±? ft

LMSL, LWRP, or pool -- accuracy ±0.20 ft

MHW accuracy ±? ft

GRS80 Ellipsoid (NAD83 NSRS 2007) ±0.20 ft

100-year base flood elevation 

or computed stillwater surge elevation 

 

Figure 3-2.  Vertical datum relationships and typical uncertainties on inland or coastal flood 
control projects    

 d.  Vertical datum relationships.  Figure 3-2 shows the relationships and typical 
uncertainties in vertical datums on an inland or coastal flood control project.  The reported 
elevation at the top of a floodwall (or at a nearby PBM) may have elevations based on more than 
one reference datum.  From Table 3-1, the two minimum required reference elevations must 
include: 

 (1)  Orthometric elevation directly referenced to current NSRS (NAVD88). 

 (2)  Hydraulic elevation referenced to modeled LMSL (coastal) or low water reference 
plane (inland). 

Other optional elevations references may include: 

 (3)  Ellipsoid height (based on local NSRS geoid model—useful for performing RTK topo 
surveys). 
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 (4)  Base Flood Elevation (BFE)—from local hydraulic models. 

 (5)  Stillwater elevation—from hydrodynamic surge models (coastal areas). 

 (6)  Local MLLW or MHW elevation—from hydrodynamically modeled tidal data. 

 (7)  NGVD29 elevation—typically based on older reference monuments or as built 
drawings. 

 (8)  Local USACE legacy datums—e.g., Mean Low Gulf (MLG), Cairo Datum, Mean Tide 
Level (MTL), Sea Level Datum, MSL 1912. 

Each reference datum listed above has some statistical uncertainty level which must be 
considered in protection reliability, risk assessment models, and levee/floodwall certification.  
The uncertainties shown as 95% standard errors in Figure 3-2 are examples—actual values must 
be estimated for each project.  NSRS (NAVD88) regional relative accuracy estimates can be 
obtained from NSRS observation statistics.  The accuracy of local hydraulic stage/flowlines or 
tidal datums may be more difficult to estimate—see HEC 1986, EM 1110-2-1100, and Appendix 
F.  It is important to understand from the figure that legacy datum references (e.g., NGVD29) 
may have highly uncertain accuracies and origins. 

Ellipsoid 
(GRS80)

NAVD88

PBM atop I-wall

h = 278.02 ft

NAVD88 = H 
= 372.05 ft

N = (-) 94.03 ft

NGVD29 = 371.76 ft

LWRP/Pool

40.35 ft

NGVD29

NAVD88

0.29 ft ± 0.5 ft ?

LWRP or Pool
Reference Datum

Top of I-wall (or PBM)

G
ag

e/
st

af
f Gage reference 20.0 ft

Leveled difference top of I-wall to 
gage reference  20.35 ft 40.35 ftLWRP or Pool 

Elevation

H = h - N:
372.05 = 278.02 - (-94.03)

HYDRAULIC DATUM RELATIONSHIPS

GEODETIC DATUM RELATIONSHIPS

 

Figure 3-3.  Orthometric height and hydraulic reference datum relationships on an I-wall 



EC 1110-2-6066 
1 Apr 11 
 

3-6 

 e.  River gage NAVD88 elevation connection requirements.  Figure 3-3 depicts a typical 
river gage connection to an I-wall cap elevation—shown here to the top of wall for illustrative 
purposes (typically a nearby PBM used as the primary gage reference mark from which top of 
floodwall profiles are surveyed using differential leveling or RTK techniques).  In this example, 
a river gage on LWRP or pool datum is connected with the regional NAVD88; thus, providing 
an external (i.e., ellipsoidal and orthometric) reference for the gage, along with the LWRP or 
pool hydraulic profile reference for the I-wall cap.  The relationship between the orthometric 
height, ellipsoidal height, geoid height, and the hydraulic elevation is shown.   (Additional 
guidance on river gage connections is described in Section F-9 of Appendix F). 

 (1)  In the top part of the figure, a level run from the gage reference point (20.0 ft) 
established an elevation on the top of the I-wall at 40.35 ft (LWRP).   

 (2)  In the lower part of the figure, differential GPS observations measured an ellipsoid 
height of 278.02 ft at the top of the I-wall.  Given a published geoid height of (-) 94.03 ft for this 
area, the orthometric NAVD88 elevation of 372.05 ft is determined. 

 (3)  The NGVD29 elevation shown in the figure (371.76 ft) is based on a modeled 
(VERTCON or CORPSCON) difference of 0.29 ft from NAVD88.  This modeled relationship 
may be accurate to only ±0.5 ft, depending on many factors described above.  Legacy or local 
datums maintained on floodwalls, such as NGVD29, should always be caveated with appropriate 
metadata, to include estimated age, reliability, and accuracy. 

3-3.  Relative Elevation Accuracy Requirements for Flood Protection Structures.  During the 
planning or Preconstruction Engineering and Design (PED) phase, floodwall site plan elevations 
must be globally referenced to both the NSRS and the local hydraulic or tidal reference system.  
These geodetic and hydraulic framework connections shall be verified during the PED phase to 
insure contract plans and specifications adequately georeference the project.  These relationships 
must be maintained and periodically updated during the life of the project.  Connections to the 
NSRS are made by field survey techniques—typically by traditional differential leveling or by 
differential GPS height observations to primary project control PBMs.  River profile/stage or 
tidal references are obtained from local gage observations or by hydrodynamic models from 
nearby gages.  Primary reference benchmarks must be geospatially referenced such that designed 
floodwall protection elevations are: 

 Consistent with federally mandated vertical datums (e.g., NAVD88, IGLD85) 

 Consistent with federally mandated horizontal datums (NAD83) 

The following nominal accuracy standards in Table 3-2 apply to USACE Primary Project 
Control PBMs that are established relative to the regional NGS NSRS network—the primary 
PBMs are directly connected by differential leveling and/or GPS baselines to nearby NSRS 
points.  These NSRS connection observations to primary PBMs shall be submitted to NGS for 
inclusion in the NSRS.  These are nominal accuracy standards which are believed adequate for 
most inland and coastal floodwalls, and should support flood forecasting models, stage-discharge 
relationships, flood inundation modeling, risk assessment, and related floodwall design.  The 
accuracy standards in Table 3-2 do NOT apply to supplemental (local) PBM control, 
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topographic, or construction surveys conducted from these primary points—see Section F-3 in 
Appendix F for critical distinctions between “primary” and “local” project control, and “local” 
versus “network” accuracy criteria. 

Table 3-2.  Nominal or Target Accuracy Standards for Connecting Primary Project Control 
Points on USACE Flood Control Projects to the US Department of Commerce NSRS Network 

 NSRS Global Accuracy (95%) Reference Datum 

Vertical  ± 0.25 ft  (± 8 cm) NAVD88 

Horizontal  ± 2 ft  (± 60 cm) NAD83 

Accuracies are at the 95% confidence level relative to points published by NOAA on the NSRS. 
Horizontal accuracy is for global reference purposes—achievable accuracies are ± 0.2 ft 
typical—see Appendix F-5. 
See Appendix F-7 for accuracy requirements in high subsidence areas and exceptions to these 
nominal standards. 

 

3-4.  Planning and PED Phases—Reference Datum Checklist.  During the planning and/or 
detailed design (PED) phases, water level and geodetic datum and elevation references shall be 
clearly defined and established throughout the project area.  This entails setting primary project 
control reference PBMs at spacings sufficient to densify supplemental (local) control for 
subsequent engineering and construction surveys—see Figure 3-4.  Primary project control 
reference PBMs must be published in the NSRS.  The project area includes not only the planned 
location of the floodwall structure but also related flood plain mapping on the protected side and 
hydrographic surveys on the flood side.  These design reference surfaces must be established 
prior to performing basic site plan mapping, aerial mapping, LIDAR elevation mapping, 
geotechnical investigations, and related preliminary design requirements.  The main issues to be 
evaluated and resolved during the preliminary planning and/or design phases include the 
following. 

 a.  That detailed site plan mapping of proposed structure sites (or existing structures 
undergoing evaluation, maintenance, repair, or improvement) are referenced to the latest 
horizontal and vertical geodetic datums defined and supported by the Department of Commerce 
(National Geodetic Survey), and that these datums are consistent with FEMA flood insurance 
elevation certificate datums (FEMA 2006).  See Table 3-1 and Section F-2e in Appendix F. 

 b.  That the relationship between legacy datums (e.g., NGVD29, MLG, MSL 1912) being 
maintained in the project area by FEMA or other agencies, and (1) NAVD88 and (2) 
hydraulic/tidal reference datums, be established and clearly delineated on all documents, 
including construction plans and specifications. 

 c.  That the hydraulic or tidal stillwater references or floodline design heights/datums are 
based on current water level gage observations or, alternatively, hydrodynamically modeled from 
nearby gages. 
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 d.  That river gages are referenced to at least three (3) PBMs near the gage, and that one of 
these benchmarks is connected to and published in the NSRS. 

 e.  That the designed protection grades are reliably referenced to NAVD88 (or the latest 
federal vertical datum) based on primary project control PBMs that are established, referenced 
to, and published in the NSRS.  If no NSRS benchmarks exist near the proposed structure site, 
then a new NSRS benchmark shall be established during the design phase. 

 f.  That the primary project control PBMs are situated where full GPS satellite visibility is 
available and these marks can be directly occupied with both a RTK base station and a level rod. 

 g.  That river gages owned and operated by (or other agency gages used by) the Corps are 
referenced to NAVD88 based on primary control PBMs published in the NSRS, and that the 
relationship between the geodetic and hydraulic datums at the gage are firmly established and 
documented in the NSRS. 

 h.  That design memorandums, project drawings, CADD files, studies, reports, flood profile 
diagrams and related framework documents contain full and complete metadata on the reference 
elevation datum, primary project control PBMs and local construction control PBMs; including 
the relationships and estimated accuracies of legacy reference datums, benchmarks, and designed 
protective elevations. 

 i.  That investigative borings are referenced to NAVD88 based on differential levels or 
satellite RTK observations from primary NSRS control benchmarks. 

 j.  That small scale photogrammetric and/or LIDAR mapping of proposed construction 
sites, existing floodwall caps, levees, and adjacent flood plains be calibrated and independently 
ground-truthed at multiple points throughout the project area.  Mapping accuracies shall conform 
to the guidance in EM 1110-1-1000 (Photogrammetric Mapping).  Calibration and ground-
truthing points shall be at a sufficient density to ensure topographic mapping accuracy does not 
exceed the allowable tolerances.  Reference the guidance in FEMA 2003 relating to LIDAR 
calibration and ground-truthing.  Ground-truthing (check surveys) should be performed by the 
government or A-E firms independent of the photogrammetric/LIDAR mapping contractor.  

 k.  That detailed site plan mapping of floodwall sites for construction plans and 
specifications is performed using either precise total stations or RTK methods.  Total station or 
RTK observations shall originate from the primary NSRS control point established for the 
project—or established concurrent with the detailed site plan mapping.  Detailed site plan 
surveys are normally developed at large scales (e.g., 1 in = 20 ft to 50 ft).  The proposed 
floodwall alignment may be staked out if available.  Utilities (underground, surface, and 
overhead obstructions or power lines) will be fully delineated during these surveys.  Boundaries, 
property lines, property corners, and right-of ways will also be required for the construction 
plans.  Reference existing guidance on topographic surveys, utility surveys, and boundary 
surveys in EM 1110-1-1005 (Control and Topographic Surveying). 

 l.  That a sufficient number of local PBMs (including horizontal control) are established and 
shown on the construction contract plans.  These marks shall have been tied in from a primary 
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NSRS benchmark as shown on Figure 3-4.  The density of local PBM control points shall be 
sufficient to enable construction stakeout using total station horizontal alignment and differential 
leveling vertical methods.  For any size project a minimum of three (3) local PBMs is required in 
order to verify stability prior to construction stake out.  Project control 3D positions and 
accuracies shown on the construction plans are local or internal—holding a primary NSRS point 
as fixed.  

Existing or Established NSRS “Primary Project Control” Benchmarks

If existing NGS 1st/2nd Order NSRS benchmarks found:
Assume valid NSRS connection to NAVD88 after CORS, RTK or level run check to adjacent 
benchmarks on NSRS Network

If control benchmark needs to be established in this area:
Desired NAVD88 Network Accuracy ±0.25ft (± 8cm)… not necessarily constraining
Connect to NSRS using these standards…CORS Only/OPUS or Networked baselines input 
into the NSRS

DO NOT SET NEW POINT IF NGS NSRS CONTROL EXISTS IN THE AREA

Locate as close as possible to 
floodwall…or use existing 
floodwall control monument IF 
STABLE

Space primary project control 
points NTE approx 15-20 miles

Existing project/floodwall control monuments:
• Required local (relative) accuracy: ±0.15ft
• GPS/RTK or level Primary Control Benchmarks
• No input to NSRS required

Floodwall Sections & Profiles (Topo Surveys): 
• Required local (relative) accuracy ±0.5ft
• RTK from primary project control benchmark or 
RTK/Total station/leveling from levee control 
monuments
• Hard features (inverts, etc): Required local (relative) 
accuracy ±0.3ft

LEVEE/FLOODWALL

 

Figure 3-4.  Summary of floodwall or levee benchmark density and accuracy requirements 
during planning or detailed design phase 

3-5.  Construction Phase Criteria. 

 a.  Minimum construction stakeout criteria.  Local horizontal alignment and vertical control 
PBMs established during the detailed design phase and shown on the contract plans shall be 
thoroughly verified during the initial construction stakeout.  This verification entails checks to a 
minimum of three (3) points shown on the contract drawings.  Checks between the local 
reference points should agree to within ±0.05 ft.  Checks on horizontal alignment control points 
or benchmarks exceeding these tolerances shall be thoroughly investigated and resolved prior to 
construction stake out.  The government construction inspector shall review in progress (on site) 
initial construction stakeout work and shall thoroughly review the contractor's stake out notes for 
both the basic control check and the site stake out. 

 b.  Machine control system calibration.  Machine control positioning systems on graders 
and bulldozers must be verified on site to ensure horizontal and vertical grading references check 
with fixed project control benchmarks.  Machine control RTK networks must also be adequately 
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"site calibrated" prior to excavation or grading, ensuring fixed calibration benchmarks surround 
the construction site. 

 c.  Verification of as-built floodwall cap elevations.  Post-construction profile or 
topographic surveys of floodwalls shall be made to verify as-built controlling elevations and 
horizontal location.  These surveys may be performed using total stations, levels, or RTK 
methods.  Surveys must originate from the reference control PBMs shown in the contract plans.  
Elevations of sheet pile or floodwall caps should be recorded to the nearest 0.1 ft. 

3-6.  Post-Construction (Operation and Maintenance) Phase—Periodic Reassessments or 
Evaluations of Controlling Reference Elevations.  Periodic reevaluations of project reference 
elevations and related datums shall be included as an integral component in the various civil 
works inspection programs of completed projects.  The frequency that these periodic 
reevaluations will be needed is a function of estimated magnitude of geophysical changes that 
could impact designed protection grades.  Protection elevations that are referenced to tidal 
datums will have to be periodically coordinated with and/or reviewed by NOAA to ensure the 
latest tidal hydraulic effects are incorporated and that the project is reliably connected with the 
NSRS.  In all cases, a complete reevaluation of the vertical datums should be conducted at the 
frequency specified in the O&M Manual for the project (see Chapter 11); typically ranging from 
2 to 5 years in high subsidence areas to 10 or more years in stable areas.  Any uncertainties in 
protection levels that are identified during the inspection should be incorporated into any 
applicable risk/reliability models developed for the project.  Additional technical guidance on 
periodic inspection monitoring surveys is found in Appendix F-7 and EM 1110-2-1009 
(Structural Deformation Surveys). 

 a.  Reference benchmark verification.  Periodic resurveys shall be performed relative to the 
primary project control PBMs established for the project.  The NSRS datasheet shall be reviewed 
to determine if NGS has revised the elevation for the primary mark.  The stability of the primary 
project control PBMs shall be verified by GPS observations or differential level runs to adjacent 
NSRS reference benchmarks.  Checks to ±0.1 ft would be a reasonable tolerance.  The primary 
reference PBM should normally be used as the base station when GPS RTK surveys are 
performed at the project site. 

 b.  Topographic survey methods.  Topographic surveys of floodwall caps, levee or 
floodwall profiles, inverts, pump stations, etc. should generally meet the tolerances shown 
Section F-6 of Appendix F, which are relative to the NSRS primary control PBM.  Typical 
differential leveling (spirit or digital), GPS RTK, or total station methods should yield ±0.1 ft 
relative accuracies on surveyed points relative to local control points.  Reference also 
topographic surveying methods in EM 1110-1-1005.   
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Leon C. Simon Blvd Bridge
East abutment -- south
Low chord elev: 3.46 feet  NAVD88(2004.65)
Field Book 060854
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Elevation:  13.1 feet  NAVD88(2004.65)

 
 

Figure 3-5.  Differential leveling measurements of bridge floodwall caps and 
low chords near connection to   I-wall—London Avenue Outfall Canal 

Floodwall, New Orleans, LA (IPET 2006) 

 c.  Profile Surveys of I-wall caps.  Periodic topographic surveys of tops of I-walls (and 
related structures or levees) shall be performed to verify the current protection elevations.  Either 
differential leveling or GPS RTK methods may be used—RTK normally being the most efficient 
method given 3D coordinates are directly observed at each point.  Shot points are taken at 50- or 
100-ft intervals along the floodwall, breaks in grade or monoliths, and at other features as 
designated.  Sample data collector notes for floodwall profile surveys are shown in Appendix F. 

 d.  Topographic sections on protected or flood sides of floodwalls.  Floodwalls set atop or 
around bridges, levees, pump stations, and other facilities may require periodic topographic 
surveys of the surrounding berms, revetments, chords, or water depths—see Figure 3-5.  
Subsurface hydrographic surveys may be required in adjacent canals or rivers to check for scour 
into the floodwall base.  The density of such surveys will depend on the potential scour or 
settlement being monitored.  Typically 50- to 100-ft sections will be surveyed using standard 
topographic survey methods, such as GPS RTK. 

 (1)  Hydrographic surveys of deeper water on the flood side can be performed following the 
techniques outlined in EM 1110-2-1003 (Hydrographic Surveying).  In shallow river or canal 
areas (i.e. < 15 ft water depth), standard leveling or total station topographic survey methods may 
be used with a 25-ft expandable level rod.  Typical cross-section spacing is 50 ft or 100 ft C/C. 
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 (2)  Acoustic depths may be taken from a boat using inexpensive single-beam survey 
methods.  If 100% bottom coverage is required to evaluate scour or other anomalies in a 
floodwall or levee footing, then either multi-transducer or multibeam survey systems may be 
employed, depending on water depth and other factors—see Figure 3-6.  Other high-definition 
acoustic devices may also be used. 

 

Figure 3-6.  Multi-transducer sweep survey of canal topography adjacent to I-
wall—London and Orleans Ave Outfall Canals, New Orleans, LA (2006).  

St. Louis District 22-ft skiff with Ross Multi-transducer sweep survey system spaced 6.5 ft C/C 
(26 ft swath) and Trimble DGPS positioning.  System is capable of measuring depths in less than 
1 ft of water. 

 (3)  Sample data collector notes for topographic cross-sections of floodwalls are shown in 
Appendix F. 

 e.  Deformation and deflection measurements.  Many of the procedures typically used for 
large dams shown in EM  1110-2-1009 (Structural Deformation Surveys) may be applied to 
floodwalls—on an isolated basis given the large geographical extent of floodwalls as compared 
to dams.  This would include precise differential leveling to monitor regional subsidence and 
settlement, and crack or monolith lateral movement using micrometers.  A number of options 
exist to monitor relative (internal) horizontal deflections of individual I-wall sections or 
monoliths.  Overall (global) lateral deformation or translation requires monitoring from 
undisturbed permanent reference points.   
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 f.  Existing coastal hurricane protection structures.  Coastal hurricane protection floodwalls 
are usually designed and constructed relative to a local tidal datum, e.g. MSL. 

 (1)  A periodic assessment of these projects is intended to verify (1) that the 
design/constructed sea level reference datum is current (i.e., latest tidal epoch and model) and (2) 
that the local project control has been connected with the NSRS (NAVD88). 

 (2)  Many shore protection projects have been designed to sea level datums based on 
interpolated or extrapolated references from gages.  Depending on the type of gage, tidal range, 
and the distance from the gage, this interpolation or extrapolation may be valid or sufficiently 
accurate—generally within ±0.25 ft of the reference water level datum.  The local mean sea level 
accuracy may degrade at long distances from a tidal gage.  Obviously, with sea level rise, the 
crest elevation of structures may be below that originally designed.  However, the original design 
documents should be checked to verify that allowance for sea level rise was considered in the 
design elevation and is consistent with the current condition.  Likewise, initial (designed) 
subsidence estimates need to be verified using the guidance in Section F-7 of Appendix F. 

 (3)  Connection to the NSRS need only be at the ±0.25 ft accuracy level.  This connection is 
simply to provide other using agencies with an elevation on a federally recognized reference 
system—NAVD88.  Hurricane protection structures that are not on updated tidal and/or NSRS 
datums will require additional field survey effort.  In general, the updated sea level datum can be 
estimated (interpolated) given sufficient NOAA or Corps gages exist in the region.  At least one 
primary project control PBM on each shore protection project shall have both a water level 
reference elevation and a NAVD88 elevation. 
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Table 3-3.  Summary of Requirements for Referencing Floodwall Elevations during Design, 
Construction, and Post-Construction Maintenance Phases 

PED PHASE  

Establish Primary Project Control PBM 
on NSRS 

 
 Reference datums 
 Accuracy required 
 Density of Primary Control PBMs 

Use existing (published) NSRS PBM or survey new 
PBM and submit/publish in NSRS—see Figure 3-4

 
NAD83 and NAVD88 
see nominal standards in Table 3-2 
see Figure 3-4 

Allowable survey procedures see Table F-1 in Appendix F 

Local construction reference PBMs 
 
 Datum 
 Local relative accuracy 
 PBMs indicated in contract 

documents 

Survey connections directly from Primary Project 
Control PBM 

NAD83 and NAVD88 
see Figure 3-4 and Table F-2 in Appendix F  
minimum of 3 required for construction  

Subsurface investigation boring 
reference elevation 

NAVD88—connected from primary or local PBMs 

Site plan mapping reference datums 
(small scale aerial/LIDAR) 

NAD83 and NAVD88 
Independent ground truthing required 

Detailed topographic site plan accuracies 
(hard features, ground shots, etc) 

see Figure 3-4 and Table F-2 in Appendix F  
(total station or RTK methods relative to PBMs) 

Hydraulic/tidal gage reference PBMs 
 Minimum number of reference PBMs

Directly referenced to river/tidal gage reference datum 
3 (one PBM must be connected to/published in NSRS)

CONSTRUCTION PHASE Verify reliability between local PBMs prior to stake 
out 
Local PBM check tolerance: ±0.05 ft (3D) 
Verify final as-built floodwall cap elevations 

POST-CONSTRUCTION 
OPERATION & MAINTENANCE 
PHASES 

Periodic inspection and verification of reference 
hydraulic/tidal and geodetic NSRS datums, 
subsidence and sea level changes (reference 
Chapter 11) 

Verification of Primary/local PBM 
coordinates relative to NSRS regional 
network 

Check tolerance: ±0.1 ft (3D) 

Topographic inspection survey density 
 Floodwall cap profile surveys 
 Cross-section topo/hydro surveys 
 Resolution 

 
25 to 100 ft shot points (typical) plus breaks in grade 
50 or 100 ft c/c typical 
±0.1 ft (3D) 
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3-7.  Site Information Classifications and Requirements.  Table 3-4 provides general site 
information classifications for reference datums as defined in Chapter 2.  These classifications 
apply to design of new floodwalls. Well-defined or Ordinary classifications are considered 
acceptable.  Limited site information will require additional field survey data.  Datum or 
subsidence uncertainty estimates shown in Table 3-4 should be factored into design risk 
assessment models and floodwall height overbuild computations.  

Table 3-4.  Site Information Classifications and Uncertainty Estimates (95% Confidence Levels) 
of the Primary Reference Control Benchmark 

Condition Well-Defined Ordinary Limited 

Connection to existing NSRS 
PBM  

1st Order PBM in 
NSRS 

2nd Order NSRS 
PBM 

3rd or 4th Order 
NSRS PBM 

Surveyed connection method  
with NSRS 

1st/2nd Order 
differential levels 

2/5 cm NGS 
GPS standards 
3rd Order levels 
GPS CORS/OPUS 

GPS RTK or 
unknown method 

Reference orthometric datum NAVD88 NAVD88 NGVD29 

Published in NSRS Yes Yes No 

Estimated network orthometric 
datum accuracy relative to 
NSRS 

±0.02 ft to < ±0.10 ft > ±0.10 ft to 
< ±0.25 ft 

> ±0.25 ft 

Estimated regional hydraulic/ 
tidal water level datum  
accuracy at gage reference  
PBM  

±0.05 ft to < ±0.10 ft > ±0.10 ft to 
< ±0.25 ft 

> ±0.25 ft 

Uncertainty in 50-year subsidence 
forecast predictions (95%) in 
high subsidence areas 

< ±0.1 ft > ±0.1 ft to  
< ±0.5 ft 

> ±0.5 ft 

Uncertainty in 50-year sea level 
forecast predictions (95%) 

< ±0.1 ft > ±0.1 ft to < ±0.5 
ft 

> ±0.5 ft 

 

3-8.  Mandatory Requirements. 

 a.  Floodwall protection elevations shall be referenced to the federal geodetic and 
hydraulic/tidal datums in accordance with the guidance prescribed in Table 3-1.  

 b.  Primary project control benchmark elevations and horizontal coordinates shall meet the 
nominal global (federal network) accuracy standards in Table 3-2. 

 c.  Planned site plan mapping elevations, existing/constructed floodwall cap elevations, 
subsurface exploration boring elevations, local construction control PBMs, and surrounding 
floodplain inundation elevations shall be directly referenced/mapped by field survey connections 
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to nearby PBMs published in the NSRS (NAVD88); following the standards and accuracy 
tolerances outlined in Table 3-3.  

 d.  Hydraulic profile or tidal datum relationships shall be reliably modeled at floodwall or 
flood protection sites using the latest water level or tidal gage data, and shall have been corrected 
for subsidence, uplift, and/or sea level variations. 

 e.  The relationship between legacy elevation datums and the current NSRS datum, along 
with uncertainty estimates at the 95% standard error level, shall be clearly indicated on project 
documents, design memoranda, and contract drawings. 

 f.  Existing or planned floodwall projects categorized as containing limited site information 
in Table 3-4 shall be updated. 
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CHAPTER 4 

Hydrologic, Hydraulic, and Coastal Design 

4-1.  Introduction.  The most important hydraulic parameters are probabilistic estimates of still 
water level (sometimes referred to as pool level, surge level, or mean water surface) and, in 
sufficiently large wind fetch situations, those parameters that characterize the wind-generated 
wave conditions (for example, significant or maximum wave height, peak wave period, and 
mean wave direction, and wave overtopping rate).  The contribution of short wave motions to 
surge level should be considered for major storm surge/wave events.  Water levels generate 
hydrostatic loading conditions and waves can generate both hydrostatic and dynamic loads.  
Dynamic wave forces can be several times greater than hydrostatic forces, so the possible 
contributions of waves should be carefully examined.  Because the USACE design process is 
evolving from a design event, deterministic approach to a probabilistic, risk-based approach, 
definition of the hydraulic design parameters must be done in a probabilistic manner to the 
greatest extent possible, using an approach that also considers uncertainty in estimates of the 
design parameters.  Refer to paragraph 1-5 for the procedure to request a waiver from the 
following I-Wall criteria. 

4-2.  I-Wall Design Criteria.  

 a.  Integration of Resilience into Levee/Floodwall System Design and Consideration of 
Public Safety.  Current guidance specifies that levee/floodwall system grades are determined as 
the system alternative that maximizes Net Economic Development benefits based on a 
probabilistic and uncertainty analysis with no allowance for freeboard.  Additional height may be 
added for superiority.  To address the issue of public safety, minimum design requirements, as 
outlined below, also must be met.  Design of levee and floodwall systems for flood damage 
reduction must integrate provisions for both determining levee/wall grades required to provide 
the authorized degree of protection from an exterior flood source as well as means to ensure 
system resilience and/or toughness during those events which overload the system, i.e. those 
events that produce water level and/or wave conditions which exceed the design values. 

 b.  General Criteria for Metropolitan Areas.  The levees and floodwalls reduce flood risk to 
the residents who live in major cities and population centers from flood risks; and also protect 
the critical infrastructure and services from flood damage.  The following are mandatory 
requirements for hydrologic and hydraulic design of levee and floodwall grades for coastal and 
inland flood risk management systems in metropolitan areas. 

 (1)  The minimum standard for design of levee and floodwall grades in metropolitan areas 
shall be based upon an analysis of human risk, economic benefits and life cycle costs that is 
consistent with the Principles and Guidelines for water resources development.  

 (2)  I-walls shall be capable of withstanding overtopping without breaching.  The degree of 
resilience or toughness required to withstand overtopping and sustain the levee and floodwall 
grades shall be based on existing interior drainage features and projected overtopping flows 
during unusual or extreme events.  For more discussion refer to paragraph 6-9. 
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 (3)  Consideration of wave loadings and overtopping is an integral part of the design in 
areas impacted by significant wave action; some wave overtopping volume can be tolerated as a 
part of the design.  A maximum overtopping rate of 0.1 cfs per foot is deemed an acceptable 
design criterion in well-sodded clay levee/floodwall systems affected by wave action; and 
appropriate consideration of this overflow should be made in the interior flood damage reduction 
analyses.  Lesser values of acceptable overtopping rates (down to zero cfs per foot) may be 
appropriate if less erosion-resistant materials or less protective vegetation occur in portions of 
the system adjacent to the floodwall or on the levee. 

 c.  General Criteria For Developed Areas.  The levees and floodwalls reduce flood risk to 
the residents who live in scattered, isolated houses or in small towns and also protect the critical 
infrastructure and services from flood damage.  The following are mandatory requirements for 
hydrologic and hydraulic design of levee and floodwall grades for coastal and inland flood risk 
management systems in developed areas. 

 (1)  The minimum standard for design of levee and floodwall grades in developed areas 
shall be based upon an analysis of human risk, economic benefits and life cycle costs that is 
consistent with the Principles and Guidelines for water resources development.  

 (2)  I-walls shall be capable of withstanding overtopping water levels without breaching.  
The degree of resilience or toughness required (to withstand overtopping and sustain the levee 
and floodwall grades) shall be based on existing interior drainage features and projected 
overtopping flows during unusual or extreme events. 

 (3)  Consideration of wave loadings and overtopping is an integral part of the design in 
areas impacted by significant wave action; only some intermittent wave discharge can be 
tolerated as a part of the design.  A maximum overtopping rate of 0.1 cfs per foot is deemed an 
acceptable design criterion in well-sodded clay levee/floodwall systems affected by wave action; 
and appropriate consideration of this overflow should be made in the interior flood damage 
reduction analyses.  Lesser values of acceptable overtopping rates (down to zero cfs per foot) 
may be appropriate if less erosion-resistant materials or less protective vegetation occur in 
portions of the system adjacent to the floodwall or on the levee.   

 d.  General Criteria for Undeveloped Areas.  The levees and floodwalls do not protect any 
permanent residents or critical infrastructure and services; they do protect agricultural lands or 
wilderness tracts from flood damage. 

 e.  Future Factors.  For all levee/floodwall protection systems, future factors affecting 
design grades such as sea level rise, subsidence, projected watershed development, runoff/land 
use changes, channel rating changes and/or other forecastable uncertainties should be 
incorporated (not added on separately) as part of establishing the design grades. 
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4-3.  Identifying the Flood Hazard. 

 a.  General.  The hazard, as defined here, is an event or combination of events that 
generates a water level, and possibly wave conditions, to which the I-wall will be subjected.  
These conditions could include elevated river stages due to far-field precipitation or snowmelt, 
stage increases due to local precipitation or strong winds associated with storms that have 
tropical (hurricanes, for example) or extratropical (northeasters, for example) origins, or elevated 
lake or reservoir levels.  Storms can be an important aspect of the hazard.  Characterization of 
the hazard must include proper consideration of whether or not different types of event 
populations can be treated as statistically independent events.  For example, storms having 
tropical versus extra-tropical origins can be treated as statistically independent events.  An 
example where one type of hazard event might not be statistically independent of another type of 
event is the case of a shallow lake where the magnitude of wind setup is a function of ambient 
lake level because of the strong dependence of effective wind stress on water depth.  Events that 
comprise the hazard, particularly the rare events that will dictate the design must be carefully 
defined in terms of their probability of occurrence and in terms of the probability that a particular 
event will have certain characteristics.  For example, the probability of hurricane occurrence and 
probability that a particular hurricane has certain characteristics (intensity, size, track, forward 
speed) must be defined.  See Paragraph 4-11 for discussion of assurance. 

 b.  Riverine Settings.  The hazard in river settings is principally dictated by far-field 
precipitation that falls onto the surrounding watershed, or snowmelt from the watershed, which 
discharges into the system of steams that subsequently feed a larger river, thereby raising river 
stages and increasing water levels in backwater areas as the flood wave moves downstream. In 
local backwater areas, the hazard is also dictated by local precipitation that occurs when rivers 
and backwater areas are already at elevated stages.  In some situations when the floodplain is 
inundated, wind fetches might become significant and there is a chance that significant wind-
wave energy can be created that has the potential for creating dynamic loads to the wall, 
particularly when the river stage is elevated and high winds occur along with elevated water 
levels. 

 c.  Lake/Reservoir Settings.  Lake/reservoir levels are strongly influenced by precipitation 
falling on the watershed, which eventually discharges into the receiving water body, and by 
wind-induced water level changes and short wave generation.  Characterization of the water level 
and wave hazard within a lake or reservoir can be strongly influenced by human activities in 
addition to natural phenomena by introducing water through pumping and subsequent storage, 
and by the pattern of water utilization and releases.  Maximum water levels are sometimes 
constrained by the presence of a spillway or other operational reservoir feature that controls 
water levels within the system.  For system design within these landscape settings, it is important 
to understand the probabilities of lake/reservoir levels and how they are altered by natural events 
and/or human activities that introduce water into or remove water from the system, and by the 
joint occurrence of wind events and reservoir pool levels or lake levels.  Some systems may have 
water loadings on them at all times or for long periods of time; which can also influence 
potential failure modes and the relative importance of failure models (e.g., increasing importance 
of seepage and piping). 

 d.  Estuarine/Coastal Settings. 
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 (1)  Hurricanes.  Hurricanes are the primary event of concern for generating extreme water 
levels and wave conditions along the Gulf of Mexico coastline and most of the Atlantic coast.  
Thus, they are extremely important in design of flood risk management structures along the coast 
and in estuarine settings.  Hurricanes have considerable wave-producing potential in deep water, 
while a hurricane is well away from the coast.  Those waves propagate ahead of the core of the 
hurricane, reaching the coast well before the storm arrives at the coast.  Hurricanes have great 
storm surge- and wave-producing potential across the continental shelf and into shallow water, 
where winds are most effective in building storm surge because of the dependency of effective 
wind stress on water depth.  Storm surge can propagate tens of miles up rivers and navigation 
channels.  Hurricane surge can inundate wetlands and barrier islands, and expose estuarine 
coastlines to high storm surge and long-period, high-energy ocean wave conditions they would 
not normally be exposed to.  Extremely shallow water (depths on the order of the significant 
wave height) effectively limits wave heights in shallow water primarily due to wave breaking.  
Hurricanes might also be the primary events, in terms of characterizing the hazard, for some 
interior river and lake systems because of the diminished, but still high, wind-generation 
potential they have following landfall.  Typhoons, which are hurricanes in the southern 
hemisphere, are the primary event of concern for Hawaii and other islands in the south Pacific. 

 (2)  Problem with Current Guidance for Hurricane Events.  Trends and patterns reflected in 
the characteristics of, and probabilities of, the most extreme hurricane events that create the 
hazard must be carefully examined and defined.  Central pressure, radius-to-maximum winds (a 
measure of the storm’s size), track and the coastline shape and continental shelf width and 
configuration are the most important factors in determining hurricane storm surge and wave 
conditions at any particular location. Special care must be taken to characterize this hazard.  
Current guidance in EM 1110-2-1100 for assessing the hurricane hazard is now outdated.  The 
occurrence of a major landfalling hurricane at any one location along the coast is a rare event.  
Sole reliance or over-reliance on the local historical hurricane experience (i.e., the limited range 
of central pressure, radius-to-maximum-winds, and track characteristics that are reflected in the 
small number of hurricanes that have had a major impact, locally), even as part of an Empirical 
Simulation Technique (EST) application, will not yield a sufficiently accurate assessment of the 
hurricane hazard.  The Joint Probability Method (JPM) is the best approach to properly consider 
other hurricane characteristics that are possible in a region, and using an optimal sampling 
approach will minimize the number of storms needed to apply the JPM.  The JPM is outlined in 
Appendix G and probabilistic approaches are discussed in more detail below.    

 (3)  Extratropical Storms.  Extra-tropical storm systems are the primary storm hazard for 
the Pacific coast and the Great Lakes, and they become increasingly more important for the 
northern parts of the Atlantic coast, relative to hurricanes.  Along the Atlantic coast, extratropical 
events are often the design events of interest for lower return periods (on the order of 20 years), 
and hurricanes are the dominant design events for higher return periods (order of 50 years and 
greater).  Remnant typhoons generated in the South Pacific Ocean that eventually move to the 
north along the western edge of the Pacific Ocean are important design events for Alaska, as are 
extra-tropical storm systems generated within the northern Pacific.  Non-hurricane tropical 
events might be events of interest in the Gulf of Mexico, in addition to hurricanes, if the design 
provides a relatively low level of protection.   
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 e.  The Future Hazard.  Definition of the hazard must consider what is possible in the 
future, not only what has occurred in the past.  It is reasonable to expect that changing climate 
will influence the hazard.  Changing climate might be reflected in a cyclical pattern of change, or 
in a pattern that appears more as trend, over the service life of a project.  Awareness of trends 
and patterns associated with event probabilities and characteristics during the life of the project, 
and beyond, is important in communicating risk, residual risk, and how the risk could change.  
For example, there have been periods of higher and lower hurricane activity since the 1940s, the 
time frame for which we have the most reliable data.  A period of unusually high hurricane 
activity with increased intensity was evident in Gulf of Mexico during the 1960 to 1970 
timeframe, followed by a 30-year period of lower less intense activity, followed by yet another 
period of higher more intense activity beginning around 1995.  Future trends are unclear, so a 
rigorous probabilistic analysis should consider possible future scenarios and examine how the 
changing hurricane frequency would affect the design.  It would be reasonable to assume that the 
same climate changes that produce these patterns of hurricane activity manifest themselves in 
other ways, in other regions of the country, in terms of the tropical and extra-tropical storm 
hazard.  Another example would be trends in the pattern of run-off within a watershed as 
precipitation changes in light of changes in climate, or changes to the amount of precipitation 
that falls as rain versus what falls as snow, as warming trends might decrease the latter.  Sea 
level rise, another potential consequence of climate change must be considered in the 
coastal/estuarine setting.  Sensitivity analyses should be conducted to examine implications of 
several scenarios of possible future changes to the hazard (e.g. changes to storm frequency or sea 
level) on system design, system resilience, and risk.   

 f.  Human-Induced Changes to the Hazard.  Another important aspect of hazard 
characterization is potential man-induced changes that might affect the future hazard.  These can 
include such things as: natural changes in the landscape such as loss of land cover due to fire, 
changes to the river or navigation channels, or wetlands, which could influence the hydraulic and 
hydrodynamic design conditions.  Another example might be water usage changes that change 
the water levels that are maintained in a lake or reservoir or how they are managed.  These types 
of future conditions also should be examined in a sensitivity analysis if they have important 
ramifications on the key hydraulic design parameters, and consequently on future performance, 
resilience of the structure, and risk of exposure to flooding. 

4-4.  Wind Forcing. 

 a.  General.  Wind forcing is often a hazard to consider in lakes, estuaries, along the coast, 
and sometimes in rivers.  The accuracy inherent to estimates of water levels and wave 
conditions, important I-wall design parameters, is only as good as the accuracy of the wind input.  
Wind stress is non-linearly related to wind speed, so errors in wind are amplified in water level 
and wave estimates.  Therefore it is crucial to maximize the accuracy of wind estimates.  A wind 
drag law in which the drag coefficient changes with wind speed shall be adopted in computations 
of surface wind shear stress acting on the water.  The following Garratt (1977) wind drag 
coefficient formula should be used for wind-driven water level computations:   

 CDN = (0.75 + 0.067u10) × 10-3 (over water, assuming neutrally stratified boundary layer).   
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The over-water wind drag coefficient is CDN, and the parameter u10 is the average (over 10 
minutes) wind speed referenced to a 10-m elevation (33-ft), in m/sec, above the water surface, 
assuming a neutrally stratified boundary layer.  This wind drag formulation is inherent to the 
ADCIRC circulation model (see http://www.adcirc.org/document/ADCIRC_title_page.html and 
http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;39), the Corps’ storm surge model, and 
it has been found to work quite well in estimation of water level changes induced by wind for a 
wide range of wind speeds, up to and including hurricane force winds.   

 b.  Consistency Between Wind Speed Estimates and Model Input.  It is extremely important 
that consistent accurate measures of wind speed are used for water level and wave prediction.  
Wind estimates should reflect estimates of over-water winds, not over-land winds, and they 
should consider air/water temperature differences.  Part II Chapter 2 of EM 1110-2-1100 
describes procedures for properly estimating over-water winds and how to account for air-water 
temperature differences.  It is extremely important that the measure of wind speed that is used as 
input to water level and wave calculations is exactly the same as the wind speed measure that is 
inherent in the method(s) being used to do the calculations.  Note that different measures are 
typically used for each type of calculation, wave vs. water level.  For example, the Garratt drag 
law which is used to compute wind stress effects on circulation and water levels assumes the 
wind speed reflects a 10-min average wind speed at 10-m elevation above the water surface.  So 
water level computations using the Garratt drag law should use over-water wind input that 
reflects a 10-min average value at a 10-m elevation above the water surface.  Often in wave 
prediction, a 30-min average over-water wind speed at 10-m elevation is used.  Consistency is 
the key.  Part II Chapter 2 of EM 1110-2-1100 describes procedures for making corrections to 
account for differences in the elevation at which winds are reported or provided.  Use of an 
inappropriate measure of wind speed, such as use of a 1-min gust speed with the Garratt drag 
law, can lead to significant over-predictions (errors) in computations of water level and wave 
conditions.  Another example of inappropriate use is using flight level wind measures, which 
NOAA often publishes for hurricanes, with the Garratt drag law which requires a surface (10-m) 
elevation wind measure.  This error can lead to substantial over-predictions of water levels and 
wave conditions.  It is advisable to have a trained coastal meteorologist review the method that is 
being used to create wind input to water level and wave computations because of the crucial 
nature of wind input. 

 c.  Wind Estimation for Hurricanes.  Where hurricanes are a primary consideration in 
defining the storm hazard a tropical cyclone Planetary Boundary Layer (PBL) model, the TC96 
model (Thompson and Cardone, 1996), should be used to do the actual computation of wind and 
atmospheric pressure fields, using the best data available to characterize the temporal variation of 
hurricane parameters such as position of the hurricane’s center, central pressure deficit, 
maximum wind speed, and radius to maximum winds.  Another viable option in situations where 
winds can be assumed to be constant over the water body is application of a rigorous Monte 
Carlo method for computing hurricane winds like that developed by Vickery, Skerjl and 
Twisdale (2000) and Vickery and Twisdale (1995).  Both are rigorous probabilistic means for 
defining hurricane winds.  At the present time, this type of Monte Carlo simulation method is 
probably not computationally feasible if detailed storm surge and wave modeling will also be 
required.  It is a feasible approach for restricted-fetch situations, such as a small lake or reservoir, 
or stretch of river, where winds over the water body of interest can be assumed to be uniform.  In 
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these situations, simpler wind set up and wave computation approaches might also be valid for 
use with the locally uniform winds.  

 d.  Wind Estimation for Non-Hurricane Events.   

 (1)  Assumption of Spatial Uniformity in Winds.  Waves acting in rivers and small lakes 
can be treated deterministically because there is no standard for quantifying the uncertainty 
distribution for river waves, or for combining wave uncertainty with the discharge-probability 
and stage-discharge uncertainties.  Chapters 2 and 3 of EM 1110-2-1100 provide guidance for 
estimating wave conditions.  Wind conditions can be assumed to be uniform over a water body 
that is much smaller in spatial extent than the weather systems that generate extreme winds; so 
simplified one dimensional wind-wave prediction methods are generally adequate for most 
flooded river and small lake situations, unless the fetches become quite large and two 
dimensional.  Also, in small lake and reservoir settings, winds might be treated as a sequence of 
steady state winds in wave and water level prediction, versus a requirement to consider effects of 
temporal wind variation on wave and water levels.  

 (2)  Spatially Variable Wind Fields.  In large lake, estuary, and in coastal situations, the full 
two-dimensional variation of wind fields must be considered in estimating water level and wave 
conditions because the winds can vary spatially across the water body.  Consideration of the 
temporal variation of winds is also very important in these situations as wind fields translate and 
evolve, exercising great influence over local water level and wave conditions.  This type of 
analysis might require generation of two-dimensional winds fields, acquiring them from 
NOAA’s National Centers for Environmental Prediction (NCEP) reanalysis wind fields, or from 
the Corps Wave Information Studies (http://frf.usace.army.mil/cgi-bin/wis/atl/atl_main.html), or 
a customized hindcast for extratropical and non-hurricane tropical storm wind fields, which 
should be done by a trained meteorologist.  Most often, this involves acquiring wind fields for a 
series of storm events.  Another option for smaller water bodies is to use measured wind data 
from the periphery of the water body, and interpolation techniques, to estimate the spatial and 
temporal variation of winds over the lake or reservoir.  

 (3)  Use of Historical Wind Data.  Reliance on a time series of historical measured or 
hindcast wind data (adjusted to compute the proper measure of wind speed as described above) is 
a sound approach for characterizing the time variation of winds during storm events that 
comprise the hazard, if sufficient historical data are available.  Note that reliance on historic data 
should only be done for characterizing extra-tropical or non-hurricane tropical events, not 
hurricanes.  That is because extra-tropical and non-hurricane tropical events occur much more 
frequently than hurricanes; and therefore they are fairly well represented, statistically, in a long 
data record.  A minimum data record length of 40 to 50 years, preferably longer, is considered 
sufficient for accurate assessment of the 1% chance of exceedance flooding associated with a 
non-hurricane wind event.  As a rough rule of thumb, the data record length should be at least 
half the return period (inverse of the frequency) associated with the expected value of hydraulic 
conditions upon which the design is ultimately based.  The data record should extend up through 
the present time, and not be an older data record.  It should include all major storms that have 
influenced the region of interest up through the present time.  The choice of the data record 
length also should be done with an awareness of how storm event probabilities might change. 



EC 1110-2-6066 
1 Apr 11 
 

4-8 

4-5.  Waves and Water Levels. 

 a.  Riverine Settings.  Guidance for determining key information relative to the frequency, 
duration and magnitude of extreme design water levels for flood damage reduction studies in 
river environments are addressed in EM 1110-2-1419, Hydrologic Engineering Requirements for 
Flood Damage Reduction Studies.  Additional information relative to flood frequency analysis is 
included in EM 1110-2-1415, Hydrologic Frequency Analysis.  In riverine situations where 
sufficiently-long wind fetches exist or can be created during elevated water levels, on the order 
of a few miles, locally generated waves might be a design consideration.  Wind-generated waves 
shall be estimated as a possible contributor to static and dynamic loading.  If waves are an 
important design consideration, characterization of wave conditions in these situations shall be 
done using methods outlined in estuarine/coastal sections below that discuss waves in more 
detail.  

 b.  Lake/Reservoir Settings.  Characterization of the hazard must properly treat the joint 
occurrence, in a probabilistic sense, of elevated lake/reservoir levels and wind events, which can 
induce wind setup and seiching and generate short-period wind waves.  The effect of wind on 
setting up the water and creating wave action is greatly dependent upon water depth, so the joint 
occurrence of pool level and wind forcing must be carefully considered. 

 (1)  Wind Effects.  Strong wind events can set up a lake or reservoir on the downwind side 
(called wind setup).  Winds also can create potentially significant wave action on the downwind 
side.  Waves are discussed in more depth in the estuarine/coastal section below.  As the wind 
event passes and the wind forcing subsides, the water level in the lake or reservoir can oscillate 
as the water level seeks to return to its unforced condition.  This process is called seiching, and it 
can cause high water levels elsewhere in the lake or reservoir.  Wind set up and seiching can be 
induced by large or small, well-defined, low-pressure storm systems (of both tropical and 
extratropical origin) of varying duration, or perhaps shorter duration weather fronts with high 
winds.  Time variation of the winds is important in storm situations.  Wind-setup is strongly 
influenced by the water depth in a lake or reservoir.  The effective wind stress is inversely related 
to the water depth, i.e., the shallower the water the more effective is the wind in creating wind 
setup.  Therefore, unless the lake or reservoir is deep, it might not be appropriate to treat 
reservoir/lake level and wind events as statistically independent events.  A sensitivity analysis 
should be undertaken to examine whether or not these two types of events can be treated as 
independent.  This assessment should be based upon the degree of interaction between wind 
setup and ambient water level for extreme wind conditions and the geometry and depth of the 
reservoir or lake.  Strong wind events that can occur at high lake/reservoir water levels will 
likely be the key events to consider in the design. 

 (2)  Calculation of Wind Set-up and Seiching.  The appropriate method to compute wind-
driven water level changes in lakes and reservoirs depends upon the complexity of the lake or 
reservoir.  If the lake/reservoir is small, the bottom is flat, and the planform shape is regular, a 
simple one-dimensional wind set-up computational method using accurate winds and proper drag 
law might be appropriate, and a steady state assumption also might be appropriate.  An 
alternative is a two-dimensional circulation model applied in a one-dimensional mode.  For lake 
or reservoir situations in which the planform shape is complex or the bathymetry is irregular, a 
fully two-dimensional time-dependent circulation model should be used to compute wind set-up,  
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for example the ADCIRC model, cite link, or TABS MDS, cite link, which are both included in 
the Surface Water Modeling System (SMS); see  
http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;4.  To treat the process of seiching, a 
time-dependent model should be used.  Part II Chapter 5 of EM-1110-2-1100 provides additional 
information about water level changes forced by wind.   

 (3)  Calculation of Wind Wave Conditions.  For most small lakes and reservoirs, restricted-
fetch assumptions can be used in the calculation of wave generation and transformation.  Part II 
Chapter 2 of EM 1110-2-1100 provides guidance for computing waves in these situations, and 
the narrow-fetch wave prediction tool in the Coastal Engineering Data Analysis System 
(CEDAS) (see http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;11) can be used to make 
wave estimates in these situations.  For larger lakes and reservoirs, with complex planform 
shapes or irregular bottom topography, the two-dimensional model STWAVE (see 
http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;9 ) should be used to compute wave 
conditions.  It can be applied to either examine a 180-degree wave generation and propagation 
plane, or a full 360-degree plane.  A more detailed model to compute wave conditions right at 
the I-wall location might be warranted (see discussion below).   

 (4)  Probabilistic Treatment of Waves and Water Levels.  A probabilistic treatment of 
waves and water levels can be treated in the same way as that presented in the coastal and 
estuarine sections below.   

 c.  Coastal and Estuarine Settings. 

 (1)  General.  Existing guidance for characterizing the wave and water level conditions 
associated with extreme water levels and wave conditions in estuarine and coastal settings is 
neither complete nor well organized.  Many aspects are covered in sections throughout EM 
1110-2-1100 and other guidance documents and information products; however, it is not 
organized well around the subject of flood hazard assessment.  Therefore, it does not provide 
clear and concise, step-by-step, guidance for characterizing the hazard and frequency of 
occurrence associated with storm surge and waves.  And, based on work done in the Mississippi 
Coastal Improvement Project (MsCIP) and the Louisiana Coastal Protection and Restoration 
(LaCPR) study, which are examining higher levels of protection for the region, certain aspects of 
the guidance for defining the hurricane hazard were found to be deficient (see Resio 2007, 
Appendix G, for a discussion of deficiencies and the recommended approach).  Until guidance is 
updated and made more compete, and more effective, it is important to create awareness of 
certain aspects that are critical to I-wall design in storm surge- and wave-prone areas. 

 (2)  Importance of Wind Waves.  Historically most attention has been paid to estimation of 
water level changes associated with high winds (often referred to as wind setup) or storm surge, 
which also arises from other forces in addition to the wind, because water level is of importance 
in flooding assessments and structure design.  However, in some cases, insufficient attention has 
been given to waves generated by the same winds, and to the interaction between waves and 
surge (or wind set up).  Wind wave effects can be an extremely important design consideration, 
particularly in conjunction with elevated water levels.  Wind wave generation is a highly 
stochastic process, and incident wave fields are usually highly irregular, i.e. individual waves 
within the local sea state vary considerably in terms of their heights and periods.  Wave height 
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and period are two important design parameters.  Structure design that considers wind waves 
utilizes the maximum (or near maximum) local wave height which the I-wall will be subjected to 
in a particular irregular sea state (this is in contrast to use of the significant wave height to 
characterize the sea state in estimating wave run-up and overtopping, for example).  In most 
wind-driven extreme flooding events (hurricanes and extra-tropical northeasters) peak wind 
speeds are quite high.  Generation of waves with significant wave heights of 2 to 4 feet or more 
is possible even in restricted-fetch situations in rivers, small lakes and reservoirs that are 
subjected to high winds blowing over fetches of only a few miles in length.  Much higher wave 
heights are possible for hurricane-force winds.  Very large lakes and estuaries can experience 
wave heights of up to 10 ft or more; and major storm-generated significant wave heights can 
reach 30 feet or more in open coastal areas.  For restricted fetches of several miles and very 
strong wind events, wave periods are generally 3 to 5 sec; for larger lakes, wave periods are 
generally 5 to 8 sec; and, for ocean conditions storm wave periods can range from 12 to 20 sec.  
Maximum wave heights can greatly exceed the significant wave height in a given sea state.  Part 
II of EM-1110-2-1100 covers wave-related topics in detail.  

 (a)  Wave Transformation and Breaking.  As waves that are generated across an open-water 
fetch propagate into shallow water they begin to refract, shoal, and break; and their energy is 
dissipated.  In very shallow water (shallow in terms of water depth-to-wave length ratio) wave 
height tends to be limited by breaking and wave height becomes approximately proportional to 
the local water depth.  To aid in a quick first assessment of the importance of waves to I-wall 
design, the depth-limited maximum wave height at the toe of a wall fronted by extensive shallow 
water areas with flat or very small slopes is roughly 80% of the local still water depth at the wall.  
The depth-limited maximum wave height at an I-wall situated on a steep sloping levee or 
foreshore can reach 110% or more of the local still water depth immediately seaward of the wall.  
Depending on the other factors that govern wave generation and propagation (fetch and wind 
speed along the fetch are important), wave heights at the I-wall may not reach this depth-limited 
value, but they probably won’t exceed this value by much.  More rigorous analysis of waves is 
required to support structure design, and these depth-limited conditions may not always be 
realized depending upon the actual incident wave conditions.  But these empirical estimates 
provide a starting point to assess whether or not waves are an issue to be considered further in I-
wall design.  See Part II Chapter 3 of EM-1110-2-1100 for more information on definition of 
wave conditions to be used in structure design and on wave transformation and breaking. 

 (b)  Wave Contribution to Still-Water Level (Wave Set-up).  In addition to changes in the 
mean water surface (still water level) due to wind or other forces, wave setup is another process 
that needs to be considered in terms of its contribution to hydrostatic and dynamic loadings.  
Wave setup arises as a result of momentum transfer from the short wave field into the water 
column as the wave height changes, primarily associated with breaking.  The changing wave 
height, and changing momentum, exerts a thrust on the water column that produces a local 
change in the mean, or still, water level (see Figure 4-1 that illustrates wave set-up contribution 
to the mean water level at a levee).  For mild slopes, the maximum wave setup at the levee can 
be 15% of the incident significant wave height; 30% of the incident significant height for steep 
slopes).  Simple wave set-up calculation methods, methods like the Boussinesq-type numerical 
models (BOUSS2D, for example, see 
http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;23), and physical-scale modeling, 
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implicitly include the effects of wave setup which occurs right at the levee or slope in front of a 
wall.  They do not consider development of wave setup away from the structure, which can occur 
over a more regional scale.  The regional contribution to wave setup is best considered through 
interactive wave and storm surge modeling, as was done in the IPET investigation (see Volume 
IV, IPET 2006, pp 63 to 120), and in the LaCPR and Mississippi Coastal Improvement Project 
(MsCIP) studies which adopted the same modeling approach.   See Part II-4-3 of 
EM 1110-2-1100 for more information on wave set-up. 

 

Figure 4-1.  Schematic showing the wave set-up contribution to still water level at an I-wall 
embedded in a levee. 

 

 (c)  Nonlinear Wave Effects.  In some coastal situations, interactions among different 
frequency components in the incident wave field can be very important, such as the incidence of 
energetic narrow-banded wave spectra and the infragravity wave motions that can result.  
Infragravity wave motions can be thought of as longer-period (up to several minutes) time-
varying water surface motions, which in essence create a time varying wave setup.  The wave-
setup described above in paragraph (b) above reflects the time-averaged mean of these 
fluctuations (an average over tens of minutes); but in reality; in light of the irregular nature of 
incoming waves, the water level is fluctuating over shorter time scales.  In these situations, 
wave-wave interactions can be extremely important in determining the magnitude of both 
hydrostatic and dynamic wave loadings.  The range of the time varying wave set-up (which can 
be on the order of several feet for energetic incident wave conditions), can be important by 
allowing slightly higher wave heights to reach the wall because of slightly increased water 
depths.  Another situation of interest is when double-peaked incident wave spectra are comprised 
of both short- and long-period components (as was the case for the portions of the southeast 
Louisiana levee system that were exposed to both long-period Gulf waves and locally-generated 
short-period wave energy during Hurricane Katrina.  Both situations have implications for wave 
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loadings and overtopping.  Simple wave setup calculation methods in EM 1110-2-1100 do not 
fully account for these infragravity wave motions and non-linear effects (see Part II-4-5 of EM 
1110-2-1100 for more discussion of infragravity wave motions).  Proper application of 
Boussinesq-type numerical modeling can produce information that more accurately captures 
these effects. 

 (3)  Calculation of Storm Surge and Waves.  Current state-of-the-science engineering 
calculation tools and methods should be used to quantify the storm surge for hurricanes and 
extratropical storm events.  The tools that should be used are those that were used during the 
IPET examination of hurricane protection system performance in southeastern Louisiana 
(Volume IV, IPET 2006).  They represent the current state-of-the-science in storm surge and 
wave prediction.  The ADCIRC model (see 
http://www.adcirc.org/document/ADCIRC_title_page.html and 
http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;39, is the recommended tool for 
computing storm surge.  It has been well tested and validated for storm surge applications in the 
IPET (IPET 2006, Volume IV, Appendix 5), LaCPR, and MsCIP work.  The WAM and 
STWAVE models (see http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;9) are the 
recommended tools for computing storm wave fields.  Both wave models have been well tested 
and validated in these projects.  The WAVEWATCH III and SWAN, wave models applied by 
NOAA, are other suitable models for making offshore and nearshore wave computations, 
respectively.  Both models were evaluated during the IPET examination.  Comparisons between 
results from the ADCIRC, WAM, STWAVE, WAVEWATCH III and SWAN models and 
measurements made during Hurricane Katrina, and inter-wave-model comparisons, are presented 
in Volume IV of the IPET report (IPET 2006, Volume IV, Appendices 3 and 4). The interactions 
between storm surge and waves must be considered.  Storm surge changes water depth which 
influences wave transformation and breaking, and generation of wave setup is a contributor to 
surge levels.  The interactions are important for structure design in coastal and estuarine settings.  
The STWAVE model is generally used to compute wave growth and propagation on a larger 
regional scale, with spatial resolution on the order of 100 m.  If there is highly irregular 
topography, or some other feature(s) that will influence wave transmission immediately seaward 
of the structure, and which will not be well-represented with the resolution of the STWAVE 
model, wave conditions at the structure are best estimated using another modeling step, 
application of a more detailed local-scale high-resolution wave model such as BOUSS2D or 
physical laboratory-scale model.  Often STWAVE is applied to compute regional wave 
characteristics and the fine-scale BOUSS2D model is applied using output from STWAVE.  

 (4)  Probabilistic Treatment of Hurricanes.   

 (a)  Joint Probability Method.  The Joint Probability Method shall be applied to define the 
hurricane hazard.  The recommended method is outlined in a whitepaper by Resio et al, (2007), 
in Appendix G; it represents current guidance on this topic.  The approach was developed by an 
interagency/academia/private/public sector partnership (the Risk Assessment Group) which was 
convened especially for this purpose following Hurricane Katrina, and in support of subsequent 
hurricane protection system design in Louisiana and Mississippi (by the Corps), levee 
certification in Louisiana (by the Corps), and flood insurance rate re-mapping for the 
southeastern Louisiana and Mississippi coastal regions (by FEMA).  The JPM approach is the 
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best approach for properly considering other hurricane characteristics and tracks that are possible 
for a region but have not occurred historically, as opposed to consideration of historical 
occurrences only, or use of the EST applied to only historical hurricanes.  In the implementation 
of a JPM approach, in order to accurately characterize what is possible in the way of intense 
hurricanes, close examination should be made of the characteristics and tracks associated on the 
most intense hurricanes, the decay in intensity as hurricanes approach landfall, and changes in 
storm size as they approach landfall.  The JPM tends to be a computationally intensive method to 
employ, and that has been why the EST method was adopted in the past for both hurricanes and 
extra-tropical systems.  However, the Risk Assessment Group has developed an optimal 
sampling approach (JPM-OS) that minimizes the number of storms that need to be considered in 
applying the JPM.  Since wind/atmospheric pressure, water level and wave modeling is needed 
once the hurricanes are defined, the JPM-OS approach provides a reasonable balance between 
rigor in defining the set of hurricanes that should be considered in the analysis and the 
computational effort needed to compute the storm response parameters of interest for each storm 
in the set.  Approximately 150 hypothetical hurricanes was the minimum number required for 
proper characterization of the hurricane hazard along the southeastern Louisiana and Mississippi 
coasts. 

 (b)  Appropriate Data for Characterizing Hurricanes.  Only data acquired since 1940 should 
be used to characterize hurricane probabilities and their characteristics.  Only since the 1940’s 
have aerial reconnaissance, radar, and other sensing technologies enabled hurricanes to be 
characterized accurately.  An exception would be a major hurricane that impacted the region of 
interest prior to the 1940’s, whose characteristics are accurately defined and can be reliably 
incorporated into the analysis of possible future storm characteristics.   

 (5)  Probabilistic Treatment of Non-Hurricane Events.  Probabilities of these types of events 
are usually defined based on a lengthy historical record using empirical data for desirable record 
length cited earlier in Paragraph 4-4.d.(3) concerning use of historical wind data.  Often a points-
over-threshold method is applied where storm events are defined to be those events that produce 
some level of wind set-up or a peak storm surge still water level that exceeds some value, say 2 
feet: and the annual probability of these events is computed as the total number of events for 
which the threshold was exceeded during the data record divided by the total number of years in 
the record.  The EST approach (see http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;27) 
can be use to derive still water level-, wave condition-, and wave overtopping-frequency 
relationships for non-hurricane events.  The EST approach is a reasonable approach when the 
sample size of events contained in the historical data record is sufficiently large.  

 (6)  Probabilistic Approach for Computing Waves and Water Levels.  The most technically 
sound and rigorous approach to perform a probabilistic assessment of the risk of wave 
conditions, wave loadings or overtopping, and water levels associated with hurricanes is to 
perform the general steps outlined below.  The approach is illustrated for hurricanes.  This is the 
general direction in which risk assessment is heading for the coastal/estuarine environment.  This 
same general approach has applicability to non-hurricane events and to large lake settings.  
Methods for defining wind fields associated with extratropical storm events, which were defined 
earlier, can be used in place of steps (a) and (b) below in the JPM-OS approach: 
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 (a)  Define the hurricane hazard by computing the probabilities associated with each 
hypothetical hurricane considered in a Joint Probability Method Optimal Sampling (JPM-OS) 
application.  Careful consideration needs to be given to decay in intensity of hurricanes and 
increases in storm size as they approach land in the area of interest and the characteristics and 
tendencies of hurricanes in the region, particularly those of the most intense and largest 
hurricanes. 

 (b)  Simulate the wind/atmospheric pressure fields for each hurricane using the TC96 PBL 
model.  Ensure that the specific time-averaging interval (for example a 10-min average) and the 
reference elevation (typically a 10-m elevation) for the computed winds matches those inherent 
in the wind shear stress formulations of the storm surge and wave models to be used.  If they are 
not, some scaling of wind speed will need to be done.  

 (c)  Simulate the water level and wave fields for each hurricane in an interactive manner 
using the ADCIRC, WAM and STWAVE models to capture regional short wave effects on 
storm surge and vice versa.  Compute storm water levels and wave conditions just seaward of the 
wall, and identify and use the maximum conditions that occur within a segment of a wall system, 
for the entire set of wall segments  being considered, recognizing that water level and wave 
conditions can be different at each wall segment. 

 (d)  If there is a levee or other natural slope or man-made feature in front of the wall that 
will induce further wave breaking and energy dissipation before waves reach the wall, and 
consequently generate additional wave set-up or possibly infragravity wave motions that are of 
interest, all of which would not have been captured in the STWAVE wave modeling, compute 
this additional contribution at all wall segments where wave and water level conditions are 
needed by applying a simple wave prediction wave set-up calculation method if the 
configuration is simple (a simple slope for example), a Boussinesq-type model (BOUSS2D), a 
Navier-Stokes-type model, or physical laboratory-scale model.  One of these types of numerical 
models or physical scale model can be applied to compute wave and water level conditions right 
at the wall for a matrix of incident wave conditions, water levels, and levee or bathymetry 
configurations in front of the wall; and a look-up table approach can be adopted to select the 
appropriate conditions at the wall for any particular wall segment, water level, and set of incident 
wave conditions.  This type of approach will minimize the computational effort required in using 
a Boussinesq- or Navier-Stokes-type model. 

 (e)  Develop probability-response surfaces for locations (wall segments) of interest that 
relate the design parameter of interest (such as water level or significant wave height, peak wave 
period, or mean wave direction) to the storm probabilities; finely and consistently discretize the 
probability-response surface, accounting for uncertainty in the surface; and then integrate the 
surface to develop the desired statistical exceedance probabilities for the design parameter 
(design flood exceedance values with appropriate assurance, for example) for each wall segment.  
For a discussion on assurance, see paragraph 4-11.   

 (7)  Consideration of Astronomical Tide.  Astronomical tide and storm events can be 
considered to be physically, and therefore statistically, independent events in most situations.  An 
exception is the situation in which the tide range is large and significantly alters the propagation 
speed of the storm surge wave as well as the storm surge magnitude.  In these situations there 
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can be an interaction between surge and tide that cannot be assumed to be negligible.  It is 
advisable to do sensitivity testing to ascertain whether or not the interaction between tide and an 
extreme storm surge is significant for a particular area.  If they can be treated as statistically 
independent processes, a frequency distribution of water level changes associated with 
astronomical tide can be convolved with a distribution associated with the wind-driven surge 
hazard.  Or, alternatively, if the assumption that they are independent processes is sound, the 
highly predictable astronomical tide can be treated as another source of variability (a well-
defined source) in the computation of water level-frequency curves.  This was done in the JPM-
OS application to the Mississippi and Louisiana coasts.  The whitepaper by Resio (2007), 
Appendix G, describes the process for doing this computation and treating uncertainty in a 
general sense.  Proper treatment of tides should consider the tidal variations that can possibly 
occur in conjunction with the storm events that comprise the hazard.  Part II, Chapter 5, of EM 
1110-2-1100 provides more information on astronomical tides. 

 d.  Validation of Computational Approaches.  The models or other calculation methods that 
are applied to define extreme water levels for design shall be validated for severe historical 
events, of the event type(s) that comprise the extreme flood hazard, and validated for the project 
area.  This is a requirement because water level is the most important hydraulic design 
parameter.  Validation of the models or other calculation methods used to compute wave 
conditions and overtopping rates should be validated to the greatest extent possible.  Validation 
is done for two reasons: 1) to establish stakeholder and cost-sharing partner confidence in the 
model that is applied, and 2) to quantify the accuracy/error of the model.  Quantitative analysis 
of model accuracy/error is required to assess one aspect of uncertainty that is inherent to 
computations of design water levels and wave conditions; and it factors directly into the 
uncertainty aspects of risk analysis.   

4-6.  Overtopping. 

 a.  General.  Three types of overtopping conditions are considered.  Still-water overtopping 
is most often associated with riverine situations where the rising water surface reaches the top 
elevation of the I-wall and flow onto the protected side is initiated, but it could also apply to 
other settings in which wave conditions are negligible.  This flow regime is governed by the 
height of the free surface above the top of the floodwall.  The second condition discussed is for 
wave overtopping, where the still water level is below the crest of the floodwall; but waves are 
present and overtopping of the wall crest occurs intermittently.  This flow condition is governed 
primarily by the height of the still water level above the top of the floodwall, the local water 
depth, and incident wave conditions.  The third overtopping condition considered is a combined 
flow condition, with waves present plus a still water level that is above the floodwall crest.  
Much of the material presented in this section is from Hughes et al (2007). 

 b.  Still Water (or Surge) Overtopping. 

 (1)  Magnitude of Still Water Overtopping.  Still water overtopping of a floodwall having 
constant top elevation along the wall is well approximated by the classic hydraulics problem of 
flow over a sharp-crested weir.  Assuming no viscous energy dissipation occurs over the short 
crest width of the vertical floodwall shown in Figure 4-2, and there are no lateral contraction 
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effects (i.e., constant wall top elevation), discharge per unit wall length is given by the 
expression (e.g., Henderson 1966) 
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The discharge coefficient, dC , is given by the expression 
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where g  is the acceleration of gravity, 1h  is height of the surge above the wall, and V 1 is the 

upstream velocity as shown on Figure 4-2.  The above discharge formulation was referred to as 
the “Weisbach extention of the Poleni formula” by Rouse (1961) with the addition of dC  in Eqn. 

4.1 and the definition of dC  (Eqn. 4.2) being Weisbach’s contribution.  Experimental work 

provided a simple approximation for dC  expressed as 
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where h  is the depth of the water as defined in Figure 4-2.  For small values of 1h / h  the 

discharge coefficient approaches dC   = 0.611.  Figure 4-3 presents discharge per unit length of 

floodwall as a function of surge elevation above the wall for values of h  = 4, 6, 8, and 10 ft.  For 
these cases the discharge curves do not have much variation until the ratio 1h / h  approaches 

unity. 
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Figure 4-2.  Flow over a sharp-crested weir 

 

 

Figure 4-3.  Discharge per unit floodwall length for values of h  = 4, 6, 8, and 10 ft 
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 (2)  Overtopping Jet Footprint.  The jet of water passing over the vertical floodwall has two 
surface profiles referred to as “nappes” (a French word meaning “a continuous surface”).  The 
lower nappe is closest to the backside of the floodwall, and the upper nappe is the extension of 
the flow free surface as it spills over the wall.  The trajectories of the lower and upper nappes are 
given in most open channel flow books (e.g., Chow 1959, Morris 1963).  In dimensionless form, 
the equations are as follows with the x-y coordinate system as defined in Figure 4-2 
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where H  is the total head above the weir crest, i.e.,  
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For high weirs, V 1 ≈ 0, and H  ≈ 1h , and the nappe equations reduce to the forms 
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with 

 425.0A  

 055.0B  

 150.0C  

 559.0D      

Equations 4.12 and 4.13 are quadratic equations that can be solved to give values of the nappe 
profile x-values in terms of the vertical distance from the top of the floodwall.  There are two 
solutions that satisfy each quadratic equation.  The equations given below are the appropriate 
solutions yielding positive values of x. 
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The intersection points of the lower and upper nappes with the horizontal ground level on the 
protected side of the floodwall are found by setting y = h  in the above equations.  The 
horizontal width of the overtopping jet at impact is given by 

 )()( hyxhyxB LUX   (4.16) 

and the distance from the flood side of the wall to the center of the jet at impact is given as 
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  (4.17) 

Figure 4-4 shows the variation of jet impact location distance, Cx  , from the floodwall front face 

as a function of surge elevation above the wall crest and the vertical plunge distance.  Horizontal 
width of the plunging jet at impact is given as a function of the same parameters in Figure 4-5.  
Information about the nappe, the overtopping jet, and the jet impact location, is useful for 
designing scour protection on the protected side of an I-wall. 
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Figure 4-4.  Horizontal distance between the floodwall front face and the center of the 
plunging jet at impact 

If there is no venting, the air pressure in the space between the floodwall and lower nappe may 
become less than atmospheric pressure as air is removed from the void and entrained into the jet 
during sustained overtopping.  The decreased pressure will draw the plunging jet closer to the 
wall; however, this decrease in plunge point location away from the vertical wall is difficult to 
predict.  This is likely not a problem because the scour protection will probably cover the entire 
region from the base of the wall out well past the location of jet impact. 
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Figure 4-5.  Horizontal width of the plunging jet at impact 

 (3)  Overtopping Jet Velocity, Discharge and Force.  The overtopping jet impacts the 
ground at an angle less than vertical (which is depicted by –90 deg in the coordinate system 
defined in Figure 4-2).  The jet entry angle is well approximated by the average of the angles of 
the lower and upper nappe profiles when they intersect the horizontal ground level.  The entry 
angles of the nappe profiles are found by taking the derivative of Eqns. 4.12 and 4.13 and 
evaluating the result at x = Lx  and x = Ux , respectively, to get 
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where A  = 0.425 and B  = 0.055.  The jet entry angle is estimated as 
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Overtopping jet entry angles are shown on Figure 4-6 as a function of surge height above the 
floodwall for a variety of wall heights. 
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Figure 4-6.  Overtopping jet entry angle relative to the horizontal ground level 

From geometric considerations the width of the impinging jet normal to the flow streamlines can 
be estimated with reasonable accuracy by the formula 

  JXJ BB  sin  (4.21) 

Discharge over the floodwall remains constant for steady flow, and the discharge per unit length 
of the plunging jet, q , at impact with the ground surface is given simply as the jet velocity 
parallel to the flow streamlines times the width of the jet normal to the flow.  Thus, the jet entry 
velocity can be estimated as 
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V   (4.22) 

Figure 4-7 shows jet impact velocities as a function of surge height above the floodwall and 
vertical distance to the ground level. 
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Figure 4-7.  Overtopping jet velocity at impact with the ground 

Finally, the total force (thrust) exerted by the overtopping jet on the scour protection per unit 
length along the wall is given in inviscid jet theory (e.g. Milne-Thompson 1960) as 

   2
JJJ VBF   (4.23) 

where   is water density.  This equation is an expression of the momentum flux of the jet, and 
the force is directed parallel to the jet streamlines.   

Figure 4-8 presents force magnitude estimates based on Eqn. 4.23.  As shown on Figure 4-8, the 
lines for the different fall distances h are quite close because the range of fall distance is not too 

large.  However, the impact force increases substantially with overtopping elevation 1h , which is 

directly related to total discharge per unit length of wall.  The convergence of the lines at the 
higher values of 1h  is not physically correct.  This convergence is most likely caused by the 

empirical approximations for discharge coefficient dC   (Eqn. 4.3) and jet width JB  (Eqn. 4.21). 
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Figure 4-8.  Overtopping jet impact force on the ground 

The force of the overtopping jet at impact creates high pressures because the jet width is narrow 
(see Figure 4-5).  The impact force given in Figure 4-8 can be resolved into vertical and 
horizontal components using the estimated jet entry angle given on Figure 4-6.  Thus, the 
apportioning of force between vertical and horizontal components will vary with overtopping 
condition, and successful scour protection must be able to resist the expected range of vertical 
and horizontal forces.  For high discharges over low walls, the jet entry angles are far from 
vertical, and the water after impact will retain a substantial horizontal velocity if it flows down 
the protected side of an earthen levee.   

Depending on the elevation of the adjacent land on the protected side of the floodwall, there may 
be standing water at the base of the wall.  The impact force of an overtopping jet will be 
dissipated to some degree as it enters the standing water, but it still retains sufficient force to 
erode unprotected foundation soil.  Scour protection that relies on self-weight for stability will be 
less stable when submerged, and the overtopping jet may be able to dislodge submerged 
components of the protection. 

 c.  Wave Overtopping.    

 (1)  General.  Waves can overtop a vertical floodwall even when the still water level, or 
surge level, is below the top elevation of the wall as illustrated by Figure 4-9.  That portion of the 
wave above the floodwall will tumble over the wall and plunge to the ground under the force of 
gravity.  The quantity of water will vary in time, and the unsteady discharge will be a function of 
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wave height, wave period, and surge elevation relative to the wall.  The hydrodynamics of this 
phenomenon is quite complex because a substantial portion of the incident wave is reflected by 
the floodwall, and the reflected wave will interact nonlinearly with the incident wave.  For this 
overtopping situation, there is no theory to predict simultaneous wave and steady discharge 
overtopping.  Therefore, a few simplifying assumptions are necessary for the approximations 
given below.  Site/condition specific laboratory scale model testing is the most accurate method 
for quantifying this process.  Advanced numerical models that solve the Navier-Stokes equations 
at ultra high resolution are emerging which can also provide fairly good overtopping estimates.  
This type of numerical tool as applied during the IPET investigation of overtopping during 
Hurricane Katrina (IPET 2006 Volume IV, pp 251 to 253).  

 (2)  Concept of Average Wave Overtopping Discharge.  The overtopping discharge from 
wind-generated waves is very unevenly distributed in time and space because the amount varies 
considerably from wave to wave.  The major part of the overtopping discharge during a storm is 
due to a small fraction of the waves.  In fact the local overtopping discharge during the peak of a 
storm, from a single wave, can be more than 100 times the average wave overtopping discharge.  
Nevertheless, most information on overtopping is given as the time averaged wave overtopping 
discharge, q , expressed in cu ft/sec/ft.  The methods cited below compute an average 
overtopping discharge rate.  The averaging interval is considered to be tens of minutes.  
However, some limited information exists on the probability distribution of the volume of 
overtopping water per wave (see Part IV-5-2 of EM-1110-2-1100).   

 

Figure 4-9.  Definition sketch of wave overtopping floodwall 
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 (3)  Waves Propagating Parallel to a Wall.  The following discussion from IPET (2006) 
relates to the situation where the waves are propagating in a direction roughly parallel to the I-
wall orientation, along a narrow canal, for example.  There is no guidance for quantifying 
overtopping for this case. 

 “Generally, the waves will be running mostly along the canal so the portion of the wave in the 
crest above the wall height will contribute to overtopping while the portion in the trough above 
the wall will decrease overtopping.  For shallow water waves, more of the wave height is above 
the still water level (roughly 70 percent) and the trough is long and flat.  If the surge height is 
below the wall crest, only the wave crests will spill over the wall.  However if the surge height is, 
say, 1 ft over the wall, then a 1-ft-high wave would not contribute much to surge because the 
additional overtopping from the wave crest would be roughly balanced by the decrease in 
overtopping from the trough.  It is also likely that the larger waves would contribute more to 
overtopping than the smaller waves.  Therefore, the appropriate wave height statistic to use is not 
clear.  Finally, the distribution of wave heights in the canal is unknown and the effect of these 
details is dependent on the surge height over the wall crest and on the wave direction.” 

 (4)  Waves Normal to the Wall.  For the situation where waves are approaching in a 
direction nearly normal to the I-wall, more guidance is available.  In addition to the incident 
wave conditions, the characteristics of the terrain in front of the wall are also important (e.g., 
various bottom slopes, or a flat bottom, grassy slope/surface, or rock revetment).  Overtopping 
occurs only if the wave crest elevation at the wall exceeds the crest height of the wall.  The term 
freeboard, as used in this chapter, is defined as the difference between the still water level and 
the crest elevation of the wall.  Wind blowing toward the protected side can exacerbate the 
volume of overtopping.  The relative freeboard (freeboard divided by the local water depth) is a 
simple, but very important, dimensionless parameter for the prediction of wave overtopping.  
However, the wave period or wave steepness is also a significant parameter, as are geometric 
parameters related to structure permeability, porosity and surface roughness.  For small values of 
relative freeboard (< 0.3) when the overtopping is excessive, the detailed geometry of the crest 
part of the structure becomes less important because the waves just travel over the structure. 

 (a)  Magnitude of Overtopping.  At this time in EM-1110-2-1100 there is some, albeit 
limited, guidance for the cases of wave overtopping an I-wall when the water level is below the 
I-wall crest, or when the water level is above the crest and waves are also propagating with the 
overflow current.  There are some specific cases in Part IV of EM-1110-2-1100 that were 
determined for specific hydrodynamic and geometric conditions and these are referenced below.  
Part VI-5-2 of EM 1110-2-1100 references work of Goda (1985) for wave overtopping of 
vertical revetments on bottom slopes of 1:10 and 1:30.  Goda’s results are presented in charts and 
are based on physical laboratory-scale model results using irregular long-crested, normally-
incident waves.  Results show overtopping discharge per meter width as a function of wave 
height, wave steepness, freeboard, and water depth.  Also, Part VI-5-2 presents overtopping 
discharge relationships for crown walls on an armored rock slope with a berm in front of the 
wall.  This again is for normally-incident waves.  Figure 4-10, taken from EM-1110-2-1100 
shows the type of structure and the parameters involved from the laboratory-scale modeling 
work used to develop the relationship for wave overtopping discharge. 
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Figure 4-10.  Overtopping for rock armored permeable slopes with a berm in front of a crown 
wall 

The equation, Eq VI-5-27 in EM-1110-2-1100, with parameters shown in Figure 4-10, is 
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Also, Eq VI-5-28 in EM-1110-2-1100 has another overtopping discharge relationship of Franco 
and Franco, 1999, for particular structure types that include a vertical surface and oblique wave 
approach and short-crested waves.  Details are shown on page VI-5-29 of EM-1110-2-1100.  The 
relationship is 
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If the particular I-wall situation being examined has not been considered in formulating the wave 
overtopping guidance that is available, and if detailed design of the I-wall requires an accurate 
estimate of overtopping due to waves, a site-specific physical/numerical model study or ultra-
high resolution modeling study should be performed. 

 (b)  Footprint of Overtopping.  A simplified approach to this complex wave-structure 
interaction process can be derived by assuming the wave is not modified by reflection and is a 
shallow water wave, where the wave crest is approximately 70 percent above the still water 
level.  As the crest passes over the top of the wall, the orbital velocity is nearly the same as wave 
celerity.  Wave celerity (using 3rd order theory) for horizontal velocity is given by 

 ( )WV g d H   

This value would give a maximum discharge when multiplied by depth at the I-wall crest. 

Assume the incident waves are reasonably approximated as shallow water waves.  Furthermore, 
assume the incident wave crest height reaches the floodwall without being modified by the 
reflected wave.  In other words, there is no nonlinear interaction between the incident and 
reflected wave.  Waves in deeper water are symmetrical about the still water level (swl) with the 
vertical distance between the wave crest and swl is the same as the vertical distance between the 
wave trough and swl.  However, in shallow water the wave crests become more peaked and the 
troughs become flatter, and the vertical distance between the wave crest and the swl becomes 
proportionally larger.  For this simple development, assume the distance of the wave crest above 
the swl is 70% of the wave height, H , as shown in Figure 4-9.  It is recommended that these 
computations for footprint of overtopping be done for various estimates of the wave height, H , 
using the significant wave height (approximately equal to the average of the highest one-third of 
the waves in an irregular sea state), the wave height corresponding to the average of the highest 
one-tenth of the waves, and perhaps the maximum wave height, in order to assess the footprint of 
overtopping that might be experienced in conjunction with a severe irregular wave sea state. 

As the wave crest passes over the floodwall, the orbital velocity of water particles at the free 
surface will be nearly the same as the wave celerity.  Using the expression for wave celerity 
given by third-order theory for nonlinear, shallow water waves, the horizontal velocity wV  is 

given by  

 )( HdgCVw   (4.24) 

where g  is gravity, d  is water depth, and H  is incident wave height.  Note that wave celerity is 
independent of wave period in shallow water, and instead depends only on water depth and wave 
height. 

The distance from the wall to where the plunging wave crest impacts the ground level is found 
using the formulas for an object in free fall having an initial horizontal velocity of wV  and falling 

a vertical distance wh .  The total vertical fall distance is given as 
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 17.0 hHhhw    (4.25) 

where h  is the vertical distance between the top of the flood wall and the ground level, and 1h  is 

the distance between the top of the wall and the surge level.  If the surge level is lower than the 
floodwall, 1h  is negative.  When the surge overtops the floodwall, 1h  is positive. 

The vertical fall distance is a function of fall time and gravitational acceleration, i.e., 

 2
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1
tghw    (4.26) 

Thus, the fall time for a water particle at the wave crest free surface to fall to the ground level is 
given by 
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The horizontal distance traversed by the water particle during this free-fall time is simply  

 fwC tVx    (4.28) 

Substituting Eqn. 4.24 for wV  and Eqn. 4.27 for ft   into Eqn. 4.28 yields 

    17.02 hHhHdxC    (4.29) 

Figure 4-11 shows the variation in impact distance from the floodwall as a function of surge 
elevation relative to floodwall elevation for different floodwall heights above the ground level.  
These curves were calculated using Eqn. 4.29 with a wave height of H  = 4 ft, and a water depth 
of d  = 16 ft.  Different curves should be generated for other values of H  and d .  
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Figure 4-11.  Horizontal distance between the floodwall and approximate impact point of 
plunging wave crest (Note: this figure is ONLY applicable for the incident wave 

conditions of wave height 4 ft, water depth, 16 ft) 

The horizontal distance between the floodwall and the plunging wave impact point is appreciably 
farther than corresponding distances for still water overtopping without waves as estimated from 
Figure 4-4.  This difference is due to the forward speed of the wave crest, which is greater than 
the fluid velocity of the overtopping surge in the case of no waves.  If the elevation of the surge 
level is substantially below the floodwall top elevation, only the highest waves will overtop the 
wall, and the quantity of overtopped water will be relatively small.  As the surge level rises, more 
of the wave crests will topple over the wall, and the likelihood of scour damage increases. 

Depending on the cross section of the earthen levee supporting the floodwall, the horizontal 
projection of the overtopping jet may over-shoot the crown of the earthen levee and impinge on 
the protected side slope.  In this case it is a simple matter to continue the parabolic trajectory 
used in this analysis to estimate the point of impact on the rear slope.  The easiest procedure is a 
trial and error solution of Eqn. 4.29 until values of Cx  and h  correspond to the surface of the 

levee protected side slope. 

 d.  Wave and Still Water (Surge) Overtopping.  In this case, steady overflow associated 
with the still water level (or storm surge level) above the top of the floodwall is combined with 
the unsteady waves propagating on top of the elevated water level. This results in a pulsating 
unsteady flow over the wall with larger discharge when the wave crest passes over the wall and 
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decreased discharge when the wave trough is at the wall.  This pulsating action affects the 
location of the free-falling water jet, in time, with the jet landing farther from the floodwall with 
greater flow volume when the wave crest overtops.  Consequently, scour protection for the case 
of wave and surge overtopping must be more robust then that needed for still water overtopping 
alone, and the protection must extend a greater distance from the protected side of the floodwall.  
A first approximation of the maximum jet impact horizontal distance from the wall can be 
estimated using Eqn. 4.29 with 1h  specified as the distance between the surge elevation and the 

top of the floodwall (positive value).  The actual impact distance may be slightly farther because 
the overtopping flow could add to the initial horizontal velocity ( wV ) of the wave.  The relative 

contribution of waves to the total volume of overtopping decreases rapidly with increasing height 
of the still water level above the crest of the wall.  The maximum impact force of the falling jet 
will be greater than that estimated for surge overtopping alone (see Figure 4-8).  Where both 
waves and storm surge overtop the floodwall the hydrodynamics are extremely complex, the 
simple methods provided here are less valid, and this situation is best examined using laboratory-
scale modeling, or numerical modeling using a Navier-Stokes type model as was applied during 
the IPET investigation.  More research is needed to establish accurate hydrodynamic design 
criteria for this overtopping condition. 

4-7.  Scour Potential.  

 a.  General.  I-walls must be designed to be resilient, from a scour perspective, to occasional 
events which exceed the wall’s design conditions, for the entire duration during which the wall is 
overloaded.  For the coastal situation, hurricanes generally produce extreme water level 
conditions that can last up to 12-24 hours (and exceed design conditions for up to 6-12 hours); 
for extratropical storm events, such as northeasters, the flood hazard typically can last up to 24-
72 hours (and exceed design conditions for up to 12-24 hours).  Flooding events in riverine 
situations can last for several weeks and exceed design conditions for days.  Resilience must be 
considered for these time scales and overloading conditions. 

 b.  Front Side Scour. 

 (1)  Physical Factors.  The loadings due to stream velocity and/or wind wave action produce 
hydraulic shear stresses that act on the sloping or flat topography that supports the I-wall.  The 
resultant scour that can be produced will be dependent upon the loadings, duration of loadings, 
bottom geometry, the material characteristics, vegetation, and any armoring and nature of that 
armor. If the I-wall is embedded in a levee, levee fragility will be based on scour depth or 
erosion rate and a limit state such as the width of the berm in front of the I-wall.  The erosion rate 
multiplied by the duration of an event compared to the effective berm width will define a critical 
condition when that product is greater than the berm width. 

 (2)  Scour Due to Waves.  Scour can occur at the toes of vertical-faced floodwalls. Wave-
induced scour results from high peak orbital velocities developed by the interaction of incident 
and reflected waves.  If a particular structure orientation results in increased currents along the 
structure toe, scour potential will be significantly enhanced.  Localized liquefaction due to wave 
pressure differentials and excess pore pressure within the sediment may cause sediment to be 
removed by reduced levels of bottom fluid shear stress.  Vertical-front walls can be exposed to 
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energetic breaking waves that produce downward-directed flows and high levels of turbulence 
which will scour the bed.  Occurrence of scour in front of vertical walls can be conveniently 
divided into two cases:  non-breaking waves being reflected by a vertical wall, and breaking 
waves impacting on a vertical wall.  In either case, waves can approach normal to the wall or at 
an oblique angle. 

 (3)  Non-breaking waves.   

 (a)  General.  Non-breaking wave conditions usually occur on vertical-front structures if the 
water on the flood side is deeper.  Almost all the energy in incident waves reaching a vertical-
front structure is reflected unless the structure is porous.  Close to the structure, strong phase 
locking exists between incident and reflected waves, and a standing wave field occurs with 
amplified horizontal particle velocities beneath the water surface nodes and minimal horizontal 
velocities beneath the antinodes.  The bottom sediment responds to the fluid velocities by 
eroding sediment where bottom shear stresses are high and depositing where stresses are low.  
For a fine sandy bed, sand is transported primarily in suspension, and in this case scour occurs at 
the nodes of the sea surface elevation with deposition occurring at the antinodes.  Coarse 
sediment is moved primarily as bed load so that scour occurs midway between the sea surface 
nodes and antinodes with deposition usually centered on the nodes of the standing wave pattern.  
Cohesive sediments will be more resistant to erosion.  Erosion rates of cohesive and mixed 
sediments due to wave action, which are difficult to quantify, can be estimated using a mobile 
erosion flume having oscillatory flow capability (see 
http://chl.erdc.usace.army.mil/CHL.aspx?p=s&a=ARTICLES;630). 

 (b)  Normally incident non-breaking waves.  Uniform, regular waves produce a repeating 
pattern of scour and deposition as a function of distance from the toe of the vertical wall as 
illustrated in the upper portion of Figure VI-5-115 in EM 1110-2-1100.  For fine sand, maximum 
scour nearest the wall occurs at a distance of L /4 from the wall where L is the wavelength of the 
incident wave.  Irregular waves produce a similar scour pattern for fine sand as shown in the 
lower portion of Figure VI-5-115.  However, phase-locking between incident and reflected 
irregular waves decreases with distance from the wall with the maximum scour depth for fine 
sand approximately located a distance Lp /4 from the vertical wall, where Lp is the wavelength 
associated with the peak spectral frequency (associated with peak wave period) using linear 
wave theory. 

 (c)  Obliquely incident non-breaking waves.  Obliquely approaching non-breaking waves 
will also be nearly completely reflected by a vertical wall.  The resulting combined incident and 
reflected waves resemble a short-crested, diamond pattern that propagates in a direction parallel 
to the wall.  Just as in the case of normal wave incidence, partial nodes and antinodes develop on 
lines parallel to the structure at distances that are a function of the wave properties and incident 
wave angle.  However, obliquely reflected waves also generate a mass transport component 
parallel to the vertical structure that can  contribute to enhanced scour along the structure.  
Silvester (1991) summarized laboratory results of scour at highly reflective (but not necessarily 
vertical-front) structures caused by obliquely incident long-crested regular and irregular waves.  
It was observed that obliquely incident waves tended to scour more than equivalent normally 
incident waves, and irregular waves scour at a slower rate and somewhat more uniformly than 
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regular waves.  No engineering methods are presently available to estimate scour caused by 
obliquely incident, non-breaking irregular waves reflected by a vertical wall. 

 (4)  Breaking waves.  Scour caused by breaking waves is generally greater than for scour 
caused by non-breaking waves, and there is more likelihood of scour leading to structure 
damage.  Spilling or plunging breaking waves can break directly on the vertical wall or just 
before reaching the wall.  The breaking process creates strong downward directed flows that 
scour the bed at the base of the wall.  For example, the re-entrant tongue of a plunging wave 
breaking before it reaches the structure generates a strong vortex motion that will mobilize 
sediment at the toe.  A wave impacting directly on the vertical face will direct water down at the 
toe in the form of a jet.  Sediment mobilization and transport is dominated by turbulent fluid 
motions rather than fluid shear stresses, and air entrained in the breaking wave also influences 
the erosion process (Oumeraci 1994).  Figure VI-5-117 in EM 111-2-1100 illustrates scour and 
profile change fronting a vertical wall. 

 (a)  Normally-Incident Breaking Waves.  Predictive equations for estimating maximum 
scour at vertical walls due to normally incident regular breaking waves were proposed by 
Herbich and Ko (1968) and Song and Schiller (1973).  Powell (1987) discussed shortcomings of 
these two methods and concluded the empirical equations were not useful for design purposes.  
Fowler (1992) also examined the Song and Schiller relationship using data from mid-scale 
movable-bed model tests using irregular waves, and reasonable correspondence was noted 
between measurements and predictions.  Fowler then combined his irregular wave scour data 
with regular wave data from Barnett and Wang (1988) and from Chesnutt and Schiller (1971) as 
shown in Figure VI-5-118 of EM 1110-2-1100.  There are several accepted empirical 
relationships pertaining to scour of non-cohesive sediment at vertical walls.  For the case of 
normally incident breaking waves with no currents these empirical relationships are: 

 The maximum scour depth at a vertical wall (Sm) is approximately equal to the 
maximum non-breaking wave height (Hmax) that can be supported by the water depth (h) at the 
structure, i.e., Sm = Hmax or Sm ≈h  (EM 1110-2-1100, VI-5-259). 

 Maximum scour occurs when the vertical wall is located around the plunge point of the 
breaking wave. 

 Reducing the wall reflection reduces the amount of scour. 

 (b)  Obliquely Incident Breaking Waves.  At locations where waves will make a small angle 
approach to the I-wall, for example waves propagating down a canal with vertical walls, there is 
the possibility of the formation of a Mach-stem wave (Wiegel, 1964).  For waves with an 
approach angle between 45 and 20 deg, a stem wave occurs perpendicular to the wall; and then at 
the end of the stem, the incident and reflected waves are seen.  For waves with incident angles 
less than 20 deg, the reflected wave crest is non-existent and only the incident wave plus the 
stem wave exist.  Of interest for the I-wall situation, as the stem wave travels along the wall it 
increases in height until breaking of the stem wave can occur, dependent on water depth.  It is 
very similar to that of a progressive wave where breaking height approaches a height almost 
double that of the incident wave.  Experimental work (Memita and Sakai, 2004) indicate that 
breaker height for Mach-stem waves can be even greater (up about 20% greater) than that for a 
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progressive wave in the range of 15-35 deg incident wave approach.  They also note very violent 
breaking conditions.  No actual detailed design guidance is available; however, scour might be 
estimated based on breaking wave velocities or the empirical relationships discussed earlier for 
breaking waves.  This Mach-stem effect also has implications on wave forces on the wall (see 
section 4-9 on wave loadings). 

 (5)  Current-Induced Scour.  The region in front of the I-wall can be attacked by a current 
producing erosion of this surface dependent on the hydraulic shear stress that is calculated from 
velocity.  The response of this surface will depend on the magnitude and duration characteristics 
of the current, regional geometry (location along a channel, e.g., on the outer edge of a curve in 
the channel), material characteristics, vegetation, and armoring, if present.  This response can be 
in terms of a scour depth or an erosion rate.  The velocity may be a function of water elevation 
(flood stage or storm surge).  The levee fragility is then determined by comparing the erosion 
rate multiplied by time of an event to an existing volume that must be eroded before the wall is 
endangered.  An equation for erosion rate (Hanson and Temple, 2002, Hanson and Cook, 2004) 
is 

 )( Ck    

with   = erosion rate, k = erodibility coefficient (ft3/lb-hr) ,   = effective hydraulic stress on 
soil boundary (psf), C =critical shear stress (psf, shear stress when erosion starts) 

The hydraulic shear stress is defined as 

 2

2

1
Vfcs    

with  =mass density of water((lb/ft3)/(ft/s2)), cf =current friction factor (unitless), and 

 2))1)/30(ln(5.2(2  bc khf  

where h  = water depth(ft), bk  = bed roughness(ft), and V  = current speed (ft/s).  Methods for 

applying this type of approach are available for Corps use in a toolbox application developed by 
URS Corporation.  Also the U.S. Department of Agriculture has a spreadsheet application “Bank 
Stability and Toe Erosion Model” for multi-layer stream-banks that that can be applied.  Table 
4-1 shows a typical range of values for critical shear stresses on levees.  Fine grained represents 
cohesive material (silts and clays) and coarse grained represents sands and gravels.  Values of an 
erodibility coefficient for generalized categories of fine grained and coarse grained material are 
shown in Table 4-2.  Table 4-3 shows recommended values for bed roughness, kb.  Critical shear 
stress values are highly dependent on the local soil properties.  The best method to estimate 
erosion rate as a function of shear stress, and critical shear stress, is to perform an analysis of 
shear stress and sediment erodibility using a mobile erosion flume and site-specific sediment 
cores that are as undisturbed as possible.  The sediment samples are subjected to various flow 
conditions to evaluate erosion rate as a function of imposed shear stress (see 
http://chl.erdc.usace.army.mil/CHL.aspx?p=s&a=ARTICLES;630). 
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Table 4-1.  Typical Range of Values for Critical Shear Stress of Soils 

Material 
Critical Shear Stress, C  (psf) 

Mean 
Coefficient of 

Variation 
Levee Material 
          Fine grained – Compacted 
          Fine grained – Uncompacted  
          Coarse grained – Compacted 
          Coarse grained – Uncompacted 

 
0.221 
0.035 
0.134 
0.006 

 
1.09 
0.70 
0.74 
0.74 

Foundation Material  
          Fine grained  
          Coarse grained  

 
0.139 
0.098 

 
1.45 
1.05 

 
Table 4-2.  Typical Range of Values for Coefficient of Erodibility of Soils 

Material 
Erodibility Coefficient, k  (ft3/lb-hr) 

Mean 
Coefficient of 

Variation 
Levee Material 
        Fine grained – 
Compacted 
        Fine grained – 
Uncompacted  
        Coarse grained – 
Compacted 
        Coarse grained – 
Uncompacted 

 
0.078 
0.329 
0.085 
3.736 

 
0.884 
0.871 
0.884 
0.871 

Foundation Material  
         Fine grained  
         Coarse grained  

 
0.201 
3.726 

 
1.196 
0.871 

 
Table 4-3.  Recommended Values for Bed Roughness, kb 

Typical Channel Surface 
Material (Unified Soil 
Classification System) 

Associated General Erosion 
Resistance 

Recommended Values for kb 
(feet) 

Cobbles (should be the 
dominant surface material) 

Very Resistant 0.33 

Gravels (should be the 
dominant surface material, 
D90=16mm) 

Resistant 0.157 

Coarse sand (D90=2mm) Erodible 0.0197 
Fine sand (D90=0.25mm) Erodible to very erodible 0.00082 
Silt(D90=62.5μm) Very erodible 0.00020 
Clay (D90=4μm) Moderately resistant 0.000013 
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 c.  Protected-Side Scour.  

 (1)  General.  The information provided in this section is taken from Hughes et al (2007).  
Protected-side scour is a function of the magnitude and duration of overtopping, soil properties 
and protective cover characteristics (vegetation or other armoring materials).  Scour protection 
placed on top of the foundation soil on the protected side of floodwalls must be able to withstand 
a free-falling jet of water that overtops the wall.  This condition could persist for a prolonged 
period.  Protection coverage must extend away from the wall a sufficient distance to assure 
complete protection from both the direct plunging water jet, and also from the resulting ground-
parallel supercritical flow and eventual hydraulic jump that forms some distance from the wall.  
Following Hurricane Katrina, numerous breaches were observed along several levee and 
floodwall reaches in Orleans, St. Bernard, and Plaquemines Parishes, and protected side (or land 
side) erosion patterns were observed along breached and unbreached reaches.  The following 
structure overtopping and breaching (failure) damages were observed: 

 (a)  Damage to an earthen levee on the backside of vertical floodwalls caused by wave 
and/or still water overtopping impacting the unprotected soil.  Loss of lateral soil support and 
progressive erosion likely contributed to wall and levee breaching. 

 (b)  Earthen levee backside erosion caused by:  (1) wave overtopping when the surge level, 
still water level, was below the levee crest elevation, and  (2) continuous still water overtopping 
(perhaps combined with waves) when the surge level exceeded the levee crest elevation.  
Progressive erosion of unprotected soil on the protected side (backside) likely contributed to 
levee breaching (failure). 

 (c)  Damage to transitions between earthen levees and structures such as flood gates and 
floodwalls.  Erosion of earthen levee material and scour at the transitions were observed, and 
localized overtopping was most likely due to height differentials between levee and wall crest 
elevation. 

 (2)  Scour on Protected Side Slopes.  Soil material properties greatly influence erodibility 
and erosion progression during overtopping.  Cohesive (silt and clay) soils erode due to the 
formation and migration of a headcut perpendicular to the levee axis (i.e. across the levee section 
from the backside to the floodside).  A headcut is a vertical or near-vertical elevation drop, and 
migrates upstream due to hydraulic stresses at the overfall, base seepage, weathering, and gravity 
(Hanson, et al. 2001).  Sandy (non-cohesive) soil erosion involves a sediment transport process 
as the material is removed in layers.  Cohesive soil erosion rates are more strongly influenced by 
soil material properties such as water content, density, erodibility, shear strength, and 
compaction effort during construction (Hanson, et al. 2003).  For example, it was found that only 
a 5-point (5%) decrease in compaction water content caused a 100-fold increase in the breach 
widening rate for clay soil.  An earthen levee that is overtopped will exhibit identifiable stages of 
protected side erosion progression (Hunt, et al. 2005; Fukuoka and Fujita 1988).  The following 
paragraphs describe erosion progression as a function of time illustrated by photographs taken 
around the Greater New Orleans area after Hurricane Katrina. 

 (a)  Stage A.  Initial overtopping causes surface sheet and rill erosion at weak spots that 
develops into a series of cascading overfalls.  Erosion can be initiated at any point on the 
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protected side slope.  The highest forces develop from the protected-side slope down to the 
protected-side toe, and the crown is not initially exposed to these large hydraulic forces.  The 
cascading overfalls develop into one large headcut that migrates from the slope to the crest.  
Figure 4-12 shows an example of Stage A initial overtopping erosion on the Citrus Back Levee 
backside along the north bank of the Gulf Intercoastal Waterway (GIWW) in New Orleans East.  
The levee crown elevation varied between 14 and 15 ft, and peak storm surge was approximately 
15.5 ft on the GIWW side, so the overtopping crest depth was approximately 0.5 to 1.5 ft.  Soil 
borings along this reach indicated non-homogeneity in the surficial layers of the levee crest and 
slopes, and cohesive soils with interbedded layers of silt and/or sand. 

 

Figure 4-12.  Initial Stage A erosion due to overtopping on the Citrus Back Levee 

 (b)  Stage B.  The headcut continues to migrate from the protected-side crest (crown) to the 
floodside crest.  Figure 4-13 shows a short levee section with Stage B erosion on the west side of 
the Inner Harbor Navigation Canal (IHNC) protecting the container terminal between France 
Road and IHNC.  The headcut extends to the top of the levee, and a breach almost developed.  
The unscoured soil surface here is a fat clay, and the eroded soil visually appears to be a shell 
hash mixture of clay and oyster shell fragments. 

 (c)  Stage C.  The crest drops as a breach begins to develop.  Figure 4-14 shows Stage C 
crown scour along approximate B/L Sta 1203+00 to Sta 1230+00 on the St. Bernard levee 
between the Mississippi River Gulf Outlet (MRGO) and the Mississippi River.  Original crown 
elevation was approximately 15 ft, but the elevation decreased to about 12 ft for about a mile in 
this eroded section.  The levee along this reach was constructed of Mississippi River hydraulic 
sand fill, capped with local borrow material fat clay interbedded with silt and/or sand lenses, and 
shaped to grade with Mississippi River batture soil (truck-hauled fill).  Similar to the 
construction materials and history of other levees, this section contains heterogeneous soil 
layering probably compacted to different densities over a time frame of decades. 
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Figure 4-13.  Stage B headcut erosion along the IHNC 

 

Figure 4-14.  Stage C crown scour along the MRGO levee in St. Bernard Parish 

 (d)  Stage D.  The breach opening erodes out to the toe and the breach widens.  Figure 4-15 
shows the levee section east of pump station 15 (New Orleans East Back Levee) on the north 
bank of the GIWW.  Approximately 12,750 feet of this levee was completely degraded (Station 
876+87 B/L to 1101+90 B/L).  West of the pump station, 9,800 feet of levee was completely 
degraded (approx Sta 778+00 to 876+00).   The levees in these reaches were constructed from 
GIWW hydraulic fill in staged lifts over a period of three years.   
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Figure 4-15.  Stage D breach widening on the New Orleans East Back levee 

Figure 4-16 shows an 8,000 ft. section of the levee immediately southeast of Bayou Dupre (St. 
Bernard Parish) that was severely damaged.  The levee not only lost approximately 12 feet of 
original levee height, but part of the original levee foundation was also lost.  The storm surge 
overtopped this section of levee by up to several feet.  A nearby soil boring through the crown 
showed the top 3 ft of soil consisted of lean clay (CL), fat clay (CH), silt (ML or MH), and 
interbedded lenses of silt and/or sand.  Any of these soil materials may have contributed to 
erosion initiation and progression.  It is interesting to note in this photo that large scour pools 
developed on the levee backside which could possibly indicate that slope failure occurred along 
semi-circular slip planes on the levee backside, and the weaker soil above the slip planes eroded 
concurrently with the breach erosion.  In other words, there may have been a slope instability 
failure mode in addition to overtopping erosion. 

 

Figure 4-16.  Stage D overtopping erosion at Bayou Dupre in St. Bernard Parish 
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 (3)  Scour at I-Walls.  Floodwalls that might be overtopped by rising water should be 
designed with erosion protection on the protected side capable of resisting the force of the free-
falling water jet.  Figure 4-17 illustrates flow overtopping a floodwall and plunging (in this case) 
into standing water on the protected side of the floodwall.  The plunging jet penetrates the water 
and creates large eddies that erode material from the unprotected soil surface.  The same 
mechanism will scour bed material when there is not standing water on the protected side of the 
floodwall. 

 

Figure 4-17.  Scour hole formation by overtopping jet (from 
Hoffmans and Verheij 1997) 

Eroded material is thrown into suspension and carried away by the turbulent flow.  This scouring 
action removes material that may be providing critical lateral support pressure against the 
protected side of the vertical floodwall.  Failure occurs if the remaining, undamaged portion of 
the foundation adjacent to the wall cannot withstand either the shear force or the overturning 
moment exerted on the floodwall by the elevated water, and waves if present, on the flood side 
of the wall.  

Total collapse of a section of the floodwall allows a large volume of water to flow into the 
protected region through the resulting breach, and this may cause adjacent wall sections to fail 
and enlarge the breach.  Localized partial failure includes tilting of the floodwall so gaps open up 
between the dislodged section and adjacent undamaged floodwall.  Provided the wall does not 
tilt farther, it still affords some degree of flood protection.  However, the wall top elevation is 
decreased slightly by tilting, and the overflowing water jet will be directed on foundation soil 
farther away from the wall that could increase the scour hole width. 

Figure 4-18 shows scour on the protected side of an I-wall adjacent to the Lakefront Airport.  A 
deep trench was scoured by the overflowing jet, but in this case the floodwall does not appear to 
be affected by the loss of lateral support at the base. 
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Figure 4-18.  Scour trench formed by overtopping flow at I-wall adjacent to the 
Lakefront Airport (photograph by Peter Nicholson from Seed, et al. (2005)). 

Figure 4-19 shows the I-wall along the east side of the IHNC at approximate B/L Sta 11+00 
(DM3 Chalmette Area Plan), looking toward the Claiborne Avenue bridge.  Depth of scour was 
to the bottom of the I-wall concrete cap (2 ft), and scour trench width was approximately 7 ft.  
The I-wall top elevation was designed to a height of 15 ft above mean sea level, the bottom of 
the concrete cap was at elevation 7 ft, and the earthen levee crown was at elevation 9 ft.  Actual 
wall height was reported to be 12.5 ft when converted to local mean sea level, and the storm 
surge height was reported to be up to 15 ft.  As an approximation of the overtopping water 
impact, a surge crest 2.5 ft above the floodwall impacted the earthen levee crown from a height 
of 6 ft.  Using procedures developed in the preceding sections, the falling jet of water was 
estimated from Figure 4-7 to have an impact velocity of about 23 ft/sec, and the impact force was 
estimated from Figure 4-8 to be about 700 lb/ft.  The water impact removed a portion of the 
earthen levee crown, including all of the structural backfill zone adjacent to the concrete wall.   

Soil scour within the structure backfill zone is also evident at other locations such as the T-wall 
on the north side of Gate 13E on the east side of the IHNC near Lakefront Airport at approximate 
W/L Sta 61+38 (DM2 Supplement 8 IHNC Remaining Levees). The top of T-wall elevation was 
13.25 ft (MSL) and the existing top of ground elevation was 0.1 ft (MSL), from drawing file H-
2- 24111, plate IV-20.  Figure 4-20 shows a scour trench with depth of 30 in. and trench width of 
approximately 8 ft.  Overtopping water dropped 13 ft before impacting the levee.  Figures 4-7 
and 4-8 were used to estimate an impact velocity of about 30 ft/sec and an impact force over 700 
lb/ft. 
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Figure 4-19.  Scour trench on the east side of the IHNC 

 

Figure 4-20.  Scour trench at a T-wall on the east side of the IHNC 

Reaches along the MRGO protected by exposed sheetpile floodwalls experienced scouring on 
the protected side, and breaches occurred at several locations.  Figure 4-21 shows a section with 
4300 ft of sheetpile damage along MRGO between Bayous Bienvenue and Dupre, St. Bernard 
Parish.  The damaged sheetpile section is near utility crossings, with scour on the protected side 
and levee crown.  B/L Sta 590+70 is the centerline of the two pipelines.   

Larger breaches along sheetpile reaches were evident on the north bank of the GIWW, including 
the Bulk Loading Facility, the Michoud Canal (Air Products plant), and at Pump Station 15.  
Figure 4-22 shows the Air Products plant breach near Sta 772+00 B/L (New Orleans East Back 
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Levee).  Scour depths were 10 to 12 ft on both the floodside and protected side of the sheetpile 
wall.  Nearest borings on either side of the failure, 5-E and 6-E (from plate 5, DM2 Supp 4, 
March 1971) shows CH material with sand / silt lenses in the pre-existing (1965) levee at crown 
elevation ~12 ft, prior to construction of the sheetpile wall.  The peak storm surge in the GIWW 
was at an approximate elevation of 15.5 ft, and Figures 4-7 and 4-8 indicate the estimated 
overtopping jet impact velocity ranged up to about 23 ft/sec, and the impact force ranged up to 
about 700 lb/ft.  Note that the breach occurred in the sheetpile reach, and not along the adjacent 
transitions to earthen levee on the east side and connection to the T-wall on the west side. 

 

Figure 4-21.  Overtopping scour at sheetpile floodwall along the MRGO 

 

Figure 4-22.  Sheetpile floodwall breach on the New Orleans East Back Levee 
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 (4)  Scour at Levee and Floodwall Transitions.  Numerous transition breaches were 
observed post-Katrina in the hurricane protection system of southeast Louisiana, and in most 
cases the transitions appear to have failed due to still water (and wave) overtopping.  
Overtopping is particularly problematic where the earthen levee has a lower crest elevation than 
the abutting engineering structure or floodwall.  As the storm surge rises and the levee is 
overtopped, the higher structure adjacent to the levee acts as a flow barrier.  Thus, water in front 
of the vertical structure flows laterally toward the transition location under the force of gravity as 
illustrated in Figure 4-23. 

 

Figure 4-23.  Flow acceleration around higher transition wall when 
levee is overtopped 

Flow separation occurs at the vertical edge, and downstream from this point is where the flow 
velocity is greatest because the localized discharge is larger.  Consequently, increased erosion 
occurs on the protected side of the transition due to local increases in flow velocity.  If the water 
level continues to rise to the point that the vertical structure is also overtopped, a scour trench 
behind the vertical structure will develop in unprotected soil at the base of the structure by the 
same mechanism described above for I-wall scour. 

Where the earthen levee and adjacent vertical structure have the same crest elevation, 
overtopping flow will begin to erode the crest of the earthen levee if it is not protected.  Any 
erosion is expected to begin at the protected-side shoulder of the levee crest and proceed toward 
the centerline.  Once a height differential develops between the top of the vertical structure and 
the eroded levee crest, the intact floodwall structure acts like a flow barrier, and the water will 
move laterally toward the transition point as shown in Figure 4-23.  This flow acceleration 
increases the likelihood of additional erosion, making the situation even worse. 

In situations where the earthen levee crest is at higher elevation than the vertical structure, 
overtopping occurs first over the top of the vertical structure, and the falling water scours a 
trench into the unprotected soil where the earthen levee transitions into the structure.  The scour 
mechanism of the falling water is described in a previous section.  Scour will progress up the 
protected side slope until it reaches the crest of the transition.  Eventually the crest of the earthen 
levee could erode to an elevation lower than the adjacent vertical structure, and the rigid vertical 
structure becomes a flow obstruction similar to that illustrated by Figure 4-23.   
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Scour at transition 

 

Figure 4-24.  Overtopping scour at closure transition on east side of IHNC 

Figure 4-24 shows non-breaching scour caused by overtopping behind the concrete floodwall at 
closure gates S2 and S3 on the east side of the IHNC.  Although the earthen levee abuts the 
concrete wall, the majority of scour occurred on the protected side of the concrete wall as the 
levee was overtopped.  Figure 4-25 depicts the extent of scour that developed along the levee 
slope behind the wall.  The fact that the levee slope only a short distance from the transition does 
not appear to have eroded, indicates that flow lateral to the vertical wall on the protected side 
was strong.  The observed erosion may have been caused by the headcutting mechanism 
described previously. 

 

Figure 4-25.  Extent of scour shown on Figure 4-24 (From Levee Restoration, 
Misc. Gates and Floodwall Repairs, IHNC to Bienvenue, Chalmette Area Plan 

Emergency Restoration solicitation W912P8-06-R-0022, October 2005 contract 
drawing H-8). 
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Figure 4-26 shows breached levee erosion at the east end of floodgate structure S5, located about 
100 yards west of the Bayou Bienvenue control structure.  Although the levee was higher than 
the wall (see Figure 4-27) beyond the transition, it appears that the overtopping erosion began at 
the wall/levee transition where the wall was higher than the soil backfill.  Note the paint line that 
probably marks the original soil level before Hurricane Katrina. 

 

Figure 4-26.  Erosion on the protected side of floodgate structure 

 

 

 

Figure 4-27.  Drawing showing erosion extent of scour shown on Figure 4-26 
(From Levee Restoration, Misc. Gates and Floodwall Repairs, IHNC to 

Bienvenue, Chalmette Area Plan Emergency Restoration solicitation 
W912P8-06-R-0022, October 2005 contract drawing H-8). 
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 (5)  Influence of Waves on Scour Hole Formation.  Figure 4-28 shows photos taken at 
several locations along the hurricane protection system of southeastern Louisiana following 
Hurricane Katrina.  Figures 4-28a and 4-28b show scour hole formation at locations along the 
Inner Harbor Navigation Canal where waves were relatively small.  The width of the scour hole 
is relatively small, compared to that seen in the other photos.   Figures 4-28c and 4-28d were 
from a wall section that was subjected to overtopping for several hours along the Gulf 
Intracoastal Waterway; wave action was believed to be greater at this location than at the 
locations shown in Figures 4-28a and 4-28b.  Figures 4-28e and 4-28f show scour hole formation 
behind walls along the east-facing levees/walls of St. Bernard Parish adjacent to the Mississippi 
River Gulf Outlet, areas that were subjected to considerable storm surge and wave overtopping.  
The width of the scour hole is much wider here than at the other locations.  

 

Figure 4-28.  Protected-side scour along the Southeastern Louisiana hurricane protection system 
caused by overtopping during Hurricane Katrina 
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 d.  Protected-Side Overtopping Discharge Limits.  Table IV-5-6 of EM-1110-2-1100 
(Figure 4-29) suggests that the start of damage to an earthen grass-covered sea dike subjected to 
wave action begins when the average wave discharge overtopping rate is between 0.01 and 0.1 
cu ft/sec/ft.  Figure 4-30 shows a table from EM 1110-2-1100 derived from Figure 4-29 that is 
applicable to floodwalls located on levees.  The earlier discussion on overtopping showed a 
number of equations that might be applied to calculate an overtopping discharge rate, q, for 
waves approaching a vertical wall.  These equations may then be related to the above criteria to 
determine if flow rates exist that would lead to dangerous scour conditions.  The following 
presents a discussion of the various factors leading to the above limits to safe overtopping 
discharge, and specifies acceptable overtopping discharge limits for unarmored terrain on the 
protected side. 

Whether or not wave overtopping degrades the protected-side terrain or levee slope depends 
upon the overtopping magnitude and subsequent velocities and on the protected side, soil 
properties, vegetation cover, duration of overtopping, presence and nature of perturbations on the 
protected slope, and a levee’s quality of construction and maintenance.  The levee must also be 
founded on erosion resistant material.  Levee erosion due to overtopping is most likely to occur 
on the protected side of a levee for higher overtopping rates where water velocities can approach 
critical speeds, on the protected slope where speeds can be supercritical, and at the toe where 
flow transitions from supercritical to subcritical.  Erosion on the protected site of the levee 
begins as head-cutting, which then often advances toward the flood side.  Guidelines in Figure 4-
29 are consistent with threshold values adopted by the Technical Advisory Committee on Flood 
Defence in the Netherlands (TAW 1989 and TAW 2002).  The TAW guidance cites metric 
equivalents that are approximately equal to the following values:  0.0011, 0.011, and 0.11 cu 
ft/sec/ft; so the threshold values recommended below for three different levee conditions (each 
described qualitatively) are slightly more conservative than values adopted in the TAW 
guidance. 

For an unarmored earthen levee, the maximum acceptable value of average wave overtopping is 
0.1 cu ft/sec/ft, unless a higher value can be well-supported by site-specific results from large-
scale testing involving wave overtopping.  Use of this wave overtopping threshold value must be 
reserved for levee systems that were highly engineered and constructed with good field control, 
constructed of highly compacted clay or similar erosion-resistant material, with a protective layer 
thickness of 3 ft or more, and with steps taken during construction to control gullying which can 
compromise the thickness of the protective layer and introduce undesirable perturbations.  An 
important feature that promotes resistance to erosion during overtopping is a high-quality 
protective vegetation cover.  These levees should have high quality vegetation as slope 
protection, with high-quality protection vegetation that extends well beyond the levee toe on the 
protected side.  The highest-quality levees are constructed with a thin layer of topsoil that is 
placed to promote smooth levee surfaces, vegetated to promote a dense root system and 
penetration of the root system into the clay layer.  The levee should be actively maintained to 
retain a high-quality vegetative cover which is free of significant gullying or other perturbations 
on the slopes that might induce local head-cutting in the event of overtopping.  The levee should 
be free of pockets of more erodable soil that would also tend to promote head cutting in the event 
of overtopping.  It is believed the maximum threshold value of 0.1 cu ft/sec/ft for high quality 
clay levees with high quality vegetation cover is conservative (i.e. a higher value of wave 
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overtopping can be withstood before any damage begins).  Emerging data suggest that this is the 
case for high quality levees; that acceptable values might be as high as 0.3 to 0.5 cu ft/sec/ft, 
perhaps higher.  However, at present, a maximum wave overtopping rate of  0.1 cfs per foot shall 
be the design criteria for I-walls with soil and vegetation on the protected side. 

The wave overtopping rate threshold for lesser quality levees and lesser quality vegetation cover 
are lower.  The overtopping rate threshold for a clayey soil with relatively good grass cover is 
0.01 cu ft/sec/ft.  This value is expected to be a more typical value for the wave overtopping 
threshold.  As was mentioned previously, levee sections constructed of silts, silty or fine sands, 
and all hydraulically-placed materials will have even lower overtopping thresholds; and they 
must be considered highly susceptible to erosion and breaching in the event of any significant 
wave overtopping.  The wave overtopping rate threshold for levees constructed with these types 
of materials, or via hydraulic placement, or levees with poor turf, is much lower (0.001 cu 
ft/sec/ft).  If the soil composition of a levee is unknown or highly uncertain, this low threshold 
value of overtopping, 0.001 cu ft/sec/ft, should be used.  Selection of a threshold overtopping 
rate should be well-supported and documented.  Until more is learned about how the thresholds 
relate to all the factors that dictate levee erosion and degradation, these are the recommended 
values.  Past experience by both the Dutch and Japanese have been considered in developing 
these values, and their experiences have shown these to be reasonable values.   

 
 

Figure 4-29.  Critical values of average overtopping discharges 
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Figure 4-30.  Irregular wave overtopping damage criteria 

 
4-8.  Scour Prevention.  A variety of protective solutions for backside scour of levees, 
floodwalls, and transitions between levees and floodwalls are presented in Hughes et al (2007).  
Different scour-prevention alternatives and materials will having varying degrees of protection 
from scour depending upon overtopping characteristics, velocity, and duration.  For example, 
vegetative cover, turf reinforcement materials and geocells will typically have less resistance to 
long-term overtopping conditions than some other alternatives.  The following information from 
Hughes et. (2007), which briefly summarizes scour prevention alternatives.  Appendix I (also 
from Hughes 2007) provides the following additional information concerning:  manufacturers, 
product description, product functionality, potential failure modes and mechanisms, application 
limitations, documented applications, cost, technical evaluation relative to certain performance 
criteria that were developed.  

 a.  Levee Backside Slope Protection Alternatives.  Armoring alternatives to protect the 
protected side (back side) slopes of earthen levees could be classified as either “soil 
reinforcement protection” or “armoring protection.”   

 (1)  Soil Reinforcement.  Soil reinforcement protection systems strengthen the levee soil.  
The following techniques have proven successful in the past: vegetation cover, soil cement 
treatments, and turf reinforcement mats.  Soil reinforcement protection is best suited where the 
levee topsoil material consists of relatively well-compacted soil with reasonable erosion 
resistance.  During the time vegetation is being established within the soil reinforcement system, 
the levee slope will have less resistance to erosion.  Mixing of the slope surface soils with other 
components to increase the soil shear strength is a companion category to the systems designed 
to support vegetation physically.  Below are brief generic descriptions of these soil reinforcement 
protection systems. 

 (a)  Vegetation Cover.  Vegetation is the most common form of protection found on the 
backside slopes of levees.  Robust grasses provide effective slope protection against erosion from 
rainfall and some overtopping events.  The root structure reinforces the top layer of soil, and the 
vegetation provides flow resistance that reduces the water velocity resulting in decreased 
erosion.  Ensure that vegetation cover meets Engineer Technical Letter (ETL) 1110-2-571, 
Guidelines for Landscape Planting and Vegetation Management at Levees, Floodwalls, 
Embankment Dams, and Appurtenant Structures, 10 April 2009. 
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 (b)  Soil Cement Treatments.  The in-situ levee soil can be further stabilized by mixing in 
lime to a clay soil, or by adding cement to form soil cement.  Once the mixture sets, the levee 
surface has increased erosion resistance.  However, the resulting surface is impermeable, so 
providing proper drainage is critical to avoid failure due to excess pore pressures within the 
underlying soil. 

 (c)  Turf Reinforcement Mats.  There are numerous commercial products intended to 
stabilize the soil by providing support for vegetation growth.  These mats are typically highly 
porous, and they help retain the soil and plants while the vegetation becomes established, and 
they also increase the levee slope’s resistance to flow shear stress during heavy rains or 
overtopping.  Depending on the particular protection system, capability to prevent erosion of the 
reinforced soil varies widely with some systems intended primarily to stem erosion from heavy 
rain runoff while other systems are designed to withstand high flow velocities and associated 
shear stresses from significant levee overtopping.  Mat construction can incorporate geosynthetic 
materials, geotextile fabrics or natural materials.  The more robust mats include a metal wire 
mesh to give greater tensile strength to the mat.   

 (2)  Armoring Protection.  Slope armoring protection is required where flows are expected 
to exceed the limits established for soil reinforcement products or where the levee upper layers 
are composed of highly erodible materials such as noncohesive sand or loose silty sand/clay 
mixtures.  Armor protection systems shield the underlying soil from the hydrodynamic forces of 
flowing water while at the same time allowing adequate relief of pore pressure build-up within 
the soil.  Armor protection systems are more expensive, and installation takes longer than soil 
reinforcement protection systems.  However, once the armor protection system is installed, the 
slope is immediately capable of withstanding the design flow conditions.  In other words, there is 
no graduated protection while vegetation takes root.  There are numerous viable options for levee 
protection via armoring as discussed in the following paragraphs. 

 (a)  Riprap.  Riprap comprised of stone or concrete waste placed over a filter bedding layer 
or filter blanket can be used protect levee slopes.  Riprap has a long service history as slope 
protection, but it does add weight that must be supported by the subsoil.  This can be a serious 
disadvantage with weaker soils.   

 (b)  Gabions.  Gabions are baskets or compartmented rectangular containers made of wire 
or synthetic mesh.  Gabions are typically more rectangular and higher in profile than the rock-
filled mattress, and they are available in a wide range of sizes.  When filled with cobbles or other 
rock of suitable size, the gabion becomes a flexible and permeable unit for building flow- and 
erosion-control structures.  Advantages of gabions are that they provide good stability under high 
flow conditions.  Disadvantages are greater weight than synthetic materials, labor intensive to 
install, and limited durability when exposed to seawater if the baskets are constructed using 
metallic wire.  

 (c)  Rock-filled mattresses.  Rock-filled mattresses consist of a flat cage or basket filled 
with stone or other suitable material.  The cage or basket may be constructed of wire or synthetic 
materials.  The baskets allow small stones to be held together to provide good stability in place 
of the larger stone that would be required without the baskets.  The baskets are laid flat like a 
mattress, typically over a geotextile.  Often the geotextile filter cloth is attached to the underside 
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of the mattress prior to placement.  Advantages of rock-filled mattresses include use of smaller, 
less expensive stone for the armoring; good distribution of weight over the underlying soil; and 
off-site fabrication.  Disadvantages are greater weight than some of the synthetic mats, labor 
intensive to install, and limited durability when exposed to seawater if the baskets use a metallic 
wire.  

 (d)  Articulated cabled concrete mattresses.  Articulated cabled concrete mattresses consist 
of a single layer of concrete blocks that are held together by cables.  Cabled systems are 
anchored at the ends of a mattress, and the system may include anchors spaced throughout the 
mattress.  Articulated cabled concrete mattresses vary among brands in their degree of flexibility.  
Mattresses are laid over a filter layer, typically a geotextile fabric, and adjacent mattresses are 
interlocked or cabled together to form continuous stable units.  Advantages of articulated cabled 
concrete mattresses include being readily available in a variety of sizes and weights, and rapid 
placement as a single mattress that may cover a substantial area.  Cabled systems with anchors 
may have substantially less weight than equivalent riprap or concrete armor units affording the 
same degree of protection.  Disadvantages of cabled systems may include higher costs than some 
alternative systems, and a requirement for heavy equipment to place the mattresses.     

 (e)  Articulated cellular concrete block mattresses.  Non-cabled interlocking systems are 
referred to as “cellular block mattresses.”  These are systems comprised of interlocking concrete 
blocks that are placed directly on the substrate or filter layer.  In areas where riprap of suitable 
size is not readily available, concrete armor units may be used instead.  Concrete armor units are 
available in shapes ranging from simple cubes to complex shapes designed to interlock for 
increased stability.  Units may be cast on site or at a remote site.  The units are typically 
individually placed to maximize interlocking with adjacent units, and they are placed over a filter 
layer and underlayer to prevent piping of the underlying soil.  An advantage of interlocking, non-
cabled systems is placement by hand without heavy equipment.  A disadvantage of interlocking 
units is potential rapid unraveling of the protection if one or several of the units becomes 
dislodged. 

 (f)  Fabric mattress.  A fabric mattress is a grout-filled geo-textile mattress or tube used for 
streambank protection.  The protection is placed as an empty geosynthetic bag that is divided 
into longitudinal tubes with interconnecting tubes.  The mattress is then filled in-situ with a 
cement slurry to form a rigid mattress conforming to the substrate contours.  Once the injected 
concrete sets, the structural support offered by the geosynthetic bag is less critical to the success 
of the protection.  Thus, weathering of the bags is not a crucial consideration.  Advantages of 
fabric mattresses include ease of construction on varying terrain, and relatively low cost.  If 
underlying soil settles or is washed out, the mattress will be capable of spanning soil gaps of 
short distances.  Disadvantages of fabric mattresses include a requirement for heavy equipment 
for the installation, and greater weight than with synthetic structures. 

 (g)  Geocells.  The U.S. Army Corps of Engineers (COE) developed a product in which 
strips of plastic were welded together into a rectangular panel, such that, when the panel was 
expanded, it would form a honeycomb structure that could be quickly installed and filled with 
soil, sand or aggregate by a small crew of soldiers.  The generic name given to this product is 
geocell, and several manufacturers offer geocell protection products.  Advantages of geocells 
include rapid placement, reasonable cost, and ability to cover variable terrain.  A disadvantage is 
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the need to prevent loss of sand and soil due to flowing water.  This is sometimes accomplished 
using an overlain turf reinforcement product.  

 (h)  Paving.  The levee slope is groomed and then paved with either lightly reinforced 
concrete or asphalt.  Paving large expanses of levee slope is an expensive solution that should be 
reserved for problem areas.  Paving may be economical on levee crowns where the crown is also 
intended to support vehicular traffic. 

 (i)  Levee backside slopes armored with the above alternatives typically do not have 
vegetation included as part of the protection.  However, several products do allow vegetation to 
grow through gaps in the protection without impacting the product performance. 

 b.  Floodwall Protection.   The forceful, near vertical, impact of falling water due to still-
water and wave overtopping at vertical floodwalls imposes loads on the protection system that 
are vastly different than loads exerted by water flowing parallel to the protection surface.  As a 
consequence, armoring systems fully capable of protecting backside slopes of levees and earthen 
levee transitions may not be appropriate for protecting the levee crown soil on the protected side 
of an overtopped floodwall.  For example, individual stones will be dislodged in riprap 
protection, turf reinforcement mats might not withstand forces applied perpendicular to the mat, 
and soil or aggregate used as geocell fill will be flushed out by the water.  The following 
paragraphs provide an overview of four protection alternatives that have sufficient strength, 
rigidity, and robustness to withstand high impact loads from overtopping water jets without loss 
of functionality.  All the options have the disadvantage of adding significant weight to the levee 
which could be problematic where foundation soils are weak. 

 (1)  Cast-in-place reinforced and non-reinforced concrete.  Levee soil can be protected by 
an impermeable, continuous, reinforced concrete slab containing light reinforcement mesh.  
Alternately, the concrete slab can be made thicker without reinforcing. The slab is formed, and 
concrete is placed to cover the area from the base of the floodwall, on the protected side, out a 
distance beyond the expected splash-down point of the overtopping jet.  The slab can be tied into 
the floodwall using a variety of techniques.  This provides a rigid horizontal surface that can 
absorb the impact of falling water and divert the overtopping jet toward the backside slope of the 
earthen levee.  Advantages include high strength and durability, readily available materials, and 
flexibility to vary project dimensions as needed.  Where appropriate, the concrete apron can be 
designed as a roadway for vehicular traffic.  The main disadvantage of reinforced and non-
reinforced concrete is its relative intolerance to differential settlement.  Where future plans call 
for addition of levee height, concrete aprons cannot be easily removed and re-used. 

 (2)  Grouted stone riprap.  This protection method consists of conventional riprap armoring 
placed on top of a bedding layer and then filled with a concrete grout mixture.  The purpose of 
the grout is to solidify the riprap protection into a solid, continuous, impermeable structure and 
to prevent loss of individual stones when impacted by the falling water jet.  Because the grout 
mixture has minimal strength in tension, grouted stone riprap will have little tolerance for 
differential settlement of the underlying levee crown.  Once the bond between adjacent stones is 
broken, riprap stones can be dislodged by the overtopping flow.  Advantages of grouted stone 
riprap are ease of installation, capability to protect varying terrain, and ease of removal for future 
increases in levee height.  However, the removed riprap is not readily re-usable because much of 
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the grout will remain intact.  The main disadvantage of grouted stone riprap is the uncertainty 
associated with the long-term integrity of the grout/stone bonds if there is any ground settlement. 

 (3)  Rock-filled mattresses.  Rock-filled mattresses are containers fabricated of geogrid 
material and filled with small rocks varying in size from 2 inches up to about 5 inches.  
Mattresses are placed directly on top of a geotextile filter cloth or conventional gravel filter 
layer.  Rock-filled mattresses are flexible, and they can adapt to terrain changes easily.  They are 
also tolerant of differential settlement, and they will continue to be fully functional if the ground 
settles beneath them.  Overtopping water landing on the mattress fills the voids between stones 
and helps reduce the flow energy.  Soil could be placed over the mats to support vegetative 
growth.  For application at the base of floodwalls, special attention is needed to assure mattresses 
are placed with minimal gaps between adjacent units.  Gaps between mattresses are weak points 
that could allow soil to escape if the geotextile is punctured.  Advantages of rock-filled 
mattresses include lower cost for smaller stone, rapid installation, off-site fabrication, and the 
capability to remove the protection and re-use the mattresses if the levee needs to be raised.  
Disadvantages of rock-filled mattresses include the need for heavy equipment to lift and place 
the mats, potential gaps between adjacent mats and next to the floodwall, and long-term 
durability of the geogrid material when subjected to UV radiation.  Whereas the mats could 
support vehicular traffic, there is a risk of damaging the geogrid material or the lacing that holds 
the mats together.   

 (4)  Articulated concrete mats.  Articulated concrete mats consist of concrete block units 
linked together with cables made of metal or other high-strength material.  Blocks can be solid or 
open, with gaps between adjacent blocks.  Articulated concrete mats are fabricated off-site and 
rapidly installed using heavy lifting cranes.  The concrete blocks have sufficient strength to resist 
the battering of overtopping jets of water, but the gaps between the blocks could allow 
underlying soil to erode.  Therefore, these mats will be most effective if placed over a stone or 
gravel bedding layer sized to prevent movement of the gravel through the gaps in the mat.  
Articulated concrete mats are flexible and very tolerant of differential settlement.  The mats are 
easily removed and re-used without any loss of effectiveness, and they have no problem 
supporting low-speed vehicular traffic.  Advantages of articulated concrete mats include off-site 
fabrication, rapid placement, capability to cover irregular terrain, tolerance to differential 
settlement, and long service life.  Disadvantages include the need for heavy-lift cranes during 
installation and providing adequately-sized gravel underlayers to prevent loss of material through 
gaps. 

 c.  Transition Protection Alternatives.  Where a levee abuts against a floodwall, gated 
structure or other transition point, additional armoring is required to prevent erosion or scour 
caused by water and wave overtopping at this location.  As mentioned earlier, flow turbulence 
created by the abrupt change in the structure surface profile and redirection of flow by unequal 
top elevations at the transition increases local flow velocity at the transition.  Armor placed at 
transitions may have weakness along the transition interface if the armoring system covering the 
earthen levee is not physically tied into the vertical structure.  Because transitions are 
characterized by sudden change in the structure profile and varying topography, flexible or 
articulating armoring systems are typically employed as discussed in the following 
subparagraphs. 
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 (1)  Riprap.  Riprap comprised of stone or concrete waste placed over a filter bedding layer 
or filter blanket is commonly used to reinforce transition areas.  A major disadvantage of riprap 
is that it does not key to a concrete or steel structure.  If riprap is to be used at the transition, the 
riprap needs to be of sufficient size to withstand the hydraulic forces while only partially keyed 
into the rock matrix.  Also, the flow of most concern is directed downslope.  The larger riprap, of 
course, adds surcharge weight that must be supported by the subsoil.  This can be a serious 
disadvantage with weaker soils.   

 (2)  Gabions.  Gabions are similar to rock-filled mattresses in that it is a basket or 
compartmented rectangular container made of wire or synthetic mesh.  Gabions are typically 
more rectangular and higher in profile than the rock-filled mattress, and they are available in a 
wide range of sizes.  When filled with cobbles or other rock of suitable size, the gabion becomes 
a flexible and permeable unit for building flow- and erosion-control structures.  Gabions may be 
used to contain a smaller-sized riprap and prevent loss of riprap at flow concentration points.  
Gabions may be placed flat against the vertical face of a concrete structure without concern 
about keying the units into the structure.  Advantages of gabions are that they can be built as or 
along vertical walls and provide good stability.  Disadvantages are greater weight than synthetic 
materials, labor intensive to install, and limited durability when exposed to seawater if the 
baskets are constructed using metallic wire.  

 (3)  Rock-filled mattresses.  Rock-filled mattresses consist of a flat cage or basket filled 
with stone or other suitable material.  The cage or basket may be constructed of wire or synthetic 
materials.  The baskets allow small stones to be held together to provide good stability in place 
of the larger stone that would be required without the baskets.  The baskets are laid flat like a 
mattress, typically over a geotextile.  Often the geotextile filter cloth is attached to the underside 
of the mattress prior to placement.  Advantages of rock-filled mattresses include use of smaller, 
less expensive stone for the armoring; ability to be formed around changes in the slope profile; 
good distribution of weight over the underlying soil, and off-site fabrication.  Disadvantages are 
greater weight than some of the synthetic grids, labor intensive to install, and limited durability 
when exposed to seawater if the baskets use a metallic wire.  

 (4)  Articulated cabled concrete mattresses.  Articulated concrete mattresses consist of a 
single layer of concrete blocks that either have an interlocking shape, are held together by cables, 
or both.  Cabled systems are anchored at the ends of a mattress, and the system may include 
anchors spaced throughout the mattress.  Articulated concrete mattresses vary among brands in 
their degree of flexibility and ability to protect areas of rapid transition in profile shape.  
Mattresses are laid over a filter layer, typically a geotextile fabric, and adjacent mattresses are 
interlocked or cabled together to form continuous stable units.  Advantages of articulated cabled 
concrete mattresses include being readily available in a variety of sizes and weights, and rapid 
placement as a single mattress that may cover a substantial area.  Cabled systems with anchors 
may have substantially less weight than equivalent riprap or concrete armor units affording the 
same degree of protection.  Disadvantages of cabled systems may include higher costs than some 
alternative systems, and a requirement for heavy equipment to place the mattresses.  In addition, 
cabled systems may not key well with an adjacent concrete or steel wall. 

 (5)  Articulated cellular concrete block mattresses.  Non-cabled interlocking systems are 
referred to as “cellular block mattresses.”  These are systems comprised of interlocking concrete 
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blocks that are placed directly on the substrate or filter layer.  In areas where riprap of suitable 
size is not readily available, concrete armor units may be used instead.  Concrete armor units are 
available in shapes ranging from simple cubes to complex shapes designed to interlock for 
increased stability.  Units may be cast on site or at a remote site.  The units are typically 
individually placed to maximize interlocking with adjacent units, and they are placed over a filter 
layer and underlayer to prevent piping of the underlying soil.  An advantage of interlocking, non-
cabled systems is placement by hand without heavy equipment.  A disadvantage of interlocking 
units is potential rapid unraveling of the protection if one or several of the units becomes 
dislodged.  In addition, interlocking blocks may not key well with an adjacent concrete or steel 
wall. 

 (6)  Fabric mattress.  A fabric mattress is a grout-filled geo-textile mattress or tube used for 
streambank protection.  The protection is placed as an empty geosynthetic bag that is divided 
into longitudinal tubes with interconnecting tubes.  The mattress is then filled in-situ with a 
cement slurry to form a rigid mattress conforming to the substrate contours.  Once the injected 
concrete sets, the structural support offered by the geosynthetic bag is less critical to the success 
of the protection.  Thus, weathering of the bags is not a crucial consideration.  Advantages of 
fabric mattresses include ease of construction on varying terrain, and relatively low cost.  If 
underlying soil settles or is washed out, the mattress will be capable of spanning soil gaps of 
short distances.  Disadvantages of fabric mattresses include a requirement for heavy equipment 
for the installation, and greater weight than with synthetic structures. 

 (7)  Geocells.  Whereas confining soil materials has many benefits, it is not always easy or 
inexpensive to accomplish.  The COE experimented with a variety of methods that could be used 
to confine beach sand during an amphibious assault.  The Corps’ solution was a product in which 
strips of plastic were welded together into a rectangular panel, such that, when the panel was 
expanded, it would form a honeycomb structure that could be quickly installed and filled with 
sand by a small crew of soldiers.  The filled structure could support heavy loads such as tanks 
and trucks, yet not be washed away by wave action.  Today, this same concept is employed by 
civil engineers all over the world to confine onsite materials.  The generic name given to this 
product developed by the COE is geocell, and several manufacturers offer geocell protection 
products.  Advantages of geocells includes rapid placement, reasonable cost, and ability to cover 
variable terrain.  A disadvantage is the need to prevent loss of sand and soil due to flowing water.  
This is sometimes accomplished using an overlain turf reinforcement product.  

 (8)  Turf Reinforcement Mats.  Turf reinforcement mats (TRMs) combine vegetative 
growth and synthetic materials to form a high-strength mat that helps to prevent soil erosion in 
drainage areas and on steep slopes subjected to flowing water.  They are typically made of 
synthetic material that will not biodegrade.  The mat material creates a foundation for plant roots 
to take hold, extending the viability of grass beyond its natural limits and holding it in place 
during the growth phase.  Advantages of TRMs include rapid placement, increased flow 
resistance, and natural plant growth yielding aesthetically-pleasing erosion protection.  A 
disadvantage of TRMs is slope vulnerability while the vegetation is taking root. 
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4-9.  Wave Loads on Structures. 

 a.  General.  An important part of the design procedure for structures in general is the 
determination of the loads and the related stresses, deformations, and stability conditions of the 
structural members.  For vertical-front monolithic structures like breakwater caissons and 
seawalls it is possible either from theory or experiments to estimate the wave loadings and 
subsequently determine stresses, deformations, and stability.  Vertical-front structures are 
covered in Part VI-5-4, “Vertical-Front Structure Loading and Response,” Part VI of EM 1110-
2-1100. 

 b.  Breaking and Non-Breaking Loads.  For vertical-front monolithic structures such as 
seawalls and floodwalls, wave loadings can be estimated from theory or experiments.  This type 
of analysis is covered in Part VI-5-4 (Vertical-Front Structure Loading and Response) of EM 
1110-2-1100.  Three types of wave forces on vertical walls are identified.  Nonbreaking wave 
loads can be treated as a pulsating load.  It can be treated as a static load in stability calculations.  
Reliable formula exist for estimating irregular wave pulsating wave forces on vertical walls.  
Breaking waves that break in a plunging mode, with an almost vertical front just before contact 
with the wall can generate very high pressures with short duration resulting in a large single-
peaked force.  A breaking wave with a large air pocket produces a double-peaked force-the first 
and largest load when wave crest hits, producing a hammer shock.  The second peak is induced 
by compression of the air pocket, or compression shock.   Frequent wave breaking at a vertical 
structure will not occur for oblique waves with angle of incidence larger than 20 degrees from 
normal incidence, so hydrostatic analysis can be performed for these conditions.  The Mach stem 
effect at vertical walls can be important in defining the wave loadings (see Paragraph 4.7.b.4.b 
above). 

 c.  Recent Work on Breaking Wave Impact Loads.  Bullock et al. (2005) measured impact 
pressures at full-scale in the laboratory and the field, and they found very high instantaneous 
pressure peaks.  They compared their measurements to theories and found that the Minikin 
Method might be reasonable.  The Minikin Method was included in the original Shore Protection 
Manual (1973, 1977, 1984), the predecessor of the Coastal Engineering Manual, CEM, (EM 
1110-0-1100).  However it was not included in the CEM because some experts think it gives 
excessively high forces; the method predicts forces that are 15 to 18 times those of non-breaking 
wave forces.  The Minikin Method was based on observations on breakwaters at full scale and 
was originally intended for use with caissons atop rubble mound, and was adapted for full-height 
vertical walls.  Bullock et al. (2005) found that Minikin estimates of maximum pressure matched 
full-scale measurements.  Estimation procedures for wave impact loading are less reliable that 
those for pulsating loading, and much uncertainty still exists.    

 d.  Minimizing Chance for Breaking Wave Loads.  The ability to predict the impact 
pressures of breaking waves is difficult due to their extremely stochastic nature.  The loads can 
be very large, and risk increases with number of loads.  Design at vertical structures should avoid 
wave breaking.  This can be accomplished by placing armor units in front of the vertical wall, 
maintaining a mild slope of 1:50 or less over a distance of several wavelengths in front of the 
structure, or using a sloping-front face from still-water level to the crest (however sloping-front 
structure allows more overtopping than vertical wall of equivalent crest height). 
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 e.  Recent work by Hughes (2007) examined the special case heavily overtopped vertical 
walls.  This technical note describes a method for estimating total peak wave forces and 
moments on thin vertical walls that experience heavy wave overtopping. 

4-10.  Interior Drainage.  

 a.  General.  An interior area is defined as the area protected by a system that could be 
comprised of levees, floodwalls, or other structural measures from riverine, lake- or tidal/storm-
induced flooding.  The levee or floodwall system associated with an interior area is generally 
referred to as the line-of-protection.  The line-of-protection is intended to exclude floodwater 
originating from the exterior source; but it might not completely eliminate flooding.  In most 
circumstances, this flood damage reduction from elimination or reduction of the exterior flood 
threat may be the major source of extensive flooding to the area.  However, appropriate measures 
must still be considered as part of the overall flood damage reduction system to address residual 
flooding from the local, interior rainfall-runoff sources which may occur during coincident times 
of high exterior flooding while gravity drainage gates are closed, or from wave overtopping that 
is allowable as part of the design.  If the economics of the development in the area support 
additional flood damage reduction measures during high exterior flooding events, then 
provisions for dewatering of interior areas should be considered.  In areas where gravity drainage 
following recession of the exterior flooding is possible (areas above sea level), appropriate 
gravity drainage facilities must be provided as part of the project and must be designed or 
evaluated to ensure that adequate drainage is provided for those large local events when exterior 
flood levels may be below the respective flood levels.  Gravity drainage provisions should also 
be checked to ensure that they are capable of timely evacuation of floodwaters stored during 
times of prolonged gate closures.  Often this requirement may be the determining factor in outlet 
capacity rather than capacity required to evacuate intensive local rainfall runoff.  

 b.  Treatment of Interior Drainage.  Several Corps’ guidance documents exist which 
prescribe criteria for estimating water levels, frequency analysis for interior drainage, and other 
applicable information concerning methods of controlling interior drainage.  General criteria are 
covered in EM 1110-2-1413.  General information relative to estimating flood runoff in 
watersheds is covered in EM 1110-2-1417. 

4-11.  Assurance.  Assurance is the probability that a target stage will not be exceeded during the 
occurrence of a specified flood.  Assurance is also known as the Conditional non-exceedance 
Probability (CNP).  For example, USACE requires that, for a levee system to be found in 
accordance with NFIP levee system certification requirements, it must have at least a 90 percent 
chance of not being overtopped when subjected to the estimated 1% annual chance exceedance 
flood.  Assurance is directly related the uncertainties in defining the flows and stages for that 
specified flood event, e.g. 0.01 or 0.005 etc.  The uncertainties can be fairly well defined for 
events up to and including the 0.01 event, so achieving containment with 90% assurance is an 
appropriate target.  However, the computational techniques for defining uncertainties for events 
less than 0.01 are not as clearly defined and in some cases estimates of uncertainties are 
overstated.  In these cases, achieving 90% assurance may not be attainable and defining an 
appropriate assurance should be determined and justified on a case by case basis (See Table 4-4). 
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Designs Greater Than 500 yr 
Step   Elevation 

1 Determine DWSEL   
2 Determine 0.7 CNP Elevation   
3 Check DWSEL +1 ft Elevation   
4 Determine 500 yr WSEL   
5 Check 4 +2 ft Elevation   
6 Determine 0.9 CNP Elevation for 500 yr   
7 Determine 0.9 CNP Elevation for Design   
8 Decision   
9     If 3 > 2 then 3, else 2   
10     If 5 < 9 then 5, else 9   
11     If 6>>>10 then 10, else consider 6   
12     If 7>>>11 then 11, else consider 7   

Designs Greater Than 100 yr Up To 500 yr 
Step   Elevation 

1 Determine DWSEL   
2 Determine 0.9 CNP Elevation   
3 Check DWSEL +2 ft Elevation   
4 Determine 500 yr WSEL   
5 Check 4 +2 ft Elevation   
6 Determine 0.9 CNP Elevation for 500 yr   
7 Decision   
8     If 3 > 2 then 3, else 2   
9     If 5 < 8 then 5, else 8   
10     If 6>>>9 then 9, else consider 6   

Designs to 100 yr (or for certification) 
Step   Elevation 

1 Determine DWSEL   
2 Determine 0.9 CNP Elevation   
3 Check DWSEL +3 ft Elevation   
4 Determine 0.95 CNP Elevation   
5 Check DWSEL +2 ft Elevation   
8 Decision   
9     If 3 > 2 then 3, else 2   
10     If 4<9 then 4, else 9   
11     If 5>10 then 5, else 10   

  
WSEL - Water Surface Elevation  
DWSEL - Design Water Surface Elevation  
CNP - Conditional Non-Exceedance Probability  

 

Table 4-4.  Decision Matrices for Determining Top of Containment Elevation 
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4-12.  Mandatory Requirements. 

 a.  General.  The following are mandatory requirements for hydrologic, hydraulic, and 
coastal design of I-walls. 

 b.  Metropolitan Areas.  For metropolitan areas, I-walls shall exhibit resilience or 
toughness for an unusual or extreme event, respectively.  This means that the following 
resilience or toughness analyses will be performed for the specified unusual or extreme events 
respectively. 

 (1)  No-Wave Case. 

 (a)  The analysis for wall stability shall consider hydrostatic loading at the extreme event 
still water level.  This analysis shall be made for the maximum I-wall crest height expected 
during its service life.  If the extreme water level is lower than the top of wall, the analysis shall 
be made with the still water level at the top of wall. 

 (b)  An analysis for wall toughness shall examine the overtopping associated with the 
extreme event still water level and ability of the protected side to withstand this overtopping rate.  
This analysis check shall be made for the minimum I-wall crest height expected during its 
service life.   

 (2)  With-Wave Case. 

 (a)  One analysis for wall stability shall consider the static and dynamic breaking wave 
load for the design wave condition associated with the extreme significant wave height (with 
associated peak wave period, for normal incidence) occurring at the unusual event still water 
level.  Note that the structural design wave height is not the significant wave height.  
Determination of the design wave height will require assessment of the maximum individual 
wave height that is associated with a sea state defined by the unusual event significant wave 
height, and it must also consider the possibility that the maximum individual wave height will be 
limited by the local water depth.   This analysis shall be made for the maximum I-wall crest 
height expected during its service life. 

 (b)  A second analysis for wall stability shall consider the static and dynamic breaking 
wave load for the design wave height associated with the unusual event significant wave height 
(with associated peak wave period, for normal incidence) occurring at the extreme event still 
water level.  This analysis shall be made for the maximum I-wall crest height expected during its 
service life.  If the extreme water level is lower than the top of wall, the analysis shall be made 
with the still water level at the top of wall. 

 (c)  A third analysis for wall toughness shall examine the overtopping associated with the 
extreme event still water level, and with the unusual event significant wave height (and 
associated peak wave period, for normal incidence) and ability of the protected side to withstand 
this overtopping rate.  Note that wave overtopping computations generally use the significant 
wave height.  This analysis shall be made for the minimum I-wall crest height expected during 
its service life. 
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 c.  Developed Areas.  For developed areas, I-walls shall be resilient for an unusual event.  
This means that the following resilience analyses will be performed. 

 (1)  No-Wave Case. 

 (a)  The analysis for wall stability shall consider hydrostatic loading at the unusual event 
still water level. This analysis shall be made for the maximum I-wall crest height expected 
during its service life.  If the unusual event still water level is lower than the top of wall, the 
analysis shall be made with the still water level at the top of wall. 

 (b)  An analysis for wall resilience shall examine the overtopping associated with the 
unusual event still water level and ability of the protected side to withstand this overtopping rate.  
This analysis shall be made for the minimum I-wall crest height expected during its service life.   

 (2)  With-Wave Case. 

 (a)  One analysis for wall stability shall consider the static and dynamic breaking wave 
load for the design wave condition associated with the unusual significant wave height (with 
associated peak wave period, for normal incidence) occurring at the design still water level.  
Note that the structural design wave height is not the significant wave height.  Determination of 
the design wave height will require assessment of the maximum individual wave height that is 
associated with a sea state defined by the unusual significant wave height, and it must also 
consider the possibility that the maximum individual wave height will be limited by the local 
water depth.  This analysis shall be made for the maximum I-wall crest height expected during 
its service life. 

 (b)  A second analysis for wall stability shall consider the static and dynamic breaking 
wave load for the design wave height associated with the design significant wave height (with 
associated peak wave period, for normal incidence) occurring at the unusual event still water 
level.  This analysis shall be made for the maximum I-wall crest height expected during its 
service life.  If the unusual event still water level is lower than the top of wall, the analysis shall 
be made with the still water level at the top of wall. 

 (c)  A third analysis for wall resilience shall examine the overtopping associated with the 
unusual event still water level, and with the design significant wave height (and associated peak 
wave period, for normal incidence) and ability of the protected side to withstand this overtopping 
rate.  Note that wave overtopping computations generally use the significant wave height.  This 
analysis shall be made for the minimum I-wall crest height expected during its service life. 

 d.  A maximum wave overtopping rate of 0.1 cfs per foot shall be the design criteria for 
any I-wall or levee with soil and vegetation on the protected side, from the perspective of erosion 
and scour during overtopping conditions. 

 e.  If wave overtopping exceeding 0.1 cfs per foot is expected, at water levels and wave 
conditions which exceed the design criteria in developed and metropolitan areas (up to the 
resilience design criteria), the protected side shall be armored to provide the required level of 
resilience. 
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 f.  For I-walls in controlled overtopping sections, the protected side shall be armored to 
provide the required level of resilience. 

 g.  All I-wall-to-levee transitions that are part of flood risk management projects, which 
are situated within developed and metropolitan areas, shall be armored. 

 h.  The Joint Probability Method shall be applied to define the hurricane hazard.  The 
recommended method is outlined in a whitepaper by Resio et al, (2007), in Appendix G.  

 i.  Wind-generated waves shall be evaluated as a possible contributor to static and 
dynamic loading on floodwalls. 

 j.  The models or other calculation methods that are applied to define extreme water levels 
for design shall be validated for severe historical events, of the event type(s) that comprise the 
extreme flood hazard, and validated for the project area.  

 k.  Vegetation cover shall meet Engineer Technical Letter (ETL) 1110-2-571, Guidelines 
for Landscape Planting and Vegetation Management at Levees, Floodwalls, Embankment Dams, 
and Appurtenant Structures, 10 April 2009. 
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CHAPTER 5 

Geotechnical Aspects of Design 

5-1.  General.  Post-Katrina performance assessment efforts identified a number of geotechnical 
factors that may have contributed to I-wall failures in New Orleans.  Subsurface investigations 
identified lower-strength soils in some areas than were identified during design.  The IPET team 
also identified an unforeseen failure mode that involved the formation of a gap along the sheet 
piling/soil interface on the flood side of I-walls that were embedded in levee sections.  The 
hydrostatic pressure exerted on the sheet piling by water entering this gap was higher than the 
lateral soil pressure, and the flow of water through this gap caused an increase in uplift pressures 
on the landward portion of the levee section.  This combination of lower-strength soil and 
increased loads contributed to the global instability and subsequent failure of these I-wall/levee 
composite structures.    

The standards of design for any system must be commensurate with its criticality, resilience, 
redundancy, and the reliability of all design parameters.  I-walls included in flood risk 
management systems must be reliable to protect against loss of life and property and have been 
designated as critical structures.  These structures also have little inherent redundancy.  The IPET 
findings also show that I-walls are less robust than other structures such as T-walls or levees, as 
the safety factors for design were more sensitive to variations in soil conditions than other wall 
types.   

The geotechnical engineer is responsible for selecting design parameters associated with 
subsurface conditions.  The level of confidence associated with all critical geotechnical design 
parameters must be commensurate with the expected reliability of the structure.  The 
geotechnical engineer shall plan subsurface investigations such that the resulting degree of detail 
and level of confidence concerning subsurface conditions is high.  For composite I-wall/levee 
systems, the exploration program shall be sufficient not only to design the wall but also assess 
the stability of the overall composite system.  Consequently, the required quantity and quality of 
required subsurface investigations will be greater for projects involving I-walls and I-wall/levee 
systems than for projects composed of other more inherently resilient or robust types of 
structures.  If suitable levels of confidence in subsurface conditions cannot be attained, I-walls 
shall not be considered for flood risk management projects in lieu of other types of protection 
features such as levees, T-walls or L-walls.   

This chapter discusses mandatory requirements regarding subsurface investigations including 
drilling, sampling, and testing associated with design of I-walls or I-wall/levee composite 
systems.  Guidance is also given concerning the selection of soil parameters such as shear 
strength and wall friction/adhesion to be used in analysis or design of these features.   

5-2.  Subsurface Investigation Planning. 

a.  General.  Because I-walls depend on soil resistance to prevent failure due to local or 
global instability due to shear failure within the foundation, subsurface investigations of both in 
situ soils and proposed fills for I-walls are essential to proper planning, design, and construction.  
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Accordingly, proposed I-walls will require greater quantity and quality of geotechnical 
investigations at any project phase than other wall types.   

The purpose of geotechnical investigations varies based on the project phase as set forth in 
ER 1110-2-1150, Engineering and Design of Civil Works Projects.  During project formulation, 
investigations shall be sufficient to support the selection of proposed project features.  For 
project design, geotechnical investigations shall identify the type and distribution of foundation 
materials, identify sources and characteristics of backfill materials, and determine material 
parameters for use in design/analyses.  Detailed information regarding subsurface exploration 
techniques are included in EM 1110-1-1804 and EM 1110-2-1907.  Levels of uncertainty in 
subsurface conditions including soil stratigraphy and engineering properties from existing data 
should be assessed and used to plan additional investigations at each stage of planning and 
design.  The first step in a subsurface investigation program is to review existing data so that the 
exploration program can be tailored to confirm and extend existing knowledge of subsurface 
conditions.  EM 1110-1-1804 and EM 1110-2-1913 provide detailed listings of possible data 
sources; important sources include aerial photographs, geologic maps, surficial soil maps, and 
logs from previous borings by USACE and other entities.  In the case of I-walls, study of old 
topographic maps can provide information on past riverbank or shore geometry and identify 
likely fill areas and areas of previous instability. 

The geotechnical investigation program should be prepared or reviewed by a geotechnical 
engineer with experience in soil/structure interactions.  The exploration program should be a 
cooperative effort between structural and geotechnical engineers and will require coordination 
with an engineering geologist familiar with the geology of the area. 

 b.  Site Information Requirements.  Comprehensive knowledge and a high level of 
confidence concerning subsurface conditions are critical to proper design of I-walls.  Inadequate 
subsurface data increases the level of uncertainty concerning proper selection of these critical 
design parameters.  Lower safety factors are permitted by this guidance in cases where the 
uncertainties concerning foundation conditions are reduced to a minimum.  Conversely, higher 
factors of safety are required when information and knowledge on either foundation or structure 
properties do not give a high level of confidence in design parameters.  Furthermore, I-walls 
shall not be used when consequences of failure are significant to high and the level of confidence 
in subsurface parameters is low and/or knowledge of subsurface conditions is limited.  
Categories of site information to be used to design new projects or modifications to existing 
projects are “Well-defined”, “Ordinary”, and “Limited”. 

 (1)  Well-defined site information.  This category is restricted for use in the design of 
I-walls at existing projects.  A well-defined site involves high levels of knowledge concerning 
both project design and performance history.  Accordingly, a high level of confidence must be 
attained concerning both subsurface conditions/parameters and loading conditions in order to 
qualify as a well-defined site.  Foundation stratigraphy, material parameters, and site geometry 
can be established with a high level of confidence.  Exploration and testing shall exceed the 
minimum recommended levels shown in Table 5-1 and 5-2 and these borings must reflect little 
variation in subsurface conditions so that the probability of encountering unforeseen foundation 
conditions is extremely low.   
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 (2)  Ordinary site information.  This category is applicable to design of proposed structures.  
Ordinary levels of site information shall correspond to high levels of confidence in the 
knowledge of subsurface conditions and expected design loads at a site.  Available construction 
data for existing projects must correlate closely with design computations and specifications.  
Foundation stratigraphy, material parameters and site geometry can be established with a 
reasonably high level of confidence.  Exploration and testing levels meet or exceed the 
requirements listed in Table 5-1 and 5-2.  

 (3)  Limited site information.  This category may only be applied to structures designated as 
normal (EM1110-2-2100).  I-walls serving as flood control barriers are critical structures and 
cannot be designed based on limited site information, where subsurface conditions are based on 
limited or inadequate explorations or governing load conditions cannot be established with a 
high level of confidence because of insufficient historical data on stream flow, flood potential, 
etc.  

Table 5-1 gives required minimum levels of subsurface investigations for generalized subsurface 
conditions.  These minimum levels may be composed of drilling by other agencies, but data must 
be obtained in accordance with standard such as those specified in ASTM or AASHTO 
standards.  Drilling shall be supplemented as appropriate according to further recommendations 
in subsequent sections.  Alternately, in limited cases where stratigraphy and properties are likely 
to be very consistent, mandatory investigation requirements may be relaxed by waiver.  If the 
quality or quantity of subsurface data cannot be categorized as Ordinary or Well-defined then 
additional site investigations are mandatory if I-walls are planned. 

5-3.  Drilling and Sampling. 

 a.  General.  EM-1110-1-1804 gives information regarding drilling methods that may be 
considered for projects that include I-walls.  Applicable standards for drilling, sampling, and 
handling procedures provided by the American Society for Testing and Materials (ASTM) shall 
be used to the maximum extent possible for subsurface investigations for projects involving I-
walls.  Special attention shall be given to subsurface conditions if I-walls are considered for 
additional protection atop existing levees.  Increases in vertical stress from these structures result 
in consolidation and strength gain in foundation soils, but foundation soils outside the levee 
footprint experience very little strength increase.  Therefore, investigations are essential at 
locations away from the centerline.  Where underseepage is a concern, borings should extend to 
depths that fully penetrate all pervious layers of concern. 

Where borings are taken, all processes associated with drilling, sampling, transport, and sample 
extrusion and preparation should be done in a manner that minimizes disturbance.  Care shall be 
taken in determining shear strengths of soft cohesive soils.  Larger sample sizes, sensitive Cone 
Penetration Test (CPT) equipment or specialized laboratory testing may be considered when soft 
clays are encountered. 
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Table 5-1.  Minimum Drilling and Sampling Requirements for I-walls 
 

Project Phase Soil Type Sample Type and Frequency 
Nominal Boring 

Spacing (ft)* 
Minimum Boring 

Depth 
Remarks 

Reconnaissance/Feasibility 

Soft Fine-
Grained Soils 

One Undisturbed 5” Shelby tube 
sample every 10 feet in depth 

with disturbed sampling between 
tube samples. 

500   
- clay foundations also require borings 

at both sides of levee 
Medium/Stiff 
Fine-grained 

Soils 
1000 - 3 x total height of 

protection above 
original ground, or

- Some borings should extend to 100 
feet or top of rock. 

Loose Granular 
Soils SPT method supplemented as 

appropriate with CPT data 

500 
- sand foundations also require 

borings perpendicular to protection 
Medium/Dense 
Granular Soils 

1000 
- 5 x exposed I-
wall height, or 

- Some borings should extend to 100 
feet or top of rock, whichever is less 

Preconstruction Design 

Soft Fine-
Grained Soils 

One Undisturbed 5” Shelby tube 
sample every 5 feet in depth. 

300 
- total thickness of 
soft clay layers, or 

- All clay strata must be continuously 
sampled for laboratory  testing 

Medium/Stiff 
Fine-Grained 

Soils 
500 - 50 feet 

Loose Granular 
Soils SPT method supplemented as 

appropriate with CPT data 

250  - Undisturbed sampling in clays can 
be supplemented with SPT, CPT, 
and/or geoprobes Medium/Dense 

Granular Soils 
500   

Post Construction 
Modifications to Existing 

Structures** 

Soft Fine-
Grained Soils 

One Undisturbed 5” Shelby tube 
sample every 5 feet in depth. 

100 – 250   
 
- geophysical methods shall be used, 

as appropriate  
 
- ambient groundwater levels during 

drilling shall be recorded. 
 
- Piezometric response data is required 

by installing appropriate 
instrumentation. 

Medium/Stiff 
Fine-Grained 

Soils 
250 – 500   

Loose Granular 
Soils SPT method supplemented as 

appropriate with CPT data 

100 – 250   

Medium/Dense 
Granular Soils 

250 - 500   

*   Boring Layout must be consistent with uncertainties of strata and properties. 
** For post construction activities, boring spacings shall be closer to the lower end of the range.  Closer spacing may be required to adequately assess 
specific problem areas. 
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Where possible, exploration programs should be accomplished in phases so that information 
obtained in each phase may be used advantageously in planning later phases.  The results of each 
phase are used to characterize subsurface conditions for analysis and design by developing 
idealized material profiles and assigning material properties.  For long, linear structures like 
floodwalls, geophysical methods such as seismic and resistivity techniques often provide an 
ability to rapidly define general conditions at modest cost.  In alluvial flood plains, aerial 
photograph studies can often locate recent channel filling or other potential problem areas.  A 
moderate number of borings should be obtained at the same time to refine the site 
characterization and to calibrate geophysical findings. 

 b.  Reconnaissance phase and feasibility phase exploration.  ER 1110-2-1150 states that 
explorations during planning studies must provide information at a level such that critical 
geotechnical features of candidate sites may be compared as a basis for site selection.  Boring 
data used during this project phase should extend deep enough to penetrate any materials that 
may affect wall performance.  For composite I-wall/levee systems, the exploration program shall 
be sufficient not only to design the wall but also assess the stability of the overall composite 
system.  For I-walls where underseepage is of concern, a sufficient number of the borings should 
extend deep enough to establish the thickness of any pervious strata.  The spacing of borings 
depends on the geology of the area and may vary from site to site.  Boring spacing should be 
selected to accurately define all relevant geological characteristics of the project with a high level 
of confidence.  Due to the critical nature of I-walls and their inherent lack of design redundancy, 
the number of required borings may be higher at this phase than for other proposed structures.  
Investigations shall also be sufficient to identify any troublesome foundation conditions which 
may preclude the use of I-walls.  If such conditions are found, design of flood or hurricane 
protection shall be completed using T-based flood walls, L-walls, or levees.  Such conditions 
include: 

 (1)  Normally consolidated to slightly over-consolidated soft clays, silts, or peat having SPT 
resistance less than 4 blows/foot or shear strength less than 500 psf located within 10 feet of the 
original ground surface.  

 (2)  Clean sand or gravel (less than 10% passing #200 sieve) within 5 feet of proposed sheet 
pile tip elevations. 

 (3)  Dense sand and gravel layers having SPT resistance greater than 30 blows/foot that 
could impede pile driving.   

 (4)  Buried obstructions such as tree trunks, pilings, existing structures or sunken vessels, 
construction debris, rock riprap, or stone ballast that may impede pile driving or cause damage to 
sheet piling during driving. 

I-walls are not excluded entirely from projects exhibiting any of these above subsurface 
conditions.  However, I-walls can only be substituted for other wall types or levees during 
subsequent design phases if they meet design criteria presented herein.  

 c.  Preconstruction engineering and design phase.  During this phase, explorations are 
conducted to develop detailed material profiles and quantify material parameters.  Although 
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nominal spacings are given in Table 5-1, the boring layout should be controlled by the geologic 
conditions and the characteristics of foundation soils.  Based on the preliminary site 
characterization, borings should be situated to confirm the location of significant changes in 
subsurface conditions as well as to confirm the continuity of apparently consistent subsurface 
conditions.  At this time, undisturbed samples should be obtained for laboratory testing and/or in 
situ tests should be performed. 

 d.  Construction phase.  Because I-walls used as flood control features are critical structures, 
the geotechnical engineer must have a high level of confidence in the design and constructability 
of these features.  However, additional explorations may be useful during construction of 
projects for construction management, quality management, and confirmation of critical 
subsurface parameters used for design.  This is especially true for projects containing I-
wall/levee composite systems because their stability relies on both foundation and embankment 
properties.  Drilling for construction management is performed to ensure that differing site 
conditions, if present, are handled efficiently and effectively.  Explorations for quality 
management are especially important for I-wall/levee composite systems to make sure that 
specified levels of compaction are achieved.  For confirmation purposes, additional 
investigations can be specified in construction contracts to reduce uncertainties in the knowledge 
of soil stratigraphy and properties. 

 e.  Post Construction Modification Phase.  Subsurface investigations for the modification of 
existing I-walls shall meet or exceed the minimum requirements shown in Table 5-1.  If existing 
design and construction records do not exist or cannot be located for review, supplemental 
subsurface investigations shall be completed to ensure the stability of I-walls and I-wall/levee 
systems.  Additionally, for levee/I-wall composite systems, historic test data may not reflect 
shear strength gains due to post-construction consolidation.  The geotechnical engineer may 
obtain updated data to more accurately assess existing I-walls.  Requirements in Table 5-1 shall 
not be reduced if existing I-walls have been loaded by a flood event, even if flooding reached 
design levels for the wall.  If an incident occurs or an issue arises that creates the need for 
modifications after construction, drilling and testing efforts must be sufficient to accurately 
define all soil properties needed to design and construct proposed modifications. 

5-4.  Soil Testing. 

 a.  General.  Both the quantity and quality of soil testing are essential for selecting 
engineering properties of foundation and embankment soils with a high level of confidence.  
These properties include shear strength, unit weight, permeability, compaction characteristics, 
moisture content, gradation, organic content, plasticity, and consolidation characteristics.  The 
Geotechnical Engineer shall develop a testing program that may consist of both laboratory and in 
situ testing based on details of the project and planned usage of soils as borrow material for 
structural fills. 

Index tests including visual descriptions or classifications, moisture content, Atterberg Limits, 
sieve/hydrometer analysis, and organics content shall be conducted on appropriate samples prior 
to the formulation of a shear strength, consolidation, and permeability testing program.  This test 
data is also invaluable for determining changes in foundation soil strata, suitability of borrow 
materials, and location of problematic soil zones.  The geotechnical engineer shall select the 
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appropriate amount of index tests to characterize the site with a high degree of confidence 
concerning groundwater characteristics, soil layering, and generalized soil properties.         

Shear strength parameters shall be selected for both drained and undrained loading, as 
appropriate.  When loads are applied to a soils mass more quickly than the soil can drain or 
induced pore pressures can dissipate, the water in the soil mass bears this additional load and the 
effective stress on the soil particles is relatively unchanged.  Since there is no increase in 
effective stress on the soil mass, the shear strength remains unchanged.  This condition is 
referred to as undrained loading, and it represents a short-term condition.  In time, excess pore 
pressures will dissipate within the soil mass and the effective stress on the soil particles 
increases, which produces an increase in shear strength.  This loading is termed drained loading 
and reflects long-term conditions. 

The permeability of soils can be highly variable both between and within soil layers, and soil 
permeability plays a key role in the development of uplift pressure and exit gradients during 
transient loading conditions associated with flood walls.  Permeabilities of soils can be 
determined from slug and pumping tests in piezometers and wells or laboratory tests of 
undisturbed samples.  The permeability of sands can be roughly estimated from sieve analysis 
data from disturbed sample testing as prescribed in TM 5-818-5, although these correlations can 
be inaccurate if samples are nonrepresentative or if fines are present.  Falling or rising head, 
constant head, and lag tests can be performed on piezometers or wells.  Lag test procedures for 
piezometers are discussed in EM 1110-2-1908.  Pumping tests are the traditional method for 
determining permeability of sand or gravel strata.  For details of pumping tests and analyses, 
refer to TM 5-818-5.  Pumping tests are advantageous because they can give more accurate 
results than other testing methods.  However, accuracy relies heavily on the quality of well 
construction and proper test performance.  Pump tests are also more expensive than other test 
methods, and results may only be accurate for a small area in the vicinity of the test.  The 
geotechnical engineer shall use any or all appropriate test methods to determine the permeability 
of all layers of the soil column with a high level of confidence.  Because the variation in 
permeability is much greater in coarse-grained soils, laboratory tests shall be supplemented with 
in situ tests unless the variation in laboratory test results is less than a factor of 5. 

The parameters required to perform settlement analyses are obtained from consolidation tests.  
Consolidation test procedures are given in EM 1110-2-1906, Laboratory Soils Testing.  Loads 
used during consolidation testing shall exceed the preconsolidation pressure of the soil sample as 
well as the expected loadings on the structure by at least three load increments unless excessive 
extrusion occurs between the top porous stone and the consolidometer ring on addition of a load 
increment.  For expansive soils, a modification of the standard consolidation test described as a 
controlled expansion-consolidation test (CEC test)” or soil suction tests can be used to estimate 
swell.  Swell, simplified swell pressure tests and index correlations based on these shall not be 
used to develop parameters for modeling expansive soil heave.  These are sometimes erroneously 
used in an attempt to define expansive pressures and swell index since these tests are generally 
much cheaper than the CEC tests.  These may underestimate the swell pressure and always 
grossly underestimate the swell index compared to CEC tests and back-calculated values using 
1-D ‘mechanical’ numerical models.  If the minimum required testing shown in Table 5-2 does 



EC 1110-2-6066 
1 Apr 11 
 

5-8 

not yield sufficient information to select consolidation parameters for all layers in the soil 
column, additional tests shall be performed prior to final design.    

 b.  Coarse-grained Materials (cohesionless soils).  Coarse-grained materials such as sands, 
gravels, and nonplastic silts are sufficiently pervious that excess pore pressures do not develop 
when stress conditions are changed.  Because of the difficulty of obtaining undisturbed samples 
of coarse-grain soils, properties such as unit weight, shear strength, and permeability are difficult 
to obtain accurately by laboratory testing.  These parameters are usually selected from in situ test 
results or inferred from correlations based on disturbed drilling and testing data.  Because 
seepage through sand layers shall be assessed during design of I-walls, tests to estimate 
permeability of these layers are essential.  Such tests may be performed in the laboratory, but can 
be sensitive to disturbance or remolding.  In situ tests such as pump tests or lag tests can give 
more accurate estimates of the permeability of granular soils.   

 c.  Fine-grained materials (cohesive soils).  Testing of fine-grained materials such as clays 
and plastic silts is needed to accurately estimate parameters that include shear strength, unit 
weight, maximum density and optimum moisture content, plasticity, organic content, and 
consolidation parameters.  Both laboratory and in situ field tests should be used to select these 
parameters for all pertinent soil layers and borrow materials.   

 d.  Laboratory Testing.  Procedures for laboratory testing of soils are described in EM 1110-
2-1906.  Many of these tests have been adopted as standardized procedures by the American 
Society for Testing and Materials (ASTM).  Discussions on the use of laboratory tests in EM 
1110-1-1804, Geotechnical Investigations and EM 1110-2- 1913, Design and Construction of 
Levees also apply to I-wall design.  Classification and index tests (water content, Atterberg 
limits, grain size) shall be performed on most or all samples and shear tests should be performed 
on selected representative undisturbed samples.  Where settlement of fine-grain foundation 
materials is of concern, consolidation tests shall be performed.  The internal friction angle (φ) 
and cohesion (c), which express the shear strength properties of soils, are not intrinsic material 
properties but rather are parameters that depend on the applied stresses, the degree of 
consolidation under those stresses, and the drainage conditions during shear.  Consequently, their 
values shall be based, as much as possible, on laboratory tests that appropriately model these 
conditions as expected in the field.  Table 5-2 gives minimum requirements for laboratory testing 
of in situ soils and fills for I-wall design. 

 e.  In-Situ Testing of Foundation Materials.  For designs involving coarse-grain foundation 
materials, undisturbed sampling is usually impractical and in situ testing is the only way to 
obtain an estimate of material properties other than pure assumption.  Even where undisturbed 
samples can be obtained, the use of in situ methods to supplement laboratory testing may lower 
costs, increase the quantity of test data, and provide test data for in situ stress states within the 
soil mass.  In situ tests include the Standard Penetration Test (SPT), the Cone Penetration Test 
(CPT), the pressuremeter test (PMT), pumping tests, vane shear tests, and others.  These tests are 
described in EM 1110-2-1804, Geotechnical Investigations and TM 5-818-5, Dewatering and 
Groundwater Control.  The Geotechnical Engineer must become familiar with these test 
procedures in order to maximize the quantity and quality of subsurface data. 
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Table 5-2.  Minimum Laboratory Soil Testing Requirements for I-walls 
 

Project Phase Soil Type Test Frequency 

Reconnaissance/Feasibility 

Fine-grained 
Soils 

UU and/or CU 
Triaxial 2 tests per soil 

strata per 10 ft 
thickness 

Specific Gravity 

Atterberg Limits 

Consolidation 1 test per strata 

Granular Soils 
Sieve Analysis 

1 test per soil 
strata per 10 ft 
thickness 

Permeability 
1 test per strata 
per boring 

Preconstruction Design 

Fine-grained 
Soils 

UU and/or CU 
Triaxial 3 tests per soil 

strata per 10 ft 
thickness 

Specific Gravity 

Atterberg Limits 

Consolidation 
1 test per strata 
per 10 ft thickness 
in each boring 

Granular Soils 
Sieve Analysis 

1 test per strata 
per 10 ft thickness 
in each boring 

Permeability 
1 test per strata 
per boring 

 Post Construction Modifications to 
Existing Structures 

Fine-grained 
Soils 

UU and/or CU 
Triaxial 3 tests per soil 

strata per 10 ft 
thickness 

Specific Gravity 

Atterberg Limits 

Consolidation 
1 test per strata 
per 10 ft thickness 
in each boring 

Granular Soils 
Sieve Analysis 

1 test per strata 
per 10 ft thickness 
in each boring 

Permeability 
1 test per strata 
per boring 

 
NOTES: 
1. Standard Proctor compaction testing required on impervious borrow material during Planning 
and Design Phases 
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2. UU tests on partially saturated clays must be tested without back pressure saturation.  
3. In situ tests shall be performed in strata where sample disturbance is high 
4. Triaxial shear consolidation pressures must be similar to expected loads from structures 
5. During CUPP tests, pore pressure must be measured to assess effective stresses during shear 
6. Final consolidation test pressures must exceed the soil's preconsolidation pressure 
7. Hydrometer analysis required when fine-grained fraction greater than 20% 
8. Other types of shear strength tests may be used to supplement, but not replace, the testing 
listed above. 
9. Numbers of tests may be decreased by waiver if test results are deemed inapplicable based on 
experience concerning controlling loading conditions. 
10. Organic Content tests shall be conducted, if applicable, on borrow material. 
11. More frequent testing may be required in areas and strata that are critical to proper design and 
construction of modifications. 

 

5-5.  Selection of Soil Parameters. 

 a.  General.  Proper selection of shear strength, unit weight, consolidation, and permeability 
parameters is critical for design of I-wall systems.  The geotechnical designer shall select these 
parameters carefully for each layer in the soil column.  Shear strength parameters used in I-wall 
analyses should be selected with due consideration of factors such as sample disturbance, stress-
strain behavior and compatibility, possible variations in compaction water content and density of 
fills, anisotropy, loading rate, creep effects, and possibly partial drainage.  The selection and 
application of material properties for analyzing the stability of slopes are discussed in EM 1110-
2-1902 and EM 1110-2-1913 as well as the following paragraphs. 

Shear strengths of fill materials for new construction should be based on tests performed on 
laboratory compacted specimens.  The specimens should be compacted at the highest water 
content and the lowest density consistent with specifications.  Shear strengths of existing fills 
should be based on the laboratory tests performed for the original design studies if they appear to 
be reliable, on laboratory tests performed on undisturbed specimens retrieved from the fill, 
and/or on the results of in situ tests performed in the fill.  Shear strengths of natural materials 
should be based on the results of tests performed on undisturbed specimens, or on the results of 
in situ tests.  Selection of shear strengths for clays from correlations to penetration resistance or 
Atterberg Limits data is not acceptable for design of I-walls or I-wall/levee composite systems 
unless there is a large amount of knowledge concerning the regional and site geology and a small 
amount of variation in soil strata and properties.  Sands, however, cannot be tested without a 
large amount of disturbance so their shear strength parameters can be selected from such 
correlations. 

When selecting shear strength parameters, the engineer must consider the stress-strain behavior 
of in situ soils and fills.  Generally, stiff clays and shales, dense sands, and clays compacted at or 
below optimum water content exhibit brittle behavior characterized by a pronounced peak shear 
strength at relatively small strains and a significant decrease in shear strength at further strains.  
Alternately, soft clays, loose sands, and clays compacted above optimum water contents exhibit 
ductile behavior characterized by a slower development of shear strength with strain, with peak 
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strength reached at larger strains.  Peak shear strengths for brittle soils are unconservative and are 
inappropriate for projects that involve both ductile and brittle soils. 

Strain compatibility is also an important consideration when selecting shear strength parameters.  
Where laboratory tests reveal a disparity in strain at failure between layers, the engineer shall use 
the same strain failure criterion for all soils when determining shear resistance at failure in order 
to select shear strength parameters.  Appendix D of EM 1110-2-1902 shall be used as guidance 
for the selection of failure criteria to determine design shear strength parameters. 

Where earthen embankments exist in conjunction with the I-wall, the geotechnical engineer shall 
account for potential variations in shear strength between the centerline of the embankment and 
toe of the embankment.  At the centerline of the embankment, the weight of the embankment 
materials will likely cause additional consolidation of the foundation materials compared to the 
toe of the embankment.  Thus, additional exploration and testing may be required such that shear 
strength parameters can be selected with high levels of confidence at both the toe and centerline 
of the levee.    

Reliability of design is a result of both the conservativeness used in the selection of parameters 
and the safety factors used in design.  If selected parameters are less conservative, safety factors 
must be raised to yield the same level of feature reliability.  In the past, undrained shear strength 
parameters of clays have been selected at or below the thirty-third percentile of laboratory test 
results, while long-term shear strength parameters equal to 90% of expected or average values 
have been selected for coarse-grained soils.  These reductions accounted for uncertainties in 
accuracy of either laboratory or in situ test data.  Safety factors used in design or analysis 
calculations were selected based on the levels of conservativeness used in parameter selection to 
produce designs with desired levels of reliability based on years of experience and performance 
data.  The engineer is now encouraged to employ probabilistic methods to select these 
parameters.  More specifically, the engineer shall compile test data and select shear strength 
values corresponding to 0.5 standard deviations below the mean.  Parameters selected by this 
new method should be similar to those selected historically using the thirty-third percentile 
approach, so design with existing safety factors will result in comparable project reliability.  If 
the amount of subsurface data is insufficient to accurately determine their probability distribution 
function, a normal or log normal distribution should be assumed to select these parameters.  For 
settlement analyses, mean values of consolidation parameters from test data shall be used.  
Seepage calculations shall be completed using permeability values that are 0.5 standard 
deviations above the mean value for granular soils.   

 b.  Coarse-grained materials (cohesionless).  The shear strength of coarse grain soils such as 
sands, gravels, and nonplastic silts vary depending predominately on particle shape, gradation, 
and relative density.  Because of the difficulty of obtaining undisturbed samples of coarse-grain 
soils, properties such as unit weight, shear strength, and permeability are difficult to obtain 
accurately by laboratory testing.  These parameters are usually selected from in situ tests or 
inferred from correlations based on disturbed drilling, sampling, and testing data.  Tables such as 
those included in EM 1110-2-2504, Design of Sheet Pile Walls and NAVFAC DM 7.1, Soil 
Mechanics show approximate relationships between relative density, standard penetration 
resistance (SPT), angle of internal friction, and unit weight of granular soils.  The engineer shall 
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assess the deviation in these parameters based on the variations in SPT data within each granular 
layer in the soil column. 

 c.  Fine-grain materials (cohesive soils).  The shear strength of fine-grain materials, such as 
clays, clay shales, and plastic silts, is considerably more complex than coarse-grain soils.  The 
behavior of these soils is discussed in detail in EM 1110-2-1902, Slope Stability numerous 
published texts.  The geotechnical engineer must have a good understanding of the behavior or 
these soils in order to accurately select representative shear strength parameters. 

 d.  Wall Friction and adhesion. EM 1110-2-2504 discusses  friction between cohesionless 
soils and steel or concrete and recommends interface friction angle (δ) values based on work by 
Potyondy (1961) and others.  Adhesion between cohesive soils and sheet piling has also been 
investigated and estimated for use in I-wall rotational stability calculations.  Based on Post-
Katrina performance assessment results, interface friction and adhesion between soil and sheet 
piles may still be used in rotational stability calculations in accordance with published guidance.  
However, adhesion should not be applied to the flood side of the wall in analysis or design for 
short-term conditions. 

5-6.  Mandatory Requirements. 

 a.  Site Condition Characterization.  The Geotechnical Engineer shall review existing 
subsurface investigations, as well as construction and operations records if applicable, to 
determine the site condition category for projects that involve I-walls. 

 b.  Subsurface Drilling and Sampling.  Drilling shall meet or exceed the minimum 
requirements set forth in Table 5-1.  Furthermore, if the quantity or quality of drilling and testing 
do not yield a high level of confidence in subsurface conditions, the geotechnical engineer shall 
plan and execute additional investigations.  During project formulation, investigations shall be 
sufficient to support the selection of I-walls as project features.  If suitable levels of confidence 
in subsurface conditions cannot be attained during this project phase, I-walls shall not be 
considered in lieu of other types of protection features such as levees or flat-based walls.  
Investigations shall also be sufficient to identify any troublesome foundation conditions which 
may preclude the use of I-walls in flood risk management projects.  Exploration efforts for 
modifications to I-walls must be sufficient to accurately define all soil properties needed to 
analyze the areas of concern, develop rehabilitation alternatives, and design and construct 
selected modification features. 

 c.  Soil Testing.  The geotechnical engineer shall select the appropriate amount of tests to 
characterize the site with a high degree of confidence concerning groundwater characteristics, 
soil layering, and generalized soil properties.  Soil testing quantities shall meet or exceed the 
minimum requirements set forth in Table 5-2.  Test data shall be evaluated with proper 
consideration to strain compatibility between soil types and stress/strain behavior of soils.   
Borrow material shall be compacted at the highest water content and the lowest density 
consistent with specifications for accurate shear strength and consolidation testing.  

 d.  Parameter Selection.  Sufficient subsurface data shall be obtained so that the knowledge 
of soil parameters is high.  Shear strength parameters should be selected at least 0.5 standard 
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deviations below the mean.  Consolidation parameters for design should be the average values 
from test data.  The engineer should select permeability values for sands and gravels that are 0.5 
standard deviations above the mean.  Wall friction and adhesion shall be no greater than 50% of 
the internal friction angle and cohesion, respectively. 
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CHAPTER 6 

I-wall Design 

6-1.  Introduction. 

 a.  General.  Findings from the IPET studies conducted after Hurricane Katrina determined 

that the four major I-wall breaches, three in the outfall canals and one on the IHNC, occurred 

prior to overtopping.  These failures were a result of foundation instability due to formation of a 

gap between the sheet piling and the adjacent soils on the flood side of the I-wall.  Breaches 

resulting from failures of this type occurred at the 17th Street Canal and the Inner Harbor 

Navigation Canal (IHNC), where the failure occurred in weak foundation clay, and at two 

locations on the London Avenue Canal, where the instability resulted from intense seepage and 

high uplift water pressures in the sand foundation. 

Lessons learned from these findings are that a broad range of potential failure modes should be 

considered for the floodwall design criteria.  It was also learned that I-walls should be designed 

to be stable, with a gap between the I-wall and the soil/levee on the water side of the wall, with 

hydrostatic pressure acting through the depth of the gap.  These conditions led to failure modes 

that should be included during design.  Other potential failure modes of cantilever sheet pile 

walls are discussed in EM 1110-2-2504.  The basic intent of the new guidance specified herein is 

summarized below: 

 (1)  Categorize each loading condition as usual, unusual, or extreme based on annual 

probability of exceedance. 

 (2)  Provide a consistent set of minimum required safety factors for design of I-walls and I-

wall/levee composite systems for the well defined, ordinary and limited site information (not 

permitted) categories which account for loading probability, structure criticality, and the natural 

uncertainties in site information used in the analysis. 

 (a)  Higher minimum required safety factors account for the natural variation of the soils 

and the uncertainties associated with the hydrologic, hydraulic, survey and datum information for 

the ordinary site information category. 

 (b)  Lower minimum required safety factors are permitted when there is a high degree of 

confidence in the knowledge of the natural variation of the soils and the uncertainties associated 

with the hydrologic, hydraulic, survey and datum information.  This is synonymous with the well 

defined site information category. 

 (c)  Design of I-walls and I-wall/levee composite systems are not permitted for the limited 

site information category. 

 b.  Coordination.  The analysis of these loading conditions shall be performed with input 

from all disciplines.  It is necessary to determine hydrostatic loads consistent with water levels 

determined by hydraulic engineers.  Geotechnical engineers and geologists must provide 

information on properties of foundation materials, and must use experience and judgment to 
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predict behavior of complex foundation conditions.  To ensure that the proper information is 

supplied, it is important that those supplying the information understand how it will be used in 

the design.  To ensure that the information is applied appropriately, it is important that the 

designer understand methods and assumptions used to develop this interdisciplinary data into an 

integrated package that accounts for all the lessons learned. 

 c.  Site Information Categories.  For information pertaining to site information categories 

associated with flood risk management projects, refer to paragraph 2-8.  For special site 

considerations, see paragraph 4-3. 

 d.  Performance Requirements.  The structural and foundation components of the I-wall or 

I-wall/levee composite system shall include the potential formation of a gap on the flood side of 

the wall in the analysis, shall be adequately stable to minimize deflections of the entire system 

during the authorized design storm event, and shall provide for ease of operation and 

maintenance during that storm event.  For water levels that exceed the authorized design storm, 

the structural and foundation components shall have resilience or toughness to ensure survival 

without catastrophic failure and the uncontrolled release of flood waters.  The concepts of 

redundancy and resilience are discussed in paragraph 2-11; the concept of toughness is discussed 

below.  

Toughness is the capacity of a component, unit or system to withstand an extreme overload event 

that results in extensive permanent deformation, damage or cumulative degradation but does not 

lead to catastrophic failure and/or uncontrolled flooding.  Time to rehabilitate or replace the 

damaged component, unit or system may be significant.  Graphically, toughness is described as 

the area below the force/deformation curve as shown in Figure 6-1.  Examples of resilience and 

toughness are discussed in 6-9a(2) and 6-9a(3). 

 e.  Design of Modifications to Existing I-Walls.  The minimum required safety factors 

provided in this EC are based on established engineering practice for explorations, testing and 

analysis.  When the stability of an existing I-wall is in question, a phased, systematic approach to 

assessing stability should be performed before any remedial actions are undertaken to improve 

stability.  This systematic approach is described in Appendix B and Appendix C.  Site 

information used for evaluating existing structures may also be appropriate for designing 

modifications to existing structures if adequate foundation explorations and testing were 

performed, and if appropriate hydraulic and geodetic data and operating records are available.  

For additional information on explorations required for designing modifications to existing I-

walls refer to paragraph 5-3.e and Tables 5-1 and 5-2.  The load conditions used to design 

modifications to an existing I-wall should include all the cases in Table 6- 2, and should be 

carefully checked to make sure that what was considered as a usual load condition for the 

original design is not, once the return periods of the loadings are examined, an unusual or 

extreme load condition.  Design of modifications to existing I-walls should use analytical 

methods which accurately capture the fundamental behavior of the I-wall/levee system.  If 

necessary, refer to paragraph 1-5 for the procedure to request a waiver to the I-wall design 

criteria given herein. 
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Figure 6-1.  Shaded Area of Force/Deformation Curve Representing Toughness 

6-2.  Failure Modes. 

 a.  General.  Potential failure modes of cantilever sheet piling walls are discussed in EM 

1110-2-2504 (USACE 1994).  As previously defined, an I-wall is a slender cantilever wall, 

embedded in the ground or in an embankment that rotates when loaded and is thereby stabilized 

by reactive lateral earth pressures.  Lessons learned from Hurricane Katrina indicate that 

formation of a flood side gap between the sheet piling and the foundation soils can significantly 

contribute to poor performance of I-walls in global stability, may increase seepage and uplift 

problems, and can increase lateral loads on the I-wall requiring greater piling tip penetration to 

ensure stability.  These conditions lead to failure modes that should be included during design. 

 b.  Deep-Seated (Global) Failure.  I-walls are used as floodwalls on existing grade or as an 

I-wall/levee composite system (Figure 6-2 and Figure 6-3).  I-walls can also serve as both a 

retaining wall and a flood barrier (Figure 6-4).  Depending on the application, I-walls are subject 

to different global stability failure mechanisms.  Failure of an I-wall and embankment slope 

towards a river or canal may be a concern during low water levels, but failure toward the 

protected side must be considered during high water levels.  Figure 6-5 (edited from IPET 2007, 

Fig. 4-11) depicts a rotational failure surface for loading on an I-wall without a gap forming on 

the flood side at high water level.  Figure 6-6a (edited from IPET 2007, Fig. 4-12) depicts a 

rotational failure surface for loading on an I-wall with a gap forming on the flood side of the I-

wall at high water level.  Figure 6-6b (edited from IPET 2007, Fig. 6-38) also represents 

potential failure surfaces for loading an I-wall with a gap and shows the large shear strains in the 

finite element analysis of the failure at the 17
th

 St. Canal.  It should be noted that two distinct 
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failure planes are developing – a noncircular, shallow failure surface and a circular, deep failure 

surface.  However the shallower failure plane was the most critical for the 17
th

 St. Canal and also 

matched the slip surface observed at the breach.  The finite element analysis indicates that a 

deep, more circular failure surface is also possible depending on the site geology.  Formation of a 

gap may lower global stability safety factors and therefore should be analyzed in the design.  

However, designers have found that some ground geometry and soil properties yield lower safety 

factors when a no gap condition is analyzed.  Accordingly, global stability analyses shall also be 

conducted without using a gap between sheet piling and soil. 

When I-wall/levee composite systems are proposed, global stability of the levee and riverbank 

must also be addressed.  As discussed later in this chapter, sheet piling associated with I-walls 

can act as reinforcement within the embankment and enhance global stability.  Until further 

research is done to quantify the additional stresses imposed on I-wall sheet piling within 

embankments, the geotechnical engineer shall design embankment portions of I-wall/levee 

composite systems in accordance with EM 1110-2-1913, Design and Construction of Levees, 

excluding any reinforcing effect of the sheet piling.  These analyses shall be done in addition to 

all other required global stability analyses presented herein.     

 c.  Rotation Failure Due to Inadequate Piling Penetration.  Classical earth pressure theories 

are typically used to estimate lateral earth loads and required piling penetration for cantilever 

walls.  Lateral soil and/or water pressures exerted on the wall tend to cause rigid body rotation of 

a cantilever wall as illustrated in Figure 6-7.  This type of failure is prevented by adequate 

penetration of the piling for the cantilever wall.  If a gap forms on the flood side, then both the 

force and resistance are reduced and therefore the overturning moment increases, not decreases.  

For cases without a gap, the I-wall rotates about a point above the piling tip, but if a gap forms 

then the point of rotation shifts downward toward the piling tip thereby reducing the lower 

(kickback) portion of the pressure diagram.  The point about which the piling rotates will also 

translate laterally as the embankment or river bank deforms under the flood loading.  The 

deformations will be small (a few inches or less) if the piling is embedded in an embankment or 

river bank that is stable.  These small lateral translations of the piling should be compatible with 

differential translations between adjacent I-wall monoliths of less than one inch.  Larger 

translations (several inches or more) should be consistent with the behavior of an unstable 

embankment or river bank. 

 d.  Seepage.  The formation of the flood side gap allows the development of a hydrostatic 

load condition that may extend to the piling tip in cohesive soils.  The formation of the gap can 

also shorten the effective seepage path in walls with pervious foundations or in situations of 

extended loading periods may induce steady state seepage conditions.  In these cases the IPET 

report identifies failures associated with global instability, seepage, uplift and piping problems, 

and possible combinations of seepage induced instability.  These failure modes were exacerbated 

by the development of the flood side gap. 
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Figure 6-2.  Basic I-wall configuration on natural ground 

 

Figure 6-3.  I-wall/levee composite system used to increase the degree of protection 
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Figure 6-4.  I-wall used as a retaining wall and floodwall 

 

Figure 6-5 (from IPET 2007).  Global stability of an I-wall used as part of a levee enlargement 
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Figure 6-6a (from IPET 2007).  Global stability of an I-wall incorporating a flood side gap from 

limit equilibrium analysis 

 

Figure 6-6b (from IPET 2007).  Global stability of an I-wall incorporating a flood side gap from 

finite element analysis showing potential slip surfaces 

Deeper, 
Circular Failure 
Surface 

Shallow, Noncircular 
Failure Surface 
(most critical) 
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Figure 6-7.  Rotational failure due to inadequate pile tip penetration 

6-3.  Loads and Loading Conditions. 

 a.  Loads.  The loads governing the design of an I-wall arise primarily from the water loads 

applied to the I-wall stem, buried sheet piling and foundation soils.  Other loads applied to I-wall 

systems include impact, ice, and wind forces.  Current methodologies for determination of these 

loads are discussed in EM 1110-2-2504, Design of Sheet Pile Walls.  The most recent earthquake 

guidance is given in ER 1110-2-1806, Earthquake Design and Evaluation for Civil Works 

Projects.  This EC provides updated guidance for determination of the following loads as they 

relate to design of I-walls: 

 Effects of Gap Formation on Hydrostatic Loads. 

 Static and Dynamic Water (Wave) Loads. 

 Seepage and Piping. 

 Joint Occurrence of Loads. 

 b.  Water Loading Conditions. 

 (1)  General.  For designing I-walls, all water loading conditions should be consistent with 

the hydrologic information used to formulate and select the alternative plan that reasonably 

maximizes the expected net benefits, plus any approved increments, according to the provisions 

of ER 1105-2-101.  Hydraulic engineers determine these flood protection requirements by 

explicitly considering the full range of uncertainty in a probability and uncertainty analysis.  The 
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concepts of freeboard and level of protection are no longer used.  A typical flood hazard curve, 

which graphically shows the median flood level and the top of containment (TOC) in terms of 

the median return period, is illustrated in Figure 6-8.  The TOC is an index elevation that 

incorporates the hydrologic and hydraulic uncertainties (but not all other uncertainties) and is 

used to compute the expected annual damage and performance metrics such as the annual 

exceedance probability and appropriate assurance (Conditional Non-Exceedance Probability).  

See paragraph 4-11 for discussion on assurance.  For almost all I-walls the top of the wall will be 

above the TOC to account for the uncertainties due to regional subsidence, local settlement and 

superiority for controlling overflow.  Both water levels should be provided by the hydraulic 

engineer.  The median water level is used for the design water level and the TOC water level is 

included in the overtopping loading conditions.  The flood elevations in Figure 6-8 for a 100 year 

return period are a median value of approximately 9.5 feet and a TOC value of approximately 

11.5 feet.  For design of new I-walls or modifications to existing I-walls authorized for a specific 

level other than the NED, the water level conditions should be consistent with the hydrologic 

information, planning policy and project authorization that were in effect during the project 

formulation and design.  For special site considerations, see paragraph 4-3. 

 

 

Figure 6-8.   Typical Flood Hazard Curve 

 (2)  Coincident Pool (CP).  Coincident pool represents the water elevation that should be 

used in combination with seismic events, wave or other events.  For seismic events, it is the 

elevation that the water is expected to be at or below for half of the time during each year. 
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 (3)  Normal Operation (NO).  In the past, a normal operation loading condition has been 

used to describe loadings with various probabilities of occurrence, including rare events with 

long return periods.  To be consistent with Table 6-1, normal operating conditions are now 

defined as maximum loading conditions with a return period of no more than 10 years (annual 

exceedance probability of 10%).  For some I-walls, this means that there might be no water loads 

on the structure for normal operation.  Water loads defined by the normal operation loading 

condition are sometimes combined with other types of events (such as wave impacts). 

 (4)  Design Water Level (DWL).  The DWL is always the water level at which full benefits 

are accounted for in the cost-benefit analysis.  For designing I-walls in projects that are 

formulated according to the provisions of ER 1105-2-101, the DWL is the median water level.  

For existing I-walls, the Phase II Evaluation Guidance (Appendix C) states that the walls should 

be analyzed for water to the top of the wall, but that is not the DWL.  In most cases, the DWL is 

an unusual event.  See paragraphs 6-3b(6) and 6-3b(7) for other loading conditions that provide 

resilience or toughness criteria to account for overload water levels. 

 (5)  Probable Maximum Flood (PMF).  The probable maximum flood (PMF) is one that has 

flood characteristics of peak discharge, volume, and hydrograph shape that are considered to be 

the most severe reasonably possible at a particular location, based on relatively comprehensive 

hydro-meteorological analyses of critical runoff-producing precipitation, snow melt, and 

hydrologic factors favorable for maximum flood runoff.  The PMF load condition represents the 

most severe hydraulic condition, but because of possible overtopping effects, it may not 

represent the most severe structural loading condition, which is represented by the Onset of 

Overtopping (OVT1).  Therefore, the PMF condition will not necessarily be examined for 

design. 

 (6)  Onset of Overtopping (OVT1).  The Onset of Overtopping loading condition represents 

a rising river with the water elevation at or above
1
 the top of the wall.  The water level or 

saturation level on the protected side should be based on project specific hydrology and 

hydraulics, and existing interior drainage features and projected overtopping flows, but will 

likely be at the top of ground.  This loading condition is usually the maximum differential 

loading condition. 

The performance requirement for the Onset of Overtopping loading condition is that the I-wall 

shall resiliently survive the loading with minimal permanent deflection.  The I-wall shall serve 

its intended design purpose with only minor repairs after the flood event.  Resilience is to be 

ensured by providing minimum required safety factors for structural strength, rotational stability, 

slope stability and seepage. 

 

 (7)  Design Overtopping Level (OVT2).  The Design Overtopping Level loading condition 

is a resilience and/or toughness analysis and corresponds to a water level at or above the top of 

the wall.  The Design Overtopping Level (OVT2) water level shall be based on projected 

                                            
1
 This maximum differential loading condition only occurs for river stages above the top of the wall in very rare 

instances for either of the following conditions: 1) rising river where the rate of rise is greater than filling rate of the 

protected area or, 2) falling river where the rate of fall is less than emptying rate of the protected area. 
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overtopping flows during unusual or extreme events.  The water level or saturation level on the 

protected side should be based on project specific hydrology and hydraulics, and existing interior 

drainage features and projected overtopping flows, and will likely be above the top of ground.  

The water level associated with the OVT2 should be classified as unusual or extreme per Table 

6-1 based on its return period. 

The performance requirements for the Design Overtopping Level (OVT2) event are discussed in 

the following paragraphs: 

 (a)  Developed Areas.  The performance requirement for the Design Overtopping Level 

loading condition is that the I-wall shall resiliently survive the loading with minimal permanent 

deflection.  The I-wall shall serve its intended design purpose with only minor repairs after the 

flood event.  Resilience is to be ensured by providing minimum required safety factors for 

structural strength, rotational stability, slope stability and seepage. 

 (b)  Major Metropolitan Areas.  The performance requirement for the Design Overtopping 

Level is that the I-wall shall survive the loading without suffering catastrophic failure.  

Significant damage to the I-wall may occur, and significant repairs to or replacement of the I-

wall are to be expected.  Resilience or toughness is to be ensured by providing minimum 

required safety factors for structural strength, rotational stability, slope stability and seepage.  

The degree of resilience or toughness required to withstand overtopping and sustain the levee 

and floodwall grades shall be based on existing interior drainage features and projected 

overtopping flows during unusual or extreme events respectively.  Measures to incorporate 

resilience or toughness into the design of the I-wall are discussed in the following paragraphs: 

  Inland I-Walls.  Provide continuous superiority over the length of the project to limit 

flow over the I-wall to the controlled overtopping section.   Provide scour protection on the 

protected side of the overtopping section.  Development of a plunge pool on the protected side of 

the I-wall can also reduce the erosive effects of water impacting on the protected side of the wall.  

Resilience or toughness for OVT2 shall be analyzed for the minimum I-wall height expected 

during its service life. 

 

  Coastal I-Walls.  Due to the uncertainty associated with wave overtopping rates and 

locations, scour protection for coastal I-walls should be provided along the entire length of the I-

wall for the still water level plus wave heights.  To determine what additional measures are 

required to ensure resilience or toughness, detailed analyses shall be performed to account for 

regional subsidence and localized settlement for 1.) the maximum wall height the day after 

construction completion and 2.) the minimum wall height at the end of the service life of the I-

wall.  Wall stability and resilience or toughness shall be analyzed using the following wave and 

overtopping loads during the design process. 

 

  Wall stability shall be analyzed using the static and dynamic breaking wave load for the 

extreme significant wave height (with associated peak wave period, for normal incidence) 

occurring at the unusual still water level.  If the extreme wave height exceeds the local depth-

limited wave height, use the depth-limited value.  For mildly sloping areas, in interior sheltered 

areas, compute the depth-limited wave height as 0.4 times the water depth at the wall.  For 
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steeper sloped areas along the open coast, compute the depth-limited wave height as 0.6 times 

the water depth at the wall.  Wall stability shall be analyzed for the maximum I-wall height 

expected during its service life.  If the extreme water level is lower than the top of wall, the 

analysis shall be made with the still water level at the top of wall. 

 

  Wall stability shall be analyzed using the static and dynamic breaking wave load for the 

unusual significant wave height (with associated peak wave period, for normal incidence) 

occurring at the extreme still water level.  Wall stability shall be analyzed for the maximum I-

wall height expected during its service life.  If the extreme water level is lower than the top of 

wall, the analysis shall be made with the still water level at the top of wall. 

 

 c.  Joint Occurrence of Loads.  Here is a simple way to begin evaluating the relative 

likelihood and significance of two dissimilar, but coincident, events impacting the performance 

of an I-wall and levee system, and to begin comparing the importance of coincident, lesser 

hazards to singular, remotely probable and seemingly catastrophic hazards.  If two or more 

independent loads are to be applied to the wall which occur randomly by nature and have a mean 

occurrence rate and mean duration, a probabilistic approach using a Poisson process should be 

used to determine if the load combination is appropriate.  Examples of these types of loads may 

be earthquake, flood, wave, wind, or impact.  If the loads act completely independent of one 

another such as the case of an earthquake and a flood, the following equations should be used to 

estimate the mean rate of joint occurrence: 

 λ12 = λ1λ2 ( 1 + 2) (1) 

 λ10 = λ1 - λ12  (2) 

 λ02 = λ2 - λ12 (3) 

Where λ1 and λ2 are the mean rates of occurrence of the two loads being considered, 1 and 2 are 

the corresponding durations, and λ12 is the mean rate of joint occurrence.  λ10 is the mean rate of 

occurrence of event 1given event 2 does not occur. λ02 is the mean rate of occurrence of event 2 

given event 1 does not occur.  For comparison purposes, equations (2) and (3) show the mean 

rate of occurrence of each load in the absence of the other.  For a rare loading event 2, λ1 and λ10 

are approximately equal. 

The following examples illustrate how this process is applied.  For the first example, load 1 is a 2 

year coincident pool (no flood) event which lasts for 183 days and load 2 is the Operational 

Basis Earthquake (OBE) which lasts for about 1 minute with negligible aftershocks. 

 λ1 = 1/2 = 0.5 / year   (Units for all λ are “events per year”) 

 1 = 183 days = 0.5 year 

 λ2 = 1/144 = 0.006944 / year 

 2 = 1 minute = 1.903x10
-6

 year 
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 λ12 = (0.5) (0.006944) (0.5 + 1.903x10
-6

) 

 λ12 = 1.736x10
-3

 / year   (Approximate return period of 576 years) 

Therefore 

 λ10 = λ1 - λ12 = 0.5 / year – 1.724x10
-3

 / year = 0.4983 / year  

 λ02 = λ2 - λ12 = 0.006944 / year – 1.724x10
-3

 / year = 0.0052 / year 

In this example the mean rate of joint occurrence (580 years) is an unusual loading condition and 

therefore the performance requirement for the I-wall is that it must survive the coincident pool 

and seismic event with only minor damage and disruption of service to make cosmetic repairs. 

For the next example load 1 is a 10 year flood event which lasts for 7-1/2 days and load 2 is the 

OBE event, including significant aftershocks, which lasts for 7 days. 

 λ1 = 0.1 / year 

 1 = 7.5 days = 0.02055 year 

 λ2 = 1/144 = 0.006944 / year 

 2 = 7 days = 0.01918 year 

 λ12 = (0.1) (0.006944) (0.02055 + 0.01918) 

 λ12 = 2.76x10
-5

 / year    (Approximate return period of 36,250 years) 

Therefore 

 λ10 = λ1 - λ12 = 0.1 / year – 2.76x10
-5

 / year = 0.0999 / year  

 λ02 = λ2 - λ12 = 0.006944 / year – 2.76x10
-5

 / year = 0.0069 / year 

In this example the mean rate of joint occurrence (36,250 years) is an extreme loading condition.  

To design an I-wall based on such a rare combination of events is unwarranted. 

When the joint occurrence of loads results in an extreme event for the I-wall, and it is determined 

the structure must be designed for the combination of loads, the performance requirement for the 

I-wall is that it must survive the joint occurrence of loads with extensive damage that may 

significantly disrupt service and may also require major repairs or replacement, but the I-wall 

will not fail and cause catastrophic flooding.  These examples show that the mean duration of 

usual or unusual events can have a major impact on the outcome.  Therefore, special care should 

be taken in selecting these values to realistically estimate the likelihood of the joint occurrence 

consistent with the expected performance requirements. 
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These examples show clearly that combining a usual event with an unusual event, or combining 

two unusual events, may result in an unusual or an extreme loading combination.  As stated by 

Dr. Ellingwood in Contract Report ITL-95-2 titled Event Combination Analysis for Design and 

Rehabilitation of U.S. Army Corps of Engineers Navigation Structures, “for practical purposes, 

if a combined load event has a coincidence probability of less than 10
-5

 /yr, its contribution to 

risk is negligible and there is no need to consider it in a load combination analysis”.  For the joint 

occurrence of loads which have some correlation or a load initiated by another load, a more 

detailed analysis is required. 

6-4.  Stability Analysis Methods and Procedures. 

 a.  General.  Formation of a flood side gap was an important factor in the failure of I-walls 

in New Orleans during Hurricane Katrina and was investigated by IPET.  Therefore, a gap 

should be considered when analyzing an I-wall or I-wall/levee composite system for global 

stability, piling tip penetration, uplift and piping.  Methods for determining gap depths, 

particularly for penetrating thin layers of sand, are not currently well developed.  Additional 

research is planned to perform centrifuge and numerical modeling on several I-wall sections.  

The next edition of this EC should contain more information about the gap formation but for 

now, the depth of gap computations are simplified to assume that a gap will extend to the bottom 

of the sheet piling or to the bottom of the fine grained material, whichever is deeper.  Because 

saturated granular soils will not sustain a gap, a gap is not presumed to develop in these 

materials.  When cohesive soils overlie granular soils, the gap depth may propagate to the top of 

the granular layer.  The condition where cohesive soils underlie granular soils was not 

investigated in IPET.  Until further research is available, the previous assumption that the gap 

will extend to the bottom of the sheet pile or to the bottom of the fine grained material shall be 

followed.  See Appendix N for more details. 

 b.  Deep-seated failure.  In addition to typical stability analyses, I-walls need to be checked 

for failure towards the protected side assuming a gap forms on the flood side during high water 

conditions.  Three analysis issues need to be considered when creating stability models.  The first 

concerns the proper modeling of water pressures in the flood side gap, the second is whether or 

not to include the sheet piling in the stability model, and the third relates to computational 

limitations associated with the program. 

 (1)  Water Pressures.  The influence of the flood side gap may be incorporated in two ways 

in the computational models: use of a tension crack model or a model that includes the removal 

of the flood side soil to the bottom of the gap.  Of these, removing the flood side soil to the 

bottom of the gap is probably easiest with the least likelihood of error.  Many computer 

programs, UTEXAS4 (Wright 1999) and SLOPEW (GEO-SLOPE 2004), allow the inclusion of 

a tension crack that may or may not be filled with water.  Analyses during preparation of the 

IPET report (IPET 2007) found that using this option produced inaccurate results when the water 

levels were raised above the elevation of the top of crack.  Some software developers have since 

corrected the problem.  The designer should verify that the version they are using is up to date 

and accurate before using the tension crack option to represent the flood side gap. 

 (2)  Sheet Piling.  Sheet piling may be embedded in a levee embankment to act as a 

cantilever wall, a seepage barrier, or as a stiffening panel that resists deep seated sliding.  The 
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I-wall criteria in this EC only address the composite behavior of the sheet piling and 

embankment acting as a cantilever wall and as a seepage barrier, not as a stiffening panel.  

Embankment stability shall satisfy the slope stability criteria in paragraph 6-8.b(2) and the 

criteria in EM 1110-2-1913, Design and Construction of Levees, using analyses that neglect the 

sheet piling in the embankment stability model.  Satisfying these criteria will constrain the levee 

and foundation to small deformations that will preclude formation of a vertical gap along the 

flood side face of the sheet piling, and that will result in the sheet piling rotating about a point 

above the piling tip.  If these criteria are not satisfied, then the levee and foundation will undergo 

large deformations, a vertical gap will form along the flood side face of the piling, and the I-wall 

will rotate as a rigid body about a point that is located at or below the piling tip. 

 (3)  Computational Limitations.  Search routines in various commercial software for 

embankment stability analysis are not reliable, and engineers should exercise due diligence in 

accepting the results of searches for critical failure surfaces.  For instance, the SLOPE/W 

program allows tension crack input to the bottom elevation of the sheet piling, and will also 

perform searches with all failures passing through a given point.  However these two input 

options cannot be used concurrently with consistent results.  

Engineers have avoided this problem by removing flood side soils completely, thereby 

eliminating the tension crack.  Additionally, I-walls on flat ground (without embankments) can 

yield very high safety factors for deep seated failure surfaces.  Most computer programs will not 

calculate such high safety factors, so search routines for these conditions usually fail to generate 

complete results.  Engineers may need to perform several searches with varying search 

parameters to confidently determine the minimum safety factor for deep seated sliding. 

 (4)  Special Considerations.  Failures of I-walls during Hurricane Katrina did not result 

from overstressing the sheet piling.  The soils in New Orleans are very soft with low shear 

strength and modulus of elasticity compared to the lateral stiffness of the sheet piling.  Therefore, 

the I-walls acted as a rigid body when the soils deformed.  With this understanding, IPET 

performed limit equilibrium stability analyses by assigning the sheet piling a high strength which 

forced the failure surface below the sheet piling tip (IPET, 2007).  So in soft soils, the slope 

stability of a small soil mass may be increased by considering the sheet piling as reinforcement, 

but including the sheet piling in the stability analysis is complex.  If sheet piling is used to 

improve stability for soft soil conditions and the minimum required safety factors are not met 

using analyses that neglect the sheet piling in the embankment stability model; then the 

foundation, embankment and wall displacements may be unacceptable and a numerical 

deformation analysis (e.g. nonlinear finite element analysis) shall be used to verify that the sheet 

piling will improve stability with acceptable displacements.  Limit equilibrium analyses to 

improve stability using pilings and drilled shafts are published in Soil Strength and Slope 

Stability (Duncan and Wright, 2005), and modeling this SSI problem using numerical 

deformation analysis is discussed in paragraph 6-5, Finite Element Analyses. 

 c.  Rotational Stability.  Rotational stability is analyzed using common tools such as 

CWALSHT (USACE 1991).  For piling tip penetration determination, the gap depth can be 

estimated from CWALSHT as the depth at which active pressures in the cohesive soil are no 

longer zero.  If free-draining soils are present along the wall under a blanket of fine grained soil, 

then a steady state seepage analysis is used in the free-draining material with head loss beginning 
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at the bottom of the fine grained layer.  In this case, water forces must be computed separately 

and input into the CWALSHT model as pressures.  (Note:  The tip penetration may be governed 

by the under-seepage analyses as discussed in paragraph 6-7, Seepage and Piping). 

To determine the required sheet piling embedment length the engineer should use the Corps 

program CWALSHT (or a similar program).  CWALSHT should first be used in design mode to 

determine the sheet pile embedment depth.  Minimum required safety factors shall be applied to 

both the active and passive side soil shear strength parameters (as mandated in Table 6-2) 

appropriate for the load case.  After determining the embedment length, the CWALSHT program 

is then run again in design mode, but with safety factors of 1.0 on both active and passive sides 

to develop design forces, shears and moments.  The design output produces both plots and tables 

of shear forces and moments versus wall elevation.  The designer must first verify that the sheet 

piling section selected has sufficient capacity to withstand the applied shear forces and maximum 

bending moments. 

 d.  Limit Equilibrium Analyses.  Global stability and rotational stability can be adequately 

analyzed using limit equilibrium (LE) stability procedures.  For deep seated failure, these 

applications are discussed in EM 1110-2-1902 (USACE 2003).  There are many LE based 

computer programs available where flexibility of programming allows solving stability using 

different methods.  However, only a few of those methods, such as the Morgenstern and Price 

method and the Spencer method, satisfy all conditions of static equilibrium.  Any procedure that 

solves all conditions of static equilibrium is considered acceptable, but because the Spencer 

method is the simplest of the complete equilibrium procedures for calculating safety factors 

(Duncan and Wright, 2005) and is applicable to both circular and noncircular slip surfaces, it 

should be used for analyzing global stability.  For rotational stability, the method for analyzing 

stability is described in Chapter 5 of EM 1110-2-2504 and is typically performed with the 

computer program CWALSHT.  Because designers have encountered errors in some computer 

program codes, independent checks should be performed to verify safety factors produced by 

these programs and to ensure that water pressures are properly calculated.   

6-5.  Finite Element Analyses.  

 a.  Conventional limit state methods of analysis (LE slope stability; CWALSHT) are 

generally adequate for analysis and design of I-walls.  But because they are limit state based 

programs it is difficult to fully model the soil and wall responses together.  Designers then 

analyze each component separately.  Slope stability analysis may conservatively be performed 

by ignoring the contribution of the structural elements, and past experience demonstrates that 

overall displacements will be satisfactory when minimum required safety factors are met.  

Likewise, the analysis for rotational stability is completed without regard for the non-linear 

stress-strain behavior of soils, so computed deflections are only relative indicators of expected 

lateral movements.  Yet, I-walls designed using these standard approaches have been loaded and 

have performed adequately.  This provides a successful experience base, except as found during 

Hurricane Katrina where the formation of the flood side gap contributed to failure.  Finite 

element analyses are useful when it is necessary to capture the behavior of the soil and wall 

together to assess stability or when displacements are critical.  Displacements are difficult to 

accurately compute even using finite element analyses due to the complexities involved in 

determining and modeling the stress-strain properties of the soil.   
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 b.  I-walls can be analyzed as 1-dimensional (1-D) or 2-dimensional (2-D) models 

depending on the complexity of the I-wall soil structure interaction (SSI) system.  Rescinded 

ETL 1110-2-544, “Geotechnical Analysis by the Finite Element Method” (USACE 1995) 

provides a general overview of the use of finite elements to solve SSI problems.  SSI problems 

are those where earth pressures depend on structure movements or conversely the deflections and 

structure movements depend on earth pressures.  I-walls are good candidates for numerical 

modeling because they can be represented by plane strain conditions.  The principal results that 

can be obtained from an SSI analysis using finite elements are the stresses and displacements of 

the structure and the soil.  In most real design problems, the stresses and displacements of the 

soil and structure can only be calculated using a numerical method like a finite element analysis.  

2-D SSI analyses of I-walls were completed by IPET using computer programs Plaxis and 

FLAC.  Use of these programs is not routine and their use on I-walls is the exception rather than 

the rule.   

 c.  Finite element methods can be used to analyze global stability.  Programs such as FLAC 

and Plaxis utilize a “c-phi” reduction technique where soil shear strength properties are 

reduced/increased until the model does not reach equilibrium.  Results using this technique are 

nearly identical to those found using LE with the Spencer method.  A benefit of the finite 

element analysis is that the procedure determines or reveals the most critical failure surface 

rather than analyzing many potential failure surfaces to locate the most critical in a LE analysis.   

 d.  Where possible, FEM or other soil structure interaction (SSI) models should be 

calibrated to existing field measurements or checked against other analyses to verify results.  

There are few instrumented I-walls that have been hydrostatically loaded on which to make a 

comparison.  This makes it difficult to confidently render a judgment of the accuracy of the 

model and the subsequent deflection estimates.  Detailed investigation and analyses, such as non-

linear finite element analyses or centrifuge testing, should be completed when performing design 

of critical I-walls above 6 feet in height in unprecedented foundation conditions where 

performance may be marginal based on classical analysis.  Such cases may exist in soft soils.  

Also see discussion in 6-8.d. 

6-6.  I-Wall Deflections. 

 a.  It is important to estimate the maximum deflections of I-walls for three reasons.  First, 

adjacent walls of different heights can be expected to have different deflections and therefore the 

waterstop material that spans between adjacent monoliths can be damaged if the differential 

deflections are too great.  The result of this would be leakage but probably not catastrophic 

failure.  Second, in fine grained soils if the wall deflects too much, a gap can develop between 

the sheet piling and the flood side foundation soils, resulting in full hydrostatic head being 

imposed on the riverside face of the wall.  This phenomenon happened in New Orleans on both 

the 17th Street and London Avenue canals, ultimately resulting in catastrophic failure of the 

walls in both cases.  Third, the concrete cap may crack if the wall deflects too much, which 

would accelerate corrosion of the reinforcing steel and sheet piling over the service life of the 

project.   

 b.  The deflection of an I-wall on natural ground or an I-wall/levee composite system is 

dependent on the soil type and the behavior of the entire wall/soil/foundation system.  A 
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complete SSI analysis models the overall foundation loading, stresses and displacements as well 

as the response to loads specifically applied to the wall.  This system loading results in computed 

wall displacements that include the global foundation response as well as the local wall 

deflections.  If the deformations of the system are small, then the global deflections of the I-wall 

will also be small and performance of the system will be acceptable.  In general, global 

deformations can be minimized when minimum required safety factors for design slope stability 

are met.  The local displacements are controlled by requiring sufficient rotational stability, 

structural strength and stiffness. 

 c.  The accurate estimation of sheet pile I-wall deflections is not possible unless a detailed 

soil structure interaction (SSI) analysis is performed.  Deflections generated by CWALSHT are 

only relative indicators of expected lateral movements.  Better estimates of local displacements 

can be made using the CWALSSI software.  This software will model the non-linear stress-strain 

behavior of the soil foundation as bi-linear springs.  Although CWALSSI is a soil structure 

interaction design and analysis program, it only takes into account the local effects, and does not 

take into account the entire wall/levee/foundation system.  Appendix J provides some historical 

data that may be used to assist the engineer in estimating whether computed deflections are 

realistic.  Often, the differential local displacement between monoliths is computed to check that 

displacements do not exceed the capacity of the water stops.  CWALSSI can be used to estimate 

local displacements or a comparison of deflection results of adjacent monoliths can be performed 

using CWALSHT.  Although deflections computed from CWALSHT are only relative indicators 

of lateral movement, the difference of results can be used to compare movements of adjacent 

monoliths and to select appropriate joint and waterstop details. 

 d.  The limits of structural behavior are controlled by differential movements that could 

destroy the integrity of the waterstop, cause excessive cracking of the concrete cap or rupture of 

the sheet piling interlocks.  One empirical method that has been used by some Districts has been 

to limit the relative deflection calculated by the CWALSHT program to 1% of the exposed stem 

height.  Engineers are cautioned in the use of this criterion, as adequate loading history for 

calibration purposes is not available for numerous I-walls.  The I-wall concrete should be 

designed as a cantilever beam in accordance with EM 1110-2-2104.  The hydraulic load factor, 

hf, is required to be used when designing for strength.  This is to be used to check the wall 

section for cracking.  For a cantilever sheet pile wall encased in unreinforced concrete, any 

bending of the sheet piling within the encasement may result in cracking of the concrete.  

Reinforcing steel should be provided to limit crack depth and thereby protect the steel 

reinforcement. 

6-7.  Seepage and Piping. 

 a.  Seepage control.  Consequences of inadequate seepage control include piping, heave or 

excessive quantity of flow.  Controlling piping and heave are critical to maintaining the integrity 

of the I-wall and limiting deflection.  On London Avenue Canal in New Orleans, seepage was a 

significant factor in the failure of the wall.  The two breach areas on the London Avenue Canal 

are characterized by a sand foundation overlain by fine-grained marsh deposits.  Seepage 

analyses documented in the IPET report identify possible piping conditions leading to failure at 

the London Avenue Canal south site and high pore-water pressures beneath the marsh blanket at 

the London Avenue Canal north site.  High pore-water pressures in the upper portions of the 
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sand foundation possibly resulted in low shear strength allowing large displacement.  Physical 

model studies performed for the IPET report showed increases in piezometric levels beneath the 

marsh blanket after the gap propagated through the levee and marsh blanket to the underlying 

sand.  Because the sheet piling ended within the sand aquifer, pore-water pressure landward of 

the sheet piling increased quickly after formation of the gap.  The sand aquifer was likely 

saturated so that only a small volume of flow was needed to significantly raise pore-water 

pressures. 

 b.  Minimum penetration of pilings for seepage control.  Seepage control on I-walls could 

include relief wells, drains, flood side blankets or protected side berms, but since sheet piling is 

being driven for stability they may be driven deeper to create a cutoff or to increase the seepage 

path.  Since steel sheet piling is permeable at the joints, it may not be 100% effective as a cutoff.  

Seepage analysis shall be performed in accordance with the applicable portions of EM 1110-2-

1901, EM 1110-2-1913 and ETL 1110-2-569.  I-walls shall be checked for seepage erosion 

(piping) by evaluating the critical seepage gradient as described in EM 1110-2-1901 or uplift and 

heave.  Analysis shall be based on water to the top of the wall.  The seepage analysis shall 

consider the flood side gap, which will shorten the seepage path.  If a free draining layer is 

present and close to the sheet piling tip, as shown in Figure 6-9, or if the sheet piling penetrates 

the free-draining layer, a seepage analysis shall be performed.  In this case, the vertical distance 

between the piling tip and the top of the free-draining layer would be considered to be the flood 

side blanket thickness.  The head at the land side of the barrier can then be calculated using 

typical methods of analysis and tools.  When the wall foundation materials consist entirely of 

clay, the lesser potential for developing a steady state seepage condition may negate the need to 

check for piping. 

When flood protection will consist of I-wall/levee composites systems, sheet piling required for 

rotational stability may not fully penetrate the levee embankment.  Accordingly, seepage beneath 

and/or even through the levee must also be addressed.  The geotechnical engineer shall use 

applicable guidance in EM 1110-2-1913, Design and Construction of Levees, to assess uplift 

pressures and/or exit gradients beneath levee embankments.  The analysis of embankment 

seepage, often termed through seepage, is complicated by the presence and effectiveness of the 

sheet pile as a seepage barrier.  Through seepage can reduce the stability of the protected side 

slope and it is this aspect that is a design concern.  In this way there are no specific criteria for 

horizontal seepage gradient since adequacy of design is addressed by slope stability criteria 

presented in EM 1110-2-1913.  If stability becomes critical, the pore-water pressures used in the 

analysis can be estimated from flow nets or finite element analyses as discussed in the following 

paragraph. 
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Figure 6-9.  Potential crack propagation below flood side gap 

 c.  Finite Element Analyses.  Several procedures are available to analyze seepage and uplift: 

graphical methods (flow nets); analytic or closed form solutions that have been solved for 

specific conditions; method of fragments; and finite elements are common tools.  Advances in 

the hardware and software associated with modern digital computers have greatly reduced the 

time and effort to perform numerical analyses and seepage by finite elements has become routine 

for many designers.  Finite elements are often used where the substrata system is considered too 

complex for generalized characterization and incorporating the flood side gap for seepage 

analysis is easily accomplished with this method.  Several computer programs couple results 

from finite element seepage analysis with limit equilibrium slope stability programs to aid in 

estimating pore-water pressures. 

6-8.  Minimum Required Safety Factors and Other Requirements. 

 a.  General.  It is the intent of these criteria to provide requirements that result in a safe 

design based on loading to the top of the wall.  In support of that, the following criteria are based 

on steady state seepage conditions in coarse grained soils.  Due to their permeability and duration 

of loading steady state conditions may not develop in fine grained soils, however, open seepage 

entrances and non-continuity in blanket materials may allow steady state conditions to occur in 

coarser strata. 

 (1)  If the seepage criteria presented in Table 6-2 are not met, remediation measures shall be 

designed as discussed in paragraph 6-7b.  For stratigraphy conditions, where a surficial blanket 

exists over a coarse stratum, the minimum required safety factors for seepage are based on the 

gradient through the blanket and are defined as: 

Free-draining 
soil layer 

Piling tip penetrates or is within  

5 feet of free-draining soil layer. 

Assumed gap tip at top of 
free-draining layer 

 

Undrained 
soil layer 
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' = effective unit wt. soil (or average effective unit weight of soil) 

w = unit wt. of water 

zbL = landside blanket thickness 

ho = excess head (above hydrostatic) at toe 

Icr = critical exit gradient = γ'/γw 

Ie = exit gradient 

 (2)  EM 1110-2-1902, Slope Stability (USACE 2003), provides criteria to be used with 

methods of stability analysis that satisfy all conditions of static equilibrium.  Minimum required 

safety factors are provided in Table 6-2 to address how well the foundation conditions are 

known.  As discussed in paragraph 6-4, it is recommended that Spencer’s method be used for 

performing slope stability analyses.  Finite element analyses may also be used to solve for global 

stability.  

 (3)  Rotational stability is satisfied when minimum required safety factors are applied to 

Mohr-Coulomb shear strength properties prior to analyzing tip penetration.  The use of effective 

shear strength properties is discussed in Chapter 5 of EM 1110-2-2504 (USACE 1994).   

 b.  Minimum Required Safety Factors.  Criteria are provided based on how well the 

foundation conditions are defined as discussed in Chapter 5, Geotechnical Design.  I-walls 

serving as flood control barriers are critical structures and cannot be designed based on limited 

site information. 

 (1)  Seepage criteria.  The following criteria do not apply if seepage erosion problems were 

observed on existing projects.  Projects with past seepage erosion concerns shall be analyzed on 

an individual basis relating past to expected performance.  Draft EC 1110-2-6067 discusses the 

potential for increased seepage erosion along pre-existing seepage paths where piping occurred.  

Load conditions for analysis are discussed in paragraph 6-9.  

 (2)  Slope stability criteria.  Criteria are provided for loading causing failure towards the 

protected side.  The selection and application of material properties for analyzing the stability of 

walls and slopes is detailed in EM 1110-2-1902 and EM 1110-2-1913.  Failure towards the flood 

side is also covered in EM 1110-2-1913 and EM 1110-2-1902 and is not included herein.  Gap 

depth in free-draining soils is not applicable.  In fine-grained soils initially assume a gap forms to 

the bottom of sheet piling or the bottom of the fine-grained layer, whichever is highest.  If the 

gap intersects a free-draining stratum, then it should be assumed that this free-draining stratum is 

directly connected to the water loading at the location of the gap.  For global stability, full 

hydrostatic head shall be used to the depth of the crack at the face of the I-wall (flood side).  
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Protected side piezometric conditions used for stability analysis shall be based on seepage 

analysis as described in paragraph 6-7, Seepage and Piping.  

 (3)  Rotational stability criteria.  Both the drained and undrained shear strength condition 

shall be analyzed for fine grained soils for determining sheet pile tip elevations. 

 c.  Minimum Penetration Requirements. 

 (1)  Empirical Design Rules.  For an I-Wall foundation system, especially for total stress 

(Q-Case) analyses of penetrations for low heads, the calculated penetration could be minimal 

using the CWALSHT analysis software.  To ensure adequate penetration of the I-Wall past 

experience indicates that the embedded depth (D) of the sheet piling shall be the greatest 

penetration of the following: 

 2-1/2 times the exposed height (H) on the protected side of the wall on an I-Wall levee 

system (see Figure 6-10). 

2 times the exposed wall height on natural ground. 

 10 feet below the lower ground elevation as shown in Figure 6-10. 

 (2)  Adequate penetration of the I-wall must account for uncertainties in the ground surface 

elevations and variations in soil stratification so satisfying this minimum penetration requirement 

will ensure that translation of the piling tip does not occur and the rotational stability mode 

controls.  (Additional background is discussed in "Theoretical Soil Mechanics" By Karl 

Terzaghi, 1943, pages 355 – 358.)  The piling penetration shall be based on the lower ground 

elevation against the wall as shown in Figure 6-10.  In the case shown, the lowest ground surface 

elevation against the wall is on the flood side.  Additional depth shall be added to the sheet piling 

if it extends through very shallow sand or peat layers. The CWALSHT software should be used 

to confirm that the above criteria govern the required tip elevation. 

 (3)  A piling penetration less than the above requirements may only be used if a soil-

structure interaction (SSI) analysis (using CWALSSI as an initial step and using the FLAC or 

Plaxis software as needed) of the I-wall and supporting earth mass is performed.  Centrifuge 

testing and numerical modeling are underway as part of the Phase III R&D to provide guidance 

on performing these analyses. 

 d.  Maximum Stem Height.  Prior to the IPET results, the design and analysis of I-walls 

used classical procedures and tools, such as CWALSHT, to determine the shear and bending 

moment in the wall.  Classical methods were based on simplifying assumptions that did not 

include the capability to estimate deflection of the I-wall and supporting earth mass.  Walls 

constructed in soft soils, as described in Chapter 5, undergo large lateral deflections to mobilize 

the factored design shear strengths used in CWALSHT.  The gap formation observed in the IPET 

results should be included in the I-wall stability analyses as additional loading conditions that 

will increase the hydrostatic loading and the deformations in the soil mass.  EM 1110-2-1913 

indicates that I-wall heights rarely exceed 7 feet on composite I-wall/ levee systems, and 

EM 1110-2-2504 states that cantilever stem heights on natural ground are usually less than 10 to 
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15 feet.  Results from the Phase I and II investigations identified existing I-wall heights of 16 

feet, but these walls have not been fully loaded to the top of the barrier.  Until the Phase III 

investigations and guidance provide more information about gap formation, loading and 

deformations the maximum unsupported stem height shall be limited to six feet for I-walls on 

levees or in soft soils. 

 

 

Figure 6-10.  Minimum depth of sheet piling penetration 

 e.  Structural Strength. 

 (1)  Forces for Design.  Information pertaining to appropriate forces for design shall be in 

accordance with procedures in EM 1110-2-2504 except as modified in this EC. 

 (2)  Design of Sheet Piling.  The requirements associated with the design of the sheet piling 

shall be in accordance with EM 1110-2-2504.  As previously stated in this Engineer Circular, 

cold formed sheet piling shall not be used in I-walls that act as a flood barrier.  This is due to the 

much greater permeability of the lapped connections between the sheets compared to the ball-

and-socket interlock connections in hot rolled sheet piling.  In addition, the interlock connections 

between hot rolled sheets provide much greater strength than cold formed connections.  Greater 

interlock strength improves integrity during driving and allows forces to be redistributed laterally 

along the wall at changes in wall alignment, in weak soil zones or when the I-wall undergoes 

wave loadings that vary along the length of the wall.  The additional strength also provides some 

redundancy to sections that must bridge across localized weak zones in the foundation material. 

Vinyl sheet piling shall not be used for I-walls acting as a flood barrier.  Engineering and 

Construction Bulletin No. 2002-31 provides guidance on the use of vinyl sheet pile and prohibits 

its use for applications where life safety or widespread property damage is at stake in the event 

of failure. 

 

H 

 

D > 2.5 H  (10 ft min) 

 



EC 1110-2-6066 

1 Apr 11 

 

6-24 

 (3)  Design of Concrete Cap/Encasement. 

 (a)  The I-wall concrete above the interface connection should be designed as a cantilever 

beam in accordance with EM 1110-2-2104.  The hydraulic load factor, hf, is required to be used 

when designing for strength in accordance with EM 1110-2-2104.  Requirements for minimum 

horizontal reinforcement shall be in accordance with ACI 318-05, Chapter 14, Section 14.3.3. 

 (b)  For the I-wall with full depth sheet piling terminating at or near top of wall, the 

permanent concrete encasement serves several purposes.  First, it provides corrosion protection 

for the sheet piling.  Second, the concrete makes the sheet pile wall more watertight.  Third, the 

concrete provides an opportunity to improve the aesthetics of the I-wall.  The concrete is not 

counted upon to provide or increase the structural capacity of the sheet piling to resist the flood 

loading.  It is in fact desirable to minimize the concrete cross section to reduce costs.  Minimal 

vertical and horizontal reinforcement should be provided according to EM 1110-2-2104.  Shear 

connectors are also frequently used on this type of wall to provide a connection between the 

sheet piling and the concrete; however in this case the design shear forces are very low because 

the concrete and sheet piles both extend the full height above grade.  A series of ¾-inch diameter 

by 3- to 5-inch long welded, headed studs, spaced at approximately 1’-0” to 1’-6” center-to-

center, should be placed on the webs of the sheet piling, with the goal being to keep the concrete 

cross-section to a minimum.    

 (c)  For an I-wall with a concrete cap, the interface connection between the concrete and 

sheet piling shall be based on the maximum moment along the length of the interface from the 

CWALSHT output.  Designing the interface connection based on the bond strength between 

sheet piling and concrete is not permitted.  The interface may be designed in either of two ways: 

 Design as a mechanical connection.  The design moment is translated into a couple 

which produces a shear force acting on the exterior surfaces of the sheet pile flanges.  The 

interface connection is then designed in accordance with ACI 318-05, Appendix D (Anchoring to 

Concrete), Section D.6 Design Requirements for Shear Loading.  The design should incorporate 

headed studs (or shear connectors) that are welded to the flanges of the sheet piling. 

 Design as a beam in flexure in accordance with EM 1110-2-2104, providing resistance to 

the maximum applied bending moment by either extending vertical reinforcement to below the 

top of the sheet piling by at least the embedment length of the rebar.  Alternately reinforcing 

steel may be hooked through holes in the sheet piling. 

6-9.  Loading Condition Classification.  

 a.  Loading Condition Categories.  The loads applied to an I-wall vary during its service 

life.  Consequently, several loading conditions must be defined within the context of the 

performance requirements of the I-wall.  As a minimum, a cooperative effort among structural, 

geotechnical, and hydraulic engineers should identify the loading conditions to be considered in 

design.  The load conditions that a wall may encounter during its service life are grouped into the 

load condition categories of usual, unusual, and extreme.  (Refer to Figure 6-8)  Associated with 

each category is a likelihood that the load condition will be exceeded in a given year.  The load 

conditions, expressed in probabilistic terms, are provided in Table 6-1.  A consistent method 
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should be used for defining loading conditions in terms of pool levels or seismic events, etc.  To 

accomplish this, the use of the return period or an annual exceedance probability has been 

adopted to maintain a certain level of I-wall performance.  The return periods for design loads 

can be defined using the following three load condition categories: 

 (1)  Usual Loads.  Usual loads refer to loads and load conditions that can be expected to 

occur frequently during the service life of the structure.  The loads may be of a long-term 

sustained nature or of an intermittent, but repetitive, nature.  Since a usual event is a common 

occurrence, the structure is expected to perform in the linear-elastic range, with no damage to the 

wall.  As shown in Table 6-2, robust minimum required safety factors should be employed for 

this condition.  These higher minimum required safety factors provide for serviceability 

requirements and slow degradation.  Resilience to usual loading conditions needs to be built into 

an I-wall levee system.  The usual event corresponds to an annual exceedance probability greater 

than or equal to 0.10. 

 (2)  Unusual Loads.  Unusual loads refer to operating loads and load conditions that are of 

infrequent occurrence.  For an unusual event some minor nonlinear behavior is acceptable, but 

any necessary repairs are expected to be minor with no disruption to the performance of the I-

wall levee system.  Hurricane loading is classified as unusual for most I-walls.  Lower minimum 

required safety factors or higher material stresses may be used for these conditions with the 

intent that the system should experience no more than cosmetic damage.  This damage is easily 

repairable without loss of function for the FRMS.  The associated performance requirement is 

that the FRMS functions with little or no damage, and without interruption of function.  

Resilience to unusual loading conditions needs to be built into an I-wall levee system.  An 

example is to limit displacements to allow for gate operation through its full range.  The I-wall 

might experience small impact loads due to floating debris on a non-navigable waterway from a 

storm event.  The I-wall needs to have proper connection details to redistribute these localized 

loads to more of the piling.  If this condition is expected then the stem height should be 

minimized or be protected by fendering or a berm.  If dynamic loading is expected, i.e., from 

wave loading then the resilient features need to be fully developed.  (Note:  Resilience is not to 

be confused with a larger safety factor.  Resilient features allow for more energy to be absorbed 

by the I-wall system.)  Examples of resilient features are to provide erosion and scour protection 

for the I-wall.  The unusual event corresponds to an annual exceedance probability less than 0.10 

but greater than or equal to 0.00133.  Construction and maintenance loads, because risks can be 

controlled by specifying the sequence or duration of activities, and/or by monitoring 

performance, are also classified as unusual loads.  Wherever possible, the sequence of operations 

should be specified to limit the magnitudes and duration of loading, and the performance of the 

wall should be carefully monitored to prevent permanent damage.   

 (3)  Extreme Loads.  Extreme loads refer to events, which are highly improbable and can be 

regarded as emergency conditions.  These events have a return period that is much greater then 

the service life of the structure.  Extreme loads may also result from the combination of unusual 

loading events.  For extreme loads the structure may respond inelastically, which can result in 

significant structural damage and limited disruption of services.  The structure is expected to 

accommodate extreme loads without experiencing catastrophic failure and uncontrolled flooding, 

although wall damage which partially impairs the operational functions are expected, and major 



EC 1110-2-6066 

1 Apr 11 

 

6-26 

rehabilitation or replacement of the wall might be necessary.  An example is a large section of I-

wall has suffered significant damage but only 3 short sections are leaning significantly.  To 

survive another extreme event, the leaning walls would need to be quickly propped or stabilized 

by a berm.  As defined in paragraph 6-1.d, this is an example of toughness.  Another example for 

the I-wall levee system is the flood gates may not be able to open after the storm.  The structure 

is expected to withstand (prevent catastrophic failure and uncontrolled flooding) a second event, 

i.e., Hurricane Katrina then Hurricane Rita.  Permanent repair or replacement may be required 

but temporary protection will be maintained at all times.  Inelastic behavior is expected but 

performance is ensured by limiting permanent displacements to acceptable levels.  Resilience 

and toughness to extreme loading conditions shall be built into an I-wall levee system to change 

the failure mechanism from a sudden to a gradual occurrence.  An example is using scour 

protection to protect against catastrophic erosion for the extreme overtopping loading condition.  

Superiority can be used to control where scour protection is needed.  The extreme event 

corresponds to an annual exceedance probability less than 0.00133.  An upper limit for return 

period for the extreme classification is theoretically undefined.  For practical purposes the upper 

limit for flood events has been taken as 10,000 years.  As another example, experience has 

shown that a 10 percent probability of being exceeded in a 100 year service life, i.e. a return 

period of 950 years, is a reasonable initial estimate for a maximum design earthquake.   

From these definitions of load condition categories, Table 6-1 provides guidance for annual 

exceedance probabilities and return periods for loading scenarios. The return periods in this table 

reflect an economic analysis period of 50 years and a service life of at least 100 years. 

Table 6-1.  Load Condition Probabilities 

Load Condition 

Categories 

Return Period (tr) Annual Exceedance Probability 

Usual 

 

Less than or equal to 10 years  Greater than or equal to 0.10 

Unusual Greater than 10 years but less 

than or equal to 750 years. 

Less than 0.10 but greater than 

or equal to 0.00133 

Extreme 

 

Greater than 750 years  Less than 0.00133 

  

 b.  Loading Condition Classifications and Description.  Table 6-2, I-wall Loading 

Conditions, Classification and Criteria lists the loading conditions that must be analyzed to 

ensure the stability of the walls.  The loading conditions have been taken from other USACE 

manuals and have been modified to be consistent with other provisions of this EC.  When a 

loading condition is defined in terms of a return period, the structural engineer can determine if 

the load condition is usual, unusual, or extreme based on the median flood hazard curve by 

referring directly to Table 6-1 (for example, an Onset of Overtopping (OVT1) flood that is 

defined as a flood with a return period of 144 years would yield a load category of Unusual).  

When a load is not stated in probabilistic terms, (for example, water to the top of a flood wall), 

the return period must be determined to see if that particular load is classified as usual, unusual, 

or extreme.  For I-walls water, seismic and navigation impact loads are classified by return 
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period.  The engineer only needs to verify stability for those conditions listed in Table 6-2.  For 

example, for the unusual category, it is not necessary to verify stability for a 300 year flood if 

these are not specifically listed in Table 6-2.  Definitions of common loadings for I-walls are 

provided in the following paragraphs.  In some cases, the load condition category is specifically 

designated based on established practice, irrespective of any return period (for example, 

maintenance or construction is listed as an unusual loading).  

 (1)  Load Case 1, Normal Operating (NO).  Combination of debris impact plus water is at 

the highest level with a 10-year return period on the unprotected side.   

 (2)  Load Case 2, Design Water Level (DWL). 

 (a)  Backfill is in place to its final elevation.  Earth pressures should be in accordance with 

EM 1110-2-2504.  For CWALSHT analyses, the safety factor mandated in Table 6-2 shall be 

applied to both the active and passive side soil shear strength parameters.   It should be noted that 

previous (DOS based) versions of CWALSHT did not automatically reduce the wall friction and 

adhesion values based on the aforementioned minimum required safety factor (strength reduction 

factor).  For those using previous versions of CWALSHT, the reduced values of the wall friction 

and adhesion must be calculated manually and input into the CWALSHT program.  The current 

version of CWALSHT (Windows version date 2007/11/9) does reduce the wall friction and/or 

adhesion values based on the safety factor.  For those using a previous version of CWALSHT, 

the maximum values for both design wall friction and design wall adhesion are as follows: 

  Design Wall Friction =    = Tan
-1

 {(Tan(0.5*φ)) / Minimum Required Safety Factor}. 

  Design Wall Adhesion = (0.5*Cohesion) / Minimum Required Safety Factor. 

 (b)  External Design Water Level, due to a coastal or riverine storm, is at an elevation 

representing, with appropriate assurance, the authorized design level event with a return period 

as shown in Table 6-1. 

 (c)  For coastal FRMS, the effect of a breaking, non-breaking or broken wave should be 

added to the DWL (surge stillwater level), and the joint occurrence of these loads represents an 

event with a return period that should be estimated using paragraph 6-3c. 

 (d)  The water level within the protected area corresponding to the DWL should represent 

the interior drainage capability (including the pumping capacity and reliability) of the FRMS, 

and the joint occurrence (using paragraph 6-3c) of this rainfall/runoff event should be consistent 

with the coincident DWL. 

 (e)  The groundwater level should be consistent with the DWL and the internal depth of 

flooding (i.e. buoyancy, uplift and lateral water pressures are not affected by the presence of 

waves). 

 (f)  The effectiveness of the sheet piling acting as a seepage barrier should be: 

  Limited to 50% for an unusual flood event. 

  The governing value of 0% or 100%, whichever controls, for an extreme event. 
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Values other than those given above may be used if the engineer provides adequate justification. 

 (g)  A water filled gap should be included on the flood side of sheet piling that are driven 

into fine grained soils (permeability < 1x10
-3

 cm/sec). 

 (h)  For rotational stability design, both the drained and undrained shear strength condition 

shall be analyzed for fine grained soils for determining sheet pile tip elevations. 

 (i)  Include other loadings (debris, wind, seismic, etc.) if applicable. 

 (3)  Load Case 3, Onset of Overtopping (OVT1). 

 (a)  OVT1 by definition is water to the top of wall on the flood side and therefore does not 

have a return period.  Can be combined with debris, impact, and other incidental loads with 

water on the protected side which produces the maximum differential structural loading 

condition. 

 (b)  Backfill is in place to its final elevation.  Earth pressures should be in accordance with 

EM 1110-2-2504.  For CWALSHT analyses, the safety factor mandated in Table 6-2 shall be 

applied to both the active and passive side soil shear strength parameters.   Refer to discussion on 

loading condition 2 (DWL) for information on minimum required safety factors (strength 

reduction factors) for CWALSHT: 

  Design Wall Friction =    = Tan
-1

 {(Tan(0.5*φ)) / Minimum Required Safety Factor}. 

  Design Wall Adhesion = (0.5*Cohesion) / Minimum Required Safety Factor. 

 (c)  For coastal FRMS, the effect of a breaking, non-breaking or broken wave should be 

added to the OVT1 (surge stillwater level), and the joint occurrence of these loads represents an 

event with a return period that should be estimated using paragraph 6-3c. 

 (d)  The water level within the protected area corresponding to the OVT1 should represent 

the interior drainage capability (including the pumping capacity and reliability) of the FRMS, 

and the joint occurrence (using paragraph 6-3c) of this rainfall/runoff event should be consistent 

with the coincident DWL. 

 (e)  The groundwater level should be consistent with the OVT1 and the internal depth of 

flooding (i.e. buoyancy, uplift and lateral water pressures are not affected by the presence of 

waves).  The effectiveness of the sheet piling acting as a seepage barrier should be: 

  Limited to 50% for an unusual flood event. 

 The governing value of 0% or 100%, whichever controls, for an extreme event. 

Values other than those given above may be used if the engineer provides adequate justification. 

 (f)  A water filled gap should be included on the flood side of sheet piling that are driven 

into fine grained soils (permeability < 1x10
-3

 cm/sec). 
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 (g)  For rotational stability design, both the drained and undrained shear strength condition 

shall be analyzed for fine grained soils for determining sheet pile tip elevations. 

 (4)  Load Case 4, Design Overtopping Level (OVT2). 

 (a)  Backfill or embankment and scour protection are in place to their final elevations.  

Earth pressures should be in accordance with EM 1110-2-2504.  For CWALSHT analyses, the 

safety factor mandated in Table 6-2 shall be applied to both the active and passive side soil shear 

strength parameters.  Refer to discussion on loading condition 2 (DWL) for information on 

minimum required safety factors (strength reduction factors) for CWALSHT. 

Resilience criteria for scour protection, based on the types of embankment and foundation 

materials and the estimated depth and duration of overtopping, will be provided in a future 

update to this EC.  Resilience criteria for the I-wall, based on the types of wall joints, piling 

interlocks, the structural connection of the wall to the sheet piling and the estimated depth and 

duration of overtopping, will be provided in a future version of this EC. 

 (b)  External design overtopping level analyzed to sustain the levee and floodwall grades 

shall be based on existing interior drainage features and projected overtopping flows during 

unusual or extreme events.  The water level associated with the OVT2 should be classified as 

unusual or extreme per Table 6-1 based on its return period. 

 (c)  For coastal FRMS, the effect of a breaking, non-breaking or broken wave should be 

added to the OVT2 (surge stillwater level), and the joint occurrence of these loads represents an 

event with a return period that should be estimated using paragraph 6-3c.  To account for the 

effects of regional subsidence and localized settlement, wall stability shall be analyzed for the 

maximum height of wall on the day after construction is complete and wall resilience shall be 

analyzed for the minimum height of wall at the end of its service life.  See paragraphs 6-3b(7)(a) 

to 6-3b(7)(c) for more details. 

 (d)  The water level within the protected area corresponding to the OVT2 should represent 

the interior drainage capability (including the pumping capacity and reliability) of the FRMS, 

and the joint occurrence (using paragraph 6-3c) of this rainfall/runoff event should be consistent 

with the coincident OVT2. 

 (e)  The groundwater level should be consistent with the OVT2 and the internal depth of 

flooding (i.e. buoyancy, uplift and lateral water pressures are not affected by the presence of 

waves).  The effectiveness of the sheet piling acting as a seepage barrier should be: 

  Limited to 50% for an unusual event. 

  The governing value of 0% or 100%, whichever controls, for an extreme event Values 

other than those given above may be used if the engineer provides adequate justification. 

 

 (f)  A water filled gap should be included on the flood side of the sheet piling that are 

driven into fine grained soils (permeability < 1x10
-3

 cm/sec).  Water should fill the entire gap 

and the effect of wall friction should be neglected on the flood side of the sheet piling.  
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 (g)  For rotational stability design, both the drained and undrained shear strength condition 

shall be analyzed for fine grained soils for determining sheet pile tip elevations. 

 (h)  Include other loadings (debris, wind, seismic, etc.) if applicable. 

 (5)  Load Case 5a, Coincident Pool plus Operating Basis Earthquake (CP+ OBE). 

NOTE:  This load case should be considered if the wall has a significant hydrostatic loading 

during the coincident pool or frequent flood stages.  See the examples in paragraph 6-3c for more 

details. 

 (a)  Backfill in place to final elevation. 

 (b)  Water, if applicable, is at an elevation that is coincident with mean annual pool levels. 

 (c)  OBE-induced lateral and vertical loads corresponding to an earthquake that has a 50% 

chance of being exceeded in 100 years (or a return period of 144 years). 

 (6)  Load Case 5b, Coincident Pool Maximum Design Earthquake (CP+ MDE). 

NOTE:  This load case should be considered if the wall has a significant hydrostatic loading 

during the coincident pool or frequent flood stages.  See the examples in paragraph 6-3c for more 

details. 

 (a)  Backfill in place to final elevation. 

 (b)  Water, if applicable, is at an elevation that is coincident with mean annual pool levels. 

 (c)  All I-walls serving as flood barriers are critical structures so the Maximum Design 

Earthquake (MDE) is the Maximum Credible Earthquake (MCE). 

 (7)  Load Case 6, Construction Condition (CC).   Floodwall is in place with the loads added 

which are possible during the construction period but are of short duration.  

 c.  Minimum Required Safety Factors.  Safety factors are needed in analyses because of the 

natural variations in loads and material strengths.  The minimum required safety factor assigned 

to a particular design reduces the uncertainty of unsatisfactory performance due to loads being 

greater than estimated for design and the uncertainty of unsatisfactory performance due to 

material strengths being less than estimated for design.  Some uncertainties are related to natural 

phenomena, others are related to the performance of engineered systems, and still others are 

related to the economic value of property, environmental losses, or the risk to human life.  Some 

of the uncertainties facing engineers are discussed in the following paragraphs. 

 (1)  The inherent variability of storms, stream flows, geologic features and soil properties 

which are considered to be random values in time or space. 
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 (2)  Limited data, simplifying assumptions and approximations used in our physical or 

numerical models to understand behavior and events, to estimate performance, and to make 

decisions. 

 (3)  Fabrication tolerances, undetected flaws or defects, and human errors in our design, 

manufacturing and construction processes. 

Natural variability is considered to be a random, or aleatory, uncertainty that is irreducible; while 

limited knowledge, data or quality control are considered to be an epistemic uncertainty that is 

due to a lack of understanding and which is reducible with additional information.   

There are logical tradeoffs between better information, reduced risks and total project costs; but 

there are also irreducible minimums that reflect the limits of natural variability, industry 

practices, proven technology, engineering standards and models, and available data.  These 

irreducible limits are traditionally referred to in engineering practice as the minimum required 

safety factors. 
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Notes:  

1.  Failure Modes are discussed in 6-2. 

2. Note that criteria is provided for low level (Usual) loading such as along the canals where 

they are loaded from interior drainage pumping. 

3. For the Design Water Level for coastal need to add (surge stillwater) condition + the 

governing nonbreaking, breaking, or broken wave conditions coincident with the design surge 

stillwater condition. 

4. For soil foundations which are not free draining (permeability ≤ 1x10
-3

 cm/sec), analyze for 

both Q and S strengths and design for the worst condition.  For soil foundations that are free 

draining (permeability > 1x10
-3

 cm/sec) analyze for only the S strengths. 

5. For construction loading cases, use Q strengths when excess pore pressures in the soil 

foundation are anticipated and S strengths when excess soil pressures are not anticipated.  If 

unbalanced construction loads on the I-wall are anticipated, the designer should check rotational 

stability against factors of safety for unusual loads. 

 

6. Resilience or toughness criteria to be provided in future edition of this EC. 

7. Acronyms. 

CC – Construction Condition 

CP + OBE – Coincident Pool plus Operating Basis Earthquake 

CP + MCE – Coincident Pool plus Maximum Design Earthquake 

DWL – Design Water Level 

E – Extreme 

GS – Global Stability 

MRSF – Minimum Required Safety Factor 

NO – Normal Operating 

OVT1 – Onset of Overtopping Flood 

OVT2 – Design Overtopping Level Flood 

RS – Rotational Stability 

S – Seepage 

U – Usual 

UN – Unusual 
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6-10.  Mandatory Requirements. 

 a.  Analyses shall include the potential formation of a flood side gap in addition to the 

typical non-gap condition.   

 b.  The return period range limitations specified in Table 6-1 shall be used to establish the 

correct loading condition designation (usual, unusual, extreme), unless the loading condition 

category is specifically designated in Table 6-2.  When the return period for a particular loading 

condition cannot be established with sufficient accuracy to determine if the loading condition is 

usual, unusual or extreme, the loading condition with the more stringent safety requirements 

shall be used. 

 c.  As a minimum, the loading conditions and minimum required safety factors provided 

in Table 6-2 shall be satisfied in the design. 

 d.  Limit equilibrium or finite element slope stability analyses shall be performed using 

software that satisfies all conditions of static equilibrium.   

 e.  Minimum sheet pile penetration shall meet the requirements of paragraph 6-8. 

 f.  For new designs, the maximum unsupported stem height for I-walls constructed on 

existing levees or in soft soils shall be limited to 6 feet. 

 g.  Cold formed sheet piling shall not be used in I-walls that serve as a flood barrier. 

 h.  Vinyl sheet piling shall not be used in I-walls that serve as a flood barrier. 

 i.  The designer shall determine if joint occurrence of loads needs to be investigated. 

 j.  For an I-wall with a concrete cap, the interface connection between the concrete and 

sheet piling shall be based on the maximum moment from the CWALSHT output.  Designing the 

interface connection based on the bond strength between sheet piling and concrete is not 

permitted. 

 k.  Embankment portions of I-wall/levee composite systems must be designed in 

accordance with EM 1110-2-1913 for seepage and global stability.  Deep-seated, global failures 

must neglect any reinforcing action of the I-wall sheet piling. 

 l.  The geotechnical engineer shall use applicable guidance in EM 1110-2-1913, Design 

and Construction of Levees, to analyze uplift pressures and/or exit gradients beneath I-wall/levee 

composite systems.   
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CHAPTER 7 

Uncertainty and Reliability of I-Walls 

7-1.  Introduction.  I-wall systems have become a critical component in flood and hurricane 

protection systems.  The lessons learned from the failure of I-walls during Hurricane Katrina 

provided insight into the reliability of such systems that indicates a need to investigate the 

performance of I-walls with more rigor and detail.  I-wall systems are designed to USACE 

criteria that are based on providing an appropriate factor of safety for the expected load cases.  

However, the uncertainties that are inherent in the design of these types of walls, as well as in 

any other flood barrier component, lead to the potential for low reliability and high risk of the 

overall protection system.  Investigating and quantifying these uncertainties in a reliability model 

can assist in identifying potential risks and the opportunities for risk reduction. 

7-2.  Reliability Methods.  USACE currently uses reliability to estimate the probability of 

unsatisfactory performance or probability of failure.  Reliability, R, shall be defined as the 

converse of the probability of failure, Pf.  The equation for this is: 

     R = 1 - Pf   

There are many differing probabilistic methods that should be used to estimate the probability of 

failure.  New USACE guidance on Risk and Reliability of Existing Infrastructure 

(EC 1110-2-6062) establishes the use of four different methods that should be used to calculate 

the probability of failure.  These methods are Taylor’s Series, Point Estimate Method, Advanced 

Second Moment and Monte Carlo Simulation.  The selection of a method should depend upon if 

the reliability model needs to account for non-linearity of the limit state.  If time-dependent 

effects are to be incorporated a time-dependent or hazard function analysis should be considered.  

EC 1110-2-6062 covers these methods in detail but defined below are the preferred methods that 

should be used to calculate the reliability of I-walls.  EC 1110-2-6062 also discusses in detail 

time-dependent or hazard function analysis.  Expert opinion elicitation (Ayyub et al 2001) is a 

useful tool that can be used to fill in gaps of data required for rigorous traditional analytical 

models, but shall not be used in-lieu of more rigorous traditional analytical reliability models 

presented below.   

The following discussion presents the general reliability procedures currently used by USACE 

and as implemented in the IPET risk and reliability analysis to study the performance of the 

I-walls in the New Orleans hurricane protection system during Hurricane Katrina.  These 

procedures should be used as interim guidance until reliability criteria and processes specific to 

the design of I-walls are developed.   

 a.  Non-Time Dependent Reliability Models. Most reliability models for I-walls can be 

considered non-time dependent unless they exhibit some sort of degradation (e.g. corrosion, 

fatigue or cracking) of the structural material.  The USACE method that should be used for non-

time dependent reliability models is Monte Carlo Simulation (MSC) using a commercial off-the-

shelf program such as Palisades, @Risk.  @Risk is an add-in to Microsoft Excel and can be 

implemented into existing design spreadsheet calculations.  Statistical parameters (i.e., mean and 

standard deviation) shall be clearly defined for the random variables considered in the reliability 
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model.  The use of basic distributions such as normal or lognormal are highly recommended 

unless field data may support the use of another distribution.  The probability of failure for I-

walls using MCS shall be defined simply as the number of failures (at the failure limit state) 

divided by the number of simulations made.  Using MCS also require examining both sensitivity 

and convergence on the number of simulations used.  EC 1110-2-6062 contains guidance on both 

critical issues such as convergence and distribution selection when using MCS for reliability 

models. 

 b.  Time Dependent Reliability Models.  The USACE recommended method for time-

dependent reliability models is the hazard function.  The hazard function defines the conditional 

probability in time, t + dt, given the structure has survived up to time t.  Using a Weibull 

function to estimate the hazard rate does not account for the conditional probability and should 

not be used for I-walls.  Most time-dependent or hazard function models should follow the 

processes set forth in EC 1110-2-6062 or in Patev et al (1996).  These methods can be rather 

time intensive to set up in a spreadsheet form but can be developed using MCS program similar 

to non-time dependent models.  

7-3.  Limit States.  Limit states for I-walls should be established based on the design criteria 

established in the previous sections of this EC.  The reliability model should be based on using 

either a factor of safety from the design calculations or the use of a capacity-to-demand (C/D) 

relationship.  If a factor of safety (FS) approach is defined in the models, the limit state should be 

either FS = 1 or FS -1 = 0.  The limit states acceptable for capacity-to-demand ratios should be 

established as C/D =1 or C-D = 0.  Either limit shall be used but caution should be exercised 

when reviewing the output distributions from the MCS to recognize that the results reflect the 

appropriate limit state.  The review of the output data from a MCS analysis is discussed in 

EC 1110-2-6062. 

The distributions for the random variables should use expected values and uncertainty in terms of 

standard deviations on the expected value; partial safety factors should not be included in the 

reliability model.  For example, soil properties (i.e., shear strength and friction angle) for I-walls 

are often calculated from the “1/3 – 2/3” rule.  Using this partial safety factor skews the resulting 

limit state and impacts the results from the reliability analysis.  Load factors such as those 

included in building codes (ASD, LRFD, etc.) are other examples of partial safety factors that 

must be removed from the model used in the reliability analysis.  The use of simple distributions 

such as normal or lognormal distributions to model the random variables is highly recommended. 

 a.  Defining Failure Modes.  

 (1)  Classical Limit States.  The classical limit states for design as presented in previous 

sections should be used for the reliability calculations.  Care must be exercised in the selection of 

a limit state to assure that it represents failure of the system or component.  For example, limit 

states based on deflections or moments that use factors of safety may reflect the unsatisfactory 

performance of the wall and may not really predict failure of the wall.  Because of this, they may 

not be sufficient measures of I-wall performance since the system limit state will occur before 

failure can occur.  Other limit states that do reflect failure such as those for global stability of 

levees and foundations are well accepted for limit states in reliability models. 
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 (2)  Non traditional Limit States.  Limit states for non traditional modes of failure, such as 

the gap failure mode as defined in the previous sections of this EC, must be selected carefully to 

assure that it defines the true failure of the I-wall.  Limit states also need to reflect the ability to 

be able to define the constitutive equation into a form that can be incorporated into a reliability 

model.  This is often a difficult task without looking at higher order reliability models as 

discussed further in EC 1110-2-6062. 

 (3)  Fragility Curves.  The reliability of I-walls systems under water loads caused by surge 

and waves can be quantified by structural and geotechnical reliability models as defined above.  

A fragility curve can be used to describe the conditional probability of failure as a function of 

water elevation.  Fragility curves should be based on the actual probability of failure and not an 

unsatisfactory performance limit state.  Fragility curves summarize the probability of 

components reaching their respective limit states (i.e., failure), conditioned on water elevations 

from flood or hurricane conditions.  As shown in Figure 7-1, idealized fragility curves can be 

represented as a step function showing the state or condition at which the structure will fail 

catastrophically.  These idealized stepped curves exist for some structural, mechanical and 

electrical components at USACE projects; however, most fragility curves include epistemic 

uncertainty which creates an S-shaped curve that is typically used as shown in Figure 7-2.  This 

uncertainty is represented with the knowledge that components fail progressively due to elastic-

plastic behavior of the materials and that the lower end fragility values would be under-

conservative if used as a step function and likewise, the upper end fragility values would be too 

conservative if a step function was used. 

 

Figure 7-1.  Idealized Fragility Step Function 
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Figure 7-2.  Typical S-shaped Fragility Curve 

From IPET Volume 8 Main Report (USACE 2007), schematic fragility curves for the New 

Orleans HPS I-walls with two different foundation types, organics/sand similar to those I-walls 

on the interior canals and clay/silt similar to those I-walls built into the perimeter HPS levees.  

Fragility curves for l-walls were calculated for two conditions:  (1) global stability up to 6 feet 

from the top of the wall.  No overtopping occurred in this condition.  (2) global stability to the 

top of wall and overtopping with subsequent back levee erosion for which the fragility was 

estimated from empirical experience during Katrina at three water elevations of overtopping:  ½ 

foot, 1 foot, and 2 feet above the flood wall.  These fragility curves were calibrated to actual field 

performance during Katrina of numerous lengths of I-walls in the New Orleans HPS.  The 

fragility curves are shown in Figures 7-3 and 7-4 as a function of water elevation.  Epistemic 

uncertainty can also be applied to these fragility curves as discussed later in this chapter. 

 

Figure 7-3.  Fragility of I-wall on Organic/Sand Foundations 
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Figure 7-4.  Fragility of I-wall on Clay/Silt Foundations 

7-4.  Probability of Failure for an I-wall System.  The selection of a characteristic length of the I-

wall system is an important measure in the system reliability analysis for of the I-wall.  A 

conventional reliability analysis assumes that the chosen reach length in a complex I-wall system 

is fully independent.  This is typically not true since the performance of the system of 

components is spatially dependent upon the distribution of foundation and levee soil strengths 

and upon sheet pile material properties.  Reliability methods and their results should take into 

account the systems reliability and characteristic lengths of an I-wall system. 

 a.  Bounding Methods.  There are various ways to bound such systems using a unimodal 

bound (upper or lower) or bimodal bounds (between upper and lower).  The upper bound is 

considered a parallel system (where all links need to fail) and the lower bound the series system 

(where the weakest link fails).  However, research has shown that the typical case is somewhere 

in between but is skewed closer to one bound (typically series) than the other.  It is highly 

dependent upon the reliability model that has been developed.  These bounding procedures and 

equations for series and parallel systems and characteristic lengths are discussed further detail in 

Appendix K. 

 b.  Fault Tree Methods.  Fault tree methods are an accepted reliability tool that can be used 

to define a complex system of I-walls.  A fault tree analysis incorporates the use of input data 

from reliability models to examine the possible causes of system failure and their probabilities of 

occurrence to predict the most likely failure mode leading to the system failure.  Fault trees can 

account for dependent failure modes as well as common cause failure of complex systems.  Fault 

trees are typically used in mechanical and electrical analyses but are widely accepted for use in 

structural and geotechnical reliability analysis.  A discussion of how fault trees are applied to 

civil works infrastructure is presented in Patev et al 2005. 

7-5.  Uncertainties in Reliability Model.  Defining the uncertainties in any reliability model is a 

very important but difficult task.  There are two types of uncertainty:  aleatory and epistemic 

uncertainty.  Aleatory can be attributed to the inherent randomness of events in nature, variability 

over space at different locations but at a single time or as variability over both time and space.  
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These events are predicted in terms of their frequency of occurrence or per trial in the case of a 

levee reach that is impacted by a given surge event.  Aleatory uncertainty is, in principle, 

irreducible.  Epistemic or knowledge-based uncertainty is attributed to our lack of knowledge or 

information (data) about events, and/or lack of understanding of physical processes that limits 

our ability to model the natural phenomena (hurricane surges) or events of interest (levee 

performance).  For example, limitations in available datasets (length of record, data quality) 

impact the assessment of model parameters (shear strength of soils) or the likelihood of an event 

such as the annual rate of hurricane occurrences.  When limited data are available, parameter 

estimates may be quite uncertain (i.e., statistical confidence intervals on parameter estimates can 

be large).   

A second type of knowledge uncertainty is attributed to a lack of understanding or knowledge 

about physical processes that must be modeled (e.g., the meteorological processes that generate 

hurricane events).  These uncertainties manifest themselves in the form of statistical error and 

systematic biases in probability estimates, and may introduce correlations among aleatory 

frequencies.  In these instances expert evaluations are often required to assess the current state of 

knowledge and to quantitatively evaluate the level of uncertainty.  In principle, epistemic 

uncertainties are reducible with the collection of additional data or the use/development of 

improved models.  

The distinction between aleatory and epistemic uncertainty can be difficult to understand and 

may be model dependent.  Nonetheless, making a distinction between the sources of uncertainty 

in a logical manner helps insure that all uncertainties are quantified and identified.  The use of 

proper expected values and their distributions is a critical step in developing a technically 

accurate and defendable reliability model and in quantifying the associated uncertainties.  

Additional information on uncertainty analysis is discussed further in the IPET Volume 8 Main 

Report (USACE, 2007). 

 a.  Random Variables. 

 (1)  Soil Properties.  The random variables for soil properties in an I-wall analysis are earth 

pressures (active, passive and at-rest), and material strength properties (shear strength, cohesion 

and wall adhesion).  Correlation between the random variables for soils should be closely 

examined since most soil models are based on a Mohr-Coulomb approach.  The truncation (i.e., 

physical upper and lower limits) of the random variables beyond reasonable limits should be 

considered as well.  Uncertainties in earth pressure theory and laboratory testing process and 

procedures will need to be analyzed as well. 

 (2)  Material Properties of Structural Components.  The random variables for structural 

components are the yield and interlock strengths for the steel sheet pile, the compressive strength 

of the concrete and yield strength of the reinforcement steel.  The truncation of the random 

variables (i.e., physical upper and lower limits) beyond reasonable limits should be considered as 

well especially for the yield strength of steel.  Uncertainties in stress-strain constitutive models 

and laboratory testing process and procedures will need to be analyzed as well. 

 (3)  Geometry.  The uncertainties in geometry can be included as part of the reliability 

analysis or can be treated as deterministic values.  Random variables for geometry include the 
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top of wall elevations, lengths of sheet piles and slopes and elevations of supporting stabilization 

berms.  Length effects or spatial variability is another critical item required to account for 

potential weaknesses within a section of the I-wall system.  A characteristic length can be 

determined using existing soil information and fitting it with an autocorrelation function.  From 

this data, an upcrossing rate for a specific value of shear strength can be used to determine a 

critical length for the I-wall system.  This critical length can then be applied to a long I-wall 

system using a series system calculation.  The procedure for length effects and application to I-

walls is defined in the IPET Volume 8 Main Report (USACE 2007). 

 (4)  Loading.  The random variables for loading of the I-wall should account for the 

variability in both the static, dynamic (wave) and overtopping forces on the I-wall.  These loads 

should be formulated based on the design loads as defined in previous sections.  Any partial 

safety factors on the loads should be removed prior to the inclusion into the reliability model.  

Other loads such as wind and barge/vessel impact can also be addressed in terms of random 

loads on the model. 

 (5)  Model Bias.  The uncertainties as to model bias need to be estimated for any reliability 

model.  This is often very difficult to estimate since a bounding procedure of the model needs to 

be developed using the random variables that are incorporated into the model.  Sometimes this 

uncertainty model bias is extremely large due to inherently large uncertainties of random 

variables within the reliability model.  Reference on this topic is made to IPET Volume 8 Main 

Report (USACE 2007) for procedures on model uncertainty. 

7-6.  Risk of I-wall Failure.  Risk is typically defined as the probability of failure times the 

consequences (property damage and lives lost) at a particular event.  The risk from I-wall failure 

is highly dependent upon the water level on the structure at the time of failure.  The inundation 

from breaching and overtopping of the I-walls are the main sources of adverse consequences to 

the property and population at risk behind the I-walls.  Mitigation of these risks can be achieved 

by decreasing the failure probability of the wall or by decreasing the consequences of wall 

failure.  The probability of failure and risk to a system can be reduced by various structural 

measures such as raising the wall height to prevent overtopping, installing stabilization berms to 

decrease the “stick up” height of the wall, adding erosion protection to protected side of the wall 

and levee, decreasing water levels against the structure and by adding redundancy to the 

protection system. 

However, even with a reduction in overall risks through engineering design to a flood or 

hurricane protection system, the human element should be considered as part of risk reduction 

strategy for the protection system.  Humans are generally risk-adverse and generally visualize 

such engineered systems as being infallible.  If a project adds more redundancy to I-walls system 

or decreases flood heights around a densely populated area, this will create more confidence or 

perception with the public that such system will protect them from any catastrophic event.  

However, the public should be kept risk informed of the limitations of the engineered systems 

and be made aware of the need for planned evacuations, closing road gates, sandbagging low 

areas such as ramps and railroad tracks and operating pump stations continuously during the 

flood or hurricane event.  If the public is well informed of their risks and adapts or changes to 

designed protection system then the risks to the population may decrease significantly. 
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CHAPTER 8 

Engineering Considerations for Construction 

8-1.  General.  This chapter addresses engineering considerations for I-wall construction, 

inclusive of all types of I-walls described in the previous chapters.  Its intent is to give design 

and construction engineers an overview of installation and its effect on the design.  Except as 

modified herein, Engineering Considerations for Construction shall be in accordance with EM 

1110-2-2504. 

8-2.  Site Conditions.  Site conditions should be evaluated during the reconnaissance phase, with 

effort increasing as the design progresses.  Overhead and underground obstructions, such as 

pipes, power lines, and existing structures may dictate special construction techniques that may 

also require specialized equipment.  Ground conditions and limited construction area may also 

require construction of board roads, temporary bridging, or use of other specialized pile driving 

rigs that “walk” along the top of the sheets.  Some situations may even necessitate a change in 

wall alignment.  The effects of pile driving on nearby structures or embankments should also be 

considered. 

8-3.  Construction Sequence. 

 a.  Relocations.  Penetrations of I-walls by utilities (pipelines, underground electrical, 

sewer, water, fiber-optic, etc.) will not be permitted for new I-walls. Utility crossings must either 

pass over I-walls or must pass through T-walls.  In instances where overhead power lines are 

present and temporary movement of the lines is not practicable, as in the case of transmission 

lines, driving of the sheets in segments and splicing may become necessary.  For provisions on 

minimum clearances from overhead transmission lines and special equipment requirements see 

EM 385-1-1. 

 b.  Wall Alignment.  Care should be taken by field personnel to verify the final alignment 

of the wall with office engineers prior to sheet pile driving.  In some instances, proper alignment 

is critical to assure a stable structure, especially in areas where right-of-way is limited and large 

stability berms must be constructed.  The wall alignment should be surveyed and staked out prior 

to pile driving operations and cross-checked with shop drawings.  For those locations where 

alignment is critical, office engineers should field verify proper alignment prior to sheet pile 

driving operations.    

 c.  Scour Protection.  Riprap (grouted and ungrouted) and concrete slope paving are 

typically used for the construction of scour protection.  However, other viable products may also 

be approved for use.  Prior to placement of scour protection, all voids due to sheet pile driving 

shall be filled and visually inspected.  Confirmation of void backfill is critical where scour 

protection is to be added due to the possible creation of seepage paths and the inability to inspect 

the ground surface near the wall and remediate should sloughing into the voids occur.  Riprap 

should be placed in accordance with EM  1110-2-2302.  Care should be taken in placement of 

the riprap against the I-wall to not damage or induce deflection in the wall.  I-walls should be 

monitored (especially existing I-walls against which new scour protection is being constructed) 

for vertical and lateral movement.  If unexpected movement occurs, the office engineer should be 

contacted and remedial actions may need to be undertaken.  Slope paving may be reinforced or 
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unreinforced.  Reinforced slope paving is typically used where vehicular traffic (i.e. maintenance 

and inspection vehicles) is anticipated.  Care shall be taken during construction to not damage 

the wall.   

8-4.  Formwork/Cap Construction.  General provisions for the construction of formwork and 

placement of concrete for concrete caps can be found in Chapter 8 of EM 1110-2-2000.  

Formwork should be appropriate for the type of cap being constructed.  Sufficient bracing shall 

be provided to prevent bulging or rotational or translational movement of the forms.  During 

curing and after form removal there should be no lateral deflection of the wall.  Formwork shall 

be constructed within appropriate tolerances to assure additional moment due to eccentricity of 

the as-constructed concrete cap is minimized. 

8-5.  Joints and Waterstops.  I-walls are designed with joints to allow for expansion, contraction, 

and/or to divide the structure into convenient working units. The locations of all horizontal and 

vertical joints should be shown on the drawings.  More information and suggested details for 

joints can be found in EM 1110-2-2502 and EM 1110-2-2504. 

 a.  Expansion Joints.  Expansion joints are designed to prevent the crushing and distortion 

(including displacement, buckling, and warping) of the abutting concrete that might occur due to 

the transmission of compressive forces.  Compressive forces may be developed by expansion, 

applied loads, or differential movements arising from the configuration of the structure or 

settlement.  The thickness of joint filler necessary to provide stress relief at an expansion joint 

should be determined from the estimated initial contraction and subsequent expansion from 

maximum temperature variation.  Premolded expansion joint filler and adequate chamfers should 

be used.  In general, expansion joints are needed to prevent spalling and sometimes to break 

continuity.  In relatively thin reinforced concrete walls, expansion joints should be located where 

considerable expansion or unequal settlement is anticipated, e.g., at changes in alignment or 

grade, at abrupt changes in section or at intermediate points when needed.  Otherwise, adequate 

chamfers on each side of each expansion joint usually are sufficient to prevent spalling.  Where 

temperature variations are extreme, modification of these criteria may be required.  Reinforcing 

steel, corner protection angles, and other fixed metal embedded in or bonded to the surface of the 

concrete should not extend through an expansion joint; however sheet piling should be 

continuous through expansion joints.  Expansion joints should be centered at sheet piling 

interlocks to permit some movement at the joints, and detailing of these areas requires careful 

consideration depending on the type of I-wall being constructed.  Waterstops must be provided 

through all expansion joints.  Expansion joints shall be spaced no more than 60 feet apart. 

 b.  Contraction (Monolith) Joints.  Contraction joints are intentional planes of weakness 

designed to regulate cracking that might otherwise occur due to the unavoidable, often 

unpredictable, contraction of concrete.  Contraction joints also divide the structure into 

convenient working units and thus also serve as construction joints.  Since it is impractical and 

uneconomical to provide sufficient reinforcement to prevent cracks entirely, it is desirable to 

control their location, insofar as is practicable, by placement of vertical contraction joints, across 

which reinforcement does not extend.  No exact rules for the location of such joints can be made.  

Each project must be studied to determine where the joints should be placed, taking into account 

the requirements of structural design, the volume of concrete which can be placed economically 

in a single working unit, and the economical use of form units.  Typically, contraction joints 
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have been spaced 20 to 30 feet apart.  Usually, a contraction joint has a plane surface without a 

key.  For dynamically loaded walls such as coastal I-walls, consideration should be given to 

providing keys or greased reinforcement dowels at all contraction joints to increase resilience, as 

wave loadings may vary between adjacent monoliths at any given point in time. 

 c.  Horizontal Construction Joints.  These joints are provided to divide a wall into 

convenient working units, but they should be kept to a minimum.  The limited height of I-Walls 

should minimize or eliminate the need for any horizontal construction joints.  Keys are not 

recommended in horizontal construction joints as they interfere with good cleanup of the 

concrete surface and because a well-bonded flat surface has been shown to be more dependable 

to transfer shear. 

 d.  Waterstops.  Waterstops must be provided across all joints in I-walls.  Nonmetallic water 

stops, such as rubber or polyvinyl chloride (PVC), should be used in accordance with EM 1110-

2-2102, which has more material on preferred types, materials and configurations.  Waterstops 

may tear or rupture if adjacent monoliths move vertically in relation to each other due to 

differential settlement, or if they move horizontally in relationship to each other due to 

differential lateral movement.  To reduce the possibility of such differential movement, the 

designer should attempt to limit the change in height of adjacent I-walls such that the difference 

in estimated maximum lateral deflections is no more than about one inch.  Special floodwall I-

Wall water stop details will be provided in the 2008 Revision of this document.  Careful 

inspection is required for waterstop installation to verify that reinforcing is properly placed and 

that concrete is placed fully around all of the surfaces of the waterstop. 

8-6.  Provisions for Future Protection Modifications.  In areas where large local settlements may 

occur or where subsidence may be a concern, it is common practice to utilize two-stage 

construction.  Using the example of an I-wall consisting of steel sheet piling and a concrete cap, 

the first stage of construction would be the initial installation of sheet piling.  Subsequently, once 

the largest settlements and/or subsidence have occurred, the concrete cap is installed, returning 

the wall to Authorized height.  In a similar manner, an existing sheet pile I-wall may be 

incorporated into a full T-wall section.  In either of these instances care should be taken not to 

significantly damage the pile head.  If hard driving conditions are anticipated, sheet piling should 

be ordered in lengths to facilitate cut-off and removal of the length expected to receive damage. 

8-7.  Earthwork.  

 a.  Voids Due to Driving.  Substantial voids can be created due to sheet pile driving 

activities.  For floodwalls, these voids should be filled with a slurry consisting of one part 

cement, two parts bentonite, and six parts sand mixed with enough water to produce a slurry 

viscous enough to thoroughly fill the voids.  Alternative methods of backfilling voids are 

presented in EM 1110-2-2504. 

 b.  Backfill.  To improve resilience of the structure against overtopping or wave action, 

where granular backfill is utilized a minimum of a three foot clay cover should be used.  Clay 

cover and clay backfill should be fully compacted to enhance erosion resistance and to minimize 

settlement and cracking of scour protection. 
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 c.  Establishment of Vegetative Cover.  Every effort must be made to ensure a good, thick 

cover of grass is established prior to the completion of construction.  The designer should specify 

types of grasses that flourish best in the local climate and that are least susceptible to 

consumption by local insects.  Seeding and mulching provisions should be adjusted as necessary 

to match the local growing seasons. 

8-8.  Equipment and Accessories. 

 a.  General.  The most common methods of installing sheet pile walls include driving, 

jetting, and trenching.  Jetting SHALL NOT be permitted.  In areas where jetting would be 

considered necessary, sheet pile sections should be of a size sufficient to withstand harsh driving.  

The type of sheet piling often governs the method of installation.  Contract specifications should 

prohibit the installation of sheet piling until the Contractor’s methods and equipment are 

approved. 

 b.  Hammers.  Care should be taken in selecting the proper size of hammer used, especially 

in soft soils, where substantial voids can develop adjacent to the sheet piling during driving.    

 c.  Accessories.  Special hot-rolled “wye” or “tee” connections (such as PilePro © sections), 

if used, should be tack welded to the initial sheet being installed to assure the interlock remains 

secure for the full length of the sheet. 

8-9.  Storage and Handling. 

 a.  Hot-Rolled and Cold-Formed Steel Sections.  To the greatest extent possible, piling 

should be stored on level ground (or on a level platform) or should be blocked in a manner to 

keep the pile stack level in accordance with manufacturer’s recommendations.   

 b.  Other Sections.  Light-duty steel, aluminum, concrete, cold-formed steel, and plastic 

sheet piles are not used for structural sheet pile walls functioning as main-line flood protection.  

These types of sheets should be stored and handled according to the manufacturer’s 

recommendations. 

8-10.  Methods of Installation. 

 a.  Push-in.  In addition to traditional driving methods, there is also equipment capable of 

using the “push-in” technique for driving sheet piling.  In this type of installation, the piles are 

driven using a rig that mounts to the top of the newly installed sheets and “walks” along the wall-

line.  The device pushes sheets into the ground and relies on the skin friction of the previously 

driven piling rather than counterweights.  This method of installation may be viable where Right-

of-Way is limited and soil conditions permit. 

 b.  Jetting.  Jetting shall not be permitted for floodwalls. 

 c.  Driving.  During sheet pile driving operations where new I-walls are connecting to 

existing concrete floodwalls (T-walls or capped I-walls), driving of the new sheets should be 

closely monitored to prevent damage to the existing monoliths, especially where no slip joint has 
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been provided.  If hard driving is encountered due to deformed interlocks on the existing sheets 

or misalignment of existing sheets, significant damage to the existing concrete wall could occur. 

8-11.  Drivability of Sheet Piling.  Cold Formed Steel, Aluminum, Timber, and Plastics. These 

types of sheet piling should not be used for main-line flood protection. 

8-12.  Maintaining Protection During Construction.  If staged construction is to be utilized in 

close proximity to a waterway, protection should still be provided for expected fluctuations in 

water surface levels such as tidal fluctuations or fluctuations due to routine rainfall events. 

8-13.  As-Built Drawings.  At the conclusion of construction, a complete set of As-Built 

drawings shall be developed and presented to the end user.  All changes made during 

construction shall be represented.  Documentation describing the reasons for changes made to the 

original contract plans and specifications shall be provided and incorporated into the final project 

Design Documentation Report, along with the As-Built drawings. 

8-14.  Mandatory Requirements. 

 a.  Site conditions shall be evaluated in increasing detail with each phase of design to 

assure that all identifiable obstructions and all items requiring special treatment have been 

identified and provisions for handling those features have been adequately developed. 

 b.  Relocations shall be coordinated in advance of construction.  Design and construction 

personnel shall hold safety paramount and strictly adhere to the requirements of EM 385-1-1 

when working in close proximity to existing utilities (natural gas, petroleum, electrical, etc.).  

Designs shall account for adjustments to construction procedures to ensure worker safety. 

 c.  Where right-of-way constraints are tight, wall alignments shall be confirmed prior to 

pile driving operations to assure that the wall alignment is correct and corresponds with both the 

Contract plans and the Contractor’s shop drawings.  It is imperative that walls be constructed 

within tolerance as required by the drawings, especially in areas where substantial stability berms 

are required and right-of-way is limited.   

 d.  Void backfill placement shall be confirmed prior to placement of scour protection.   

 e.  Jetting shall not be allowed for floodwalls. 

 f.  Sheet piling shall be stored in accordance with manufacturer’s recommendations to 

prevent permanent deformations which could inhibit pile driving or impair the structural integrity 

of the piles. 

 g.  At the conclusion of project construction, documentation of changes made during 

construction shall be presented in the form of a narrative describing changes made and the 

reasons for the changes for inclusion in the final Design Documentation Report along with 

As-Built Drawings. 
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CHAPTER 9 

Operations, Maintenance and Post Construction Activities 

9-1.  General.  All I-walls associated with flood risk management systems must be properly 
maintained by the local sponsor to ensure the project provides the authorized level of protection.  
The local sponsor must have a complete understanding of the project and its elements as well as 
the proper operation and maintenance required to achieve the objectives intended by the project.  
Structures constructed by the USACE for local flood protection must be continuously maintained 
to insure operational capability to fulfill the intended purpose for which they were designed and 
constructed.  They must also be operated at such times and for such periods as necessary to fulfill 
the intended purpose and to obtain the maximum benefits.  

9-2.  Operations and Maintenance Requirements.  USACE will furnish to the local sponsor 
(operational entity) an Operation and Maintenance Manual for completed project works.  Within 
this manual the maintenance and operation requirements are described for the concrete walls, 
including I-walls.  The O&M manual provided to the local sponsor should, at a minimum, 
address the following operation and maintenance activities. 

 a.  Record of Construction Activities.  The O&M manual shall contain a historical summary 
of the project construction to include contracts (start and completion dates and costs) and names 
of contractors, contracting officers, and resident engineers.  A complete set of as-built plans, 
specifications, survey reference points (primary project control PBMs, records of establishment, 
and the like) shall also be provided. 

 b.  Operation.  Continuous patrol of the wall shall be maintained during flood periods to 
locate possible leakage at monolith joints, seepage underneath/through the wall or tilting of the 
wall.  Any seepage, sand boils, saturated areas or tilting that are found shall be monitored closely 
during the flood event.  If these situations worsen, the areas shall be repaired using approved 
methods.  Floating plant or boats will not be allowed to lie against or tie up to the wall.  Should it 
become necessary during a flood emergency to pass anchor cables or other items over the wall, 
adequate measures shall be taken to protect the concrete, construction joints and embedded 
waterstop.  Immediate steps shall be taken to correct any condition which endangers the stability 
of the wall. 

 c.  Maintenance.  Periodic inspections shall be made by the operational entity to be certain 
that no undue settlement or rotation has occurred which affects the stability of the wall or its 
water tightness.  A surveillance program shall be developed to ensure appropriate measurements, 
observations, and other activities to be performed that will ensure project benefits are being 
performed.  The area adjacent to the wall shall be inspected to ensure no trees exist within the 
established vegetation free zone, the roots of which might extend under the wall and offer 
accelerated seepage paths.  This area shall also be inspected to verify there are no encroachments 
upon the right-of-way which might endanger the structure or hinder its function in time of flood 
and to prevent the accumulation of trash and debris adjacent to walls.  Measures shall be taken 
by the operational entity to promote the growth of appropriate turf cover on bank slopes.  
Inspections shall verify that fires are not being burnt adjacent to the walls.  The concrete shall be 
inspected to determine the extent of cracking, chipping, or breaking which might affect the 
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stability of the wall or its water tightness.  The foundation soils adjacent to the wall shall be 
inspected for bank caving or other situations that might endanger wall stability.  Specific 
attention should be made to address failure modes as identified in the IPET investigation such as 
flood side cracks between the embankment and the I-Wall.  Toe drainage and relief well systems, 
if present, should be inspected to verify they are in good working condition and are not 
becoming clogged.  Results of these measurements and inspections shall be documented in an 
easily retrievable format by the local sponsor.  Evidence of distress shall be reported in 
accordance with ER 1110-2-101. 

Such inspections shall be made immediately prior to the beginning of the flood season, 
immediately following each major high water period, and otherwise at intervals not exceeding 90 
days.  Measures to eliminate encroachments and effect repairs found necessary by such 
inspections shall be undertaken immediately.  All repairs shall be accomplished by methods 
acceptable in standard engineering practice.   

Guidance for control of vegetation on levees is provided in ETL 1110-2-571 titled Guidelines for 
Landscape Planting and Vegetation Management at Levees, Floodwalls, Embankment Dams and 
Appurtenant Structures.  A manual titled “Levee Owner’s Manual for Non-Federal Flood 
Control Works” has been written to assist the local sponsors with daily operation and 
maintenance activities, as well as activities to perform during high water events and flood 
fighting recommendations.  This document is located on the World Wide Web at the following 
URL: 

http://www.iwr.usace.army.mil/nfrmp/docs/USACE_NonFed%20Levee%20Owner's%20Manual
_Mar06.pdf 

 d.  Repair, Replacement, and Rehabilitation (RR&R).  Repair is considered to entail those 
activities of a routine nature that maintain the project in a well kept condition.  Replacement 
covers those activities taken when a worn-out element or portion thereof is replaced.  
Rehabilitation refers to a set of activities as necessary to bring a deteriorated project back to its 
original function.  RR&R actions are to conform to the project as-built plans and specifications 
unless other arrangements are made with the district commander.  Project partnering agreements 
should be consulted to determine responsibility for these activities. 

 e.  Insure Authority to Conduct Operations and Maintenance.  Project sponsor maintenance 
of flood risk management projects may require an activity under the jurisdiction of a state or 
USACE regulatory program.  Although most activities which would normally be involved in 
maintenance of flood risk management projects are exempt from the statutory requirement for an 
USACE permit, or may be covered by a general permit, some maintenance activities may require 
specific authorization from either a state or federal agency.  Therefore, the project sponsor and 
USACE will identify the operation and maintenance activities that will require a permit and 
those that are exempt.  Permit requirements and exemptions identified before each project O&M 
manual is written will be included in the project O&M manual.  Permit issues arising subsequent 
to the O&M manual publication will be handled through the normal state and federal regulatory 
process. 
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9-3.  Monitoring and Periodic Inspection/Assessment.  I-walls require periodic monitoring and 
inspection to ensure their safe and continued successful operation.  The local sponsor should 
develop a monitoring plan that addresses routine monitoring of the project and monitoring of the 
project during and after a flood event.  This monitoring plan shall be coordinated with the Levee 
Safety Program Manager in the appropriate USACE district office.  Locations of differential 
settlement, tilting, cracks or significant spalls should be noted by the project sponsor to enable 
follow-up inspections to determine if these conditions are worsening or stabilized.  

Under the USACE Levee Safety Program, USACE conducts inspections and assessments on 
federally authorized levee systems, including I-walls, operated and maintained by a local sponsor 
or by USACE.  The purpose of these inspections is to determine deficiencies or areas which need 
monitoring or immediate repair; proper operations and maintenance; eligibility for federal 
rehabilitation funding in accordance with Public Law (PL) 84-99; and, compliance with the 
project partnership agreement, if applicable.  USACE conducts two types of inspections.  This 
first type are Routine Inspections, which are visual inspections, typically conducted once a year, 
to verify proper operation and maintenance based on the USACE inspection checklist.  These 
inspections are also referred to as an annual inspections, initial eligibility inspections, or 
continuing eligibility inspections.  The Periodic Inspection is the next level of inspection in the 
USACE Levee Safety Program and is conducted by a multidisciplinary team, led by a 
professional engineer.  It includes a more detailed, comprehensive and consistent evaluation of 
the condition of the levee system and will be conducted every five years.  As referenced in 
Chapter 3, Section 6, periodic reevaluations of project reference elevations and related datums 
shall be included as an integral component in the various civil works inspection programs of 
completed projects.  USACE also screens levee systems using the Levee Screening Tool (LST).  
The LST combines Routine Inspections data with a preliminary engineering assessment to 
indicate the levee’s ability to perform as designed and the consequences of potential failure, 
including an estimate of the potential for loss of life.  LST outcomes include identification of 
relative risk; performance concerns and potential consequences of failures; and issues to address 
with interim risk reduction measures.  For more details refer to applicable USACE Levee Safety 
policies and procedures and ER 1130-2-530, ER 500-1-1 and EP 500-1-1.   
 
9-4.  Rehabilitation.  The Rehabilitation and Inspection Program (RIP) provides for the 
inspection and rehabilitation of Federal and non-Federal Flood Damage Reduction (FDR) 
Projects damaged or destroyed by floods and the rehabilitation of Federally authorized and 
constructed Hurricane/Shore Protection Projects (HSPP) damaged or destroyed by wind, wave or 
water action other than ordinary nature.  Please refer to ER 500-1-1 for additional information on 
the Rehabilitation and Inspection Program. 
 
9-5.  Evaluation of Existing Structures.  The results of IPET studies made it evident that failure 
modes not previously considered required further evaluation.  Guidance has been developed in 
phases for evaluation of existing I-wall structures.  Phase I and Phase II I-wall evaluation 
guidance is included in Appendices B and C, respectively.  Phase III evaluation guidance is 
currently under development. 

9-6.  Encroachments and Modifications.  An encroachment is defined as an excavation, structure 
or other obstruction present within the project easement area or zone of influence.  
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Encroachments may destabilize the I-wall or may prohibit access needed to perform required 
inspections.  The project sponsor shall identify all encroachments adjacent to the I-wall.  Any 
encroachments that are determined to be detrimental to the structural integrity, operability or 
maintainability of the I-wall shall be removed.  Guidance on acceptable and unacceptable 
encroachments can be found in the Levee Owner’s Manual for Non-Federal Flood Control 
Works. 

 a.  Periodically, municipalities or other entities may need to modify the I-wall via boring 
through the I-wall, or excavation or new construction adjacent to the I-wall to meet other 
operational requirements.  These modifications must be approved by the District Engineer or his 
authorized representative in accordance with Title 33, Code of Federal Regulations, Part 208.1 to 
ensure that such work will not adversely affect the function of the I-wall.  The project sponsor 
shall document in an easily retrievable format all modifications to the I-wall. 

 b.  Modifications to completed projects must insure that the intended purpose and effect is 
not adversely affected.  Further, modification to projects or re-assessment of level of protection, 
etc. must be re-evaluated where conditions warrant, such as changes in land use, project 
conditions or completion of other works.  Some direction regarding modifications to completed 
projects is addressed in ER 1165-2-119 titled Modifications to Completed Projects. 

9-7.  Interim Risk Reduction Measures.  If, upon inspection, it is determined that a section of I-
wall is more susceptible to damage than adjacent sections of I-wall, then interim risk reduction 
measures shall be initiated.  These measures may include, but not limited to, construction of a 
land side berm, placement of stone slope protection or a concrete apron. 

9-8.  Instrumentation.  The primary purpose of instrumentation is to provide data useful for 
determining whether or not an I-Wall system is behaving in accordance with engineering 
predictions.  When an I-wall system has special foundation conditions or uncommon design 
features, instrumentation can help in determining if design concepts for these conditions or 
features are being realized during construction and operation.  A comprehensive monitoring 
program must be developed for the special conditions and features at that site.  Appropriate 
instrumentation should be included in the design and construction of the project to enable the 
detection of conditions that indicate unsatisfactory performance.  This should include, but not be 
limited to, areas of special concern identified in the design and construction process.  
Instrumentation provides quantitative data to assess groundwater pressure, deformation, total 
stress, temperature, seismic events, leakage, and water levels.  Total movements as well as 
relative movements between zones of an embankment and its foundation may also need to be 
monitored.  A wide variety of instruments may be utilized in a comprehensive monitoring 
program to ensure that all critical conditions for a given project are covered sufficiently.  
Inspection, monitoring, and instrumentation for I-walls are described in EM 1110-2-2504 titled 
Design of Sheet Pile Walls. 
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Appendix D 
Reference Elevation Datums and Surveys of Floodwall Structures and Systems 
 
This appendix is a technical supplement to sections referenced in Chapter 3. 
 
F-1.  Background on Geodetic and Hydraulic Vertical Reference Systems     
 
Vertical datums typically represent a terrestrial or earth-based surface to which geospatial coordinates 
(such as heights, elevations, or depths) are referenced.  The vertical datum is the base foundation for 
nearly all civil and military design, engineering, and construction projects in USACE—especially those 
civil flood protection projects that interface with water.  Elevations or depths may be referred to local or 
regional reference datums.  These reference datums may deviate spatially over a region, due to a variety 
of reasons.  They may also have temporal deviations due to land subsidence or uplift, sea level changes, 
crustal/plate motion, or periodic readjustments to their origin or to defined points on the reference surface.  
Following are some of the types of vertical datums used to define the elevations of USACE flood control 
structures. 
 

 Orthometric (Geodetic) Datums: Floodwall protection heights and related inundation mapping 
elevations are normally referred to orthometric datums even though orthometric datums typically 
bear no direct relationship to design water surfaces.  Orthometric datums are based on 
geopotential surfaces on some defined terrestrial origin—the geoid.  The two major orthometric 
datums used in CONUS include: 

 
o National Geodetic Vertical Datum of 1929 (NGVD29)—superseded in early 1990s 
o National Geodetic Vertical Datum of 1988 (NAVD88) 

   
NAVD88 is the federally recognized elevation reference system throughout CONUS and Alaska.  
Neither NGVD29 nor NAVD88 are "sea level datums."  They are not aligned to "mean sea level" 
in CONUS.  On the West Coast, NAVD88 is over 3 ft below LMSL.  Failure to account for this 
basic tenet of a geodetic (orthometric) datum in the design of a floodwall elevation can have 
significant adverse consequences—see Volume II of IPET 2006. 

 
 Space-Based (Ellipsoidal) Datums: These are three-dimensional, geocentric, equipotential 

ellipsoidal datums used by the Global Positioning System (GPS)—i.e., World Geodetic System 
1984 (WGS84).  Currently, ellipsoid heights of points in CONUS represent elevations relative to 
the Geodetic Reference System 1980—GRS80 (NAD83 NSRS 2007) reference system/datum.  
The geoid height represents the elevation of the GRS80 ellipsoid above or below the geoid.   

 
 Dynamic Heights: Dynamic heights (or differences) are often used in relating hydraulic datums.  

Dynamic heights, unlike orthometric heights, represent geopotential energy (hydraulic head) 
gradients in water surfaces (canals, rivers, lakes, reservoirs, hydropower plants, etc.) and thus 
have application to Corps hydraulic models.  Dynamic heights are the basis for reference datums 
on the Great Lakes. 

 
 Hydraulic Datums: These datums are found on inland river, lake, or reservoir systems, typically 

based on a low water or discharge reference point—typically (but not always) designated as a 
"low water reference plane" or LWRP.  Hydraulic datums are based on long-term river or 
reservoir gage observations, with hydraulic modeling used to define reference flood stages on 
river sections between gages.  Examples on the Mississippi River include LWRP 74 and LWRP 
93 and the International Great Lakes Datums (IGLD 55 or IGLD 85) for each of the Great Lakes.  
Other reference planes used in USACE may include normal pool level, minimum regulated pool 
level, and flat pool level, low flow regulation pool, seasonal pool, flood control pool, and 
conservation pool.  Hydraulic-based reference datums in inland waterways define stages of flood 
protection levees or floodwalls and navigation clearances.   
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 Tidal Datums: Tidal datums are used throughout all USACE coastal areas and are based on long-
term water level averages of a phase of the tide.  Mean Sea Level (MSL) datum (or more 
precisely Local Mean Sea Level--LMSL) is commonly used as a base reference for hydrodynamic 
storm modeling, wind and wave surge modeling, high water mark observations, stillwater surge 
elevations, and design of coastal hurricane protection structure elevations.  The relationship 
between these water elevations and the orthometric datum elevation varies spatially and must be 
computed or modeled.  Depths of water in navigation projects in the United States are defined 
relative to Mean Lower Low Water (MLLW) datum.  Tidal datums are essentially local datums (i.e.  
LMSL) and should not be extended more than a few hundred feet from the defining gage without 
substantiating measurements or models.   

 
 Local Datums: Local datums are based on arbitrary, unknown, or archaic origins.  Often 

construction datums are referenced to an arbitrary reference (e.g., elevation 100.00 ft).  Some 
datums with designated origins may be local at distant points—e.g., New Cairo (IL) Datum 
projected south to the Gulf Coast.  Most hydraulic-based river datums and MSL/MLLW tidal 
datums are actually local datums when they are not properly modeled or kept updated.  Other 
local or legacy datums encountered in USACE may include Mean Low Gulf (MLG), Mean Gulf 
Level (MGL), and Mean Low Tide (MLT), Old/New Memphis Datums, and Delta Survey Datum.  
Points and floodwall elevations referenced to NGVD29 must be considered a local datum in that 
relationships to the national network are no longer maintained.  Height differences between points 
determined from differential leveling are effectively local datums unless orthometric or dynamic 
height corrections are applied to the observed elevation differences.  Nearly all construction, 
boundary, and real estate surveys are aligned to local horizontal datums, e.g., section corners, 
property corners, points-of-beginning--POB, road intersections, chainage-offset construction 
layout, etc.  Geospatial coordinates for such points are primarily used for external reference, e.g., 
GIS mapping.  There is nothing inherently wrong in maintaining local or legacy datums on flood 
protection projects as long as an adequate relationship to the current NSRS geodetic and/or 
hydraulic datum is established. 

 
 a.  Satellite reference systems.  The current (and expanding) use of satellite-based ellipsoidal 
reference systems (e.g., GRS80 (NAD83 NSRS 2007)) provides a reliable mechanism for establishing an 
accurate, nationwide external reference framework from which floodwall protective elevations can be 
related spatially and temporally to high degree of accuracy.  GPS and other expanding global navigation 
and positioning systems (e.g., GLONASS, GALILEO) will further the use of satellite-based systems 
(GNSS or Global Navigation Satellite Systems) as the primary measurement reference for floodwall 
elevations and related mapping applications.   
 
 (1) Most federal agencies, including USACE in EM 1110-1-1003, have specifications for 
measuring and defining vertical elevations derived from satellite-based measurements.  Various initiatives 
are underway by NOAA and other agencies to refine the models of some of the various vertical datums 
listed above—resulting in a consistent National Spatial Reference System that models and/or provides 
transformations between the orthometric, tidal, and ellipsoidal datums.  Paramount in these efforts is the 
NOAA "National VDatum" project which is designed to provide accurately modeled transformations 
between orthometric and tidal datums. 
 
 (2) In recent years much emphasis has been put on the determination of orthometric heights from 
GPS, rather than through traditional (leveling) observations.  Specifically, with a highly accurate model of 
the geoid (geoid heights—N), the purely geometric height (termed ellipsoidal height—h) determined by 
GPS can be transformed into an orthometric height (H—e.g., NAVD88).  Figure F-1 depicts the 
mathematical relationship between NAVD88 orthometric heights (H) relative to GRS80 ellipsoid heights 
(h) and how GPS ellipsoid height observations can be directly transformed to NAVD88 orthometric 
heights that are used to reference designed floodwall protective heights.   
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Figure F-1.  Relationship between the ellipsoid, geoid and orthometric heights (IPET 2006) 
 
The ellipsoid surface has nothing to do with the level surfaces and it cuts through all level surfaces 
because it is not a function of the Earth’s gravity field.  Therefore GPS-derived ellipsoid heights are not 
related to the geoid or the gravity field--requiring a model to obtain differences between the geoid and 
ellipsoid to determine orthometric height.  Geoid height (also termed geoid separation or geoid 
undulation) is the difference between the geoid and ellipsoid at any given point on the earth’s surface.  
The geoid height is always negative in CONUS (as shown in the figure).  The term “equipotential surface” 
is defined as an irregular surface, whose gravity potential energy is constant at every point.  By extension, 
therefore the force of gravity is perpendicular to an equipotential surface at every location on that surface.  
Because the value of gravity potential energy can be any number (corresponding to one equipotential 
surface), there are therefore an infinite number of equipotential surfaces surrounding the Earth with each 
equipotential surface lying either completely within or completely without another surface; they do not 
intersect one another.  Due to the non-homogenous distribution of Earth’s masses, each of these 
surfaces has its own distinct shape.  The “geoid” is the one equipotential surface which most closely fits 
global mean sea level in a least squares sense.  However variations between local mean sea level and 
the geoid at one location may be radically different from such variations at another location.  As an 
example the LMSL-geoid difference in New Orleans is not the same as LMSL-geoid difference in Miami, 
Florida since the geoid is fit to global mean sea level and its definition is therefore not strongly influenced 
by the local hydrodynamic phenomena which affect local mean sea level.  In the absence of all forces 
besides gravity, the ocean surface would lie on the geoid.  However tides, currents, river runoff, wind, 
circulation, and other forces all impact sea level.  Some of these forces do not average to zero over time, 
and since these forces vary from site to site, any given tide gage may determine local mean sea level but 
not directly determine the geoid.  Due to this difference in variations between the geoid and local mean 
sea level, and the fact that only 26 tide stations were held fixed in establishing NGVD29, the NGVD29 
reference surface was warped to allow the local mean sea level at tide stations to define the “zero 
elevation” of heights in the NGVD29 datum; hence, NGVD29's reference surface is not equipotential. 
 
 (3) Over short distances, satellite derived elevation differences are not as accurate as those 
determined from traditional spirit or digital leveling observations.  Therefore, traditional spirit leveling will 
be used for local construction stakeout.  Satellite (RTK) observations are acceptable for detailed site plan 
design. 
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 b.  Nationwide horizontal reference systems.  Two horizontal datums are used to reference the X-
Y location of projects in North America. 
 

 North American Datum of 1927 (NAD27)—superseded  
 North American Datum of 1983 (NAD83) 

 
The NAD27 was superseded by NAD83 in the mid 1980s.  Project sites still georeferenced to NAD27 
must be converted to NAD83 during the planning or detailed design phase.  Guidance for performing this 
translation is contained in EM 1110-1-1005 (Control and Topographic Surveying).  GPS ellipsoidal 
heights measured relative to GRS80 can be transformed to NAVD88 orthometric heights given the direct 
mathematical relationship between NAD83 and the GRS80 ellipsoid—this is not possible with the 
superseded NAD27 or NGVD29 datums.   
 
 (1) Horizontal accuracy.  The general mapping location accuracy of flood control project features 
relative to NAD83 is usually not critical, as distinguished from far more critical vertical accuracy 
requirements, boundary/right-of-way requirements, or local construction control accuracy requirements 
that typically require internal horizontal tolerances at the ±0.01 to ±0.05 ft levels.  Regional or nationwide 
horizontal georeferenced tolerances of ±2 ft relative to the NAD83 framework are acceptable for most 
general location references, GIS positioning, and small scale mapping uses.   
 
 (2) Horizontal georeferenced coordinates.  Floodwall reference marks (i.e., monuments or 
benchmarks) used for construction will typically be referenced to two horizontal coordinate systems: 
 

 Local State Plane Coordinate System (SPCS)—derived from and referenced to NAD83.  
 Construction Chainage-Offset System—typically locally referenced stationing of the centerline 

alignment of the floodwall, depicting PIs, PCs, PTs, and other features. 
 
In addition to the above coordinate systems, dimensional relationships from reference points on the 
floodwall may also be required to property lines/corners, utilities, facilities, fence lines, right-of-ways, 
floodlines, easements, restrictions, etc.   
 
 c.  Leveled height differences.  Leveled elevation differences between benchmarks do not yield 
either orthometric height differences or dynamic height differences.  Spirit (or digital) level differences in 
elevation must be corrected (Orthometric Correction or Dynamic Correction) to obtain an orthometric 
heights or dynamic heights.  Orthometric corrections, being a function of a level line length and direction, 
are usually negligible for engineering purposes.  Dynamic height corrections are usually negligible except 
in high elevation (energy head) differences, such as those between a hydroelectric power plant's reservoir 
and lower spillway.  Due to inaccuracies in NAVD88 leveling adjustments, a “hydraulic corrector” must be 
applied at subordinate points on the Great Lakes in order to obtain a reference engineering, construction, 
or navigation datum.  These hydraulic correctors are published by the IJC Coordinating Committee on 
Great Lakes Basic Hydraulic and Hydrologic Data. 
 
 d.  Vertical datum reference.  For a more comprehensive discussion on vertical datums, including 
NGVD29 and NAVD88, see Volume II (Geodetic Vertical and Water Level Datums) of IPET 2006 or EM 
1110-2-1005 (Control and Topographic Surveying). 
   
F-2.  Federal Elevation Reference Frameworks 
 
USACE flood control projects must be externally referenced to federal networks and datums maintained 
by the US Department of Commerce (NOAA).  The adequacy of this reference connection must be 
confirmed during the floodwall design or evaluation process.   
 
 a.  National Spatial Reference System (NSRS).  The NSRS is also a component of the National 
Spatial Data Infrastructure (NSDI) - [http://www.fgdc.gov/nsdi/nsdi.html] which contains all geodetic 
control contained in the NOAA National Geodetic Survey (NGS) database.  This includes horizontal and 
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vertical control, geoid models, precise GPS orbits, Continuously Operating Reference Stations (CORS), 
and the National Shoreline as observed by NGS as well as data submitted by other Federal, State, and 
local agencies (including USACE), academic institutions, and the private sector.  The NSRS represents 
an independent framework system for long-term monitoring of the stability of project grades and flood 
protection elevations.  This reference system has been adopted by most Federal agencies, including 
FEMA, USGS, EPA, and by most state agencies.  Accordingly, USACE must ensure floodwall design 
elevations (based on hydraulic or hydrodynamic models) are referenced to this NSRS system to insure 
consistency in reporting elevations or grades between federal and state agencies.  Permanent primary 
control benchmarks on USACE flood control projects shall be geodetically connected to the NSRS during 
the planning or detailed design phases and survey observational data shall be submitted to NGS for 
inclusion in the published NSRS.  This will insure that Corps project control will be automatically updated 
when future updates to the NSRS are made by the NGS. 
   
 b. Continuously Operating Reference Stations.  The NGS coordinates a network of over 1,000 
continuously operating reference stations (CORS) throughout North America.  Each CORS site provides 
GPS carrier phase and code range measurements in support of three-dimensional positioning activities 
throughout the United States and its territories.  The CORS system enables positioning accuracies better 
than 0.25 ft relative to the NSRS, both horizontally and vertically.  CORS observations will be the primary 
method for relating USACE projects to the NSRS.  
 
 c.  National Water Level Observation Network.  The NWLON is composed of the continuously 
operating long-term primary and secondary control tide stations of the US Department of Commerce.  
This network provides the basic foundation for the determination of tidal datums for coastal and marine 
boundaries and for chart datum of the United States. 
  
 d.  National Water Level Program.  The NWLP, administered by NOAA, includes the NWLON and 
includes a database of water level elevation data and benchmark elevation data form historical long-term 
and short-term operated by that agency for various surveying and mapping projects.  USACE coastal 
flood and hurricane protection project grades must be directly referenced to NWLP published datums. 
 
 e.  FEMA National Flood Insurance Program (NFIP) Guidelines.  FEMA has issued a number of 
publications dealing with flood mapping (and related elevation datums) needed to certify or accredit 
levee/floodwall systems.  These certifications are referenced to base flood elevations shown on Flood 
Insurance Rate Maps (FIRMs).  Design and constructed elevations on floodwalls, and related freeboard 
allowances, stillwater elevations, etc. must be consistent with the same regional vertical datums specified 
in NFIP regulations and guidelines—see 44 CFR 65 (Identification and Mapping of Special Hazard Areas) 
and FEMA’s Guidelines and Specifications for Flood Hazard Mapping Partners (2003).  FEMA Elevation 
Certificates (Form 81-31 Feb 06) still provide optional vertical datum designations (or flexibility) for FIRM 
BFEs and building first-floor elevations—i.e., NGVD29, NAVD88, or "other--describe."  Metadata 
associated with the origin of the datum (reference benchmarks, FIRM, etc.) are critical in order to reliably 
relate FEMA BFEs to USACE floodwall protection elevations.  FEMA’s National Flood Insurance Program 
Elevation Certificate and Instructions (2006) emphasizes the source datum requirements and implied 
connection to a NSRS benchmark (PID) for surveying building and adjacent grade elevations: 
 

A field survey is required for Items C2.a-g.  Provide the benchmark utilized, the vertical datum for that 
benchmark, and any datum conversion necessary.  Most control networks will assign a unique identifier for 
each benchmark.  For example, the National Geodetic Survey uses the Permanent Identifier (PID).  For the 
benchmark utilized, provide the PID or other unique identifier assigned by the maintainer of the benchmark.  
Also provide the vertical datum for the benchmark elevation.  Show the conversion from the field survey 
datum used if it differs from the datum used for the BFE entered in Item B9 and indicate the conversion 
software used.  All elevations for the certificate, including the elevations for Items C2.a-g, must be 
referenced to the datum on which the BFE is based.  Show the datum conversion, if applicable, in this 
section or in the Comments area of Section D.  For property experiencing ground subsidence, the most 
recent reference mark elevations must be used for determining building elevations.  However, when 
subsidence is involved, the BFE should not be adjusted.  Enter elevations in Items C2.a-g to the nearest 
tenth of a foot (nearest tenth of a meter, in Puerto Rico). 
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 f.  National VDatum.  VDatum is a software tool developed by NOAA for coastal areas that allows 
users to transform geospatial data among a variety of geoidal, ellipsoidal, and tidal vertical datums.  
Currently the software is designed to convert between 28 vertical datums, including NAVD88, MLLW, and 
LMSL.  This is important to coastal applications that rely on vertical accuracy in bathymetric, topographic, 
and coastline data sets, many of which may be produced on different reference datums but need to be 
merged for hydrodynamic surge models.  Applying VDatum to an entire data set can be particularly useful 
when merging multiple data sources together, where they must first all be referenced to a common 
vertical datum.  Technologies, such as LIDAR and kinematic GPS data collection, can also benefit from 
VDatum in providing new approaches for efficiently processing shoreline and bathymetric data with 
accurate vertical referencing.   
 
F-3.  Primary and Local Project Control PBMs 
 
This section defines primary or network accuracies relative to local project accuracies. 
 
 a.  Distinction between NSRS control and local project control.  A critical distinction must be made 
between: 
 

(1) The regional “geodetic” survey process of referencing USACE project elevations to NAVD88 
or NAD83 relative to nearby points on the NSRS (i.e., Project Network Accuracy), and  
 
(2) Engineering and construction surveying requirements necessary to design, align, stake out, 
and construct a local flood control structure (i.e., Local Network Accuracy).   

 
 b.  Primary project control monuments.  These are permanent monuments (PBMs) set on or near 
a project that are connected with, and published in, the NSRS, and are used to densify local project 
control monuments or develop project features.  These NSRS benchmarks may be established by the 
NGS, USACE, or other agencies.  Each USACE flood control project should have at least one primary 
control monument. 
 
 c.  Local project control monuments.  These PBMs used to reference project features, alignment, 
elevations, or construction.  Monuments may be atop levees (e.g., PIs) or offset to the alignment of a 
floodwall structure.  Typically these local control monuments will have three-dimensional (X-Y-Z) 
coordinates along with local project station-offset coordinates.  Project control monuments are usually not 
part of the published NSRS; however, they should be directly connected with a primary project control 
monument described above.  Each project shall have a minimum of three (3) PBMs and construction 
contract plans & specifications shall clearly indicate these PBMs for construction stake out and 
calibration.. 
 
 d.  Project network accuracy (NSRS connection accuracy).  Spatial accuracy of a project control 
monument relative to points (benchmarks) in the nearby NSRS region.  NSRS regional network accuracy 
is not significant to local project construction.  NSRS network elevation accuracies may range from ±0.1 ft 
to ±0.3 ft. 
 
 e.  Local network accuracy (engineering & construction accuracy).  Spatial accuracy of a local 
project control monument or project features relative to nearby local reference monuments on the project.  
Local project accuracy is critical for construction with X-Y-Z tolerances typically < ± 0.05 ft.  Local 
accuracy tolerances are always much smaller than NSRS network accuracy tolerances. 
 
 f.  Example.  Figure F-2 illustrates the distinction between network and local accuracies.  The 
“Primary” benchmark has been connected to other adjacent points in the NSRS to an accuracy of ± 0.22 
ft.  This “network accuracy” is based on the adjustment statistics from the point’s connection—e.g., GPS 
baseline connections, differential leveling loop closures, etc.  The adjusted NSRS elevation of 298.72 ft is 
assumed absolute and is used to establish elevations on the two PI monuments (Local Project Control 
Points) shown in Figure F-2.  These PI elevations may be determined by various topographic survey 
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methods—levels, GPS, total station.  Assuming differential levels were run from the Primary NSRS 
benchmark to the two PIs, NAVD88 elevations are transferred to the PI monuments.  These elevations 
have a slightly larger NSRS “network” accuracy than the Primary NSRS benchmark.  However, their 
“Local Network Accuracy” of ±0.03 ft is based on the accurate level line closures between the three 
points.  The Local Project Control Points (PIs) have both a local (relative) accuracy needed for 
construction and a regional (NSRS) accuracy needed for regional engineering purposes. 
 
 

PI Sta 15+72.4 (Local Project Control)

PI Sta 00+00.0 (Local Project Control)

Primary Project Control 
Benchmark (tied to NSRS)

Elevation: 298.72 ft (NAVD88)
NSRS Network Accuracy: ± 0.22 ft
Local Accuracy: ± 0.0 ft

Elevation: 315.21 ft (NAVD88)
NSRS Network Accuracy: ± 0.28 ft
Local Accuracy: ± 0.03 ft

Elevation: 314.89 ft (NAVD88)
NSRS Network Accuracy: ± 0.28 ft
Local Accuracy: ± 0.03 ft

PI Sta 5+34.6 

PI Sta 12+89.2 

PI Sta 8+91.5 

 
 

Figure F-2.  Distinction between Primary Project Control and Local Project Control--Network and Local Accuracies 
 
F-4.  Survey Procedures for Establishing Primary Project Control 
 
The conventional and differential GPS survey procedures needed to achieve ±0.25 ft nominal elevation 
accuracies are summarized in Table F-1. 
 
 
Table F-1.  Preferred Survey Methods for Establishing New Primary Project Control Benchmarks on Flood Control 
Projects Relative to the NSRS 
 
 
Preference Survey Method   NSRS Input Method  Notes 
Order   
 
1  Use existing NSRS control  not applicable   NSRS check surveys only 
 
2  GPS: CORS-Only OPUS  OPUS DB   Restricted to CORS  
              within 200 miles 
 
 
3  GPS: Networked baselines to ADJUST Blue Book  Include any CORS  
     nearby NSRS benchmarks  or     baselines in adjustment 
     if CORS-Only/OPUS solutions  OPUS PROJECT 
     cannot be performed 
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4  Differential Leveling  Blue Book   Setting primary points 
     from NSRS points  OPUS Levels (future)     at levees or gages 
     (3rd Order) 
 
Existing, published, NSRS benchmarks of 2nd or higher order shall be used as primary reference control 
when they are on or near a project.  When no existing (i.e., published) NSRS vertical control is available 
near the project, new primary project control benchmarks must be set to an established density, 
accuracy, and observing specification.  Newly established project control must also be published in the 
NSRS by forwarding geodetic observations and descriptive data to the NGS.  The primary purpose for 
establishing this primary control is to provide assurance that the flood control structure elevations 
measured from these primary benchmarks will be adequately referenced to the NSRS (currently 
NAVD88).  A variety of survey procedures may be used to establish a new primary project control point.   
 
F-5.  Horizontal Tolerances 
 
Local horizontal accuracies should generally be within the tolerances for vertical accuracies shown back 
in Table 3-2 in Chapter 3.  When using RTK methods, the horizontal accuracies will be slighter better—
and over typical RTK application distances, a ± 0.1 ft (± 3 cm) local relative accuracy should be achieved 
at any type of point located (assuming appropriate RTK site calibration procedures are followed).  For 
example, the horizontal distance between two floodwall PIs 2,000 ft apart will be accurate horizontally to 
the ± 0.1 to 0.2 ft level when these points are connected using either RTK or total station EDM 
observations, and usually better than ± 0.05 ft vertically when 3rd-Order differential levels are run.  These 
local (relative) accuracy levels are sufficient for any floodwall stationing stakeout needed for construction 
or maintenance grading.  Thus a PI monument will have a local project stationing-offset and elevation 
coordinate for maintenance and construction, and will also be referenced to the NSRS (NAD83 & 
NAVD88) for regional mapping orientation and certification purposes. 
 
F-6.  Local Topographic, Engineering, and Construction Survey Accuracy Standards 
 
Local structure alignment benchmarks (e.g., PIs, PTs, PCs, gage references, etc.) and topographic 
features (levee/floodwall profiles, cross-sections, etc.) will be positioned relative to the nearest primary 
project control benchmark that has been controlled relative to the NSRS—see Table F-2.  This primary 
NSRS point(s) may be a published NGS benchmark or a USACE monument that has been connected to 
(and input into) the NSRS.  These local project control surveys will typically be performed over short 
distances—e.g., less than 3 to 5 miles from a RTK base station or comparable differential leveling or total 
station lengths).  Field survey procedures will follow 3rd Order engineering and construction guidelines in 
EM 1110-1-1005 (Control and Topographic Surveying). 
 
 
Table F-2.  Recommended Feature Accuracies for Flood Control Structures  
 
     Relative Accuracy (95%)  Reference Datum 
 
 
Levee or floodwall control benchmarks: ± 0.15 ft  (± 5 cm)    NAVD88/NAD83/local 
 
Hard topographic features:   ± 0.3 ft (± 9 cm)    NAVD88/NAD83/local 
   Floodwall cap elevations, culverts, 
   Inverts, boring references, etc. 
 
Ground shots:    ± 0.5 ft  (± 15 cm)   NAVD88/NAD83/local 
 
Construction stake out   ± 0.01 to 0.05 ft   Local site 
 
 
Local project control will typically have two horizontal references: (1) a local SPCS system, and (2) the construction 
station/chainage-offset system. 
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The above accuracies are not relative to the regional NSRS but are for local topographic/site plan surveys and 
construction purposes—e.g., that which may be required for construction.  Elevations are reported relative to NSRS 
vertical datum. 
 
Geoid03 (or a later version published by NGS) will be used to estimate and correct local geoid undulations for all 
topographic densification using RTK methods.  At longer distances greater than 3 miles from the RTK base, frequent 
calibration check points are recommended if a standard RTK site calibration/localization process is not feasible—see 
EM 1110-1-1005. 
 
 
F-7.  Criteria for Monitoring Protection Elevations in High Subsidence Areas 

 
Based on H&H or geotechnical assessments, some projects may require more precise regional vertical 
tolerances than the nominal ±0.25 ft specified above.  In high subsidence areas, sheet pile or concrete I-
wall cap elevations may be monitored to ±0.05 ft levels but earthen levees in these areas need only be 
monitored to ±0.25 ft levels—each structure or area must be assessed relative to actual hydraulic or 
geotechnical requirements.  If additional freeboard allowance was applied for subsidence or settlement 
during design, then the required measurement accuracy may not be as critical. 
 
 a.  Subsidence.  Measuring subsidence (or subsidence rates) to ±0.01 ft or ±0.05 ft network 
accuracy standards and specifications may not be necessary when absolute NSRS subsidence 
elevations are only needed to the level which can be readily obtained with less demanding (and far less 
costly) specifications (e.g., repeated GPS  observations).  Local subsidence or settlement rates can be 
monitored from these project control points to high accuracy levels.  The overall regional subsidence is 
not needed to as high an accuracy—periodic GPS connections with the NSRS can effectively monitor any 
regional subsidence.  (In coastal areas, connections to tidal datums at long-term gages will provide 
similar subsidence rates). 
 
 b.  Relative subsidence rates.  In a subsidence area, or on levees supporting I-walls that are 
subject to settlement, the relative accuracy of this subsidence/settlement is the key to determining 
whether higher accuracy survey standards and specifications are needed.  For example, a monitored 10-
year subsidence/settlement on an earthen embankment may yield elevation drops of either "-2.3 ±0.05 ft" 
or "-2.3 ±0.25 ft", depending on the precision of the measurement.  Either method indicates "over a 2 foot" 
subsidence/settlement.  However, obtaining this "2 foot" answer to ±0.05 ft may cost 5 to 10 times the 
amount of obtaining a ±0.25 ft precision. 
 
 c.  Higher accuracy standards.  The following Table F-3 contains recommended accuracy 
tolerances on primary project control benchmarks that may be used for special cases where ±0.1 ft (±3 
cm) accuracies are required.  Use of these standards is evaluated on a case-by-case basis, considering 
risk and other factors.  In addition, Second-Order or better differential/digital leveling specifications may 
be needed in some low elevation gradient pools or canals where better than ± 0.1 ft differential accuracies 
are required.   
 
 
Table F-3.  Accuracy Standards for Connecting USACE Flood Control Projects to the NSRS Network—High 
Subsidence Regions, Reservoirs, and Dams (Primary Project Control Benchmarks) 
 

     Relative Accuracy (95%)  Reference Datum 
 
   
 Vertical Accuracy   ± 0.1 ft   (± 3 cm)  NAVD88  
 
 Horizontal Accuracy  ± 2 ft   (± 60 cm) NAD83 
 
NOTES 
In general, follow NOAA/NGS 2/5 cm GPS guidelines 
NGS must pre-approve the proposed observing scheme 
Input data to NSRS 
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 d.  Time-dependent vertical reference networks.  In high subsidence regions, such as portions of 
Louisiana, Texas, and California, short-term vertical reference networks should be established in 
conjunction with the NGS.  These reference networks are periodically revised and readjusted depending 
on the subsidence rates.  Details on the time dependent network established for the Southeast Louisiana 
region—NAVD88 (2004.65)—are outlined in Volume II of IPET 2006.  These same procedures may be 
applied to other high subsidence regions (or rebounding regions). 
 
F-8.  Hydraulic Accuracy Requirements  
 
In order to best define the governing accuracy standard required for connecting primary project control 
monuments to the regional NSRS, it is necessary to determine the hydraulic engineering accuracy 
requirements for such connections.  Region-wide hydraulic accuracy requirements can be estimated 
using the guidance in HEC RD-26 (Accuracy of Computed Water Surface Profiles).  HEC RD-26 also 
assessed the survey accuracy required to achieve desired profile accuracies.  Given the allowable error 
in a water surface profile, and considering other hydraulic factors, the required accuracy of topographic 
data (e.g., stream cross-sections) can be estimated.  (Topographic survey accuracies in this publication 
are defined relative to National Map Accuracy Standard (NMAS) contour interval accuracy.  These can be 
converted to federal NSSDA 95% confidence standards).  This document should be reviewed in order to 
appreciate the impact (or often lack thereof) of survey accuracy on computed water surface profiles.  For 
example, if a hydrological or hydraulic water surface profile model is sensitive to cross-sectional accuracy 
at the ± 2 ft (NSRS) level, then there would be no point in requiring control points for surveying these 
sections to be accurate at the ± 0.1 ft (NSRS) level.   
 
 a.  Resource impact of higher-accuracy surveys.  If the distinction between local and network 
project accuracies is not clearly understood, then unnecessary USACE resources may be expended 
performing higher accuracy “geodetic” surveys to achieve floodwall elevation accuracies that have no 
hydrologic or hydraulic engineering requirement; either within USACE or in conjunction with other 
agencies. 
 
 b.  FEMA guidance on functional accuracy standards.  It is also essential that the required survey 
accuracy be derived from realistic engineering applications associated with the flood control system or 
project.  This is best summarized in Appendix A of the FEMA's “Guidelines and Specifications for Flood 
Hazard Mapping Partners” (2003) which emphasizes the need for establishing reasonable accuracy and 
resolution specifications for flood insurance studies: 
 

The specified accuracy of FIRM work maps produced by Mapping Partners must be sufficient to 
ensure that the final FIRMs produced by FEMA can be reliably used for the purpose intended.  
However, the accuracy and resolution requirements of a mapping product must not surpass that 
required for its intended functional use.  Specifying map accuracies in excess of those required 
results in increased costs, delays in project completion, and reduction in the total numbers of new 
or revised products that the Mapping Partner may generate.  Mapping accuracy requirements 
must originate from functional and realistic accuracy requirements.  

 
The above statement makes it imperative that the project’s functional and realistic accuracy requirements 
be defined by hydraulic engineers based on the requirements of a flood system model.  Once the 
functional accuracy requirement is defined, the appropriate survey specifications can be designed to meet 
that accuracy. 
 
 c.  FEMA accuracy \standards for Flood Insurance Rate Maps (FIRMs).  Since regional 
conformance with FEMA NFIP studies is an essential goal of any USACE flood control project and/or 
study, both USACE and FEMA must be on the same vertical datum—i.e., currently NSRS NAVD88—and 
conform to recognized accuracy standards.  FEMA guidelines, standards, and specifications clearly detail 
this intent.  FEMA map accuracy standards are contained in Appendix A (Guidance for Aerial Mapping 



EC 1110-2-6066 
1 Apr 11 
 

D-12 

and Surveying) of the FEMA 2003 “Guidelines.”  In summary, FEMA FIRM/DFIRM elevation accuracy 
standards are: 
 

 Standard 2-foot equivalent contour interval accuracy (NSSDA 95% accuracyz = 1.2 foot) 
appropriate for flat terrain  

 Standard 4-foot equivalent contour interval accuracy (NSSDA 95% accuracyz = 2.4 foot) 
appropriate for rolling to hilly terrain  

    
In effect, USACE flood control structure elevations should have relative NSRS regional network 
accuracies at or better than the above levels in order to be consistent with FEMA flood insurance studies, 
FIRMS, DFIRMS, certification requirements, etc.  The recommended USACE control survey standards 
and specifications herein will yield NSRS network accuracies within these FEMA/NSRS accuracy 
standards.   
 
 d.  Summary.  The required NSRS network accuracy of a primary or local project control point 
(and indirectly to any topographic feature on the project—e.g., levee crest, floodwall cap, pump station 
invert, etc.) is determined by the engineering requirement for regional consistency between these points.  
These regional network accuracy requirements relative to the NSRS may be contingent on compliance 
with one or all of the following: 
 

 USACE, USGS, FEMA, or other agency hydrologic or hydraulic analyses/models/water surface 
profiles between and within large river reaches/basins and river stage gages. 

 
 USACE/FEMA/other flood inundation mapping study accuracies. 

 
 Consistency with FEMA flood insurance study accuracies performed under FEMA’s National 

Flood Insurance Program (NFIP)—e.g., Flood Hazard Maps, Flood Insurance Rate maps 
(FIRM/DFIRM), etc. 

 
 Consistency with Federal mapping accuracy standards in the project area—e.g., USGS. 

 
F-9.  Requirements for Inland River Gage Connections to the NSRS 
 
Inland river gages and their reference benchmarks that are used to reference and model USACE 
floodwall design elevations shall be firmly referenced to NAVD88, and be included within the NSRS.  This 
is intended to insure these gages are on the same regional (nationwide) vertical datum used for 
hydrologic and hydraulic studies, in both USACE and other agencies.  Gages referenced to unknown or 
superseded datums (e.g., MSL 1912, NGVD29) must be re-referenced to NAVD88, or the most recent 
Federal datum promulgated by the NGS.  For example, floodlines, levee elevations, and gages on the 
Lower Mississippi River are typically defined relative to a Low Water Reference Plane (LWRP), which, in 
turn, is referenced to the older (and superseded) “NGVD29” datum.  Gages and floodwall heights in this 
reach would need to be additionally referenced (by survey connections) to NAVD88 in order to be 
consistent with required federal standards and this guidance document.  
 
 a.  Reference benchmarks at river gages.  A minimum of three (3) benchmarks should be (or 
should have been) established around a river gage that is used to reference floodwall elevations.  Only 
one of these points needs to be connected to (and published in) the NSRS, using either GPS CORS 
observations, differential levels, or short-term static GPS baseline observations (e.g., static or fast/rapid 
static methods).  The remaining river gage benchmarks can be surveyed using 3rd Order differential 
leveling methods.  Data for the primary gage benchmark connection shall be incorporated into the NSRS 
database. 

 
 b.  Reference benchmark descriptions—periodic inspections.  The description for the primary 
gage benchmark must contain, in addition to the standard location data, full metadata associated with that 
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benchmark and its nearby river gage.  For example, the following basic metadata is required at each 
gage site: 
 

Benchmark:   USED RIVER GAGE 12345 1955 
River Gage:  [River gage name/file designation] 
Elevation:  419.63 ft NAVD88 ±0.22 ft [2008 03 21 adjustment] 
Elevation:  40.35 ft above LWRP 20XX [2008 03 21] 
Elevation:  20.35 above river gage zero reference [2008 03 21] 
Elevation:  3.38 ft above 12345 RM 1 [2008 03 21] 
Elevation:  0.97 ft below 12345 RM 2 [2008 03 21] 
Position:   [SPCS X & Y location/accuracy/date] 
Source:   [specify NGS “PID” and District file number] 

 
Subsequent benchmark Recovery Notes made at periodic (e.g., semi-annual, annual, biannual) gage 
inspections should also update the gage reference and adjacent reference benchmark connections.  
 
F-10.  Modeling Local Mean Sea Level (LMSL) Datums on Coastal Hurricane Protection Projects 
 
Tidal reference datums vary both spatially and temporally.  Thus, the water surface elevation at a shore-
based gage is adequate only for that specific location and time.  The height of the tidal wave will be 
significantly different between two points around an inlet, due to varying times and weather conditions.  
Likewise the LMSL datum will vary with the tidal range variations, which are modified by the topography 
of an inlet or coastal region.  This LMSL datum cannot be extrapolated to another location without some 
modeled correction.  It is also subject to long-term variation due to sea level rise, subsidence, or other 
factors.  This requires periodic updating of tidal datums based on NOAA's latest National Tidal Datum 
Epoch (NTDE), which is currently 1983-2001 for most areas. 
 
 a.  Tidal modeling techniques.  A number of techniques can be employed to model the LMSL 
datum on a coastal project.  These range from extrapolating the LMSL datum from a single gage to a full 
hydrodynamic model based on multiple gages.  Various modeling options include: 
 

 Nearby gage, small project, and small tide range ... no model required, use gage LMSL elevation 
extrapolated throughout project area 

 VDatum model--check with NOAA Coast Survey Development laboratory (CSDL) if VDatum 
model exists or is planned in the area 

 Spatial interpolation model between tide gages (simple linear or discrete tidal zoning) 
 TIN spatial interpolation model between gages 
 NOAA Tidal Constituent And Residual Interpolation (TCARI) spatial interpolation model 
 Hydrodynamic model 

 
Most often, linear or surface/spatial interpolations between gages will be adequate and least costly.  On 
projects with larger tide ranges where the uncertainty of a linear model between gages increases beyond 
an allowable tolerance (±0.25 ft), a more sophisticated hydrodynamic model may be required to best 
define the MLLW datum.  This presumes adequate gage records exist from which to calibrate the tidal 
model in an area.  On some projects, a single gage may be adequate.  Others may require additional 
gages to define the model.  If these additional gages do not exist, then a gauging program will have to be 
programmed.  In addition, topographic and bathymetric models of the project may have to be generated if 
they do not exist.  A firm connection to the orthometric datum (NAVD88) will also be required.   
 
 (1) A number of project-specific technical factors will govern the overall effort required to model 
the LMSL datum plane of a project.  This will also include the experience of those assessing the tidal 
model relative to the required relative accuracy of the tidal model. 
 
 (2) One must not lose sight of the overall error budget in evaluating the effort required to model 
the LMSL datum on a project.  Thus, before embarking on any extensive (and costly) gauging program, 
the significance or sensitivity of these added gage observations on the overall tidal model must be 
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substantiated.  Likewise, the difference between a simple lineal interpolation and a hydrodynamically 
modeled interpolation must be evaluated for significance relative to the intended tolerance.  
 
 b.  Tidal model accuracy.  The primary factors that need to be considered in modeling a reference 
tidal datum around a coastal protection structure include the following: 
 

(1) Tidal phase variations over the project reach. 
(2) Tidal range variations over the project reach. 
(3) Tidal epoch adjustments for sea level or land subsidence changes. 
(4) Quality of reference tidal gage datum determinations 
(5) Seasonal variations in LMSL (i.e., biased sea level rise during hurricane season). 
(6) Need for short-term (i.e., 5-year) tidal epochs in high subsidence areas. 

 
 c.  Tidal epoch variations.  NOAA periodically updates the tidal datums throughout CONUS and 
OCONUS to account for sea level rise, local land settlement, and other factors.  These periodic 
adjustments can be significant—ranging from 0.2 ft to 0.5 ft over the last 19-year update period (1983-
2001).  Projects not updated since the 1940s would have significantly larger differences.  These 
adjustments represent systematic changes to the local reference datum (e.g., MSL or MLLW).  They also 
represent systematic biases in navigation project depths or hurricane protection project elevations.  
Typically, on most CONUS locations, the sea level rise results in maintaining deeper navigation projects 
than were authorized, and overdredging if the sea level rise is not accounted for.  Conversely, on shore 
protection structures, sea level rise results in less protection than originally designed, assuming this 
predicted rise was not factored into the design.  Tidal epoch adjustments are easily updated by ensuring 
projects are updated when NOAA completes a periodic epoch change.  Epoch updates are only averages 
from long-term estimates.  The adjusted LMSL or MLLW datum elevation is based at the midpoint of the 
epoch.  Thus the current epoch (1983-2001) is averaged about 1993.  
 
 d.  Tidal datum accuracy.  The accuracy of a local tidal datum (e.g., LMSL) is dependent on the 
accuracy of the primary NOAA gage station and the modeled distance to a subordinate point at the 
project site.  In effect, this is the computational error of equivalent 19-year tidal datums from short-term 
tide stations situated near a hurricane protection project.  The shorter the time series, the less accurate 
the datum, i.e. the larger the error.  The closer the subordinate station is in geographic distance and in 
tidal difference to a control station, the more accurate the datum.  Estimated maximum errors of an 
equivalent tidal datums based on one month of data is 0.25 ft for the Atlantic and Pacific coasts and 0.36 
ft for the coast in the Gulf of Mexico at the 95% confidence level.  In general, tide stations with at least 3 
months record have determined a datum to within ± 0.2 ft.  If a NOAA historical gage has some 12 
months of record (which is typical), then the accuracy of the computed MLLW datum at that point is 
around ± 0.1 ft at 95%.  For stations with series longer than one-year in length the datum errors can be 
time- interpolated between the estimate at that station for a one-year series and the zero value at 19 
years.  Errors in tidal datums for accepted datums from 19-year control tide stations are zero by definition. 
 
 e.  Quality of reference tidal gage and computed water level datums.  The LMSL or MLLW datum 
at a gage site (either existing or historic) must be adequately connected with the NOAA NWLP network.  
This implies using either a NOAA gage site that is on or is connected with the NWLP, or a locally 
operated gage that meets with NOAA connection specifications.  Isolated benchmarks (those of USACE 
or any other agency) that purport MLLW or MSL reference elevations should be considered highly 
suspect unless their connection with a NWLP gage site can be firmly established (i.e. direct differential 
level or static GPS connections to a NOAA tidal benchmark).  Any such marks must also contain an 
epoch designation attached to their elevation that signifies it has been adjusted to the current tidal epoch.  
For example, the elevations at a benchmark should have, at minimum, the following type of metadata in 
order to be considered acceptable as a reliable reference for controlling USACE projects: 
 
 Benchmark:  USED INLET 1957 
 Elevation: 8.29 ft (NAVD88 [adjustment epoch as appropriate]) 
 Elevation: 7.21 ft (above MLLW—1983-2001 epoch) 
 Source:  [specify NGS “PID” or NOAA CO-OPS tide station designation number] 
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USACE benchmarks set near NOAA gages should be leveled in using standard 3rd Order survey 
procedures.  These marks should be entered into the NSRS if they are going to be used as a primary 
vertical control point for the project—e.g., setting a tide calibration staff or as a RTK base.  If a complete 
tidal-geoid model has been developed for a project, then this model designation—and date—should also 
be included as primary metadata with a benchmark used to control site plan mapping, boring elevations, 
or construction stakeout on a levee or floodwall project.  When in doubt about the quality of an existing 
USACE benchmark, always hold to gages/benchmarks published on the NOAA reference network—
either currently operating or historical. 
 
 f. Requirements to reference coastal projects to MLLW datum.  Some USACE navigation projects 
are still defined relative to non-standard or undefined reference datums (e.g., Mean Low Gulf, Gulf Mean 
Tide, MSL, NGVD, MLW, etc.).  In accordance with the intent of Section 224 of WRDA 1992 (33 USC 
562) and The National Tidal Datum Convention of 1980, navigation projects in coastal tidal areas must be 
defined relative to the MLLW.  This WRDA 92 amendment to Section 5 of the Rivers and Harbors 
Appropriation Act of 1915 overrides and supersedes previously authorized reference datums, and specifically 
directs that the datum defined by the US Department of Commerce be used.  Coastal shore protection or 
hurricane protection projects linked to navigation projects and containing elevations referenced to any of the 
above undefined datums shall be likewise be re-referenced to the local (and current) MSL or MLLW datum 
developed by the US Department of Commerce. 
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F-11.  Topographic Profile Surveys of Concrete Floodwalls 
 
The following table is a sample of GPS RTK profile surveys of features on a hurricane protection floodwall 
along the Inner Harbor Navigation Canal in New Orleans, LA.  Data points include breaches in the 
floodwall and some adjacent features.  Shot point density along the wall varies considerably, depending 
on the variation in features and breaks in grade (concrete bags, gates, rip rap, etc.).  Shot spacing ranges 
from 1 ft to about 50 ft in level sections of the floodwall cap.  Selected data points shown in the table were 
downloaded from the field data collector and represent only a small fraction of the entire profile survey. 
 
Inner Harbor Navigation Canal West/SeaLand-Maresk Topographic Detail 
Post_Katrina  Dec 2005    
Horizontal Datum: NAD 1983(1992) 
Horizontal Coordinate System: U.S. State Plane, 1983, Zone: Louisiana South 1702 
Vertical Datum: NAVD88(2004.65) 
Coordinate Units: US survey feet 
Distance Units: U.S. survey feet 
Height Units: U.S. survey feet 
     
See electronic data collector file "IHNCWEST.dc" for raw data. 

     
Name Northing Easting Elevation Feature Code 
372 547912.92 3694882.23 14.62 DIRT RIP RAP PILE 
373 547918.22 3694881.15 18.69 DIRT RIP RAP PILE 
391 547278.71 3694381.37 6.91 TOP CONC BAG 
392 547210.08 3694343.50 6.97 TOP CONC BAG 
393 547204.63 3694353.61 6.62 TOP CONC BAG 
394 547203.86 3694355.43 6.29 TOP CONC BAG 
395 547203.58 3694356.13 4.98 EDGE ASPHALT ROAD 
396 547191.63 3694376.03 5.09 EDGE ASPHALT ROAD 
403 547050.86 3694634.28 6.74 DIRT RIP RAP PILE 
404 547050.94 3694642.03 6.88 DIRT RIP RAP PILE 
405 547068.92 3694652.52 7.15 DIRT RIP RAP PILE 
406 547070.59 3694653.25 7.23 TOP CONC BAG 
407 547153.38 3694696.23 7.20 TOP CONC BAG 
408 547167.70 3694702.58 6.57 TOP CONC BAG 
409 547166.85 3694701.30 7.33 TOP SHEETPILING 
417 547626.64 3694917.36 7.86 TOP SHEETPILING 
418 547626.88 3694917.27 8.23 TOP CONC FLDWALL 
419 547639.32 3694924.13 8.22 TOP CONC FLDWALL 
420 547645.81 3694913.47 8.15 TOP CONC FLDWALL 
421 547647.60 3694914.20 8.12 TOP CONC FLDWALL 
422 547648.44 3694913.01 7.76 TOP SHEETPILING 
423 547676.92 3694915.74 7.65 TOP SHEETPILING 
424 547677.36 3694916.15 7.09 TOP CONC BAG 
425 547737.68 3694917.60 6.85 TOP CONC BAG 
426 547784.56 3694913.98 7.21 TOP CONC BAG 
427 547840.37 3694904.41 7.09 TOP CONC BAG 
428 547858.21 3694898.70 7.05 TOP CONC BAG 
429 547876.46 3694890.97 6.53 TOP CONC BAG 
430 547880.22 3694888.52 6.60 DIRT RIP RAP PILE 
431 547900.17 3694885.17 6.92 DIRT RIP RAP PILE 
432 547051.07 3694641.38 6.89 DIRT RIP RAP PILE 
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433 547039.87 3694650.53 11.93 TOE 
434 547045.82 3694652.93 15.47 TOP SPILE DAUPHIN 
435 547045.42 3694653.27 14.43 DAUPHIN DIRT FILLED 
436 547022.38 3694672.60 14.61 DAUPHIN DIRT FILLED 
437 546986.50 3694737.89 12.93 DAUPHIN DIRT FILLED 
438 546956.83 3694792.46 14.54 DAUPHIN DIRT FILLED 
439 546915.81 3694867.68 13.60 DAUPHIN DIRT FILLED 
440 546902.78 3694894.84 14.61 DAUPHIN DIRT FILLED 
441 546901.69 3694894.42 15.21 TOP SPILE DAUPHIN 
442 546902.72 3694895.13 15.30 EDGE CONC FLDWALL 
443 546901.88 3694896.18 15.34 TOP CONC FLDWALL 
444 546901.78 3694896.40 14.36 TOP CONC FLDWALL 
445 546889.19 3694920.82 14.38 TOP CONC FLDWALL 
446 546877.69 3694941.42 14.36 TOP CONC FLDWALL 
447 546877.59 3694941.70 14.70 TOP CONC FLDWALL 
448 546829.38 3695030.01 14.43 TOP CONC FLDWALL 
449 546794.18 3695094.22 14.33 TOP CONC FLDWALL 
450 546779.88 3695120.10 14.23 TOP CONC FLDWALL 
451 546780.16 3695119.98 14.20 FLDWALL BLOWOUT 
452 546778.38 3695125.29 13.95 FLDWALL BLOWOUT 
453 546777.71 3695126.20 10.30 FLDWALL BLOWOUT 
454 546774.10 3695130.36 9.18 FLDWALL BLOWOUT 
455 546773.09 3695132.72 13.95 FLDWALL BLOWOUT 
456 546772.41 3695133.86 14.04 TOP CONC FLDWALL 
457 546770.37 3695137.67 14.02 TOP CONC FLDWALL 
458 546683.06 3695175.19 14.30 TOP CONC FLDWALL 
459 546603.44 3695209.19 14.07 TOP CONC FLDWALL 
460 546508.65 3695249.57 14.34 TOP CONC FLDWALL 
461 546441.68 3695269.17 14.52 TOP CONC FLDWALL 
462 546358.50 3695293.25 14.62 TOP CONC FLDWALL 
463 546320.84 3695304.23 14.74 TOP CONC FLDWALL 
464 546316.53 3695302.77 14.70 TOP CONC FLDWALL 
465 546316.20 3695302.74 14.33 TOP CONC FLDWALL 
466 546239.77 3695269.74 14.33 TOP CONC FLDWALL 
467 546141.22 3695227.14 14.31 TOP CONC FLDWALL 
474 545773.29 3695271.48 14.78 TOP CONC FLDWALL 
475 545768.23 3695270.29 14.76 TOP CONC FLDWALL 
476 545732.73 3695276.59 14.71 TOP CONC FLDWALL 
477 545676.51 3695245.82 14.80 TOP CONC FLDWALL 
478 545606.18 3695207.57 14.66 TOP CONC FLDWALL 
479 545544.46 3695225.32 14.82 TOP CONC FLDWALL 
480 545544.14 3695225.03 15.03 TOP CONC FLDWALL 
481 545536.90 3695227.19 15.11 EDGE CONC FLDWALL 
482 545536.73 3695227.25 9.53 TOE FLDGATE 
483 545490.89 3695240.72 9.49 TOE FLDGATE 
484 545490.79 3695240.75 15.05 EDGE CONC FLDWALL 
489 545422.70 3695302.88 14.68 TOP CONC FLDWALL 
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F-12.  Topographic Cross-Sections of Flood and Protected Sides of an I-Wall 
 
The following sample illustrates cross-section surveys taken on both sides of an I-Wall.  Cross-sections 
were taken at 50-ft intervals normal to the wall—only one of the sections is illustrated below.  Feature 
codes ("Description") were entered in the field data collector as shots were taken.  Positioning (X-Y-Z) 
was accomplished using GPS RTK methods. 
 

Topographic Cross Section Data 

17th Street Canal I-Wall—East Breach South of Hammond Hwy 
Post-Katrina Jan 2006      

Horizontal Datum: NAD 1983(1992) 

Horizontal Coordinate System: U.S. State Plane, 1983, Zone: Louisiana South 1702 
Vertical Datum: NAVD88(2004.65)   
Coordinate Units: US survey feet   
Distance Units: U.S. survey feet   
Height Units: U.S. survey feet   
      
      

Station/     Raw Data 
Name Northing Easting Elevation Description Reference 

4+50 Pt10 554304.86 3664411.67 1.63 TOE CONC FLDWALL 17thLONDON.dc
4+50 Pt11 554304.68 3664434.30 4.19 LSC 17thLONDON.dc
4+50 Pt12 554304.30 3664439.71 0.57 SLP 17thLONDON.dc
4+50 Pt13 554302.55 3664444.77 -2.30 E LIMESTONE GRAVEL 17thLONDON.dc
4+50 Pt14 554303.31 3664451.02 -3.95 LST 17thLONDON.dc
4+50 Pt15 554301.10 3664488.35 -5.52 NG 17thLONDON.dc
4+50 Pt16 554300.64 3664501.78 -4.98 TOP 17thLONDON.dc
4+50 Pt17 554299.39 3664508.51 -6.26 TOE 17thLONDON.dc
4+50 Pt18 554299.10 3664510.12 -6.18 E BLDG 17thLONDON.dc
4+50 Pt19 554300.15 3664553.69 -5.75 E BLDG 17thLONDON.dc
4+50 Pt20 554292.71 3664586.90 -5.64 NG 17thLONDON.dc
4+50 Pt21 554306.19 3664411.28 1.57 TOP EDGE OF RIP RAP 17thLONDON.dc
4+50 Pt22 554290.72 3664616.05 -6.00 NG 17thLONDON.dc
4+50 Pt23 554288.81 3664637.51 -5.95 NG 17thLONDON.dc
4+50 Pt24 554288.00 3664654.64 -5.52 E ROAD 17thLONDON.dc
4+50 Pt25 554287.25 3664664.44 -5.27 CL ROAD 17thLONDON.dc
4+50 Pt26 554285.24 3664689.27 -5.68 ON ROAD 17thLONDON.dc
4+50 Pt27 554283.36 3664716.66 -5.62 ON ROAD 17thLONDON.dc
4+50 Pt28 554306.99 3664401.38 1.35 TOP RIP RAP 17thLONDON.dc
4+50 Pt29 554307.11 3664398.15 -0.78 WES 17thLONDON.dc
4+50 Pt30 554305.82 3664412.64 12.37 TOP CONC FLDWALL 17thLONDON.dc
4+50 Pt31 554305.78 3664413.38 12.38 TOP CONC FLDWALL 17thLONDON.dc
4+50 Pt32 554305.38 3664414.12 5.20 TOE CONC FLDWALL 17thLONDON.dc
4+50 Pt33 554305.30 3664416.43 5.10 ON LEVEE 17thLONDON.dc
4+50 Pt34 554305.14 3664423.63 4.97 C\L LEVEE 17thLONDON.dc
      

 
 
 
Figure F-3 depicts a spreadsheet plot of section view of a portion of the above data near the I-wall.  Of 
significance is the annotation showing the critical relationship between the orthometric datum (NAVD88) 
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and the water level datum (Local Mean Sea Level—epoch 2001-2005) at this location.  In this case, the 
LMSL (2001-2005) datum was determined from a NOAA gage located near the project site. 
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Figure F-3.  Section view of I-wall 
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F-13.  Topographic and Hydrographic Surveys of Flood and Protected Sides of an I-Wall 
 
The following example shows a typical section containing both topographic data and hydrographic data.  
Topographic data was collected using GPS RTK techniques, with shots directly input to a field data 
collector—i.e., the "IHNCEAST.dc" file.  Hydrographic soundings (“SND”) were obtained from a single-
beam acoustic system and observed depths were recorded in a field book.  Hydrographic surveys were 
positioned using USCG DGPS beacon—approximately ±1 meter X-Y accuracy.  Both topographic and 
hydrographic elevations were referenced to a consistent vertical reference datum established in this high 
subsidence area—NAVD88 (20064.65).  The two data files were merged into the following spreadsheet.  
 
 

Topographic and Hydrographic Cross Section Data 

Inner Harbor Navigation Canal -- East Bank—Lower 9th Ward Breach Area 
      

Horizontal Datum: NAD 1983(1992) 

Horizontal Coordinate System: U.S. State Plane, 1983, Zone: Louisiana South 1702 

Vertical Datum: NAVD88(2004.65)   

Coordinate Units: US survey feet   

Distance Units: U.S. survey feet   

Height Units: U.S. survey feet   

      

      

 
 Station 41+65—South of 9th Ward Breach north of Clairborne Ave.  
 

Name Northing Easting Elevation Description Reference 

41+65 Pt19 536715.81 3694866.99 -32.51 SND Book# 060858 

41+65 Pt20 536715.81 3694866.99 -32.51 CL Book# 060858 

41+65 Pt18 536708.97 3694885.78 -32.91 SND Book# 060858 

41+65 Pt17 536702.13 3694904.58 -32.41 SND Book# 060858 

41+65 Pt16 536695.29 3694923.37 -30.31 SND Book# 060858 

41+65 Pt15 536688.45 3694942.17 -27.21 SND Book# 060858 

41+65 Pt14 536681.60 3694960.96 -25.91 SND Book# 060858 

41+65 Pt13 536674.76 3694979.75 -24.21 SND Book# 060858 

41+65 Pt12 536667.92 3694998.55 -22.31 SND Book# 060858 

41+65 Pt11 536661.08 3695017.34 -20.61 SND Book# 060858 

41+65 Pt10 536653.22 3695038.95 -10.21 SND Book# 060858 

41+65 Pt09 536647.40 3695054.93 -14.11 SND Book# 060858 

41+65 Pt08 536640.56 3695073.72 -9.31 SND Book# 060858 

41+65 Pt07 536633.72 3695092.52 -9.41 SND Book# 060858 

41+65 Pt06 536626.88 3695111.31 -8.11 SND Book# 060858 

41+65 Pt05 536620.04 3695130.10 -5.11 SND Book# 060858 

41+65 Pt04 536613.20 3695148.90 -6.81 SND Book# 060858 

41+65 Pt03 536606.36 3695167.69 -5.51 SND Book# 060858 

41+65 Pt02 536599.52 3695186.49 -3.41 SND Book# 060858 

41+65 Pt01 536592.68 3695205.28 -1.61 SND Book# 060858 

41+65 Pt48 536592.41 3695208.94 -0.44 WES IHNCEAST.dc 

41+65 Pt47 536589.74 3695212.70 0.36 ON RIP RAP IHNCEAST.dc 

41+65 Pt46 536587.40 3695219.91 0.60 ON RIP RAP IHNCEAST.dc 

41+65 Pt45 536584.67 3695225.90 2.02 TBK IHNCEAST.dc 

41+65 Pt44 536578.11 3695243.26 1.83 ON RIP RAP IHNCEAST.dc 
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41+65 Pt41 536576.09 3695253.19 2.41 FST IHNCEAST.dc 

41+65 Pt42 536572.34 3695260.25 3.47 EDGE RIP RAP IHNCEAST.dc 

41+65 Pt40 536570.58 3695264.23 4.42 SLP IHNCEAST.dc 

41+65 Pt39 536567.71 3695272.24 6.56 FSC IHNCEAST.dc 

41+65 Pt38 536566.81 3695275.33 7.09 TOE CONC FLDWALL IHNCEAST.dc 

41+65 Pt37 536566.93 3695275.76 13.40 TOP EDGE CONC FLDWAL IHNCEAST.dc 

41+65 Pt36 536566.87 3695275.99 13.40 TOP EDGE CONC FLDWAL IHNCEAST.dc 

41+65 Pt35 536566.30 3695277.43 7.49 TOE CONC FLDWALL IHNCEAST.dc 

41+65 Pt34 536563.67 3695283.89 7.07 LSC IHNCEAST.dc 

41+65 Pt33 536560.61 3695291.92 4.04 SLP IHNCEAST.dc 

41+65 Pt31 536557.52 3695303.01 0.61 LST IHNCEAST.dc 

41+65 Pt30 536552.42 3695315.70 0.68 FL IHNCEAST.dc 

41+65 Pt29 536552.27 3695316.52 0.32 E ASPHALT IHNCEAST.dc 

41+65 Pt28 536545.27 3695338.01 -0.14 ON ASPHALT IHNCEAST.dc 

41+65 Pt27 536536.90 3695358.43 -0.18 ON ASPHALT IHNCEAST.dc 

41+65 Pt21 536529.11 3695379.06 0.08 EDGE OF BLDG IHNCEAST.dc 

41+65 Pt32 536495.48 3695471.57 -0.43 EDGE OF BLDG IHNCEAST.dc 

41+65 Pt43 536486.69 3695496.80 -0.66 NG IHNCEAST.dc 

41+65 Pt49 536479.14 3695518.73 -1.04 FL IHNCEAST.dc 

41+65 Pt50 536476.96 3695521.38 -1.12 TOP IHNCEAST.dc 

41+65 Pt51 536465.26 3695553.77 -3.49 TOE IHNCEAST.dc 

41+65 Pt52 536458.24 3695573.47 -3.35 NG IHNCEAST.dc 

41+65 Pt53 536453.15 3695588.28 -2.90 E ROAD IHNCEAST.dc 

41+65 Pt54 536450.37 3695597.45 -2.68 CL ROAD IHNCEAST.dc 

41+65 Pt22 536447.32 3695605.21 -2.60 E ROAD IHNCEAST.dc 

41+65 Pt23 536445.62 3695611.19 -2.35 TOE IHNCEAST.dc 

41+65 Pt24 536445.33 3695613.70 -1.72 FL /  TOP IHNCEAST.dc 

41+65 Pt25 536444.42 3695615.88 -1.66 E CONC SLAB IHNCEAST.dc 

41+65 Pt26 536434.58 3695637.87 -1.87 NG IHNCEAST.dc 

 
 
The relationship between the orthometric and tidal datum is clearly depicted on Figure F-4.  The offset 
shown is normal to the flood wall, computed by rotating and translating the X-Y coordinates relative to the 
center of the wall. 
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Figure F-4.  Section view of I-wall topographic and hydrographic surveys 
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Appendix E 
White Paper on Estimating Hurricane Inundation Probabilities 
(June 10, 2007) 
 

Written by: 

Donald T. Resio, Senior Scientist 
U.S. Army Corps of Engineers  

ERDC-CHL 
 

Incorporating contributions, discussions, data, and comments by:  
(in alphabetic order) 

 
Stanley J. Boc (ERDC-CHL), Leon Borgman (private consultant), Vincent J. Cardone, (Oceanweather, 
Inc), Andrew Cox (Oceanweather, Inc.), William R. Dally (Surfbreak Engineering), Robert G. Dean (U. of 
Florida), David Divoky (Watershed Concepts), Emily Hirsh (FEMA), Jennifer L. Irish (Texas A&M 
University), David Levinson (NOAA’s National Climatic Data Center), Alan Niedoroda (URS Corporation), 
Mark D. Powell (NOAA’s Hurricane Research Division, AOML), Jay J. Ratcliff (USACE-MVN), Vann Stutts 
(USACE-MVN), Joseph Suhada (URS Corporation), Gabriel R. Toro (Risk Engineering), Peter J. Vickery 
(Applied Research Associates), Joannes Westerink (U. of Notre Dame) 

 
 

Introduction 
 
 Over the last several months, a team of Corps of Engineers, FEMA , NOAA, private sector and 
academic researchers have been working toward the definition of a new system for estimating hurricane 
inundation probabilities.  This White Paper is an attempt to capture the findings and recommendations of 
this group into a single document. 
  

At least five methods have been applied in past studies of environmental extremes due to 
hurricanes in the United States: 
 
 1.  Formulation of design storm events 
 2.  Estimates based only on historical storms 
 3.  The empirical simulation technique (EST) 
 4.  The joint probability method (JPM) and 
 5.  The Empirical Track Model 
 
In each method, it is important to understand that two different statistical measures are required to 
characterize the expected extremes over an interval of time.  The first of these is the measure of the 
expected values of the distribution and the second is a measure of expected dispersion around these 
central values.  
 

All of the methods referenced above have different strengths and weaknesses for various 
applications.  To help understand these, a brief discussion of conventional applications of these methods 
in the past will be given before moving on to a discussion of the approach recommended for future 
hurricane surge applications. This will be followed by sections that treat the following: 
 
 1. Potential extensions of probabilistic methods to future hurricane surges, 
 2. The JPM with Optimal Sampling (JPM-OS); and 
 3. A computational methodology for effective simulation of storm surges for  
     hurricane inundation studies. 
 
Formulation of Design Storm Events  
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 An example of this approach applied to coastal inundation is the Standard Project Hurricane.  This 
approach was adopted by the Corp of Engineers in the 1960’s to estimate potential surge hazards along 
many U.S. Coastlines.  Due to the paucity of data, it would have been very difficult, if indeed possible, to 
investigate detailed characteristics of landfalling hurricanes prior to 1960; consequently, the Corps 
requested that NOAA prepare an estimate of a storm with characteristics that were expected relatively 
infrequently within some stretch of coastline.  Unfortunately, the period prior to 1960 (the input to the 
statistical analyses performed by NOAA) was a period of relatively low hurricane activity in the Gulf of 
Mexico; consequently, the SPH, as specified in those earlier studies, is not representative of the 
characteristics of extreme storms that have occurred in the Gulf since 1960.   
 
 In the past, the design storm approach has typically utilized a single storm to characterize 
environmental factors for design at a given location.  This effectively reduces the number of degrees of 
freedom in storm behavior to one parameter, typically the intensity of the storm.  All other storm 
parameters (for example: storm size, forward storm speed, and track location) are deterministically 
related to storm intensity.  The major problem with this is that, if a second factor (such as angle of storm 
approach to the coast, storm duration or river stage) significantly affects design conditions and/or 
considerations, the design storm approach cannot accurately capture all aspects of the storm that affect 
the design.  An extrapolation of the single design storm concept is to define a small set of storms with 
some range of additional parameters considered.  This defines a set of storms that can be used to 
examine various design alternatives in an efficient manner, while retaining some additional degrees of 
freedom within the analysis.  Because of their use in this context, these storms are often termed 
“screening storms” rather than design storms. 
 
Estimates based only on Historical Storms 
 
 If at least one sample from a population of interest occurs within each year, it might be possible to 
apply statistical methods that utilize annual maxima to formulate the stage-frequency curves at a site.  
However, it is clear that such a situation cannot be well characterized by conventional asymptotic 
methods which assume many samples in a population occur annually. Since hurricanes are both 
relatively infrequent and relatively small in terms of the amount of coastline affected by these storms each 
year, the frequency of storms affecting a site is typically significantly less than 1 storm per year.  As an 
example of this, Figure 1 provides an estimate for the frequency of severe hurricanes (greater than 
Category 2 intensity) per 1-degree by 1-degree  (area) per year for the Gulf of Mexico. 
 
 Another sampling problem related to the use of historical storms for specifying extremes is the 
tendency for intense storms to behave differently than weaker storms.  To compensate for this sampling 
inhomogeneity, many oil-industry groups have adopted the “Peaks Over Threshold,” or POT method for 
estimating extremes.  In this approach, only storms above some threshold value are considered within a 
statistical analysis of extremes.  By screening small storms from the analyzed sample, the effect of small 
storms on the parameters of fitted distributions (e.g. the parameters of the Gumbel, Frechet, Weibull, 
Lognormal, Log Pearson or other distributions of choice) is minimized.  This approach is inherently 
parametric due to the need to assume/specify a distribution (or class of distributions such as the 
Generalized Extreme Value method).  
 
 Another potentially more serious problem with the reliance only on historical storms for estimating 
coastal inundation is related to the small sample of storms at any site.  As can be seen from Figure 1, 
even in the vicinity of New Orleans, the frequency of major storms passing within a given 60 nautical mile 
region (1-degree) is only about once every 20-25 years.  Since we have limited records beyond the 
middle of the 20th century and since the frequency of storms in the latter half of the century may be 
markedly different than the frequency of storms in the early part of the century, the historical record for a 
direct hit (taken here for simplicity as ±30nm of a site) would include on the average only about 2-3 
storms.  Given this small potential sample size, sampling variability can lead to very unrealistic variations 
in storm frequency and intensities along the coast. For this reason, methods for estimating coastal 
inundation based solely on historical analyses should not be used for coastal hazard assessment. This 
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point is also pertinent to arguments that the use of historical records for extremal estimation is also 
difficult to justify in many other, non-coastal applications. 
  
The Empirical Simulation Technique (EST) 
 
 
Statistics of Expected Extremes  
 

Conventionally, the EST was used as an approach for estimating the expected extremal 
distribution for surges based on a variation of the “historical record” approach (Borgman et al., 1992; 
Scheffner et al. 1993).  In this approach a set of storms above some threshold affecting a particular area 
are hindcast, similar to the approach used within the POT method.  The primary difference is that typically 
the largest 1 or 2 storms is re-run over a number of track variations in order to distribute the effects of the 
storm over a wider area.  Unfortunately, the rules for this re-distribution of tracks were developed only 
after some preliminary applications of this approach and tend to be somewhat arbitrary.  Results from 
computer simulations at each point of interest are then ranked and assigned a cumulative distribution 
value via a formula that links the rank to the cumulative distribution function, F(x), which is be abbreviated 
as CDF is subsequent discussions,  
 

1.  ( )
1

m
F x

N



 

 
where m is the rank of the storm (with m=1 as the smallest) and N is the total sample number.  This is 
converted to a measure of recurrence via the use of a Poisson frequency parameter,   
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where T(x) is the expected return period for x.  For example, if we hindcast 50 storms from an interval of 
100 years, the value of    would be 0.5; and the estimates of T(x) would span the range from slightly 
over 100 years to slightly over 2 years.  
 
 In the interior of the ranked points, the EST assumes that the best estimate of the expected 
distribution is the sample itself and does not fit any parametric distribution to the central distribution in 
order to obtain a “smoothed” distribution.  Thus, within this interior range, the distribution is 
nonparametric.  If one is interested in return intervals outside of the range covered by the ranked sample 
points, it is necessary to invoke some sort of empirical (parametric) function for extrapolation.  This is a 
severe limitation of the conventionally applied EST, since it restricts the non-parametric estimates to 
approximately the number of years covered by the hindcasts, just as in any other method that relies only 
on historical storms.  In fact, the conventional EST, as used in most past studies, is very similar to the so-
called peaks over threshold (POT) method based on historical hindcasts, with three notable exceptions 
discussed below.   
 

First, the POT method typically uses a parametric fit in the interior region of the distribution, rather 
than just in the region beyond the largest storms.  It can be shown via Monte Carlo simulations that, if the 
entire sample is drawn from a single parent distribution, the POT method would provide a more stable 
estimate of the actual distribution in the interior than would the EST.  However, in many situations in 
nature, the interior distribution can consist of samples from several different parent populations.  An 
example of multiple populations would be the case of storm surges due to “direct hits” of hurricanes vs. 
storm surges due to bypassing storms.  Surges from these two sources could have relatively different 
probability characteristics at a fixed coastal location, as shown in Figure 2.  Consequently, the use of 
nonparametric estimates within the central portion of the distribution seems more appropriate for most 
coastal flooding applications. 
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Second, the POT method uses a “fit” to the entire sample to extrapolate into longer return 
periods.  In this case, the problem of mixed populations could potentially introduce serious problems into 
extrapolations, if the more that one population persists into the region above the “cut-off” threshold.  
However, many POT methods carefully choose the threshold value to try to restrict the sample to a single 
population.  In some situations this is possible and in others this may not be possible due to lack of 
sample size (i.e. there may only be 1 or two direct “hits” by hurricanes).  On the other hand, the EST uses 
an empirical “spline” fit to some small number of points near the high end of the distribution combined 
with a set of secondary restrictions that tend to limit excessive curvature in the extremes.  Extrapolations 
in such situations tends to be subject to considerable judgment, since there is no underlying distribution 
used as the basis for estimating values larger than those included within the sample. 

 
Third, in hurricane surge studies with the EST, it was observed that a single intense storm could 

introduce an anomalously large value into a small spatial region, while other areas had much lower 
maximum surge values.  Since there is no reason to believe that all future hurricanes would strike only 
points included in the historical data set, some applications of the EST introduced a set of hypothetical 
storms intended to distribute the effects of large storms throughout the region being studied.  In this 
approach, the largest storm was usually assigned a number of offset tracks and the probability of that 
storm was distributed over that set of tracks.  However, each of these “cloned” storms had exactly the 
same characteristics as the original storm. In this approach, the extent of the offsets was rather arbitrary, 
in spite of the fact that the degree of smoothing (distance over which the storm track is replicated) can 
significantly affect estimated local extremes.  Also, only characteristics of storms that fell within the area 
being analyzed were included in an analysis.  Thus, a storm such as Katrina (a large, very intense storm) 
is difficult to reliably predict from a local sample that does not contain this type of storm within its sample. 

 
Both the POT method and the EST use various statistical methods to incorporate tidal effects into 

their estimates of water levels at the coast.  In a sense, these could be considered as hypothetical 
storms, since they represent storms that struck the coast at a different tidal phase. 
 
 From this discussion, it can be seen that a major problem with the conventional EST is the same as 
encountered in any approach to hurricane flooding based on local data only: lack of sample.  The 
relatively small spatial extent of hurricanes combined with the small number of storms affecting a given 
section of coast during the period of reliable records and the apparent existence of long term cycles and 
trends makes the sampling variability in historical records very large along U.S. coastlines.  This same 
variability affects all estimates of coastal flooding since they all rely on historical data; however, this 
variability can be greatly exacerbated when only local data is considered.  It is perhaps fair to say that the 
application of the EST requires more experience and judgment than an application of the JPM. 
 
 
Measures of Variability in Expected Extremes  
 
 Since the EST does not contain an underlying theoretical distribution, no theoretical estimates of 
variability (confidence limits) are possible.  Instead, the EST uses a “re-sampling” method to obtain 
estimates of expected variations in extremes over an interval of time.  This method, rather than its 
methodology for estimating expected extremes, is the strength of the EST.  The combination of the re-
sampling with the nonparametric distribution provides a sound basis for estimating the variability of the 
estimated extremes. 
 
 
 
 
The Joint Probability Method (JPM) 
 
 
Statistics of Expected Extremes  
 



EC 1110-2-6066 
1 Apr 11 
 

 E-6

 The JPM was developed in the 1970’s (Myers, 1975; Ho and Meyers, 1975) and subsequently 
extended by a number of investigators (Schwerdt et al., 1979; Ho et al., 1987 ) in an attempt to 
circumvent problems related to limited historical records.  In this approach, information characterizing a 
small set of storm parameters was analyzed from a relatively broad geographic area.  In applications of 
this method in the 1970’s and 1980’s, the JPM assumed that storm characteristics were constant along 
the entire section of coast from which the sample was drawn.  Recent analyses suggest that this 
assumption is inconsistent with the actual distribution of hurricanes within the Gulf of Mexico. 
 

The JPM used a set of parameters, including 1) central pressure, 2) radius of maximum wind 
speed, 3) storm forward speed, 4) storm landfall location, and 5) the angle of the storm track relative to 
the coast, to generate parametric wind fields.  Furthermore, initial applications of the JPM assumed that 
the values of these five parameters varied only slowly in storms approaching the coast; therefore, the 
values of these parameters at landfall could be used to estimate the surge at the coast.  Recent data 
shows that this is not a good assumption (Figure 3).  Kimball (2006) has shown that such decay is 
consistent with the intrusion of dry air into a hurricane during its approach to land.  Other mechanisms for 
decay might include lack of energy production from parts of the hurricane already over land and 
increased drag in these areas.  In any event, the evidence appears rather convincing that major 
hurricanes begin to decay before they make landfall, rather than only after landfall as previously 
assumed. 
 

The conventional JPM used computer simulations of straight-line tracks with constant parametric 
wind fields to define the maximum surge value for selected combinations of the basic five storm 
parameters.  Each of these maximum values was associated with a probability 
 

max

max

( , , , , )

where

 is the central pressure,

 is the radius of maximum wind speed

 is the forward velocity of the storm

 is the angle of the track relative to the coast at landfall

 is the 

p f l

p

f

l

p c R v x

c

R

v

x




distance between the point of interest and the landfall location 

 

 
These probabilities were treated as discrete increments and the CDF was defined as  
 

3.  ( ) |ijklm ijklmF x p x x   

 
where the subscripts denote the indices of the 5 parameters used to characterize the hurricanes.  Similar 
to the EST, this method is nonparametric; however, the conventional JPM included a range of parameter 
combinations that typically made extrapolation beyond the range of simulations unnecessary.  This is an 
advantage over the conventional EST, since it removes the need to assume a particular parametric form 
for the CDF in critical ranges of values. 
 
 Another potential advantage of the JPM over methods which depend heavily on historical storms was 
that the JPM considered storms that might happen; whereas, the EST considered only storms that did 
happen.  Assuming that, for the purpose of surge generation, storm characteristics can be represented 
adequately by the set of parameters used, it is possible to construct a Katrina-like storm (high intensity 
combined with large size) even if one has not happened previously.  Likewise, it is possible to interpolate 
between re-curved storms such as Opal and Wilma to understand possible hurricane impacts in the 
Tampa area, even though neither of these storms produced significant surges in the Tampa area. 
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 Perhaps the biggest controversy in JPM applications during the 1970’s and 1980’s centered on the 
definition of this 5-dimension joint-probability function.  The lack of data on historical storms prior to 1950 
made it very difficult to derive representative distributions, even for extended sections of coast.  For 
example, information on storm size (radius of maximum wind speed was lacking for most historical 

storms; consequently, a statistical estimate of maxr (as a function of latitude and central pressure) was 

frequently substituted for actual values in the probability distribution.  One wind field factor not considered 
in early JPM applications was the variable peakedness of hurricane wind fields.  This term is represented 
in terms of the Holland B parameter in recent hurricane wind models and will be discussed in a 
subsequent section of this white paper. 
 
 One point of interest that should not be lost here is the importance of capturing the mean statistical 
behavior of any time-varying properties used in JPM applications.  For example, surges derived from 
previous JPM applications, under the assumption of that storm characteristics near the coast were 
constant, may have been biased low, since they were based on statistics at landfall.  Since storms are 
consistently more intense off the coast (as shown in Figure 3), the modeled offshore storms are less 
intense than the actual offshore storms, under this assumption.  Of course, some calibration was 
performed in these studies, so this might have been somewhat accounted for via calibration procedures; 
however, calibration tends to somewhat storm specific, so such calibration could still leave considerable 
residual bias in the final results. 
 
JPM Measures of Variability in Expected Extremes  
 
 Most applications of the JPM only considered the definition of the mean CDF from the simulations, 
and little attention was paid to quantifying the dispersion (uncertainty) of what could happen within a 
particular time sample.  This is potentially a major shortfall in the JPM as it was originally applied. 
 
 
The Empirical Track Model 
 
 
 Vickery et al. (2000) presents a method for modeling hurricane risk in the United States.  This method 
has been adopted for the development of design wind speed maps within the U.S. (American National 
Standards Institute (ANSI), ASCE 1990, 1996). This method uses a Monte Carlo approach to sample 
from empirically derived probability and joint probability distributions. The central pressure is modeled 
stochastically as a function of sea surface temperature along with storm heading, storm size, storm 
speed, and the Holland B parameter.  This method has been validated for several regions along U.S. 
coastlines and provides a rational means for examining hurricane risks associated with geographically 
distributed systems such as transmission lines and insurance portfolios. 
 
 A key requirement for the application of the Empirical Track Model within its Monte Carlo framework 
is the ability to efficiently execute storms over many, many years (20,000 years in the Vickery et al. (2000) 
application).  Whereas this is not too demanding for an efficiently written PBL wind model, it is well 
beyond the range of possibility in large, high-resolution ocean and coastal response models (wave 
models and surge models).  For this reason, the Empirical Track Model was not considered for application 
to coastal inundation; however, it provides an excellent source for validating the statistical characteristics 
of the winds used for inundation modeling.  
 
 
Potential extensions of probabilistic methods to future hurricane surges 
 
 As noted in the earlier section on the design storm approach, the design storm approach suppresses 
much of the real variability in storm characteristics and should be used only for screening alternatives and 
not for final design of critical coastal structures.  However, it is sometimes informative to examine the 
relative return period of specific historical storms.  Section A (within Appendix E) provides an estimation 
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method along these lines which estimates the return periods for both Hurricanes Katrina and Rita (found 
to be 397 and 89 years, respectively). 
 
 It should be clear from the previous section that both the EST and the JPM in older applications 
suffered from a paucity of historical data.  Also, older applications did not include many of the modeling 
advances that are now regarded as necessary for accurate simulations, for example:  inclusion of 
numerically simulated wave set-up, use of detailed grids to capture high-resolution bathymetric effects, 
and the application of improved near-coast meteorological models for hurricane evolution and wind-field 
behavior.  Many of these effects were recognized and improved methods for treating them were 
developed during the forensic study of Hurricane Katrina by the Interagency Performance Evaluation 
Task Force (IPET). 
 
 Recognition that waves can play a substantial role in coastal surge levels introduces a key difference 
between older JPM applications and the applications being considered today.  In the older methods, the 
assumption of constant parameters was intended to span an interval of about 12 – 24 hours, essentially 
the primary period for direct wind forcing of coastal surges in historical hurricanes.  Waves contribute to 
coastal surges primarily in nearshore areas; however they are generated over a span of days during the 
approach of the storm to land.  Thus, consideration of wave contributions to surges requires some 
knowledge of the storm behavior 1-4 days prior to landfall.  Treatment of hurricanes in terms of straight 
tracks with constant size and intensity over such a period is a bad assumption, since such tracks would 
not retain the wave-generation characteristics produced by the curved tracks within the historical record. 
 
 This brings us to a crucial point in considering what statistical approach should be used in future 
applications, i.e. whether to use an approach based strictly on re-sampling historical storms (essentially a 
modification/extension of the EST) or an approach based on parameterized wind fields over longer tracks 
(essentially a modification/extension of the JPM).  On one hand, it is clear that each historical storm has 
many, many factors which vary throughout its history which influence hurricane wind fields.  For example, 
eye-wall replacement cycles, interactions with large-scale wind systems, asymmetries within the eye-wall, 
and complicated track curvatures can all create significant perturbations within the structure of hurricane 
wind fields.  It is not clear however that such modifications to the winds affect the total wave generation 
process so much, since the nature of this process integrates the wind input over several 10’s of hours.  In 
fact, numerical experimentation with hurricane Katrina showed that all of the versions of the wind field 
(PBL alone, HWIND, and the most recent Oceanweather version) created minimal variations in the wave 
field (in the range of 5-7% differences in wave height) in the area off of Mississippi.   
 
 In a sense, the critical factor that must be considered here is the number of primary dimensions 
required for representing wind fields with sufficient accuracy that they provide reasonable, relatively 
unbiased skill when used to drive coastal wave and surge models.  For the case of extratropical storms, 
there is no known simple set of parameters that meets this criterion and some extension of the EST or 
POT method may be the suitable choice for such applications.  For the case of hurricanes, dynamic 
models of hurricane wind fields (Thompson and Cardone, 1996; Vickery et al., 2000) can be shown to 
capture a substantial portion of the wind field structure, when driven with the parameters listed above plus 
the so-called “Holland B” (Holland, 1980) parameter.   
 

Each hurricane will tend to exhibit some degree of deviation from the theoretical PBL-model 
estimates.  At any fixed time, such deviations could be produced by strong storm asymmetries, variations 

in maxR around the storm, enhanced spiral bands, etc.  Hence, a “best-estimate” wind field crafted by 

experts to assimilate all the observations in a given hurricane will typically represent the details of that 
particular storm much more faithfully than possible via a parameterized theoretical model.  Such wind 
fields today are produced primarily by Mark Powell and others at the Hurricane Research Division of the 
National Hurricane Center of NOAA or by analysts at Oceanweather, Inc.  These wind fields are 
absolutely essential for advancing our understanding of hurricane winds relative to wave and surge 
forcing in offshore and coastal areas. 
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It is obvious that “best-estimate” wind fields contain an extremely large number of degrees of 
freedom in their formulation.  Given the relatively small number of historical hurricanes, it is unlikely that 
we can understand/quantify the probabilistic nature of all the interrelated detailed factors creating these 
deviations.  If these details were absolutely critical to coastal wave and surge estimation, we would be 
able to represent a past hurricane very accurately but would know little about the probability of future 
hurricanes unless we retained the same number of the degrees of freedom, including their expected 
variability in estimates of future storm surge and wave  estimates.  To demonstrate this point, in the 
definition of surge probabilities via numerical models, we are considering a relationship of the form 

 

4.  1 2 1 2 1 2( ) ... ( , ,..., ) [ ( , ,..., ) ] ...n n np p x x x x x x dx dx dx       

 

where max (=  for each individual storm at a fixed spatial location)   is the storm surge level, [.]  

is the Dirac delta function and 1 2( , ,..., )nx x x  is a numerical model or system of models that operate on 

the set of parameters ( 1 2, ,..., )nx x x  to provide an estimate of the surge level at a fix location.  This can 

be directly integrated to yield the CDF for surge levels 
 

5.  1 2 1 2 1 2( ) ... ( , ,..., ) [ ( , ,..., )] ...n n nF p x x x H x x x dx dx dx      

 
where [.]H  is the Heaviside function.  If we retained a sufficient number of degrees of freedom to resolve 

the wind fields exactly, if our numerical codes were also “exact,” and if our specification of the joint 

probability function 1 2( , ,..., )np x x x were known exactly, we could treat this equation as an exact integral 

for the CDF, with no uncertainty in its expected value. The sampling variability could then be estimated by 
re-sampling methods along the lines of the EST.   
 
 The CDF integral (equation 5) shows that the number of dimensions required for an exact 
representation of the surge CDF must equal the number of degrees of freedom contained within the 
system (for practical purposes determined by the number of degrees of freedom contained in the wind 
fields).  Since we recognize that all wind fields, wave models, and surge models remain inexact and that 
our estimates of joint probabilities are greatly hampered by lack of sample size, it is clear that the actual 
representation of this integral should be written as 
 

6.   1 2 1 2 1 2( ) ... ( , ,..., , ) [ ( , ,..., ) ] ...n n nF p x x x H x x x dx dx dx d          

 
where  is an “error” term due to wind field deficiencies, model deficiencies, unresolved scales, etc.  In 
this form, we see that there is a trade-off between modeling accuracy and the magnitude of the error 
term,  .   There is also a similar trade-off between errors/uncertainties in the probability estimates and 
the overall accuracy in estimates of the surge CDF.  These errors will increase substantially if we attempt 
to split a small sample (for example the historical hurricane record in the Gulf of Mexico) into information 
for too many dimensions.  Following this reasoning, it seems advisable to limit the number of parameters 
considered in the JPM probability integral and to include an approximation for all of the neglected terms 
within the error term,  .  As noted previously, PBL models provide a relatively accurate representation of 
the broad-scale structure within hurricanes.  Furthermore, wind fields from PBL models have a very long 
history of providing accurate wave estimates in Gulf of Mexico hurricanes (Cardone et al., 1976).  
Consequently, the logical choice appears to be to limit the number of dimensions in the JPM integral to 
the number of parameters contained within such PBL models 
 
 

7. 1 2 1 2( ) ... ( , , , , , ) ( ) [ ( , ,..., ) ] ...p p f l n nF p c R v x B p H x x x dx dx dx d           
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where the error term has been separated from the rest of the probability distribution.  In this form, the 
“error” term allows us to include additional effects on water levels, such as tides (albeit in an uncoupled, 

linear fashion).  Also, in this equation, we have replace maxR with pR , since the latter term is used in the 

PBL model selected for application here (see Section B within Appendix E) for details. 
 
 During the last several months considerable effort has gone into re-analyzing hurricane 
characteristics and hurricane wind fields.  One of the significant findings of this effort is that the Holland B 
parameter in mature storms within the Gulf of Mexico tended to fall within the range of 0.9 – 1.6.  
Furthermore, numerical sensitivity tests of both wind fields and coastal surges suggest that the adoption 
of a constant value of 1.27 for storms centered more than 90 nm from the coast provided a reasonable 
first approximation to both the wind fields and the surges.  Thus, if we add the effects of B-variations into 
the “error” term, we can reduce the CDF equation to 
 

8. 1 2 1 2( ) ... ( , , , , ) ( | ) [ ( , ,..., ) ] ...p p f l n nF p c R v x p H x x x dx dx dx d           

 
In this form,   is considered to include, at a minimum, the following terms: 
 
1)  tides, 
2)  random variations in B, 
3)  track variations not captured in storm set, 
4)  model errors (including errors in bathymetry, errors in model physics, etc.), and 
5)  errors in wind fields due to neglect of variations not included in the PBL winds. 
   
It is evident that we can only approximate the overall distribution of   from ancillary information on errors 
in comparisons to High Water Marks and comparisons of results from runs with the “best-estimate” wind 
fields and PBL wind fields.   Tides can be factored into this analysis assuming linear superposition, with 
some degree of error introduced.  Based on the best available approximations to all of these terms, 
assuming that all the “error” contributions are independent, and a loose application of the Central Limit 
Theorem, we will assume that the “error” term can be represented as a Gaussian distribution with a mean 
of zero (assuming that the model suite is calibrated to this condition) and a standard deviation equal to 
some percentage of the modeled surge. 
 

If we were to try to extend the EST to include shifting actual historical storms from one landfall 
site to another, we would implicitly be holding all the “details” constant by assuming exactly the same 
storm will occur in the future at different locations.  This constrains all future hurricanes to have the same 
detailed characteristics as the single historical storm upon which it is based.  It seems more logical to 
approach this in two stages as described above, an initial stage to capture the broad-scale wind 
characteristics and a second stage to understand/quantify the impact of deviations around these broad-
scale winds on coastal surges.  In this way, the probability analysis can be kept within a sufficiently small 
number of dimensions to allow reasonable approximation from historical records.  
 
 In our own work investigating modifying the EST, we began by making the same assumption as the 
older JPM application, i.e. that we could take some section of coast and treat it at though it were 
homogeneous with respect to expected storm parameters.  With this assumption, we felt that it would be 
appropriate to move a storm some distance along the coast without affecting its characteristics.  
Unfortunately, when we tested this approach, we saw that historical tracks did not translate well spatially.  
We found that all of the large storms affecting U.S. Gulf of Mexico coastlines entered the Gulf through 
either the gap between Cuba and the Yucatan Peninsula or through the southern Florida to Cuba area.  A 
simple geometric displacement of a particular storm track made that track intersect with land in areas that 
are not suitable for their origin.  For example, such a displacement to allow a storm such as Hurricane 
Opal to strike the western portion of Louisiana would intersect with land at a point slightly south of the 
border between the United States and Mexico.  It is essentially impossible for such a track to generate a 
storm of Opal’s strength.  Another example would be the simple translation of Katrina’s track to a point 
farther east.  It is highly unlikely that such a track would be able to support a storm of Katrina’s size and 
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intensity.  Thus, any concept that involves a simple geometric translation of a historical storm track to a 
position very far from where it actually occurred was found to be very naïve, at least in a 
meteorological/climatological sense. Still another example of problems associated with the use of a 
detailed track would be the simplistic shifting of a track with a loop in it, such as Hurricane Elena along 
the panhandle of Florida.  The implication of using this exact track and associated wind field is that all 
future storms of this type will exhibit exactly this same loop and associated intensity, size, asymmetry, 
and other detailed characteristics during its approach to land. The probability of this actually occurring is 
very near zero. 
 
 An additional problem in our initial attempt to modify the EST for storm surge application relates to the 
definition of storm probability.  We found that, due to the geographic constraints of entry points for intense 
storms into the Gulf, it was a very bad assumption to treat any extended section of coast as though it 
were a homogeneous area in terms of expected hurricane characteristics.  Instead, several independent 
analyses have shown that the statistical properties of hurricanes vary continuously and substantially 
throughout the Gulf of Mexico.  This means that it is not advisable to shift a storm track from one section 
of coast to another and treat it as an equivalent sample to a storm that actually occurred in that section of 
coast.  A related problem in attempting to modify the EST for hurricane surge applications is assigning the 
probability of exceedance of some characteristic in a particular storm.  For example, most critical reviews 
conducted recently have advocated limiting the period of record to be used in climatological estimates of 
hurricane characteristics to a period from no earlier than the mid-1940’s to the present.  Thus, if we adopt 
the conventional plotting position, Katrina will represent somewhere in the neighborhood of a 60 year 
event.  We can probably increase this a little by spreading Katrina over some section of coast; but as 
noted above, this is not a simple exercise. The degree of spreading, the reasonableness of the tracks, 
and the spatial variation of statistical properties all make this a procedure that should not be trivialized. 
 
 The final point worth noting is that prior to 2005, there was no Katrina in the historical record.  
Straightforward estimates of surges using the EST method prior to Katrina suggest that such a surge only 
occurs once every 1200 years, or so.  Most analyses suggest that this is a substantial overestimation of 
the return period for such a surge.  The problem here is that, prior to Katrina, no historical storm 
combined both intensity and size in a fashion equivalent to Katrina.  Thus, Katrina was outside the 
sample range of the EST.  Although this particular deficiency in the sample has been remedied for at 
least some of the Gulf coast (since Katrina has now occurred there), one must ask what other gaps in the 
sample of historical storms might exist.  Given this point along with all the other discussion points in this 
section, it was decided that it would be more straightforward to modify the JPM for hurricane surge 
applications than to modify the EST.  As noted previously, both of the methods are nonparametric in the 
interiors of their cumulative distribution functions.  
 
 
The Modified JPM Method (JPM-OS) 
 
 
 In this section, a method for estimating storm surges via a modified JPM will be developed, including 
estimation of some key climatological characteristics of hurricane tracks, intensities, and sizes. The term 
JPM-OS will be used here to denote this new methodology, since the underlying concept of this 
methodology is to provide a good estimate of the surges in as small a number of dimensions as possible, 
while retaining the effects of additional dimensions by including the   term within the estimated CDF for 
surges.  This approach will also attempt to minimize the number of runs required by improving methods 
used for interpolating between combinations of variables in different simulations. 
 
Estimation of spatially varying probabilities 
 
 In our new approach, the recommended treatment of geographic variation is to use the Chouinard et 
al. (1997) method for determining optimal spatial size for estimating hurricane statistics.  In this method, 
the optimal size for spatial sampling is estimated in a manner that balances the opposing effects of spatial 
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variability and uncertainties related to sample size.  Although the final, definitive statistics are still being 
developed, a brief description of the method is included here, along with the preliminary results. 
 
 We begin by estimating the omni-directional statistical properties for storm frequency and intensity.  
Work performed by Gabriel Toro of Risk Engineering showed that the optimal spatial sample (kernel) size 
was in the range of 160 km for frequency analyses, but found that the optimal spatial size for intensities 
reached a plateau above about 200 km and did not drop off substantially at higher spatial kernel sizes.  
For our purposes, we took the basic data set of 22 hurricanes, which had central pressures less than 955 
mb, shown in Figures A3 through A5 and defined their locations and intensities along the line shown in 
Figure A2.  Although this line includes the west coast of the Florida peninsula for completeness within the 
analysis, results will only be presented for the section of coast west of this peninsula.  Our hurricane 
sample covers the interval 1941 through 2005.  Section C (within Appendix E) provides a synopsis of 
some work supporting the selection of this period of record. 
 

For our frequency analysis, we selected a “line-crossing” methodology, rather than an ‘area-
crossing” ( such as used in the Toro analysis presented in Figure 1) since the frequency of landfalling 
storms is inherently better posed in this context.  The location of this line is shown in Figure A2 and 
distance in this system will be referenced in this white paper via an “increment number.”  This “increment 
number” is based on integer values of the distance in degrees (longitude at 29.5 degrees latitude) as 
explained in the figure caption in Figure A2. 

 
 After a number of sensitivity studies we were able to show that the results for spatial samples for 

spatial kernels above 250 km or so did not vary markedly and settled on a sample size of ±3.5 degrees 
(338 km) along this line.  Results from this analysis are converted into an estimate of the frequency of 
hurricanes (which attain a minimum central pressure of 955 mb or less) making landfall within contiguous 
1-degree increments along the reference line. Figure 4 gives the results of this analysis.  As can be seen 
here, the “line-crossing” frequency estimate is fairly consistent with the spatial-area frequency estimates 
obtained by Toro in Figure 1. It should be noted that the Toro analysis was based on 52 storms (all 
storms above Category 2 intensity within the Gulf of Mexico) rather than the 22-storm subset used here.  
 
 For each 1-degree increment along the coast, pressure differentials at the time of landfall for all 
storms making landfall within the ±3-degree distance along the reference line were used to define a best-
fit (conditional) Gumbel distribution, i.e. the distribution of hurricane intensity given that a hurricane (with 
central pressure less than 955 mb) does occur.  The Gumbel coefficients for the pressure differentials are 
shown in Figure 5.  Combining the storm frequency estimates with these values we can estimate the 
omni-directional probability of intensity along the Gulf coast at the time of landfall.   
 

Figure 6 shows the (smoothed) distribution of the 50-year, 100-year, and 500-year central 
pressures based on the Oceanweather information.  Also shown in this Figure is the estimates using the 
same derivation methodology, but based on the official NOAA values for landfalling central pressures.  As 
can be seen here, the two methods yield very similar results, except for some divergence as the 
Louisiana-Texas border is approached. This curious aspect of the otherwise excellent agreement was 
found to be related to a single spurious value in the Oceanweather files for Hurricane Audrey.  Once this 
was fixed, the region of good agreement extended across the entire region. 

 
To compare the estimates in Figure 6 with values for the entire Gulf of Mexico, Peter Vickery 

performed an analysis of extremes based on 1) a statistical combination of all of the coastal segments 
and 2) an extremal analysis of the NOAA’s landfalling pressures.  As can be seen in Figure 7a, the 
estimates of landfalling central pressures shown in Figure 6 can be used to provide a very consistent 
estimate for landfalling central pressures along the US coast from Texas to the northwest Florida coast.  
And, as can be seen in Figure 7b, a similar analysis for a single 1-degree increment shows, as expected, 
a little more randomness for this (smaller) set of points but a similar good general agreement in the tail of 
the distribution.  Figure 7c shows a comparison of another independent check on the probability 
distribution based on a comparison to the results of Toro’s analysis performed for FEMA Region 4, along 
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the Mississippi coast. These tests confirm the general estimation methodology used here is quite robust 
for hurricanes along the US Gulf of Mexico coasts. 
 Several independent analyses over the last several months have shown that storm size is not 
independent of storm intensity; and recently, Shen (2006) has shown that the potential intensity 
achievable by a hurricane is very sensitive to the size of a hurricane eye.  Figures 8a and 8b show the 

relationships between pR  and central pressure from Oceanweather analyses of all storms exceeding 

Category 2 within the Gulf of Mexico at their time of maximum strength (52 storms –shown in Figure 8a) 
and the 22-storm sample of landfalling storms (Figure 8b).  Equation A3 in Section A (within Appendix E) 
gives an estimate of the conditional probability of storm size as a function of central pressure.    Figure 8 
gives the mean angle of storm heading as a function of distance along the reference line shown in Figure 
A2, along with the standard deviation of the heading angles around this mean value.  The direction 
convention used here is that a heading of due north represents an angle of zero degrees.  Storms 
heading more westerly than due north will have positive angles, while storms heading more easterly will 
have negative angles. These estimates were derived by the same spatial averaging procedure used in 
deriving the central pressures and frequencies. A normal (Gaussian) distribution is used here to represent 
the storm heading probability distribution as a function of location along the reference line. 
 

Figure 10 presents the estimated forward storm speed as a function of central pressure.  This 
figure suggests that storm intensity and the forward speed of the storm are approximately independently 
distributed.  However, if we plot forward storm speed as a function of storm heading at landfall for the 14 
storm subset that intersect with the 29.5-degree latitude portion of the reference line in Figure A2 and for 
the entire 22-storm sample of landfalling storms (shown in Figures 11a and 11b), we see that there is a 
tendency for higher forward speeds to be associated with lower storm heading angle (a correlation of 0.52 
which is significant at the 0.05 level of signficance with 21 degrees of freedom in a “Student’s t” test).  
This is consistent with the expected behavior of re-curving storms that become swept up in stronger 
westerly circulations. The primary exception to the overall relationship is Hurricane Betsy, represented by 
the point in the upper right-hand corner of this Figure.  This storm moved very fast into the New Orleans 
area after crossing the lower portion of the Florida peninsula. 
 
 Putting all of the pieces of information together, for any point in our five-dimensional parameter space 
(retaining appropriate interrelationships among parameters), we see that the final estimates of joint 
probability densities can be written as 
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where the overbars denote average values of the dependent variable for a specified value of an 

independent variable in a regression equation, 0 1( ) and ( )a x a x are the Gumbel coefficients for the 

assumed Gumbel form of the central pressures, and ( )x is the frequency of storms per year per 

specified distance along the coast (taken as one degree in examples presented here).  
 

Figures 12-14 show three sets of synthesized tracks that are being used in the ongoing New 
Orleans area study.  These central tracks (Figure12) essentially mimic the behavior of intense landfalling 
historical storms in the record, while preserving the geographic constraints related to land-sea 
boundaries.  These storms preserve the historical pattern of the tracks better than simply shifting the 
same storm tracks east or west along the coast, since they capture the observed variations in mean storm 
angles along the coast.   
  
 
Estimation of the ε term 
 
 Although there may be some degree of nonlinearity in the superposition of tides and storm surges, 
numerical experiments have shown that for the most part linear superposition provides a reasonable 
estimate of the (linearly) combined effects of tides and surges.  Thus, the tidal component of the  term, 
represents the percentage of time occupied by a given tidal stage and can be directly derived from 
available tidal information along the coast.   
 

Careful analyses appropriate for formulating Holland B parameters for ocean response modeling 
have shown that this parameter falls primarily in the range of 1.1 - 1.6 offshore and 0.9 - 1.2 at the coast 
(Section E within Appendix E).  For Gulf of Mexico hurricanes, a mean value of 1.27 in offshore areas is 
assumed with a standard deviation of 0.15, while at the coast the corresponding mean and standard 
deviation is 1.0 and 0.10, respectively.  Via numerical experiments, the maximum storm surge generated 
by a hurricane has been found to vary approximately linearly with variations in the Holland B parameter, 
at least for changes of the Holland B parameter in the range of 10-20%.  
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Off-coast track variations affect surges at the coast primarily through the effects of these track 
variations on wave fields, rather than by their effects on direct wind-driven surges.  As noted previously, 
wave fields tend to integrate wind field inputs over 10’s of hours; consequently, off-coast track variations 
tend to shift the wave fields somewhat while maintaining the general form and magnitude of the wave 
height contours.  Near-coast radiation stresses are approximately proportional to gradients in wave 
energy fluxes, which, in turn, can be related to the square of the wave height gradient.  In shallow water, 
where contributions of radiation stresses to surges are most important, wave heights tend to be depth 
limited.  It is only in the incremental region, where larger waves make additional contributions due to 
increased energy losses offshore, that larger wave conditions affect the total wave set-up at the coast.  
Numerical sensitivity studies suggest that once incident waves become much larger than about 10 
meters, most of the additional energy loss is in depths that do not contribute very much to wave set up.  
For this reason plus the fact that in general the wave set-up term tends to be only about 15-30% of the 
total surge, we expect the effect of storm track variations on wave set-up at the coast to be fairly small 
(due to the fact that surge response is on a much faster scale than wave generation, where we noted that 
the “straight-track” approximation was not very good). We will assume that the deviations around the 
mean surge will be approximately Gaussian.  A standard deviation of 20% of the calculated wave-set up 
contributions to the total surge (determined by subtracting the direct wind-only surge from the total surge 
due to winds and waves combined) will be used within this distribution. 

 
Model errors combined in calibration/verification runs of ADCIRC have shown that this 

combination of model and forcing in the Louisiana-Mississippi coastal area provides relatively unbiased 
results with a standard deviation in the range of 1.75-2.50 feet.  Relative errors associated with the use of 
PBL winds increase the value of the standard deviation to 2.00 to 3.50 feet.  This is not to surprising, 
since the accuracy of HWM’s (the primary measurements to which the model results are compare) are 
quite variable in and of itself. 

 
Combining all of these terms, under the assumption that they are each independently distributed, 

gives 
 

1 2 3 4 1 2 3 4 1 2 3 4( ) ( ) ( ) ( ) ( ) ( )p p p p p d d d d                     

 where 
 

 

1

2

3

 is the deviation between a storm at a random tide phase and a zero tide level;

 is the deviation created by variation of the Holland B parameter;

 is the deviation created by variations is tracks





4

 approaching the coast; and

 is the deviation created primarily by errors in models and grids.

 

 

Three of the terms 1 3 4,  and      are treated here as though they are approximately independent of the 

magnitude of the surge, while the remaining term, 2 has been found to depend essentially linearly with 

the magnitude of the surge.  For a monochromatic tide, the tidal elevation distribution, 1 , is known to be 

bimodal distributed around its zero value; however, in nature, the effect of combining several tidal 
components with varying phases is to force the distribution toward a unimodal distribution.  The 

probabilities of terms 3 4 and   are assumed to be normally distributed; thus, the probability distribution 

of the sum of these two terms will also be a normal distribution with the variance given by the sums of the 
individual variances of the two terms. 
 
  Figure 15 gives a numerical example of the combination of all four terms assuming a storm surge of 
15 feet, as might be associated with a particular deterministic model execution based on a set of track 
and PBL parameters.  As can be seen in this figure, the overall magnitude of these effects can add or 
subtract substantially to the total water depth.  In this case, the distribution appears similar to a Gaussian 
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distribution, since it is dominated by the term with the largest variance (deviations due to the omission of 
the Holland B parameter); however, the other terms have been included within the integral for ( )p  .  

Table 1 shows an example of the effect of adding this term on expected surge levels for selected return 
periods.  In this example, a Poisson frequency of 1/16 was used in combination with a Gumbel 

distribution, with parameters 0 1 = 9.855 and  = 3.63a a .  For this example, the effect of adding the  -

term is less than ½ foot for return periods up to 175 years and only exceeds1 foot at return periods 
greater than 400 years.  However, for risk-based calculations which often include very large return 
periods (1000-10000 years), this term can become as large as 2-3 feet, even for the case where the 
effects of all neglected factors are assumed to be distributed around a mean deviation of zero.  The effect 
could of course be larger if the deviations were biased. 
 
 From Table 1 and the above discussion, we see that the effect of the  -term becomes much more 
pronounced at large return periods.  Thus, older applications of the JPM that neglected this term were 
probably reasonably accurate at the 100-year return period, but were likely to have been progressively 
biased low at higher return periods.  The important points to stress here are twofold.  First, any neglect or 
suppression of natural variability in a procedure to estimate extremes will lead to some degree of 
underestimation of the estimated extremes, whether using a JPM or an EST approach; therefore, it is 
important to recognize and attempt to quantify all significant factors affecting surge heights at the coast.  
Second, to avoid making the number of dimensions in the JPM unmanageable, the estimated effects of 
the neglected factors contributing to extreme surges should be addressed statistically, such as we have 
done here via the addition of the  -term to the JPM integral.   
  
 
Treatment of Subsidence and Sea-Level Rise 
 
 Rather than treat subsidence and sea-level rise within the  -term, it is simpler to include this in a 
separate analysis.  For purposes of design, as a first approximation to the non-overtopping situations, 
estimates of subsidence and sea-level rise can be added linearly to the expected surge levels.  Thus, (as 
a purely hypothetical scenario) if two feet of local subsidence is anticipated along with one-foot of sea-
level rise over a design lifetime (say 100 years as an example), a levee design set for 20 feet would need 
to “evolve” to 23 feet in order to provide the same level of protection at the end of the design lifetime.  
Other options might be to overbuild the design at the outset to account for anticipated subsidence and 
sea-level rise.  In either case, it will be critical to constantly monitor the changing water levels to ensure 
that the design level of protection is maintained. 
 
 
Sampling of Storm Parameters for the JPM-OS 
 
 In the conventional JPM each simulation was typically treated as representative of its entire discrete 
probability range (i.e. all of the probability for each multi-dimensional box centered on its mean position).  
In these applications, the computational burden was considerably less than what is considered 
appropriate for surge simulations today (see subsequent section on the computational effort 
recommended for today’s applications).  Even in the original JPM, however, a scaling relationship 
between the pressure differential of a storm and computed surge levels was used to reduce the number 
of computer runs.  This relationship, based on theoretical considerations and confirmed numerically in 
several studies, shows that surges are linearly proportional to the pressure differential of a storm at all 
areas close to the area of maximum storm impact. This information can be used effectively to interpolate 
between two different numerical results within the JPM integral.  Such an interpolation provides added 
resolution along the pressure differential axis in this integral, which is very important due to the highly 
nonlinear characteristics of the probability of pressure differentials [ ( )p P ]. 

 
In addition to the scaling relationship between surge levels and pressure differentials, the JPM-

OS attempts to sample the parameter space in a fashion that can be used to estimate surges (develop 
the response surface) in an optimal manner.  This method has been developed via hundreds of 
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simulations on relatively straight coasts, as well as on coasts with other simple geometries, and is in the 
process of being extended to more complex coasts.  It attempts to alleviate the need for very closely 
spaced parameter values in numerical simulations (essentially track spacing and number of storm sizes, 
forward speeds, and track angles considered); thereby potentially greatly reducing the total number of 
computer runs required for JPM execution. The initial set of runs for the New Orleans area consists of 152 
hurricanes traveling along tracks shown in Figures 12-14.  To put this number of runs in perspective, 
since a major storm only affects each one-degree section of coast once per 16 years and the section of 
coast being studied is only about 2.5 degrees, this number of hurricanes would only be expected in the 
simulated area every 853 years.  Consequently, unless we have selected these storms in a very 
unrepresentative fashion, we expect this number of storms (combined with an accurate methodology for 
surge simulation) to provide a fairly accurate description of the general characteristics of hurricane surges 
at least up to the 500-year return period.  A description of the parameters of these storms is given in 
Section D (within Appendix E), along with a discussion of some scaling relationships between storm 
parameters and surges that have been found in our numerical studies.   
 
 
Specification of Variations in Pre-landfalling Hurricanes 
 
 Whereas the original JPM considered storm size, intensity, and wind field distribution to be constant 
in storms approaching the coast, the new JPM uses information from recent storms to estimate the rate of 
change of these parameters for pre-landfall conditions.  In general these trends show that storms tend to 
fill by about 10-15 millibars (Figure 3), become slightly (15-30%) larger (Figure 16) and have less peaked 
wind speed distributions (Holland B parameter decreasing from about 1.27 to around 1.0) over the last 90 
nautical miles of coastal water before landfall.   Since all of our probabilities have been developed based 
on landfalling characteristics, the offshore characteristics must be estimated from a generalized transform  
 

1( , , , , ) ( , , , , )p f l offshore p f l landfallp P R v x p P R v x J      

 
where J is the Jacobian for the transform from nearshore to offshore conditions.  However, since 1) storm 
heading during approach to the coast is relatively constant, 2) the forward speeds are assumed to be 
constant during approach to land and 3) the points of intersection (x) are identical for each offshore and 

landfall case, the transform can be viewed in only two dimensions, and pP R .  Details will be given in 

Section D (within Appendix E).     
 
 
A computational methodology for effective simulation of storm surges for hurricane inundation studies  
 
 

For completeness, we include here a brief description of the computational methodology that has 
been adopted for calculating inundation levels/probabilities.  The first step in this procedure is to develop 
appropriate surge and wave model grids and verify them.  The second step is to use both “best available” 
winds and best PBL winds to verify the modeling system performance within the area of interest.  The 
“best available” winds, which include all appropriate data assimilation and expert analyses, are used to 
verify the model and grid and to provide calibration guidance, if required.  The second set of runs with 
winds from the PBL model are used to establish any additional tuning required and to determine the 
actual modeling error term to be used in the  -term in the JPM integration.  Following this procedure, the 
complete production system is exercised for all of the selected combinations of storm tracks and wind 
parameters required for the JPM-OS application.  A schematic diagram of this system is shown in Figure 
17.    
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Step 1 
As seen here, for each defined storm (a track and its time-varying wind field parameters) the 

Oceanweather PBL model (Thompson and Cardone, 1996) is used to construct 15-minute snapshots of 
wind and pressure fields for driving surge and wave models.     

 
Step 2 
 Using “warm-start” condition with all major rivers already “spun up,” initiate ADCIRC (version 46.50 or 
higher as they come online) for simulation of direct wind-driven surge component (assuming zero tide).  In 
parallel with the initial ADCIRC runs, execute a large-domain,discrete, time-dependent spectral wave 
model (WAM or WAVEWATCH) to calculate directional wave spectra that serve as boundary conditions 
for local-domain, near-coast wave model runs in Step 3. 
 
Step 3 
 Using initial water levels from ADCIRC, winds that include the effects of sheltering due to land 
boundaries, and spectral boundary conditions from the large-domain wave model, execute either 
STWAVE or SWAN model runs (again using the PBL winds) to produce a wave fields and estimated 
radiation stress fields. 
 
Step 4 
 Using the radiation stress fields from Step 3 added to the PBL-estimated wind stresses, rerun the 
ADCIRC model for the time period during which the radiation stresses potentially make a significant 
contribution to the water levels.  In this step, care must be taken to “match” the grids in the wave model 
and ADCIRC model. 
 
Step 5 
 Using the water levels from Step 4, in locations adjacent to structures, a method based on 
Boussinesq modeling (either direct application or interpolations from generic runs) is used to provide 
estimates of the following key information along man-made structures and steep-sided natural flood 
barriers:  incremental contribution to the water level at the structure (which should be considered as the 
final water level for inundation efforts at these locations); estimated total overtopping at structure; and 
estimated velocities on the front face, crest, and rear face of the structures.  The boundary conditions for 
driving the Boussinesq-based runs are taken from the closest points in the nearshore grids used in Step 
3. 
 
 
Summary 
 
 Some of the key issues addressed in this paper, along with relevant conclusions, are as follows: 
 
1.  The Joint Probability Method (JPM) provides a sound method for estimating inundation probabilities.  
However, given the number of degrees of freedom in hurricanes characteristics affecting coastal surges 
and the computational burdens associated with coastal surge simulations, it is critical to reduce the 
number of factors considered to a minimum, while maintaining sufficient detail to properly model 
hurricane wind fields for surge prediction. 
2.  After a discussion of various alternatives, it is recommended that the same five parameters used in 
older JPM studies (storm intensity, storm size, forward speed of the storm, angle of the storm track with 
the coast, and track location) be used to characterize storms for simulating coastal surges.  With this 
number of dimensions within the JPM integral, it is essential 1) to allow these characteristics to exhibit 
observed variations during their approach to land and 2) to retain and quantify a statistical “error” term 
that adds the suppressed variability back into the estimated extremes.  Previous applications of the JPM 
did not consider this term.   
3.  Similar to the Empirical Simulation Technique (EST), it is recommended that uncertainty in the stage-
frequency relationships be estimated via re-sampling methods. 
4.  As discussed in Section C (within Appendix E) and as has been noted in many journal publications, it 
appears that a 40-year cycle is a dominant feature within the recent hurricane record.  We have 
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experienced one full “high-activity” portion of a cycle and about 2/3 of a second “high-activity” portion of a 
cycle.  It is recommended that a comparable proportion of “low-activity” years be included within the 
record being used for estimating inundation probabilities.  Following this logic, we will use the full “low-
activity” interval (approximately 30 years) between the two recent “high-activity” intervals plus a period 
equivalent to 2/3 of the recent “low-activity” interval within our sample period.  This yields 1941 through 
2005 as our period of record for coastal inundation analyses. 
5.  The topic of future climatic variability has been dealt with in a recent manuscript by Resio and Orelup.  
In this manuscript, it is shown that the hurricane record within the Gulf of Mexico does not exhibit a strong 
secular trend, in contrast to the record in the Atlantic Basin.  The Resio and Orelup manuscript showed 
that the “high-activity” intervals dominated the extreme surge population for return periods greater than 50 
years or so.  As a sensitivity study, they investigated the consequences of a doubling of “high-activity” 
years, even though there is no evidence that such a doubling is imminent.  Results of this study showed 
that such a climate scenario would produce about a 12% increase in surge levels at the 100-year level, 
with decreasing effects at longer return periods. 
6.  Historically, the storms which appear to have had the most impact on coastal areas within the Gulf of 
Mexico have all moved along the central paths shown in Figure 12.  Theses storms include Rita, Ivan, 
Camille, Katrina, and Andrew in the historical record from 1941 through 2005; thus the set of tracks in this 
figure have been nicknamed the RICK-fan.  
7.  The JPM-OS represents an attempt to combine statistical information over an interval of the coastline 
in order to gain more confidence in information relevant to the definition of extreme surges at a point.  
This approach also allowed us to incorporate information on the general behavior of storms in coastal 
areas (such as storm decay and variations in storm size and the peakedness of the wind distribution 
along a transect) into our simulations of extreme events. 
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Table 1 
Example of Expected Surge Values as a Function of Return Period With and Without ε-Term  

Included 
_______________________________________________________________________ 

Return Period  Without ε-Term  With ε-Term 
   (years)          (feet)         (feet) 

 
         50        11.98      12.06 
          75      13.64     13.90 

      100    14.82     15.21 
      125       15.74      16.22 

         150       16.49      17.04 
      175       17.12      17.74 

          200       17.67      18.35 
          225       18.15      18.88 
         250       18.59      19.36 
          275       18.98      19.79 
          300       19.33      20.18 
          325       19.66      20.55 
          350       19.97      20.88 
          375       20.25      21.20 
          400       20.52      21.49 
          425       20.76      21.76 
          450       21.00      22.02 
          475       21.22      22.27 
          500       21.43      22.50 
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Figure 1.  Analysis of hurricane frequency from Toro (Risk Engineering) from an analysis using an 
optimized spatial kernel. 
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Figure 2.  Distribution of the maximum surge heights from ADCIRC simulations for a site in Lake 
Pontchartrain.  Storms within the “non-event” asymptote consist of storms which do not make  
landfall close to the site of interest; whereas, storms within the “direct-hit” asymptote represent  
storms that pass very close to the site of interest.  The different slopes of these line segments  
suggests that it may not be justifiable to combine these points into an analysis that treats all of  
the points as though they are drawn from a single analysis. 
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Figure 3.  Central pressure in landfalling storms plotted against distance from the coast.   
Previously it was believed that storm decay began only after landfall.  These data from  
Oceanweather, Inc. show clearly that decay begins offshore. 

 

LAND WATER
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Figure 4. Frequency of hurricanes along reference line with annotated geographic locators, based on 22-
storm sample. Location along this line can be taken as equivalent to 1-degree increments along the 
coast, with the New Orleans area falling within increment 7. 
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Figure 5.  Gumbel coefficients (in units of millibars) for locations along reference line, based on  
22-storm sample. For reference, the Gumbel equation is reproduced here in terms of its explicit 

dependence on x: 0

1

( )
( | ) exp exp

( )

P a x
F P x

a x

   
     

  
,  where P  is the pressure differential 

(peripheral pressure minus central pressure).  It should be recognized that the frequency is  
assumed to be equal to 1 in this equation. Location along this line can be taken as equivalent to 1- 
degree increments along the coast, with the New Orleans area falling within increment 7. 
 
 
 

New Orleans 

Panama City LA/Texas Border 

Texas/Mexico Border 
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Figure 6.  Distribution of 50-year, 100-year, and 500-year central pressures along the reference line 
shown in Figure A2, using both Oceanweather, Inc. (OWI) data and official NOAA values.    
Location along this line can be taken as equivalent to 1-degree increments along the coast, with  
the New Orleans area falling within increment 7. 
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Figure 7a.  Comparison of Vickery’s analysis of the combination of distributions for landfalling central 
pressures from all coastal segments (taken from the NOAA results shown in Figure 6) compared to the 
distribution of all (NOAA) landfalling central pressures within the Gulf of Mexico. 
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Figure 7b.  Same as Figure 7a except specific to the 1-degree increment centered on 7. 
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Figure 7c.  Independent estimate of storm probabilities in the Mississippi coastal area by Gabriel Toro  
(for FEMA Region 4) compared to estimate based on Gumbel segments developed in this White Paper.  
As can be seen here the mean curve is in very good agreement with Toro’s results. 
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Figure 8a.  Relationship between size scaling parameter (Rp) versus Central Pressure for 52 storm  
set in Gulf of Mexico (offcoast; all storms > Cat 2). 
 
 

 
 
Figure 8b.  Relationship between size scaling parameter (Rp) at landfall versus Central Pressure  
for 22 storm set in Gulf of Mexico (offcoast; all storms with central pressure < 955 at time of  
minimum pressure in the Gulf of Mexico). 
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Figure 9.  Plot of mean storm heading angle and standard deviation around this angle as a  
function of location along reference line.  Distance along the x-axis can be taken as equivalent to  
1-degree increments along the coast, with the New Orleans area falling within increment 7. 
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Figure 10.  Plot of forward speed of storm at landfall versus central pressure at landfall. 
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Figure 11a.  Plot of storm heading and forward speed at time of landfall for only central Gulf  
landfalling storms. 
 

 
 
Figure 11b.  Plot of storm heading and forward speed at time of landfall for the entire 22-storm sample. 
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Figure 12.  Central angle tracks (RICK-fan set).
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Figure 13.  Tracks from southeast at 45-degree angle to RICK-fan set. 
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Figure 14.  Tracks from southwest at 45-degree angle to RICK-fan set. 
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Figure 15.  Percentage of deviations per 0.1-foot class as a function of deviation in feet. 
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Figure 16.  Increase in hurricane size during approach to coast, as seen in recent, well- 
documented storms. 
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Figure 17.  Schematic diagram of “production” modeling system for coastal inundation applications. 
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SECTION A 

Expedient Estimation of Return Periods for Specific Historical Storms 
 

 
 On one hand, the most accurate characterization of the return period for a specific storm water level 
is to wait until the stage-frequency relationships have been developed and see where the water levels 
from that storm fall on this curve.  Inspection of such an approach would show that water levels from a 
specific storm would fall at different return periods at different locations.  A different, albeit more 
approximate approach which does not have to wait until the final results of simulations aer complete, is to 
treat the storm water level potential in terms of the primary parameters affecting peak surge levels, 
typically storm intensity, storm size, angle of approach to the coast, forward storm speed, the geometry of 
the coast, and the offshore bathymetric slope.   
 
Application to Hurricane Katrina 
 
 Figure A1, taken from Irish et al. (submitted for journal publication), shows the dependence of peak 
surge on storm intensity (peripheral pressure minus central pressure) and size (scaling radius for the 
pressure field).  These values were generated from ADCIRC simulations using the Oceanweather 
Planetary Boundary Layer (PBL) model for wind fields.  In these runs, storms were held at constant 
intensity and size during the approach to the coast. This figure is appropriate for a very shallow offshore 
slope (1:10000), found to be approximately representative of the continental shelf east of the Mississippi 
River in this area.  Sensitivity studies of the effects of storm speed and storm approach angle showed that 
these factors were of secondary influence on surges at the coast, at least within the ranges of expected 
values for large, intense storms.  Sensitivity studies also showed that although the coastal geometry in 
the New Orleans area (the presence of the Mississippi River Delta and river levees) tends to modify local 
storm surge levels, this factor did not change the relative ranking of the different storms. 
 
 Assuming that we can neglect the secondary factors, the relative ranking, and thus the return period 
for a specific event, can be deduced from a combination of Figure A1 and a specification of the joint 
probability structure of storm intensity and storm size.  The estimation of the latter is a key part of the 
same methodology being used in the JPM-OS application in this area.   
 
 The frequency of storms along a coast has units of number of storms per year per length of coastline.  
For our application, we will assume that a storm within 1/2 degree longitude is the relevant parameter for 
our purpose here.  This is equivalent to assuming that the surge within ±1/2 degree remains sufficiently 
close to the peak value that is can be considered approximately equal to the peak (within 10%).  Although 
a continuous method can be used for this estimation method, the results were quite similar and the 
discretized method is easier to explain.  Figure A2 shows a line along the Gulf of Mexico coastline that 
will be taken as the “sample line” for landfalling conditions in our analysis. A centered, running average of 
landfalling conditions over a distance of 6 degrees along this line was used to estimate the frequency of 
storms and to accumulate samples for extremal analysis within contiguous 1-degree (longitude – at 29.5 
degrees) increments along the coast. The New Orleans area is located in Increment 7 along the coast in 
this scheme.   
 

The storm sample used in this analysis is the 22-storm sample shown in Figures A3-A5 
(essentially all storms with central pressures less than 955 mb during their transit through the Gulf of 
Mexico since 1941).  Eleven of these storms fell within ±3 degrees of the center of the New Orleans 
section of coast.  Since this is not a very large number, we restrict our analysis to a 2-parameter (Gumbel) 
distribution here.  The conditional Gumbel distribution of hurricane pressure differential was found to be 
given by 

 

A1.  ( | )
zeF p hurricane e
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Where F is the condition cumulative distribution function (i.e. the expected CDF given a hurricane) and z 
is given by the best 2-parameter fit 
 

0

1

p a
z

a

 
  

Where 0 1 and a a  are the distribution parameters and p is the pressure differential.  For Increment 7 

along the coast, the value of 0 1 and a a  are 56.557 and 16.463, respectively.  The frequency of 

occurrence of hurricanes for this coastal segment is 0.0486 per year per degree (or once per every 20.6 
years, or so).   
 
 Since, the contours in Figure A1 denote lines of equal surge, The probability of a storm capable of 
generating a storm surge equal to or greater than that produced by Hurricane Katrina can be estimated 

by the sum of the probabilities in regions A, B, and C, delineated by different pR  limits in Figure A6 or 

 

( )F A B C       

 
It can be shown that all three of these integrals can be written in a common form 
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where the limits of the first integral are made to match the region shown in Figure A6.  The conditional 
probability for size is given by a Gaussian distribution of the form 
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In this equation a linear regression ( 14. 0.3*(110. )pR p     - with units for  and p pR R  in nautical 

miles and units for p  in millibars implied) was used to represent the conditional mean for storm size and 

the standard deviation was taken as ( ) 0.44 ( )pp R p    .  The sum of all three integrals is 0.0518, 

which can be interpreted as slightly more than 1 hurricane in 20 can produce a surge of Katrina’s level in 
the New Orleans area.  When 1 is divided by the product of the two frequency parameters, it yields an 
estimate of 397.6 years for the return period of a storm capable of producing a surge of comparable 
magnitude to Katrina.  For practical purposes, Katrina would seem to fall in the range of a 400-year storm, 
in terms of storm surge generation.  It should be noted that the methodology described here pertains to 
the area of maximum surges within a storm; consequently, the surges at some distance from area of 
maximum surge will certainly not be 400-year surges for those points. 
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Application to Hurricane Rita 
 
 The same procedure outlined above, modified to consider the different offshore slope, was applied to 
Hurricane Rita, with a landfall in Increment 10 of our analysis.  A slope of 1:1000, which is characteristic 
of the shelf region in the area west of the Mississippi River, was adopted here in the idealized surge 
modeling referenced here. The return period for this storm from this analysis is 89.7 years.  Again, for 
practical purposes, this can be taken to imply that Rita was somewhere in the neighborhood of a 90-year 
storm, in terms of storm surge. 
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Figure A1.  Contour plot of peak surge levels along a straight coast with a constant offshore slope as a 

function of storm size ( max  in our terminologypR R ) and storm intensity (peripheral pressure minus 

central pressure).  The storm values used in this plot are the offshore conditions, rather than the 
conditions at the coast.
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Figure A2.  Location of line for analysis of hurricane landfalling characteristics.  Throughout this white 
paper, one-degree increments of distance along this line from east to west, with the “zero-value” taken at 
-83 degrees longitude, will be used as a locator for discretized sections of coast.  In this convention, the 

increment number for any section being analyzed is given by ( 83 )incrementN Integer longitude   .  For 

example, any point with a longitude less or equal to -83 and greater than -84 would fall in increment 0, 
any point with a longitude less than or equal to -85 and greater than -85 would fall in increment 1, etc. 
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Figure A3.  Tracks of all hurricanes (1941-2005) making landfall in the Western Gulf of Mexico for storms 
that attained a central pressure of 955 millibars or lower during its transit through the Gulf of Mexico. 
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Figure A4.  Tracks of all hurricanes (1941-2005) making landfall in the Central Gulf of Mexico for storms 
that attained a central pressure of 955 millibars or lower during its transit through the Gulf of Mexico. 
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Figure A5.  Tracks of all hurricanes (1941-2005) making landfall in the Eastern Gulf of Mexico for storms 
that attained a central pressure of 955 millibars or lower during its transit through the Gulf of Mexico. 
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Figure A6.  Regions of size-intensity domain expected to contribute to surges greater than or equal to that 
of Hurricane Katrina.  The Blue “star” represents Katrina’s characteristics at time of landfall, with a 
somewhat lower intensity than shown in Figure A1.  
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SECTION B 
Selection of Wind Model for Coastal Surge Estimation 

 
 Ocean response models for waves and surges require winds at a constant reference level with some 
suitable averaging interval (typically around 20-30 minutes) and a specified drag law to convert these 
winds into estimates of momentum fluxes from the atmosphere to the ocean.  Two different models 
(Thompson and Cardone, 1996; Vickery et al., 2000) were investigated for application to coastal surge 
modeling as part of a general investigation of modeling for coastal inundation.   
 
 
 The dynamic (Planetary Boundary Layer – PBL) model of Thompson and Cardone (1996) has been 
selected for use in estimating hurricane wind fields. In older storms, the “best-estimate” wind fields will be 
virtually identical to the initial guess wind fields due to the lack of information available for assimilation into 
the PBL wind fields.  Comparisons of Oceanweather and Vickery PBL winds from Hurricane Katrina, 
along east-west and north-south transects through the center of the storm, to Oceanweather’s “best-
estimate” winds are shown in Figures B1 and B2, respectively.  Figure B3 shows a similar set of 
comparisons for both the east-west and north-south transects for Hurricane Betsy.  As can be seen in 
these figures, Oceanweather’s PBL winds capture most of the broad-scale structure of the wind fields.   
 
 The Vickery PBL model does not perform as well as the Oceanweather PBL model in comparisons 
with the Oceanweather “best-estimate” winds.  This is not too surprising, since the Oceanweather 
analysis “best-estimate” analysis is likely to have been considered in deriving the PBL parameters.  The 
abrupt drop-off of wind speeds in the Vickery wind is an artifact of the version of the Vickery code that 
was available for testing during the time of this comparison.  This problem is being remedied and is not a 
property of the general solution capabilities inherent to the Vickery model. 
 
 Since the relaxation time for coastal surge is on the order of hours rather than 10’s of hours, as for 
the generation of waves, offshore complexities of storm tracks tend to affect wave fields much more than 
they affect coastal surges.  Since tracks of major storms tend to lack the complexity exhibited by minimal 
hurricanes and tropical storms and since wave generation tends to produce a wave field that represents 
the integrated effects of winds over many hours, the effect of track variation on wave fields should be 
rather minimal.  It should also be recognized that PBL winds have long been shown to be capable of 
providing accurate wind field estimates for purposes of hindcasting waves in hurricanes (Cardone et al., 
1976).  
 

The use of PBL winds is also consistent with the approach of Vickery et al. (2000) or estimating 
wind hazards in U.S. coastal areas, which were found to provide very reasonable wind estimates when 
compared to both onland and offshore wind observations.  Given all of the problems associated with 
using historical wind fields with indefinite degrees of freedom in their formulation, it would seem that a 
very careful study of the differences between PBL-driven surges and “best-estimate”-driven surges 
should be undertaken for a small set of hurricanes before any clear advantage to using “best-estimate” 
wind fields for surge prediction can be claimed. 
 
 A very important improvement pertinent to PBL wind field estimation is the availability of carefully 
estimated size parameters for all historical storms (from Oceanweather).  These parameters were 
compiled specifically for driving ocean response models (e.g. wave and surge models) and allow 
improved estimation of the joint probability of intensity-size relationships in Gulf of Mexico hurricanes.   
 
 As a final element of this Section, the Holland B parameter will be briefly described.  This description 
is excerpted from the section on Meteorology in the Coastal Engineering Manual (Resio, Thompson, and 
Bratos), which can be found online for reference. 
 
 Myers (1954), Collins and Viehmann (1971), Schwerdt et al. (1979),  and Holland (1980) all 
present descriptions and justifications of various parametric approaches to wind-field 
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specification in tropical storms.  Cardone et al. (1992) use a modified form of Chow's (1971) 
moving vortex model to specify winds with a gridded numerical model.  However, since this 
numerical solution is driven only by a small set of parameters and assumes steady-state 
conditions, it produces results which are of similar form to those of parametric models.  The 
Holland model differs from previous parametric models in that it contains a parameter (the 
Holland B parameter) which allowed the peakedness of winds in a hurricane to vary. This model 
will be described here to demonstrate the role of the Holland B parameter in this model. 
 
 In the Holland model, hurricane pressure profiles are normalized via the relationship 
 

B1. c

n c

p - p
  = 

-p p
  

 
where  
 
 p is the surface pressure at an arbitrary radius (r); 
 
 pc is the (surface) central pressure in the storm; and  
 
 pn is the ambient surface pressure at the periphery of the 
        storm.  
 
Holland showed that the family of β-curves for a number of storms resembled a family of rectangular 
hyperbolas and could be represented as 
 

B2.  

1

1

ln( )

        or

exp

        or

exp

B
p

B
p

B
p

r A

A

r

A

r















 
   

 

 
   

 

 

 
 
where  
 
 A is a scaling parameter with units of length; and 
 
 B is a dimensionless parameter which controls the peakedness of the wind speed distribution.   
 
This leads to a representation for the pressure profile as 
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which then leads to a gradient wind approximation of the form 
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where 
  

 grU  represents the gradient approximation to the wind speed. 

 
 
In the intense portion of the storm, this equation reduces to a cyclostrophic approximation (a flow in which the 
pressure gradient force is balanced only by centrifugal acceleration) given by 
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where 
  

 cU  represents the cyclostrophic approximation to the wind speed;  which yields explicit 

forms for the radius to maximum winds as 
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where 
 
 Rmax is the distance from the center of the storm circulation to the location of maximum wind speed, 

compared to pr  which is the pressure-scaling radius; 

 
The maximum wind speed can then be approximated as 
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where  
 

 maxU  is the maximum velocity in the storm; and 
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 e is the base of natural logarithms, 2.718. 
 
 
 If B is equal to 1 in this model, the pressure profile and wind characteristics become similar 
to results of Myers (1954), Collins and Viehmann (1971), Schwerdt et al. (1979), and Cardone et 
al. (1976).  In the case of the Cardone et al. model this similarity would exist only for the case of 
a storm with no significant background pressure gradient. Although the Cardone et al. PBL 
model initially did not consider the effects of the Holland B parameter, it now does include this 
term in its formulation (Thompson and Cardone, 1996).  The Vickery et al. (2000) model also 
includes the Holland B term in its formulation.  
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Figure B1.  Plot of wind speeds (in meters per second) along east-west transects through Hurricane 
Katrina.  HBL denotes wind speeds from the Vickery et al. (2000) hurricane boundary layer model.  PBL 
denotes wind speeds from the Thompson and Cardone (1996) planetary boundary layer (PBL) model; 
and OWI denotes wind speeds from the “best-available” wind speeds from analysts at Oceanweather, 
Inc., which include the HWIND inputs from Mark Powell in NOAA’s Hurricane Research Division. 
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Figure B2.  Plot of wind speeds (in meters per second) along north-south transects through Hurricane 
Katrina.  HBL denotes wind speeds from the Vickery et al. (2000) hurricane boundary layer model.  PBL 
denotes wind speeds from the Thompson and Cardone (1996) planetary boundary layer (PBL) model; 
and OWI denotes wind speeds from the “best-available” wind speeds from analysts at Oceanweather, 
Inc., which include the HWIND inputs from Mark Powell in NOAA’s Hurricane Research Division. 
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Figure B3.  Plot of wind speeds (in meters per second) along north-south (N-S) and east-west (E-W) 
transects through Hurricane Betsy.  Vick denotes wind speeds from the Vickery et al. (2000) hurricane 
boundary layer model.  OWI denotes wind speeds from the Thompson and Cardone (1996) planetary 
boundary layer (PBL) model; and “best-available” denotes wind speeds from the “best-available” wind 
speeds from analysts at Oceanweather, Inc. 
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SECTION C 
Selection of Period of Record for Surge Estimation and Consideration of 

the Effects of Climatic Variability on Surge Extremes 
 

 
 An analysis of climatic variability was undertaken by Resio and Orelup (now submitted for publication 
to J. Climate).  Enclosed here are some of the findings relevant to the selection of the period of record 
and the estimated effects of climatic variability on expected surge extremes. Three fundamental data sets 
are used in this study:  1) sea-level pressures (SLP’s) from the NOATL-tropic data set (a sub-domain of 
the total NCEP SLP data set that covers from 0o to 40o N latitude and from 5o to 110o W longitude); 2) sea 
surface temperature (SST) data downloaded from Extended Reconstructed Sea Surface Temperature 
(ERSST); and 3) information on hurricane characteristics taken from Oceanweather, Inc files, now 
available in the public domain.  Details on these data sets are available on appropriate web sites.   
 
 Empirical Orthogonal Functions (EOF’s) have long been recognized as a powerful tool for 
encapsulating natural patterns within the atmosphere.  In this study we used data from the 1950-2005 
period (56 years) and defined 5 day mean sea level pressure (SLP) fields on a 2.5o by 2.5o grid.  This 
resulted in 73 5-day intervals for every year without a leap year.  Leap year was handled by adding that 
day into the time interval starting on February 25th, which created one element encompassing 6 days 
once in every 4 years.  Given that we were not interested in the seasonality of hurricane but rather in 
inter-annual and longer variability, we defined mean pressure fields for each 5-day interval throughout the 
year, with the average taken over the 56 years included in this analysis.  Calculated mean pressure fields 
for each 5-day interval were subtracted from individual mean 5-day pressure fields to produce a set of 73 
x 56 pressure fields that were input into an EOF analysis.   
 

The SST data used here represent a subset of the total ERSST data set and covers from 18o to 
30o N latitude and from 58o to 98o W longitude on a 2o by 2o grid, with a land mask that restricts the data 
to only water points.  Although SST patterns within the Gulf exhibit considerable spatial variability, it is not 
clear that the variations in the spatial characteristics of these patterns play a major role in the inter-annual 
variability of hurricane genesis and/or development.  Consequently such variations are not considered 
here.  Instead, mean monthly data for the entire Gulf of Mexico region for July through October were 
averaged together to provide a single measure of sea surface temperature for each hurricane season 
from 1950 through 2005.  

 
The data set for hurricane characteristics includes estimates of 6-hourly storm position, along with 

several parameters that relate to hurricane shape, size and intensity.  Unlike previous data sets which 
have focused on short-duration (typically 1-minute maximum) wind speeds from flight level, this new data 
set also contains estimates of the highest sustained (30-minute average) surface-level (10-meter) wind 
speeds along the path of the storms.  Since these are the appropriate winds for driving ocean response 
models, they provide a much more direct measure of hurricane surge and wave production.  In the earlier 
storms in this data set (prior to 1990) these wind estimates were derived primarily from simulated wind 
fields based on a “slab model” of the lowest region of the atmosphere combined with a planetary 
boundary layer model (Thompson and Cardone, 1996).  For most of the later storms these wind fields 
have been extensively reworked by analysts to assimilate available measurements.    

 
Most past studies of climatic variability have used storm frequency (sometimes stratified by Saffir-

Simpson scale) to categorize storm activity in each year.  However, for our purposes we will define a 
single parameter that incorporates both intensity and frequency into one measure of hurricane activity.  
This measure of annual hurricane activity is obtained by calculating the estimated kinetic energy for each 
storm passing through the Gulf of Mexico at the time of its maximum intensity and then adding all maxima 
within a given year.   At a fixed time, the total kinetic energy in a hurricane can be related to storm size 
and storm intensity as  
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where maxV is the maximum (30-minute average, 10-m) wind speed within the storm and maxR is the 

radius to maximum winds at the same time.  The value of the parameter kE  at the time of maximum wind 

speed during a storm’s passage through the Gulf of Mexico provides a good integrated measure of the 

storm intensity and size at the time of the storm’s maximum intensity.  Summing all values of kE  for a 

season yields a surrogate for combined number, size, and intensity of storms in a year.  
 
 
 
 Figure C1 shows the cumulative hurricane kinetic energy per season as defined previously in this 
paper, smoothed over a running 5-year period.  Since we are trying to extend the data as long as 
possible, the “smoothed” data at either end of this record is defined only in terms of the existing data 
within the 5-year window.  For example, the 2005 data considers only data from 2003, 2004, and 2005 in 
its average.  Thus as the ends are approached, a slight bias is created in terms of the mean position of 
the years contributing to this mean, culminating in a 1-year displacement at the beginning and end of the 
analysis along with a reduced averaging window. This Figure shows two very notable peaks, one that 
commenced in the late-1950’s and persisted until about 1970 and a second that began around 2000 and 
has persisted through 2005, with a broad trough in Gulf hurricane activity between these two peaks.  This 
signal does not appear to be dominated by a single linear trend over this record length.  The first of these 
periods coincides with the very active hurricane seasons that included Hurricanes Carla, Hilda, Betsy, 
Beulah and Camille that devastated much of the Gulf coast during the 1960’s; while the second contains 
the recent set of intense hurricanes, including Lili, Charley, Ivan, Dennis, Katrina, and Rita. 
 
 Figure C1 shows that there are two intervals of high hurricane activity separated by an interval of 
relatively low hurricane activity in the years from 1950 to 2005.  If this cycle is real, it seems advisable to 
use a sampling scheme that preserves the expected long-term ratio of high-activity and low-activity years.  
Since we obviously want to retain both the early (1960-1970) interval of high activity latest (partial?) 
interval (2000-2005) of high activity in our sample, we should include about 2/3 of the 30-year low-activity 
interval preceding 1960 in order to achieve this balance.  This suggests that including approximately 20 
years of the 30-year low-activity interval (1941-1960) is appropriate.  Thus, the total record sample length 
recommended for surge estimation in the Gulf of Mexico is 1941-2005. 
 
 Figure C2 shows estimated return periods for central pressures for the total sample within the Gulf of 
Mexico for different estimation methods.  The estimation methods examined are 1) analysis of only 
quiescent years (Group1); 2) analysis of only active years (Group 2); 3) analysis of both quiescent-year 
and active-year samples, treated as though they are drawn from separate populations (Equation 4 from 
the Resio and Orelup manuscript, reproduced below); and 4) analysis of both quiescent-year and active-
year samples as though they are a single population. 
 
 
Eq. 4 from Resio and Orlup:  
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These results combined with integrations of the full probability integral for surges along a straight coast 
from the Irish et al. computer runs yields the results shown in Table C1 for the expected variations in 
wave and surge extremes within the Gulf of Mexico, given a doubling of the high-activity years (from ¼ of 
the total time to ½ of the total time).  There is nothing in the Gulf of Mexico record that suggests such a 
scenario is imminent, so this prediction should probably be taken as an upper limit of what could happen 
rather than what will happen. 
 
For reference, contours of eigenfunctions 1-3 are shown in Figures C3-C5.   



EC 1110-2-6066 
1 Apr 11 
 

 E-60

 
 
Figure C1.  Plot of estimated cumulative kinetic energy for all storms at 

time of maximum surface winds within each year: 1941-2005.  The units of  are 
4

2
l

t
, since we have 

factored out the mass term (consistent with equation C1).  Note:  is termed kE  in Section C (within 

Appendix E).   
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Figure C2. Estimated return periods for 4 separate analyses: Low-Activity years only (Group 1 – red line); 
High-Activity Years only (Group 2 – green line); All years into a single analysis (light blue line); and 
estimate based on combined analysis of two populations (equation 4 from Resio and Orelup - dark blue 
line). 
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Figures C3-C5.  Eigenfunctions 1-3 for sea level pressure.
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Table C1.  Estimated changes in extreme waves heights and surges for selected return periods,  
given a doubling of years with high hurricane activity. 

Return Period   Change in Wave Height  Change in surge 
     (years)    (percent)         (percent) 
 
   25       +15     +18 
   50       +13     +16 
 100       +12     +15 
 250       +11     +12 
 500       +10     +  9                               
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SECTION D 
Selected Storm Sample for Simulations 

 
 

In this Section, the terms Rmax (storm-size scaling radius) and Cp (central pressure) should be 

taken as equal to pR and pC , as defined elsewhere in this white paper.  Tracks 1-5 are defined as shown 

in Figure 12 of the main text.  This set of tracks has been nicknamed the “RICK-fan” since it mimics the 
tracks of Rita, Ivan, Camille, and Katrina. Track 1 is the westernmost and Track 5 is the easternmost track 
in this set. Tracks 1b-4b fall midway between the 5 primary tracks.   One primed track 4’ is located about 
40 nm north of the landfall point for Track 4 to allow for storms entering the N-S aligned portion of the 
coast in this area.    

 
One of the issues affecting our storm selection is implicit in the spacing of the tracks shown in 

Figure 12.  This spacing is approximately 0.6 degrees longitude at a latitude of 29.5 degrees, equivalent 
to a distance of about 31 nautical miles in the along-coast direction.  Studies of surge response on 
idealized, open coasts have shown the distribution of surges along the coast scale quite nicely with this 
parameter for a wide range of storm sizes and offshore slopes (Figures D1-D3).  Figure D4 provides a 
plot with all three of the storm sizes plotted together.  A second factor which influences along-coast surge 
variations is the presence of large geometric features in the coastal configuration, such as the Mississippi 
River, its deltas, and the river levees south of New Orleans.  Figure D5-A shows a general set-up for a 
numerical study to examine this effect. Figure D5-B shows the distribution of surges along the coast.  It is 
apparent in this figure that the effect of the land protrusion is to add a second scale to the along-coast 
surge distribution.  In the New Orleans area, this scale is likely to be of more significance than the simple 
open coast scaling.  In the New Orleans area, this effect will tend to dominate the second source of along 
coast variation for storm within about 30 nm or so of the eastern edge of the land protrusion.   In this 
context, the storm track spacing for the New Orleans area should be quite reasonable. 

 
In the more general case of storms along a straight coast, any single storm will produce a patter 

with a shape similar to those shown in Figures D1-D3.  Figure D6 shows a plot of where surges from two 
storm tracks might fall if they were separated by 31 nautical miles on each of these figures.  This 
represents the worst case in which neither of the simulated storms captures the peak condition that could 
be generated by these hurricanes.  This case is the worst possible since it has the maximum distance 
from the peak on both sides.  Since tracks are assumed to be distributed uniformly along the coast, the 
expected value would be the mean of all points between the two lines.  The bias introduced into the 
estimated extreme from this set of tracks can be estimated as 
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which can be calculated numerically for each of the different radii to maximum winds considered.  For the 
three cases shown, the calculated values are 0.794, 0.907, and 0.959 for the 10 nm, 20 nm, and 30 nm 
cases, respectively, which translates into low biases of approximately 20%, 9% and 4% in these “worst-
case” situations.  It should be noted that the sampling pattern itself should not introduce a bias in either 
direction (high or low); consequently, in other sections of the coast, where the exact peak is attained, the 
simulated value is actually higher than the denominator in this equation.  Historically, this problem of low 
and high values along the coast has been addressed by some sort of smoothing along the coast.  The 

smoothing interval of approximately max

2

R
 should work relatively well for this purpose.  
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Along each of the tracks modeled, the central pressure is allowed to vary during a simulated 
intensification interval until its intensity reaches a plateau.  This plateau is maintained until the storm 
comes within 90 nautical miles of the coast at that time, the pressures decay according to the (linear 
interpolation) relationship  
 

     D2.  
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The pressure decay term is somewhat dependent on storm size, so the following relationship was used to 
represent this term 
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Once a storm is one hour past landfall the pressure decay factor due to Vickery is applied 
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As noted in the main section of this white paper, Rmax and the Holland B parameter are allowed 

to vary linearly over the same distance as Cp for all storms except the smallest storm class used in this 
application.  For that class (Rmax = 6nm), the storm is assumed to retain its intensity, its size, and its 
Holland B parameter all the way to landfall.  Figure D6 shows a typical variation of storm parameters for a 
storm in which the characteristics vary during their approach to the coast.  This figure shows the 
characteristic “spin-up” time for the hurricane (based on historical times required to reach peak storm 
intensities) and the variations during its approach to the coast. 
 

Four different Cp – Rp (central pressure – size scaling radius) combinations are defined as 
 
A.  3 Cp and 3 Rmax values 
Cp=960 Rmax=(21.0, 35.6, 11.0) 
Cp=930 Rmax=(17.7, 25.8, 8.0)  
Cp=900 Rmax=(14.9, 21.8,   6.0)  
 
The loop structure for JPM run sequencing is (from inner loop working outward) 
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- Rmax 
- Cp 
- Track 
 
Thus, the  sequence of runs for any track using Combination A is 
  Cp Rmax 
1.   960 15.4 
2. 960 21.0 
3. 960 35.6 
4.   930 11.7 
5. 930 17.7 
6. 930 25.8 
7.   900   6.0 
8. 900 14.9 
9. 900 21.8 
  
 
B.  2 Cp and 2 Rmax values 
Cp=960 Rmax=(18.2,24.4) 
Cp=900 Rmax=(12.5,18.4) 
 
The sequence of runs for any track using Combination B will be 
  Cp Rmax 
1.   960 18.2 
2. 960 24.4 
3. 900 12.5 
4.   900 18.4 
 
 
C. 2 Cp and 1 Rmax values 
Cp=960 Rmax=17.7 
Cp=900 Rmax=17.7 
 
The sequence of runs for any track using Combination C will be 
  Cp Rmax 
1.   960 17.7 
2. 900 17.7 
 
 
D. 1 Cp and 1 Rmax value 
Cp=930 Rmax=17.7 
 
 

Defining three angles as the central angles in the RICK-fan +/- 45 degrees should cover most of 
the important range for estimating the response surface of the surges.  With the secondary variables (tidal 
phases, Holland B variations, wind field variations around the PBL central estimate, etc.) added to the 
integral, this should provide a very reasonable estimate of the surge CDF.  Figures 13 and 14 in the main 
text provide the geographic information on these tracks.  The tracks approaching the New Orleans area 
from the southeast are extremely similar to the tracks of the 1947 Hurricane, Betsy, and Andrew in this 
area.  During the 1941-2005 interval, no tracks approached New Orleans from the southwest; however, 
other storms such as the 1893 storm did approach New Orleans from this direction. In fact, the 1893 track 
is fairly similar to one of the hypothetical tracks out of the southwest. A track from this direction represents 
the fact that these storms have to become caught up in the more westerly flow (winds blowing toward the 
east).  For a storm to maintain its strength it cannot move too far west or too close to land; consequently, 



EC 1110-2-6066 
1 Apr 11 

 

 E-67

the track of a major storm is constrained somewhat to come from the region from which all the 
hypothetical (+45 degree) tracks emerge in order for these storms to strike the New Orleans area. 

 
The effect of storm heading angle on surges at the coast appears to be twofold.  First, the overall 

along-coast pattern is broadened; since the storm moves along the coast at the same time that it moves 
toward landfall.  Second, there is a relatively slow variation in the maximum surges produced by a storm 
as a function of the angle of the storm track with the coast; however, as seen in Figure D8, maximum 
surge is relatively weakly dependent on the angle of storm intersection with the coast.  In general, the 
hurricane approaching slightly (15-30 degrees) from west of straight onto a straight east-west coast 
produce a somewhat higher surge (5% or so) than hurricanes moving perpendicularly to the coast.  On 
the other hand, hurricanes approaching the straight east-west coast from a more easterly direction will 
tend to produce lower surges than produced by hurricanes moving perpendicular to such a coast.  This 
appears to be a fairly broad pattern that can be represented via interpolation. 
 

The effect of forward storm speed is addressed by considering three different forward velocities 
Vf=(11,6,17) knots, where 11 is around the mean and the 6-kt and 17-kt speeds span almost the entire 
range of Vf values at landfall for storms with Cp’s less than 950. Note that a few of the track-angle 
combinations are dropped due to either their very oblique angle with respect to the shore or they were 
exiting storms from the New Orleans area moving toward the northeast.  Increased forward storm speed 
contributes to higher wind speeds in the hurricane PBL model.  Consequently, one effect of increasing 
forward storm velocity is to increase the surge at the coast by a factor which similar to increasing the wind 
speeds within the hurricane, i.e. 
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A second effect of storm speed is to change the duration that a flood wave has to propagate inland.  
Thus, a slowly moving storm may produce more extensive inland flooding than a faster moving storm.  By 
covering essentially the entire range of forward storm speeds observed in major storms within the Gulf 
(see Figures 11a and 11b), we should be able to quantify the range of the effects of storm speed on 
surges in the New Orleans area.  
 

The information below provides information on the variation parameter combinations used in the 
New Orleans 152-storm study. 
 

Primary Tracks 
 
  Track 
(Vf=11) 1  2  3  4  4’ 5 
Mean angle 9  9  9  9      9 (use Cp-Rmax combination set A) – storms 1-45  
-45     4  4  4     4 (use Cp-Rmax combination set B) – storms 46-61  
+45  4  4  4  4        (use Cp-Rmax combination set B) – storms 66-81  
 
TOTAL = WAS 81 – NOW 77 
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  Track 
(Vf=  6) 1  2  3  4  4’ 5 
Mean angle 2  2  2  2      2 (use Cp-Rmax combination set C) – storms 82-91 
-45     1  1  1     1 (use Cp-Rmax combination set D) – storms 92-95 
+45  1  1  1  1        (use Cp-Rmax combination set D) – storms 97-100 
TOTAL = 19 
 
  Track 
(Vf=17) 1  2  3  4  4’ 5 
Mean angle 1  1  1  1      1 (use Cp-Rmax combination set D) – storms 101-105 
-45     1  1  1     1 (use Cp-Rmax combination set D) – storms 106-109 
+45  1  1  1  1        (use Cp-Rmax combination set D) – storms 111-114 
 
 
TOTAL = WAS 14 – NOW 13 
 

Secondary Tracks 
 
  Track 
(Vf=11) 1b 2b 3b 4b 
Mean angle   2   2   2   2 (use Cp-Rmax combination set C) – storms 115-122 
-45       2   2   2    (use Cp-Rmax combination set C) – storms 123-128 
+45    2   2   2        (use Cp-Rmax combination set C) – storms 131-136 
 
 
TOTAL = 20 
 
  Track 
(Vf=  6) 1b 2b 3b 4b 
Mean angle   2   2   2   2 (use Cp-Rmax combination set C) – storms 137-144 
-45       1   1   1    (use Cp-Rmax combination set D) – storms 145-147 
+45    1   1   1         (use Cp-Rmax combination set D) – storms 149-151 
 
 
TOTAL = 14 
 
  Track 
(Vf=17) 1b 2b 3b 4b 
Mean angle   1   1   1   1 (use Cp-Rmax combination set D) – storms 152-155  
-45       1   1   1    (use Cp-Rmax combination set D) – storms 156-158 
+45    1   1   1         (use Cp-Rmax combination set D) – storms 160-162 
 
 
TOTAL = 10 
 
GRAND TOTAL = 152 
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Figure D1.  Distribution of normalized maximum surges along the coast (local surge maximm ( ) divided 

by the maximum surge within the entire storm max( )  versus normalized distance along the coast 

(distance from storm peak divided by radius scaling parameter, maxR ,for offshore slopes in the range of 

1:250 to 1:5000.  Results are from numerical simulations on an idealized, straight coast for hurricanes for 

relatively small storm: (  scaling radius in Cardone PBL model)=10nmmax pR R . 
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Figure D2.  Distribution of normalized maximum surges along the coast (local surge maximm ( ) divided 

by the maximum surge within the entire storm max( )  versus normalized distance along the coast 

(distance from storm peak divided by radius scaling parameter, maxR ,for offshore slopes in the range of 

1:250 to 1:5000.  Results are from numerical simulations on an idealized, straight coast for hurricanes for 

relatively small storm: (  scaling radius in Cardone PBL model)=20nmmax pR R . 
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Figure D3.  Distribution of normalized maximum surges along the coast (local surge maximm ( ) divided 

by the maximum surge within the entire storm max( )  versus normalized distance along the coast 

(distance from storm peak divided by radius scaling parameter, maxR ,for offshore slopes in the range of 

1:250 to 1:5000.  Results are from numerical simulations on an idealized, straight coast for hurricanes for 

relatively small storm: (  scaling radius in Cardone PBL model)=30nmmax pR R . 
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Figure D4.  Distribution of normalized storm surge (local maximum ([ ( )]x divided by maximum over 

entire storm max( ) ) as a function of normalized distance along the coast. 
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Figure D5(A-C).  Figure D5-A shows an idealized representation of the New Orleans coastal area, with a 
section of land protruding from a generalized straight-line coast.  Figure D5-B shows that the resulting 
surge distributions along the coast.  Figure D5-C shows that surge values for this coastal configuration 
tend to be about 10-20% higher than the corresponding surges on a straight-line coast. 
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Figure D6.  Figures D1-D3 re-plotted with lines approximately 31 nm drawn for the case in which the peak 
falls midway between the two tracks. 
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Figure D7.  Sample time plot of the variation in central pressure, maximum wind speed, pR , and forward 

storm speed used in quality control check of storm parameter behavior for first storm in JPM sequence. 
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Figure D8.  Variation in maximum storm surge produced by hurricanes approaching a straight, shallow-
sloping (1:10,000) coast relative to the maximum surge produced by a storm moving perpendicularly to 
the coast. 
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SECTION E 
The Characteristics of the Holland Pressure Profile Parameter and the Radius  
to Maximum Winds for Gulf of Mexico and Atlantic Hurricanes as Determined 

from an Analysis of Flight Level Pressure Data and H*Wind Surface Wind Speed 
Data 

 
 
Introduction: 
 
 Using pressure data collection during hurricane reconnaissance flights, coupled with additional 
information derived from the Hurricane Research Division’s H*Wind snapshots of hurricane wind fields, an 
analysis of the radius to maximum winds and the Holland B parameter was performed. The 
reconnaissance data incorporates flights encompassing the time period 1977 through to 2001, but the 
analysis was limited to include only those data collected at the 700 mbar or higher level.  
 
 The Holland B parameter was found to be inversely correlated with both the size of a hurricane and 
the latitude of a hurricane. A weak positive correlation of B with central pressure deficit and sea surface 
temperature was also observed. A statistical relationship between the Holland B parameter and a non-
dimensional parameter incorporating central pressure, radius to maximum winds, sea surface 
temperature and latitude was developed.  
  
 A qualitative examination of the variation of B, central pressure and radius to maximum winds as a 
function of time suggests that along the Gulf of Mexico coastline (excluding Southwest Florida), during the 
final 6 hrs to 24 hrs before landfall the hurricanes weaken as characterized by both an increase in central 
pressure and the radius to maximum winds, and a decrease in the Holland B parameter. This weakening 
characteristic of landfalling storms was not as evident for hurricanes making landfall elsewhere along the 
United States coastline. 
 
FLIGHT LEVEL DATA ANALYSIS METHODOLOGY: 
 

Upper level aircraft data available at NOAA site were used to estimate Holland’s pressure profile 
parameter (B). The upper level aircraft dataset used here contains a total of 4546 radial profiles from 62 
Atlantic storms. For every storm, data has been organized based on the different flights that passed 
through the storm. For each flight, the airplane traversed through the hurricane a number of times in 
different directions. For every pass the data was collected from the center of the storm to a certain radius 
(usually 150 km). Available data is then organized according to their radial distance from the center of the 
storm. For each bin (based on the radius from the center of the storm) flight level pressure, flight altitude, 
dew point temperature, wind speed and air temperature are available. Each profile from every flight and 
every storm is treated as an independent observation. Holland, (1980) describes the radial distribution of 
surface pressure in a hurricane in the form: 

 







Br

A
pprp exp)( 0               (1)  

 

where p(r) is the surface pressure at a distance r from the storm center, 0p is the central pressure, p  is 

the central pressure difference, A is the location parameter and B is the Holland’s pressure profile 

parameter. Holland (1980) showed that BARMW
1

  where RMW is the radius to maximum winds, and 
thus Equation (1) can be expressed as: 
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The surface pressure and radial distance are transformed to the form of Equation (2). The 

missing quantities in Equation (2) are RMW and B. First estimate of RMW is made from the recorded 
wind speed profile i.e. RMW is the radius to the measured maximum wind speed. From here on, the 
radius corresponding to the maximum wind speed in a profile is referred to as RMW. To estimate the 
optimum values of B and RMW, RMW and B are varied over the range [0.5RMW, 1.5RMW] and [0.5, 2.5] 
respectively. The algorithm calculates an optimum B value by minimizing the mean of the square 
differences between the measured and the modeled surface pressure in a range of 0.5RMW to 1.5RMW 
for different B and RMW values. Mathematically, the mean square error between the measured and the 
modeled surface pressure can be written as: 
 

 
n

PP
RMW

RMWi
theoobs ii

25.1

5.02





                (3)       

where Pobsi is the measured pressure, Ptheoi is the theoretical pressure calculated using equation (2) and n 
is the number of data points in the range [0.5RMW, 1.5RMW]. The values of B and RMW chosen 
correspond to those yielding the minimum mean square error, ε2. The corresponding r2 value for the fit is 
given by: 
 

2

2
2 1




r                    (4) 

 
where   is the standard deviation of the measured pressure data in the range of [0.5RMW, 1.5RMW]. 
 
Quality control criteria: 
 

A quality control criterion was used to filter out profiles. Each of the filtered profiles has at least 
one of the following characteristics associated with it, (a) Flight level pressure is less than 700 mbar i.e. 
height greater than 3000 m, (b) Central pressure difference is less than 25 mbar, (c) Radius to maximum 
winds is greater than two-third of the sampling domain, (d) the distance of  aircrafts closest approach to 
the center is greater than half of the radius to maximum winds, (e) Data is available for less than one third 
of the sampling range i.e. less than 50  km, (f) visual inspection which involved eliminating profiles with a 
considerable amount of data missing in the range of interest [0.5RMW, 1.5RMW ]. The rationale for using 
criteria (a) is that higher the measurement height, less representative measurements are of the surface 
observations. Criteria (b) results in the data associated with Category 1 or higher hurricanes only. The 
rationale for using criteria (c), (d), (e) and (f) is to ensure that there is a sufficient number of 
measurements on both sides of the radius to maximum winds to have a clear representation of the shape 
of the profile. 

The use of the quality control criteria eliminated a total of 2291 profiles from a set of 4556 profiles. 
Table 1 presents the count of the eliminated pressure profiles based on the filtering criteria. It is clear that 
criteria (a) and (b) are the most common reasons for profile elimination. Storm by storm percentage of the 
retained profiles is given in Table 2. For some storms, no profiles were retained as all the profiles either 
had a central pressure difference of less than 25 mbar (e.g. Chantal 1995) or a flight level pressure of 
less than 700 mbar (e.g. Hugo 1989). Figure 1 presents a few examples of pressure profiles that were 
eliminated from the analysis. Both the measured pressure data and the corresponding fit to Holland’s 
equation are shown. It is observed that each of the subplots in Figure 1 is compromised by at least one of 
the above mentioned quality control criteria.  

 
Figure 2 presents examples of pressure profiles that were retained for analysis. Each row in 

Figure 2 corresponds to a complete airplane traverse in one direction. The shaded regions in Figure 2 
represent the error minimizing range of 0.5RMW to 1.5RMW. The fit parameters i.e. the B value, the 
central pressure difference and the RMW are also provided in the title of every profile. For a given 
traverse through a hurricane, differences in the B values for two different profiles is due to the change in 
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the radius to the maximum winds and the central pressure difference. The geographical distribution of the 
filtered profiles, based on the storm center, is shown in Figure 3. The filtered profiles have a wide 
geographical distribution and provides with a wide domain of hurricane climatic characteristics. The 
filtered dataset has an average RMW of 46 km (standard deviation of 22 km), an average central 
pressure difference of 51 mbar (18 mbar) and an average location of 25.84°N (5.74°N) and 74.78°W 
(12.82°W). 71% of the fits yield r2 values greater than 0.95 and 80% of the fits have a mean square error 
less than 2.5 mbar. The maximum mean square error was 24.6 mbar which occurred for one of Hurricane 
Opal’s profiles where Holland’s equation overestimated the pressures at all points. 

 
 
 
 
 

 

Table 1. Distribution of filtered pressure profiles based on filtering criteria. 
Filter criteria Number of profiles eliminated 

(a) 459 

(b) 1180 

(c) 121 

(d)+(e)+(f) 531 

Total number of filtered profiles 2291 

 
Table 2. Percentage of flight level pressure profiles retained. 

Storm Year Total Retained %Retained Comments 
no-name 1938 5 5 100.00 Data extracted manually from Myers & Jordan 

(1956) 
Anita 1977 20 20 100.00 
David 1979 24 17 70.83 
Frederic 1979 62 38 61.29 
Allen 1980 125 43 34.40 
Gert 1981 78 1 1.28 Δp<25mb for all the cases, except one. 
Alicia 1983 50 39 78.00 
Arthur 1984 22 0 0.00 Δp <25mb for all the cases. 
Diana 1984 128 67 52.34 
Danny 1985 26 0 0.00 Δp <25mb for all the cases. 
Elena 1985 122 99 81.15 
Gloria 1985 42 24 57.14 
Isabel 1985 48 0 0.00 Δp <25mb for all the cases. 
Juan 1985 36 6 16.67 
Charley 1986 28 0 0.00 Δp <25mb for all the cases. 
Emily 1987 56 1 1.79 40 out of 56 profiles have flight level pressure 

<700mb. 
Floyd 1987 22 0 0.00 Δp <25mb for all the cases. 
Florence 1988 20 11 55.00 
Gilbert 1988 50 39 78.00 
Joan 1988 6 5 83.33 
Dean 1989 12 1 8.33 
Gabrielle 1989 12 10 83.33 
Hugo 1989 40 0 0.00 Flight level pressure <700mb for all the cases 
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Jerry 1989 17 5 29.41 
Gustav 1990 84 82 97.62 
Bob 1991 92 34 36.96 
Claudette 1991 73 71 97.26 
Andrew 1992 141 95 67.38 
Debby 1994 10 0 0.00 Δp <25mb for all the cases. 
Gordon 1994 83 8 9.64 57 out of 83 profiles have Δp <25mb. 
Allison 1995 39 3 7.69 35 out of 39 profiles have Δp <25mb. 
Chantal 1995 72 0 0.00 Δp <25mb for all the cases. 
Erin 1995 97 66 68.04 
Felix 1995 130 59 45.38 
Gabrielle 1995 16 0 0.00 Δp <25mb for all the cases. 
Iris 1995 132 41 31.06 
Luis 1995 130 77 59.23 
Marilyn 1995 116 96 82.76 

Table 2 (concluded) Percentage of flight level pressure profiles retained. 
Storm Year Total Retained %Retained Comments 
Opal 1995 76 21 27.63 
Roxanne 1995 141 52 36.88 
Bertha 1996 78 56 71.79 
Cesar 1996 34 0 0.00 Δp <25mb for all the cases. 
Edouard 1996 178 135 75.84 
Fran 1996 143 102 71.33 
Hortense 1996 109 59 54.13 
Josephine 1996 23 1 4.35 
Kyle 1996 8 0 0.00 Δp <25mb for all the cases. 
Lili 1996 68 28 41.18 
Marco 1996 67 1 1.49 Δp <25mb for all the cases, except two. 
Erika 1997 56 36 64.29 
Bonnie 1998 193 113 58.55 
Danielle 1998 133 48 36.09 
Earl 1998 32 3 9.38 
Georges 1998 202 125 61.88 
Mitch 1998 86 57 66.28 
Bret 1999 102 49 48.04 
Dennis 1999 158 83 52.53 
Floyd 1999 163 103 63.19 
Keith 2000 50 40 80.00 
Leslie 2000 29 0 0.00 Δp <25mb for all the cases. 
Michael 2000 21 11 52.38 
Humberto 2001 46 13 28.26 
Michelle 2001 89 61 68.54 
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Figure 1. Examples of the eliminated profiles. 
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Figure 2. Examples of surface pressure profiles for a traverse across a given hurricane. 
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Figure 2. (continued) Examples of surface pressure profiles for a traverse across a given 
hurricane. 
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Figure 3. Geographical distribution of all the filtered profiles. 

 The approach for analyzing the B and RMW data involved the estimation of RMW and B from 
each single pass of a flight through the storm, and then smoothing the variations in B and RMW as a 
function of time. Figure 4 presents ten examples of both the single flight (point estimates) and the 
smoothed estimates of B and RMW plotted vs. time, for landfalling hurricanes. The landfall time is 
indicated with a vertical line in each plot. Using the smoothed data, values of B and RMW were extracted 
at intervals of approximately 3 hrs and retained for use in the statistical analyses. The mean values of B 
and RMW for the smoothed data set are 1.21 and 47 km respectively. The corresponding standard 
deviations are 0.29 and 21 km respectively. Note that in only one of the 11 landfall’s indicated in Figure 4, 
does the Holland B parameter appear to increase as a hurricane approaches land (Hurricane Floyd near 
the NC coast). Table 3 summarizes, qualitatively, the tendency in the changes of B over the final few 
hours before landfall. 
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Figure 4. Examples of Smoothed (line) and Point Estimates (symbols) of RMW and B      

derived from 700 mbar level pressure data. Vertical line(s) represent time of      
landfall. 
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Figure 4. (continued) Examples of Smoothed (line) and Point Estimates (symbols) of           

RMW and B derived from 700 mbar level pressure data.  Vertical line(s) represent  
time of landfall. 

 
 



EC 1110-2-6066 
1 Apr 11 

 

 E-87

Floyd, 1999

0.0

0.5

1.0

1.5

2.0

2.5

9/10/99
0:00

9/11/99
0:00

9/12/99
0:00

9/13/99
0:00

9/14/99
0:00

9/15/99
0:00

9/16/99
0:00

9/17/99
0:00

Date (UTC)

H
o

ll
an

d
 B

 P
ar

am
et

er

Floyd, 1999

0

20

40

60

80

100

120

9/10/99
0:00

9/11/99
0:00

9/12/99
0:00

9/13/99
0:00

9/14/99
0:00

9/15/99
0:00

9/16/99
0:00

9/17/99
0:00

Date (UTC)

R
M

W
 (

km
)

Bret, 1999

0.0

0.5

1.0

1.5

2.0

2.5

8/20/99
12:00

8/21/99
0:00

8/21/99
12:00

8/22/99
0:00

8/22/99
12:00

8/23/99
0:00

8/23/99
12:00

Date (UTC)

H
o

ll
an

d
 B

 P
ar

am
et

er

Bret, 1999

0

5

10

15

20

25

30

35

8/20/99
12:00

8/21/99
0:00

8/21/99
12:00

8/22/99
0:00

8/22/99
12:00

8/23/99
0:00

8/23/99
12:00

Date (UTC)

R
M

W
 (

km
)

 
Figure 4. (concluded) Examples of Smoothed (line) and Point Estimates (symbols) of           

RMW and B derived from 700 mbar level pressure data.  Vertical line(s) represent   
time of landfall. 

 
Table 3. Tendency of Holland B Parameter for Landfalling Storms. 

Hurricane and Landfall Location B Tendency at landfall 
Frederic (Alabama) ~ constant 
Elena (Mississippi) ~ constant 
Andrew South Florida ~constant to ~negative 
Andrew Louisiana negative 
Opal  (North West Florida) constant 
Bertha     (North Carolina) negative 
Fran        (North Carolina) ~constant 
Bonnie   (North Carolina) negative 
Georges (Mississippi) negative 
Bret       (Texas) ~constant 
Floyd (North Carolina) positive 

 
 

SUPPLEMENTAL H*WIND DATA. 
 

The flight level data encompasses storms through to 2001, and thus to supplement the data set 
with more recent storms, some additional storms analyzed using the H*Wind methodology were added. 
The only storms added were the intense storms from the 2004 and 2005 seasons that had been re-
analyzed using the most recent SFMR calibrations. The intense storms that have been reanalyzed 
include Hurricanes Katrina (2005) and Hurricane Ivan (2004). Hurricane Rita was added to the data set 
even though it had not been re-analyzed, because at its most intense, the storm had a minimum central 
pressure of less than 900 mbar. Using the wind field model described in Vickery, et al. (2007)., and the 
values of central pressure, RMW, storm translation speed, and the maximum sustained wind speed, a B 
value chosen so that the maximum surface level wind speed (one minute sustained value) obtained from 
the model match the H*Wind estimate of the maximum wind speed. Thus the estimated B values are 
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obtained through an indirect measure, matching the maximum wind speed rather than the shape of the 
entire wind field. 

Figure 5 presents plots of RMW, maximum one minute surface level wind speed, the derived B 
parameter and central pressure as a function of time for the three aforementioned hurricanes, in addition 
to the data derived for hurricanes Dennis (2005), Bret (1999) and Lili (1999). These three additional 
storms are given to examine the change in the characteristics of the storms as they approach land. Each 
plot also presents the central pressure(s) at land fall as given in the NHC hurricane reports.  
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Figure 5. Smoothed (line) and Point Estimates (symbols) of RMW and B derived from      

H*Wind data. Vertical line(s) represent time of landfall. Solid square point at time         
of landfall represents NHC landfall pressure value. 



EC 1110-2-6066 
1 Apr 11 
 

 E-90

Hurricane Dennis (2005)

0
5

10

15
20
25
30

35
40

7/6/05 0:00 7/7/05 0:00 7/8/05 0:00 7/9/05 0:00 7/10/05
0:00

7/11/05
0:00

Time (UTC)

R
M

W
 (

k
m

)

Hurricane Dennis (2005)

0.0

0.5

1.0

1.5

2.0

2.5

7/6/05 0:00 7/7/05 0:00 7/8/05 0:00 7/9/05 0:00 7/10/05
0:00

7/11/05
0:00

Time (UTC)

H
o

lla
n

d
 B

 P
a

ra
m

e
te

r

Hurricane Dennis (2005)

0
20

40
60
80

100
120

140
160

7/6/05
0:00

7/7/05
0:00

7/8/05
0:00

7/9/05
0:00

7/10/05
0:00

7/11/05
0:00

Time (UTC)

M
a

x
im

u
m

 O
n

e
 M

in
u

te
 W

in
d

 
S

p
e

e
d

 (
m

p
h

)

Hurricane Dennis (2005)

920

930

940

950
960

970

980

990

1000

7/6/05
0:00

7/7/05
0:00

7/8/05
0:00

7/9/05
0:00

7/10/05
0:00

7/11/05
0:00

Time (UTC)

C
e

n
tr

a
l P

re
s

s
u

re
 (

m
b

a
r)

Hurricane Ivan (2004)

0
20
40
60
80

100
120
140
160
180

9/7/04
0:00

9/9/04
0:00

9/11/04
0:00

9/13/04
0:00

9/15/04
0:00

9/17/04
0:00

Time (UTC)

M
a

x
im

u
m

 O
n

e
 M

in
u

te
 W

in
d

 
S

p
e

e
d

 (
m

p
h

)

Hurricane Ivan (2004)

0

5

10

15

20

25

30

35

40

45

9/7/04
0:00

9/9/04
0:00

9/11/04
0:00

9/13/04
0:00

9/15/04
0:00

9/17/04
0:00

TIme (UTC)

R
M

W
 (

k
m

)

Hurricane Ivan (2004)

0.0

0.5

1.0

1.5

2.0

2.5

9/7/04
0:00

9/9/04
0:00

9/11/04
0:00

9/13/04
0:00

9/15/04
0:00

9/17/04
0:00

Time (UTC)

H
o

lla
n

d
 B

 P
a

ra
m

e
te

r

Hurricane Ivan (2004)

900

910

920

930

940

950

960

970

980

9/7/04
0:00

9/9/04
0:00

9/11/04
0:00

9/13/04
0:00

9/15/04
0:00

9/17/04
0:00

Time (UTC)

C
e

n
tr

a
l p

re
s

s
u

re
 (

m
b

a
r)

 
Figure 5. (continued) Smoothed (line) and Point Estimates (symbols) of RMW and B        

derived from H*Wind data. Vertical line(s) represent time of landfall. Solid square    
point at time of landfall represents NHC landfall pressure value. 
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Figure 5. (concluded) Smoothed (line) and Point Estimates (symbols) of RMW and B       

derived from H*Wind data. Vertical line(s) represent time of landfall. Solid square   
point at time of landfall represents NHC landfall pressure value. 
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These six hurricanes represent all the Gulf of Mexico landfalling hurricanes in the H*Wind 
database that include information on both wind speeds and central pressure in each of the H*Wind 
snapshots. Additional storms are given in the H*Wind database that do not have central pressures 
provided on the H*Wind snapshots. All of the six hurricanes show an increase in central pressure and a 
decrease in the magnitude of the Holland B parameter as they approach the Gulf Coast. An increase in 
the radius to maximum winds as the hurricanes approach landfall is also evident in five of the six cases 
examined. 

A similar analysis of hurricane characteristics for hurricanes making landfall in regions other than 
along the Gulf of Mexico coast did not indicate that there is a strong tendency for the storms to weaken 
and enlarge before landfall. 

 
STATISTICAL MODEL FOR RADIUS TO MAXIMUM WINDS 
 
All Hurricanes. The RMW for all points (flight level data plus H*Wind data) in the data set having a  
central pressure of less than 980 mbar were modeled as a function of central pressure difference and 
latitude in the form: 
 

2425 10296.510229.7559.3)ln(   pRMW ;    r2=0.266, σlnRMW = 0.449       (4) 

 
 An analysis of the errors (difference between the regression model estimates and the data) indicates 
that the model error reduced with increasing Δp, as indicated in Figure 6. 
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Figure 6. Absolute value of RMW model error vs. Δp 

 
The error, σlnRMW, is modeled in the form: 
 
σlnRMW  = 0.460      Δp ≤ 87 mbar    (5a) 
 
σlnRMW = 1.1703 – 0.00817Δp     87 mbar ≤ Δp ≤ 120 mbar  (5b) 
 
σlnRMW = 0.190       Δp >120 mbar   (5c) 
 

Figure 7 presents the modeled and observed values of RMW plotted vs. Δp. The modeled data 
are given as the median estimates and the range defined by ±2σlnRMW. The modeled range reflects the 
reduction in σlnRMW as a function of Δp. 
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Figure 7. Modeled and observed RMW vs. Δp for all hurricanes 

 
Gulf of Mexico Hurricanes. In order to determine if the characteristics of the RMW associated with the 
Gulf of Mexico storms differed from that obtained using the all storm data, the RMW –Δp and RMW-ψ 
relationships were re-examined. For this analysis the Gulf of Mexico storms included all hurricanes west 
of 81oW and north of 18oN. The RMW for all storms (flight level data plus H*Wind data) in the Gulf of 
Mexico data set with central pressures less than 980 mbar were modeled as a function of central 
pressure difference in the form: 
 

2510700.7859.3)ln( pRMW     r2=0.290, σlnRMW = 0.390         (6) 

 
The RMW was found to be independent of latitude. As in the all storm case, the model error reduces with 
increasing Δp, as indicated in Figure 8. 
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Figure 8. Absolute value of RMW model error vs. Δp for Gulf of Mexico hurricanes 
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The error, σlnRMW, for Gulf of Mexico hurricanes is modeled in the form: 

 
σlnRMW  = 0.396      Δp ≤ 100 mbar   (7a) 
 
σlnRMW = 1.424 – 0.01029Δp     100 mbar ≤ Δp ≤ 120 mbar  (7b) 
 
σlnRMW = 0.19       Δp >120 mbar   (7c)  
 

Figure 9 presents the modeled and observed values of RMW plotted vs. Δp for the Gulf of Mexico 
hurricanes. The modeled data are given as the median estimates and the range defined by ±2σlnRMW. The 
modeled range reflects the reduction in σlnRMW as a function of Δp.  

 
Figure 10 presents the median values of the RMW computed using Equation 4 (all hurricane 

RMW model) computed for latitudes of 25oN (Southern Gulf of Mexico) and 30oN (Northern Gulf of 
Mexico), where it is seen that for the Northern Gulf of Mexico storms, the all hurricanes RMW model over 
estimates the size of the Gulf of Mexico hurricanes, indicating that Gulf of Mexico hurricanes, are smaller 
than Atlantic hurricanes. 
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Figure 9. Modeled and observed RMW vs. Δp for Gulf of Mexico hurricanes. 
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Figure 10.  Comparison of all hurricanes model predicted median RMW to Gulf of Mexico model 

median RMW. 
 
RMW FOR LANDFALLING STORMS 
 
 Figure 11 presents the values of the RMW for storms making landfall along the Gulf and Atlantic 
coasts of the United States. In the case of Gulf Coast storms, no statistically significant correlation exists 
between the RMW and either latitude or Δp. In the case of hurricanes making landfall along the Atlantic 
coast, the RMW is positively correlated with latitude, and negatively correlated with the Δp2. As a group 
(i.e. both Atlantic and Gulf Coast landfalling hurricanes), the RMW is also positively correlated with 
latitude, and negatively correlated with the Δp2. Using only landfall values of RMW  the following statistical 
models best define the relationship between RMW, Δp and latitude. 
 
(i) Gulf of Mexico landfalling hurricanes: 
 

558.3)ln( RMW         σlnRMW = 0.457      (8a) 

 
(ii) Atlantic Coast landfalling hurricanes: 
 

0458.010963.5556.2)ln( 25   pRMW ;    r2=0.336, σlnRMW = 0.456      (8b) 

 
(iii) Gulf and Atlantic Coast landfalling hurricanes: 
 

0483.010825.4377.2)ln( 25   pRMW ;    r2=0.203, σlnRMW = 0.457     (8c) 
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Figure 11. RMW for landfalling storms along the Gulf and Atlantic Coasts of the US 
 

The ability of the RMW models developed using the flight level and H*Wind data (primarily open 
ocean data) to model the landfalling hurricane RMW was tested by computing the mean errors (in log 
space) and the resulting standard deviations and r2 values using the landfall RMW data and the flight 

level/H*Wind derived RMW models.  The error, RMWln , is defined as model RMW minus observed 

RMW, thus a mean positive error indicates the model overestimates the size of the landfalling hurricanes. 
The comparisons yield the following findings: 
 
(i) Gulf of Mexico landfalling hurricanes with GoM RMW model: 
 

032.0ln RMW ;  r2=-0.008  σlnRMW = 0.459 

 
(ii) Atlantic Coast landfalling hurricanes with the all hurricane RMW model: 

 

058.0ln RMW ;  r2=0.356  σlnRMW = 0.450 

 
(iii) Gulf and Atlantic Coast landfalling hurricanes with the all hurricane RMW model for the Atlantic 

Coast and GoM RMW model for the Gulf Coast: 
 

043.0ln RMW ;  r2=0.219  σlnRMW = 0.453 

 
A comparison of the model errors noted above to those resulting from the statistical analyses of the 

landfalling storms alone indicates that the models derived from the flight level and H*Wind data can be 
used to define the characteristics of landfalling hurricanes. In the case of landfalling Gulf of Mexico 
hurricanes, the use of the GoM RMW model which contains the negative correlation between RMW and 
Δp2, is not statistically significantly different from the uncorrelated RMW-Δp relationship derived from the 
landfalling hurricanes alone. This observation suggests that there are an insufficient number of landfalling 
intense storms in the historical data to discern such a relationship. 

 
STATISTICAL MODEL FOR HOLLAND’S PARAMETER (B) 

 
The B values computed as discussed above were found to be correlated to the radius to 

maximum winds, central pressure difference, latitude and sea surface temperature. Only points 
associated with central pressures of less than 980 mbar are included in the analysis. Figure 12 presents 
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the variation of B as separate linear functions of the RMW, p, latitude (ψ) and the mean sea surface 
temperature Ts. It is clear from the data presented in Figure 12 that B decreases with increasing RMW 

and increasing latitude. A weak positive correlation of B with p is seen as is a weak positive correlation 
with sea surface temperature.  
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Figure 12. Relationships between the Holland B parameter, latitude, RMW, p, and Ts 

 
In order to incorporate the effects of RMW, p, latitude (ψ) and Ts into a single model, new non-

dimensional variable, A, was developed defined as:  
 

















eP

p
TR

fRMW
A

c
sd

c

1ln2

              (9) 

 
The numerator of A is the product of the RMW (in meters) and the Coriolis force, defined as 

2Ωsinφ and represents the contribution to angular velocity associated with the coriolis force. The 
denominator of A is an estimate of the maximum potential intensity of a hurricane. From Emanuel (1988), 
the maximum wind speed in a tropical cyclone is: 
 











c
sd p

p
TRV max

max ln2             (10)               

 
where Vmax is the maximum wind speed, Rd is the gas constant for dry air, pmax is the pressure at r=RMW, 
Ts is the sea surface temperature in degrees K and pc is the pressure at the storm center. 
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Using Holland’s Equation it can be shown that 
 

ep

p

p

p

cc


 1max               (11) 

 
Hence, both the numerator and denominator of A have the units of velocity, and thus A, is non-

dimensional. Modeling B as a function of the square root of A yields a linear model (Figure 13) with B 

negatively correlated with A  and has an r2 of 0.34, with a the standard deviation of the error equal to 

0.225. The relationship between B and A  is expressed as: 
 

AB 237.2732.1   ;   r2=0.336, σB = 0.225             (12) 
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Figure 13. Relationship between the Holland B parameter dimensionless parameter, A. 

 In order to determine if the relationship between B and A is valid for intense storms, the point values 
of B and the model values of B were plotted as a function of RMW for strong hurricanes (i.e. storms with a 
central pressure of < 930 mbar) as shown in Figure 14. The data presented in Figure 14 indicates that in 
the case of strong storms with large RMW (RMW > 40 km) the relationship between B and A described 
earlier breaks down, with the true values of B being less than those predicted by the model. Although only 
two storms with large RMW and low central pressures exist in the data analyzed (Hurricane Katrina in the 
Gulf of Mexico and Hurricane Floyd in the Atlantic), the data indicate that the likelihood of a storm with a 
central pressure less than 930 mbar, a RMW greater than 40 km, combined with a B value greater than 
about 1.1 is remote. The mean value of B for these large, strong hurricanes is 1.01, and the estimated 
standard deviation is 0.082. In cases where these strong storms are simulated, B should be constrained 
to lie within the range of 0.85 to 1.18 (i.e. mean ±2σ). 
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Figure 14. Holland B parameter vs. RMW for storms with central pressure < 930 mbar 

 
 As in the case of the analysis of Gulf of Mexico (GoM) hurricanes with respect to the behavior of 
RMW with p and latitude, B values for all hurricanes within the Gulf of Mexico were extracted and 
analyzed alone. Unlike the results seen for the RMW where the GoM hurricanes were found to be smaller 
than the other hurricanes, the variation of B with A for the GoM hurricanes is essentially identical to that 
seen in the all hurricane case. Figure 15 presents the individual B values for the GoM and Atlantic 
hurricanes along with the model predicted mean values of B where it is clearly evident that there is, for 
practical purposes, no difference in the variation of B with A between the two regions. 
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Figure 15.  Relationship between the Holland B parameter and the dimensionless parameter, 

A, comparing the all hurricane data with the GoM hurricane data. 
 Note that two simpler, but less elegant models, relating B with RMW and latitude were examined 

modeling B as a function of fcRMW and B as a function of C , where C is defined as:  
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Where in Equation (13) Ts is expressed in degrees C rather than degrees K. 
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The regression model relating B to C  is given in the form: 
 

CB 194.0756.1   ;   r2=0.368, σB = 0.220             (14) 
 
The regression model relating B to fcRMW is given in the form: 

 

RMWfB c326.0793.1    ;  r2=0.357, σB = 0.221             (15) 

 
Both of these models yield marginally improved r2 values than does the model relating B to the 

non-dimensional relative intensity parameter, but have the small disadvantage in that the independent 
variable is not non-dimensional. The limitations of these models when applied to large intense storms are 
the same as those evident in the case of the non-dimensional model. The reduction the r2 value seen 
when changing the independent variable in the non-dimensional parameter given in Equation (9) to the 
dimensional parameter given in Equation (13) is due solely to the conversion of the sea surface 
temperature from degrees C (Equation 13) to degrees K (Equation 9). For practical purpose, any of the 
three linear regression models given in Equations 12, 14 or 15 can be used to model the Holland B 
parameter, with Equation 15 requiring the least computational effort. 
 
COMPARISONS OF FLIGHT LEVEL B VALUES WITH LANDFALL ANALYSIS B VALUES 
 

Figure 16 presents a comparison of the Holland B parameters derived from the flight level data to 
those used in the wind field model described in Vickery, et al. (2007) used for estimating the wind speeds 
associated with land falling storms. Overall, the comparisons indicate that the two values of B are similar, 
with the B values used within the windfield model in post storm analyses being slightly lower that those 
derived from the flight level data. The largest difference between the two estimates of the Holland B 
parameter occurs in the case of Hurricane Erin for the landfall along the Florida Panhandle. 

 
Figure 17 presents the same information as Figure 16, but is limited to hurricanes with central 

pressures of 964 mbar or less. The comparisons indicate that the B values used within the hurricane wind 
field model to match the surface observations of wind speeds and pressures is about 7% less than those 
derived from the flight level data. This difference could be due to either changes in the characteristics of 
the pressure field between the 700 mbar level and the surface, or biases in the windfield model. Note that 
a 7% reduction in B corresponds to approximately a 3.5% reduction in the maximum modeled wind 
speed. However, comparisons of modeled and observed peak gust wind speeds and time series of the 
surface level pressures suggests that there is no such bias in the wind model. 
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Figure 16.  Comparison of Holland B parameters derived from flight level data to those derived 

using a post landfall windfield analysis. 
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Figure 17.    Comparison of Holland B parameters derived from flight level data to those derived 

using a post landfall windfield analysis for hurricanes with central pressures <= 964 
mbar. 

 
SUMMARY 

 The Holland pressure profile parameter, B, was found to decrease with increasing latitude and 
increase with decreasing RMW. A weak positive correlation between B and both p and sea surface 
temperature was also observed. The effect of all four of these parameters was accounted for by defining 
a new non-dimensional parameter, A, defined by Equation 12, however; a two parameter model (with 
dimensions) relating B to the RMW and the coriolis parameter is an equally good predictor of B. 
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 The limited data for large (as defined by RMW) hurricanes, having low central pressures (pc<930 
mbar) indicates that B has an upper limit of ~1.2. The relationship between B and A was found to be the 
same in the Atlantic Basin and in the Gulf of Mexico. 

 A qualitative examination of the characteristics of intense Hurricanes making landfall along the coast 
of the Gulf of Mexico (excluding Southwest Florida) suggests that these hurricanes weaken in the last 6 – 
24 hours, with this weakening characterized by an increase in the central pressure, and increase in the 
radius to maximum winds and a decrease in the Holland B parameter. The reason for this weakening is 
beyond the scope of this investigation. 

The few cases where flight level data were available up to the time a hurricane makes landfall 
indicates that in most cases, B, tends to decrease as the hurricane approaches land. Recognizing that 
the data set is limited, this observation suggests that using the statistical model for B derived using open 
ocean (or open Gulf) data may result in an overestimate of B for landfalling storms. This potential 
overestimate of the magnitude of the Holland B parameter along the Gulf Coast associated with the use 
of a statistical model developed using open water hurricane data may be further exaggerated because of 
the decrease in the Holland B parameter just before landfall observed in the limited number of landfalling 
cases examined. 
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SECTION F 

Integration Method 
 
 
 

There are several ways that one could approach the integration of the storm probabilities within 
the JPM.  Each of these can be justified under a particular set of assumptions.  Three of these will be 
discussed here; but before we proceed to examine these, a brief overview of the integration procedure is 
in order. 
 
 The integration is performed by summing discretized probabilities to approximate equation 6 in the 
main text of this white paper (with   now included within the same probability function as the other five 
parameters), i.e. 
 

 F1. 
 

max max max

max

( ) .... ( , , , , , ) [ ( , , , , ) ] ( , , , , , )

where

F( ) is the CDF for surge levels ( )

( , , , , , ) is the probability density function for the multivariate set 

p f l p f l p f l

p f l

F p c R v x H c R v x c R v x

p c R v x

       

 
 

     

max

max

of parameters;

H[z] is the Heaviside function (=1 if z 0, = 0, otherwise);

( , , , , ) is the result of the numerical simulation for a particular parameter combination;

( , , , , , ) is the

p f l

p f l

c R v x

c R v x



 




  increment of parameter space encapsulated within a discritization.

 
There are three primary aspects of this equation that contribute to the accuracy of approximations 
to ( )F  : 

 

1.  the accuracy in the specification of max( , , , , , )p f lp c R v x  ; 

2.  the accuracy in the numerical simulations, max( , , , , )p f lc R v x ; and 

3.  the influence of the discretization size on the approximation. 
 
The first two of these are fairly intuitive, but the third is often more difficult to explain and quantify, since 
the size of the discrete increments required for a given accuracy is dependent on the behavior of the 
probability function itself.  We shall now proceed to examine three approaches to the integration. 
 
 
1.  The Case of Simple Models Combined with Many Simulations  
 

One approach to estimating coastal hazards would be to utilize simple models with many, many 
simulations.  In this context, one could discretize the each parameter in the hurricane parameterization 

considered here ( max, , , ,p f lc R v x ) and even add some additional probabilistic attributes to the storms 

(for example: variations in the Holland B parameter, variable storm decay during approach to the coast, 
suite of variations in offshore storm tracks associated with each landfalling storm, etc.).  Given n 
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parameters with m categories used to represent each parameter,  mn simulations would be required in 
this approach.  For example, for a the five-dimensional representation, with 5 categories in each 
parameter, 3125 simulations would be required to populate the JPM integral.  

 
This approach would produce a very accurate discretization of the probability function; however, 

inaccuracies in the simulations do not vanish by simply increasing the number of simulations.  For 
example, if simplified models predict values that are 30% too high or too low at a given point along the 
coast for the portion of the parameter space that contains the primary contribution to surges at the 
1 ( ) 0.01F    level (the range of the nominal “100-year” surge event), no increase in the number of 

simulations will converge to the correct answer for this range, nor will the addition of uncertainty make the 
error vanish.  
 
 For the case of wind fields, Vickery et al. (2002) have shown that a parametric wind field approach, 
which includes physical effects captured within an accurate planetary boundary layer model, can provide 
reasonable representations of wind speeds in coastal areas.  This method also allows many simulations 
to be run and, therefore, represents a good application of this type of approach.  Coastal surge 
generation requires that wave fields, direct wind-driven surges, and the interaction between these two 
driving mechanisms be modeled correctly.  Parametric wave models for hurricanes have been known to 
be quite inaccurate for a number of years and are not used by any major wave modeling group in the 
world today, even in offshore areas.  In nearshore areas, refraction, wave breaking, sheltering and other 
physical mechanisms cannot be captured by parametric models.  Also, surge models such as ADCIRC 
include much improved capabilities for depicting critical shallow-water physics and for representing small-
scale coastal features.  Because of this, the methodology described in the main text, which relies on state 
of the art models to ensure unbiased estimates of coastal surges is recommended; however, it is practical 
limitations related to computer run time (even on the largest supercomputers available today) presently 
preclude the execution of multiple thousands of runs using this complete prediction system. 
 
2.  The Case of Optimized Category Definition 
 
 Given that a priori information is available for the variation and co-variation of the variables used in 
the probability function, as well as for the sensitivity of coastal surges to variations in each of the 
variables, it is possible to construct an optimized set of discrete samples to simulate surges from the 
overall multivariate distribution.  This approach is presently under development by Toro for applications 
within FEMA Region 4.  As shown in Figure 7c in the main text, Toro’s independent check on the 
pressure distribution used here showed very good agreement.  Similarly, preliminary comparisons 
between the two statistical methods appear to show good agreement for JPM applications. 
 
 
 
3.  The Case of Structured Interpolation on a Response Surface 
 
 Numerical studies using ADCIRC have shown that coastal surge response is very dependent on 

pressure differential (peripheral pressure minus central pressure), storm size ( maxR ), and storm location 

relative to a site, as discussed in Section D (within Appendix E).  Storm surge is less sensitive to forward 
storm speed and angle of the storm relative to the coast.  Figure F1 shows the characteristic variation of 

surge elevations at coastal stations as a function of variations in pressure differential 0( )pp c , based 

on SLOSH tests along the coast of Mississippi.  As noted in Section B (within Appendix E), the maximum 
wind speed in a slowly varying, stationary hurricane can be approximated as 
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Since surges tend to be proportional to the wind stress, which for a capped coefficient of drag is 
proportional to the wind speed squared, it follows that the linear relationship between P and surge is 
consistent with our theoretical expectation for this relationship.   
 

Since a major portion of the surge response to hurricanes is captured by the variation of 

 and pP R , the integration method selected for application here is based on the estimation of 

pP R  planes within the 5 dimensional parameter space used in the JPM.  Thus, for a fixed value of 

storm landfall location (x), storm track angle relative to the coast ( )l , and storm speed ( )fv , we can 

define a response function, 
 

F2.  max ( , ) ( , , , )kmn px y P R x y    

 

where kmn is the surge response function and the subscripts “k, m and n” denote a specific track angle, 

storm speed, and landfall location, respectively.  This notation reflects the fact that this response function 
must be defined for each spatial (x, y) point in the computations. Figure F2 shows an example of such a 
response function.  As expected, the surge values increase essentially linearly with increasing pressure 

differential and also increase with increasing values of pR .   

 
Figures F3 and F4 show the characteristic variations of coastal surges as a function of storm 

angle relative to the coast ( )l  and forward storm speed ( )fv , respectively.  As can be seen here, the 

variations tend to be quite smooth with either linear or slightly curved slopes in these figures.   The JPM 
integration method employed here makes use of the “smoothness” of these functions to interpolate 
between discretized storm parameters. 

 
An advantage of the approach used here is that the surge response is characterized with some 

level of detail in the important plane.pP R   To drive the relevance of this point home, let us examine 

the effects of discretization on a probability integral along the “pressure-differential” axis.  Given the linear 
variation of surge elevation with pressure differential, surge elevation can been written as 
 

F3.  p    

 
where   is a site-specific constant, and hence 
 

F4.  ( ) ( )F F p     

 
If we assume that the pressure differential probability follows a Gumbel distribution, we can calculate this 
probability directly.  Figure F5 shows a comparison of the CDF’s for three different approximations to the 
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return period as a function of surge level, given the value of λ = 0.2 in equation F4 (just for an example 
here).  As can be seen in this figure, for a fixed return period deviations between the 3-category 
approximation (categories with a width of 30-millibars) and the continuous function can be as large as 
±3.0 feet.  For the 3-millibar categories, the deviations are, as expected, only about ±0.3 feet.  Although 
this pattern will be smoothed and obscured by the addition of many categories of storms, it is clear that 
the smaller categories provide an improved representation for the probabilities.  Also, due to the physical 
basis for the pressure differential scaling used here, we can extrapolate to larger storms than those 
actually utilized in the storms.  This will provide a somewhat conservative estimate if there is substantial 
levee overtopping; but since the level of extrapolation used here is only about 18% 
(  = 113 mb to  = 133 mbP P  ), this should not present a serious problem.  
 
 In this approach, we do not treat the set of 9 storms simulated for a given track, forward storm speed, 
and track angle as a discrete set of storms each with its own associated probability increment, since this 
would give only a relatively crude representation of the actual probability structure.  Instead, we 

interpolate between simulated values and extrapolate over relatively short distances in Δp and max( )R .  

For the integration used in the New Orleans area, the 3 Δp and 3 maxR  values were interpolated to 

increments of 1-mile in maxR and 3 millibars in Δp, over the range of 960 mb to 882 mb for offshore 

pressures (i.e. before they begin to decay) and 5 nm to 40 nm for maxR values.  This provides a very 

smooth response surface for the primary storm tracks in this area (the so-called RICK-fan tracks).  For the 

±45-degree tracks, the 2 values of Δp and maxR are likewise used to develop a finely discretized (1 nm by 

3 mb) set of values over the Δp- maxR plane.  At this point, we have finely discretized categorizations within 

the Δp- maxR plane for the five primary (RICK-fan) tracks and the eight additional ±45-degree tracks.  

Thus, we have a set of response functions [ ( , , , )]kmn pP R x y  that are quite well defined for the central 

storm speed (11 knots) for these tracks. 
 

Since the effect of variations in storm speed is fairly small and tends to have fairly linear slopes 

that are roughly independent of max( )R and Δp, only a small number of storms can be used to modify the 

functional form of [ ( , , , )]kmn pP R x y   as a function of forward storm speed.  This retains the overall 

structure of the response function for the alternative speeds, rather than assigning only a single surge 
value to all the responses for that storm speed.  For the New Orleans area, two storms (with different 

combinations of Δp and maxR ) were used to estimate the impact of a slower storm speed on the surge 

response function [ ( , , , )]kmn pP R x y   compared to the primary (central) speed category (11 knots) for 

the RICK-fan set of tracks.  Single storms were also used to estimate the impact of varying the forward 
speed from 11 knots to 6 knots, along the ±45-degree tracks and to estimate the effects of varying the 
forward speed from 11 knots to 17 knots for all storms.  In the approach used here, the value of 

[ ( , , , )]kmn pP R x y  for different speeds is obtained from the relationship 
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The subcript "0" refers to the central speed and angle categories
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For the cases in which a single storm is used to infer the variation with forward speed 

( , , , )kmn pP R x y  reduces to a constant.   

 
 This now provides a suitable set of interpolated, finely-discretized values of surge heights as a 

function of Δp and maxR  for all forward storm speeds, storm angles and storm tracks and the summation in 

Equation F1 can be rewritten as 
 

 

max max max

max

( ) .... ( , , , , , ) [ ( , , , , ) ] ( , , , , , )

where

F( ) is the CDF for surge levels ( )

( , , , , , ) is the probability density function fo

j k l j k l j k l

j k l

i f l m n i f l m i f l m n

i f l m n

F p p R v x H p R v x p R v x

p p R v x

       

 
 

       



 

max

r the multivariate set of parameters;

H[z] is the Heaviside function (=1 if z 0, = 0, otherwise);

( , , , , ) is the interpolated value between simulations with a particular parameter combin
j k li f l mp R v x


 

max

ation;

( , , , , , ) is the increment of parameter space encapsulated within a discretized category.

 

j k li f l m np R v x  

 One concern addressed briefly in Section D (within Appendix E) is the sensitivity of the probability 
estimates to track spacing.  The sufficiency of the spacing used here can be investigated by comparing 
results from the runs on the set of tracks that fell between the 5 major RICK-fan tracks to results of 
interpolations based on only the 5 initial tracks.  Figures F6-F9 show the results of these comparisons.  In 
general little or no bias is introduced into the probability integration, even if only the information from the 
primary tracks is used.  Only at Track 4a, where the sites are switching from the “right-hand” (onshore 
winds) side of the storm to the “left-hand” (offshore winds) side of the storm in the are east of the 
Mississippi River does the variability exceed 10% of the surge values for surges greater than 10 feet. 
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Figure F1.  Surge levels (feet) at coastal stations (Station Numbers denoted on right hand side of chart) 
along Mississippi coast as a function of pressure differential (mb). 
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Figure F2.  Response surface showing integerized surge values in feet as a function of row from 
top to bottom ( P from 53 to 133 mb in increments of 3 mb) and column from left to right ( pR  

from 1 nm to 40 nm in increments of 1 nm). 
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Figure F3.  Surge levels (feet) at coastal stations (Station Numbers denoted on right hand side of chart) 
along Mississippi coast as a function of angle of storm approach to land. 
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Figure F4.  Surge levels (feet) at coastal stations (Station Numbers denoted on right hand side of chart) 
along Mississippi coast as a function of forward speed of storm (mph). 
 

 
 
 
Figure F5.  Comparison of Return Periods for surges estimated from 3-millibar and 30-millibar categories 
compared to a continuous function. 
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Figure F6.  Maximum surges produced along a straight east-west coast by storms approaching the coast 
at variable angles compared to storms approaching perpendicular to the coast (tracking due north).   
 
 

 
 
Figure F7.  Comparison of results from Track 1a (midway between Tracks 1 and 2) to interpolated values 
using information from Tracks 1 and 2 for a set of points spread throughout the entire New Orleans 
region. 
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Figure F8.  Comparison of results from Track 2a (midway between Tracks 2 and 3) to interpolated values 
using information from Tracks 2 and 3 for a set of points spread throughout the entire New Orleans 
region. 
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Figure F9.  Comparison of results from Track 3a (midway between Tracks 3 and 4) to interpolated values 
using information from Tracks 3 and 4 for a set of points spread throughout the entire New Orleans 
region. 
 

 
 
Figure F9.  Comparison of results from Track 4a (midway between Tracks 4 and 5) to interpolated values 
using information from Tracks 4 and 5 for a set of points spread throughout the entire New Orleans 
region. 
 

 



EC 1110-2-6066 
1 Apr 11 
 

 E-114

SECTION G 
Estimation of Confidence Bands for Surge Estimates 

 
 
 Three main types of uncertainty with respect to the estimation of extremes are relevant to 
understanding hurricane hazards along coasts.  First, there is uncertainty that the actual sample of storms 
is representative of the “true” climatology today.  Second, there is uncertainty in the events within future 
intervals of time, even if the “true” climatology is known exactly.  And, third, there is uncertainty that some 
non-stationary process (sea level rise, subsidence, climate change, new development patterns, man-
made alterations to the coasts, marsh degradation, etc.) will affect future hazards.  The first of these has 
traditionally been addressed via sampling theory.  The second can be addressed via re-sampling or 
“bootstrap” methods.  And, the third must be estimated from ancillary information, often not contained 
within the initial hazard estimates themselves. 
 
 The first type of uncertainty listed above pertains to what used to be termed confidence bands (or 
control curves) for estimates of extremes.  It cannot be estimated using re-sampling techniques, since 
these techniques use the initial sample as the basis for their re-sampling and implicitly assume that the 
initial sample represents the actual population characteristics.  Thus, some parametric method must be 
used to obtain this information.  There are many classes of distributions which can be used to fit the data.  
Since we are only using the parametric fits to estimate uncertainty and not to replace the non-parametric 
estimates obtained from the JPM, we are somewhat free to use any distribution for which the sampling 
uncertainty is known.  Gringorten (1962, 1963) has shown that the expected root-mean-square (rms) 
error of an estimated return period in a two-parameter Fisher-Tippett Type I (Gumbel, 1959) distribution is 
given by  
 
G1. 

2

T

1.1000 1.1396 1

where

 is the distribution standard deviation;

 is the rms error at return period, T;

N is the number of samples used to estimate the distribution parameters; and

y is the reduce

T

y y

N
 




 


0 1

0 1

d Gumbel variate given by

                         ( ) / ;

 is the variate of interest (surge level in this case); and

 and  are the parameters of the Gumbel distribution.
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  The reduced variate and return period are related by 
 

G2. ln ln
1

T
y

T

        
 

 
which for T >7 approaches an exponential form given by 
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G3. 
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Equation G1 shows that the rms error at a fixed return period is related to the distribution standard 
deviation and the square root of a nondimensional factor involving the ratio of different powers of y 

2 1 0( , ,  and )y y y to the number of samples used to define the parameters.  By the method of moments, 

the Gumbel parameters can be show to be given by  

G4. 

0 1 1

6
        

where  is Euler's constant (= 0.57721...) and  is the distribution mean.

a a a  


 

  

    

Thus, the distribution standard deviation is related to the slope of the line represented by equation G3.   
 
 Although equation G1 was initially derived for applications to annual maxima, it can be adapted to any 
time interval for data sampling in a straightforward manner.  For the case of hurricanes, the average 
interval between storms (the inverse of the Poisson frequency used in the compound Gumbel-Poisson 
distribution) can be used to transform equation G1 into the form 
 
G5. 

2

T

1.1000 1.1396 1

where

 is the distribution standard deviation;

ˆ ˆ is the rms error at return period, T  (T/T, where T is the average years between hurricanes); and

N  is the number of samp

T

y y

N
 





   


 

 ˆles used to estimate the distribution parameters (N/T).

Since the form of equation G3 is logarithmic, the slope is not affected by a multiplicative factor, and thus, 
the distribution standard deviation remains the same.  N  in equation G5 can be estimated from the 

equivalent total number of years in the sample divided by T̂ .  The total number of years for this case is 65 
(1941-2005, inclusive) times a factor, Z, which relates the spatial area covered by the sample used to the 
spatial extent of a hurricane surge.  For relatively intense storms capable of producing surges that are 
exceeded only every 100 years or more, the along-coast extent of very high surges at least 60% of the 
peak value is about 60 nm for a storm with a 20-nm radius to maximum winds (see Figure D4 in Section 
D within Appendix E).  The parameter estimation used to derive the values shown in Figure 5 of the main 
text covered ±3.5 degrees longitude along 29.5 north latitude.  The value of Z is given by 
 

G6. 
Distance along coast

Width of a single sample
Z   

 
which in this case is 365.5 nm divided by 60 nm, or approximately 6.1.  Thus, the effective number of 
years is 396. 
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Appendix F 
First Step Toward a Probabilistic Treatment of Waves, Water Levels, and 
Overtopping Rates  
 
 

The following step-by-step approach is being used by the New Orleans District for design/certification 
of the levees in the New Orleans vicinity.  It represents a reasonable first step toward the more general 
approach outlined in the main text.  It is a somewhat conservative approach in that 1% significant wave 
heights and 1% wave periods are computed independently and used with 1% exceedance still water 
levels, to compute wave overtopping rates; as opposed to computing wave overtopping rates using the 
actual wave conditions that were associated with the still water level conditions for each of the individual 
storms.  The approach outlined below is most valid if the wave conditions are highly correlated with the 
water levels, which might not be the case.  
 
Step 1: Define Water level 
1.1 Examine the 1% surge elevation from the surge-frequency plots at all output points along the levee 

segments under consideration. The 1% surge elevations are the results based on the 152 storm 
combinations and using the probabilistic tool (JPM-OS method). 

1.2 Determine the maximum 1% surge elevation for each levee segment and use this number for the 
entire segment. The maximum is chosen to meet the certification/design criterion at the most critical 
point within the segment. 

 
Step 2: Define Wave Characteristics 
2.1 Examine the 1% significant wave height and 1% peak period from the separate wave- and period-

frequency plots at all output points along each levee segment. The 1% wave heights and 1% peak 
periods are the results based on the 152 storm combinations and using the probabilistic tool based on 
the JPM-OS method. 

2.2 Determine the maximum 1% significant wave height and 1% peak period for the segment and use 
these numbers for the entire segment. The maximum significant wave height and wave period are 
chosen to meet the certification/design criterion at the most critical point in the segment. 

2.3 Determine if the foreshore in front of the levee is shallow. The foreshore is shallow if the ratio 
between the significant wave height (Hs) and the water depth (h) is small (Hs/h > 1/3) and if the 
foreshore length (L) is longer than one deep water wave length L0 (thus: L > Lo with Lo = gTp

2/(2π)). If 
so, the wave height at the toe of the structure should be reduced according to Hsmax = 0.4 h (the 
broken wave height limit). This reduction should only be applied if an empirical method is applied for 
determining the overtopping rate. The breaking wave effect is automatically included in the 
Boussinesq model results. 

 
Step 3: Define Overtopping Rate 
3.1 Determine if Boussinesq results are available for the specific levee segment. If so, use the 

Boussinesq results from the lookup table. If not, use the Van der Meer formulations (see EM 1110-2-
1100 or TAW 2002).  

3.2 Determine the overtopping rate based on the 1% expected values for the surge level, the significant 
wave height and the peak period. Use the reduced wave height in case of a shallow foreshore in the 
empirical approach only. 

3.3 Check if the wave overtopping rate is less than the adopted threshold rate, 0.1 cu ft/s per ft. If this 
criterion is exceeded, the levee geometry should be adapted in such a way that the overtopping rate 
is lower than 0.1 cu ft/s per ft. Note, the mean overtopping rate should be (much) less than 0.1 cu ft/s 
per ft in order to meet the criterion of 90% non-exceedance in Step 4 because average values are 
applied for the 1% surge level and 1% wave characteristics. 

 
Step 4: Dealing with Uncertainties 
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4.1 Apply a Monte Carlo simulation to compute the chance of exceedance of the overtopping rate given 
the levee crest elevation and levee slope from Step 3. This method takes into account the 
uncertainties in the 1% water level, the 1% wave height and the 1% wave period. 

4.2 Check if the overtopping rate will not exceed the overtopping criterion of 0.1 cu ft/s per ft with a 90% 
assurance. If yes, the design or certification process is finished from a hydraulic point of view and the 
levee is certifiable. If not, levee is not certifiable (adapt the levee or floodwall height or slope in such a 
way that this threshold criterion is not exceeded). 

4.3 The hydraulic and geometrical parameters in the design/certification approach are uncertain. Hence, 
the uncertainty in these parameters should be taken into account in a probabilistic treatment. The 
following sections propose a method that accounts for uncertainties in water levels and waves, and 
computes the overtopping rate with state-of-the-art formulations. The objectives of this method are to 
include the uncertainties and check if the overtopping criterion of 0.1 cu ft/s per ft is still met with a 
certain percentage of assurance, 90%. The parameters that are included in the uncertainty analysis 
are the 1% water level, 1% wave height and 1% wave period. Uncertainties in the levee geometrical 
parameters are neglected. Uncertainties in the method used to predict wave overtopping are 
included. 

4.4 The criterion used in this design approach is the overtopping rate, as mentioned above. For this 
purpose, the probabilistic overtopping formulation was applied but also the Boussinesq results could 
be incorporated in the method. Besides the geometrical parameters (levee height and slope), 
hydraulic input parameters for determination of the overtopping rate are the water level, the significant 
wave height and the peak period. In the design/certification process, the expected 1% chance 
exceedance values for these parameters are from the JPM-OS method. Obviously, these numbers 
are uncertain. An additional analysis provided the standard deviation in the 1% still water level (which 
accounted for a number of sources of uncertainty).  Standard deviation values of 10% of the average 
significant wave height and 20% of the peak period were used; these were based on expert 
judgment. All uncertainties are assumed to be normally distributed. 

4.5 The Monte Carlo analysis that was applied is executed as follows: 
 a. Draw a random number between 0 and 1 to set the exceedance probability p. 
 b. Compute the water level from a normal distribution using the expected value 1% surge level 
and standard deviation as parameters and with an exceedance probability p. 
 c. Draw a random number between 0 and 1 to set the exceedance probability p. 
 d. Compute the wave height and wave period from a normal distribution using the expected value 
1% wave height and 1% wave period and the associated standard deviations and with an 
exceedance probability p. 
 e. Repeat step 3 and 4 for the three overtopping coefficients in the overtopping formula, 
independently, using estimates of variability (standard deviation) in each coefficient. 
 f. Compute the overtopping rate for these hydraulic parameters and overtopping coefficients 
 g. Repeat the steps 1 through 5 a large number of times (N) 
 f. Compute the 50%, 90% and 95% value of the overtopping rate (i.e. q50, q90 and q95) 

 
The procedure was implemented in MATLAB. Several test runs showed that N should be 

approximately 10,000 to reach statistically stationary results for q50, q90 and q95. The computation time to 
perform this analysis was on the order of tens of seconds on a current state of the art personal computer.  

This is the general direction in which risk assessment is heading for the coastal/estuarine/lake 
environment.  This same approach has applicability to non-hurricane events.  Other methods for 
computing still water levels and waves associated with extratropical storm events could be used in place 
of Steps 1 and 2 above in the JPM-OS approach.   
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Appendix G 
Scour Protection Alternatives 
 
 
Scour Protection for Transition Sections 
 
Alternative:  Riprap  
 
1.  Manufacturer.   
 

Not applicable 
 
2.  Product Description. 
 

Riprap is typically rock or broken concrete that is dumped or placed to protect a structure from 
erosion.  It is one of the most common means of erosion control due its general availability, ease of 
installation, and relatively low cost.  Riprap protection is usually designed with a wide gradation of 
stone sizes which increases stability and allows for efficient use of quarried material.  Riprap is 
typically placed over a filter layer and sometimes an underlayer to prevent piping of the soil through 
the voids in the riprap matrix.  Riprap may be grouted or partially-grouted to improve stability. 

 
3.  Product Functionality. 
 

Riprap prevents erosion of the underlying soil by providing, along with the underlayer and filter layer, 
a physical barrier separating the erosive forces of the water from the soil.  The riprap material is sized 
in such way as to remain statically stable under the forces of the flow, with the underlayer and filter 
layers sized such that they cannot be washed through the interstices of the overlying layer. 

 
4.  Stated Applications. 
 

Numerous.  Riprap is used to prevent scour along streambanks and shorelines, and around bridge 
piers and abutments.  It is used around culverts, gates, and transitions, and is used as protection 
against both waves and currents. 

 
5.  Potential Failure Modes and Mechanisms. 
 

Potential failure modes include riprap particle erosion, erosion of the substrate, and mass failure or 
sloughing of the riprap layer.   
 

a. Rirprap particle erosion is primarily caused by improperly sizing the riprap or by hydraulic 
forces exceeding the design forces (such as greater than expected flow rates).  Riprap 
particle erosion may also be caused by impact and abrasion, freezing, ice pressures, and 
vandalism.   

 
b. Substrate erosion occurs when the base material erodes and migrates through the riprap 

voids causing the riprap to settle.   
 
c. Mass failure occurs when a section of the riprap layer slides or sloughs due to gravitational 

forces.  Mass failure may be caused by excess pore water pressures, bank steepness, or 
loss of toe support. 

 
Critical design parameters for riprap armoring include size, gradation (graded riprap is more stable 
than uniform riprap because the range of sizes help the riprap to interlock) and design of the filter 
and/or underlayer.  
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6.  Application Limitations 
 

Suitable for a wide range of flow conditions, with large quantities of test data.  Unusual configurations 
or flow hydrodynamics beyond the range of available test data should be tested in a physical model. 

 
7.  Documented Applications 
 

Numerous. 
 
8.  Costs. 
 

Unknown but should be readily available. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Riprap is durable and not subject to deterioration by saltwater, UV, or 
burrowing animals.  It is minimally affected by freeze/thaw cycles.  Riprap protection may be self-
healing (stones will move to fill in a hole) if damage is small. 

 
b. Geotechnical Criteria.  Riprap is heavy, and it places a large surcharge on the substrate.  The 

protective layer is porous, and erosion of underlying soil may occur if the soil is not separated by 
a filter layer or blanket.   
 

c. Construction/Installation Criteria.  Typical riprap installation utilizes heavy equipment, but the 
protection could be installed with a Bobcat or other small front-end loader.  Riprap has a fairly 
wide gradation, so care must be taken to maintain the gradation of the riprap across the slope.  
There should be no “hotspot” areas of small stones, and heavier stones should not be allowed to 
congregate at the bottom of the slope.  Riprap may be placed or dumped, but the placement 
method will affect the design weight of the stone.  Particular care must be taken in construction of 
toe at the bottom of the slope and where the protection abuts the vertical engineering works.  
 

d. Maintenance and Repair Criteria.  There are minimal maintenance requirements for properly 
riprap layers, but repairs may be needed for any filter fabric incorporated into the design.  Repairs 
may require placing stone over a long reach requiring heavy equipment and equipment access.  
For typical transitions, access is usually not a problem.  Riprap tolerates differential settlement up 
to a point; however, too much settlement may necessitate rebuilding portions of the protection. 
 

e. Environmental Criteria.  Generally riprap does not cause any environmental concerns other than 
getting heavy equipment and material to site. 
 

f. Design Requirements.  Design guidance is readily available for application of riprap in flow and 
wave environments.  Design guidance includes Federal Highway Administration’s Hydraulic 
Engineering Circular-11 “Design of Riprap Revetment”  

 
10. Summary of Riprap Alternative. 
 

a. Advantages.  Advantages of riprap are that it is readily available, easily placed by dumping, and 
can be dumped to form a protective barrier around irregular shapes.   

 
b. Disadvantages.  Disadvantages are that dumping the stone requires access to the site with heavy 

equipment and the weight of the stone places a large surcharge on the underlying soil.  In 
addition, if riprap is used to protect a slope at a transition to a concrete or steel structure, the 
riprap does not key well with the concrete, leaving a weakened area at the transition. 
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c. Risk and uncertainties.  Most conventional design guidance for riprap does not include the case 
of combined wave and surge overtopping with flow acceleration caused by lateral flow when the 
vertical structure is higher than the earthen levee. 

 
11.  Riprap References. 
 

Hydraulic Engineering Circular-11, "Design of Riprap Revetment" is the Federal Highways 
Administration’s (FHWA) primary reference for riprap design.  Design Guideline 12 provides a 
summary of HEC-11 recommendations in relation to revetment riprap design for countermeasures 
(spurs, guidebanks, etc.).  Special design considerations for riprap at bridge piers and abutments are 
presented in Design Guideline 8. 
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Alternative:  Gabions 
 
1.  Manufacturer. 
 

Many, including (in random order):   
 
Modular Gabion Systems  
Sales and Information 
Houston, Texas 77023 
Toll-free: 1.800.324.8282 
Telephone: 1.713.924.4371 
Fax: 1.713.924.4381 
Engineering Office 
Mobile, Alabama 
Telephone: 1.251.380.0332 
www.gabions.net 
 
Maccaferri, Inc. 
Area Manager 
Lewisville, Texas  75057 
Phone: 972-436-2974 
Fax: 972-219-1639 
Email : shoff@maccaferri-usa.com 
www.maccaferri-usa.com/ 
 
Site Supply Inc. 
713 Stimmel Rd. 
Columbus, Ohio 43223 
Phone: 614-443-4545 
Fax: 614-443-8960 
Toll Free: 800-465-0900 
www.sitefabric.com 
 
ACF Environmental.  
Customer Service Center 
2831 Cardwell Road 
Richmond, VA 23234  
Toll Free: (800) 448-3636 
E-mail: info@acfenvironmental.com 
http://www.acfenvironmental.com/ 

 
 
 
2.  Product Description (from www.gabions.net). 
 

Gabions are wire fabric containers, uniformly partitioned, of variable size, interconnected with other 
similar containers and filled with stone at the site of use, to form flexible, permeable, monolithic 
structures such as retaining walls, sea walls, channel linings, revetments and weirs for earth 
retention.   
 
Gabion structures yield to earth movement, but maintain full efficiency and remain structurally sound.  
They are quite unlike rigid or semi-rigid structures that may suffer catastrophic failure when even 
slight changes occur in their foundations. Highly permeable, the gabion structures act as self-draining 
units which "bleed" off ground waters, relieving hydrostatic heads.  Interstitial spaces in the rock fill 
dissipate the energy of flood currents and wave action.  During early periods of use, silt and 
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vegetation will collect with the rock fill to form a naturally permanent structure and may be used to 
remove solid pollutants or "floatables" from the water. 
 
Subjected to alternating forces of tension and compression, the inherent flexibility of a gabion 
structure enables it to deform rather than break.  This prevents loss of structural efficiency.  
Deforming in response to subsidence of foundation or internal stress is a functional feature, and 
rather than being a fault is in fact, a benefit. 
 
Since gabions are bound together as a monolithic unit, the wire mesh is extremely strong under 
tension.  The wire mesh shell is not simply a container for the stone filling, but a reinforcement of the 
entire structure.  Additional strength is achieved by the use of vertical diaphragms.  These 
diaphragms are affixed to the base of the gabions to restrict internal movement of the stone filling and 
provide further reinforcement.  Gabion efficiency, rather than decreasing with age, actually increases.  
During early periods of use, silt and vegetation will collect within the rock filling to form a naturally 
permanent structure, enhancing the environment.  
 
Interstitial spaces in the stone fill within the baskets provide a great degree of permeability throughout 
the structure eliminating the need for a drainage system and preventing buildup of hydrostatic 
pressure that will displace and crack concrete structures.  In river works, pressure and 
counterpressure on the banks due to variations in water depth between flood and low water are 
therefore also eliminated. 

 

 
 

Figure 2.8.  Gabion application as channel liner (from www.Sitefabric.com) 
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Figure 2.9.  Vertical gabion channel embankment (from www.gabions.net) 

 

 

Figure 2.10.  Gabion slope protection (from www.gabions.net) 
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Figure 2.11.  Gabion revetment using narrow thickness baskets (from www.gabions.net) 
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Figure 2.12.  Underwater gabion scour mat being deployed from barge (from www.gabions.net) 
 
 
3.  Product Functionality. 
 

Gabions are typically placed over a filter layer or filter fabric.  The filter layer of fabric separates the in-
situ soil from the erosional forces of water or wind and holds the soil in place.  The function of the 
gabion is to hold the filter layer or fabric in place.  The gabion functions in much the same manner as 
a layer of riprap, except that the stone is confined within a wire or synthetic mesh.  Because the rock 
is confined, a large quantity of small stones confined in a single container can provide the mass of a 
much larger single stone.  Also, the gabions are readily fastened together providing a high degree of 
interlocking.     

 
4.  Stated Applications. 
 

At the website www.gabions.net stated applications of gabions include channel liners, headwalls and 
culvert outlets, drop structures and weirs, gravity walls, revetments, seawalls, groins, soil stabilization, 
and storm water filtration. 

 
5.  Potential Failure Modes and Mechanisms. 
 

Potential failure modes include breaking of the wire or synthetic grid material, breaking of the ties that 
fasten the sides of the gabion to each other or to adjacent gabions, displacement of gabions, tearing 
of the fabric placed below the mats, and scour by flow beneath the mattresses. 
For wave protection applications, stone movement within the mattress must be minimized to preclude 
interior wear of the wires or synthetic grid material. Movement of an entire gabion unit by wave action 
is also a potential failure mode under severe wave loading.  Gabions placed on steep slopes without 
adequate toe buttressing or tieback anchors at the top could slide downslope as a unit.  
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Basket grid material must be selected for corrosion resistance if used in a saltwater environment.  
Stainless steel, polyvinychloride-coated (pvc-coated) steel, and synthetic materials may be 
applicable.  Breakage of the grid material due to salt water or other corrosive action may cause failure 
of the gabions. 

 
6.  Application Limitations. 
 

Gabions used for vertical structures are limited in the height for which they are recommended, and 
there are not suited for severe wave climates.  When placed on transitions having sharply-rounded 
corners, it may be necessary to fill gaps between adjacent units with loose riprap. 

 
7.  Documented Applications. 
 

Numerous.  Examples of installations available at web sites of products listed herein. 
  
8.  Costs. 
 

Costs for gabion protection are site- and region-specific.  Gabion protection is generally considered a 
low-cost armoring solution relative to use of concrete, armor stone, or riprap.  From www.gabions.net:   
 

Wire mesh gabions are less expensive than most construction materials. Graded stone fill is 
usually locally available.  Waste materials such as crushed concrete may be specified in 
place of stone.  Construction costs are reduced; unskilled laborers can easily learn to erect 
Modular Gabion Systems, fill them, and close them properly.  Many gabion structures may be 
built without any mechanical equipment.  Pilings, underwater drainage systems and 
excavations are unnecessary.  There's no need to drain the site or to construct a cofferdam 
for underwater installation.  The first layer of gabions can be laid in water or in mud. 

 
9.  Technical Evaluation Relative to Performance Criteria 
 

a. Survivability Criteria.  Gabions are not known for long-term durability (>10 yrs?) due to 
deterioration of the basket grid material.  Where exposed to salt water or salt air, corrosion may 
be accelerated.  Baskets constructed using stainless steel wire will be more durable in any 
environment.   

 
b. Geotechnical Criteria.  There are minimal geotechnical requirements for gabion protection.  

Gabions do not require extensive soil compaction, surface preparation, or smoothing.  Filter 
layers must be suitable to protect substrate without leaching through the gabions. 
 

c. Construction/Installation Criteria.  Extensive surface preparation is not required.  Surface needs 
to be cleared and reasonably smoothed.  Filter fabric or a filter layer is placed and covered with a 
bedding layer.  Pre-constructed and pre-filled gabions may be placed on the bedding layer and 
connected together, or pre-constructed gabions may be placed on the bedding material then filled 
and covered, or gabion mesh material may be placed on the bedding layer and the gabions 
constructed and filled in place.  Heavy equipment is needed to place pre-filled gabions, and the 
substrate must be capable of holding the weight of the equipment plus the gabions.  Gabions may 
be filled in place with smaller, lighter equipment.  The following installation guide is from 
www.gabions.net: 
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Figure 2.13.  Gabion installation guide (1 of 3) 
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Figure 2.14.  Gabion installation guide (2 of 3) 
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Figure 2.15.  Gabion installation guide (3 of 3) 
 

 
d. Maintenance and Repair Criteria.  Exposed individual grid panels are readily removed and 

replaced if damaged.  Replacing entire gabions may require site access by mechanized 
equipment.  Damage to bottom panels may be difficult to assess.  Important to monitor condition 
of wire baskets for signs of corrosion. 

 
e. Environmental Criteria.  No known environmental hazards. 

 
f. Design Requirements.  Design guidance readily available through product vendors. 

 
10.  Summary of Gabion Alternative. 
 

a. Advantages.  Gabions do not require extensive bed preparation, the vertical sides of the gabions 
allows them to be placed right next to the vertical structure wall with minimum gap.   They protect 
the underlying soil, gabions can be used on steep slopes, they help dissipate flow, and they are 
stable.  When used on very steep slopes, the protection resembles terraced lifts, and this requires 
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more preparation of the soil foundation.  On milder slopes gabion baskets should have a narrow 
thickness as illustrated in the photograph of Figure 2.11.   

 
b. Disadvantages.  Longevity of the gabions is suspect unless steps are taken to reduce corrosion 

of the wire mesh forming the gabion baskets.  Gabions introduce a significant surcharge that 
increases the bearing pressure on weak foundation soil.  The blocky shape of the gabions is well 
suited for long straight reaches of slope protection, but achieving complete coverage of curved 
sloping earthen transitions using rectangular gabions is more difficult.  Any gaps in the protection 
coverage must be filled in with special-shaped gabions or loose riprap fill material.    
 

c. Risk and uncertainties.  Available design guidance includes stability against overtopping flow, but 
there is no available stability guidance when waves are included in the overtopping.  However, 
gabions are expected to be stable in a wave and surge overtopping environment due to their 
weight.  If damage occurs, it should not be sudden or catastrophic unless there is a geotechnical 
slope failure.  Instead, individual units will open up and spill the small stones. 
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Alternative:  Rock-Filled Wire or Geosynthetic Mattresses 
 
1.  Manufacturer. 
 

Marine Mattress 
Tensar Earth Technologies, Inc. 
5883 Glenridge Drive 
Suite 200 
Atlanta, GA 30328-5363 
(888) 828-5126 Toll Free 
(404) 250-1290 International 
(404) 250-0461 Fax 
www.tensarcorp.com 

 
2.  Product Description. 
 

Mattresses, like gabions, are wire or fabric containers, uniformly partitioned, of variable size, 
interconnected with other similar containers, and filled with stone (onsite or off-site).  The mattresses 
form flexible, permeable, monolithic structures for applications such as retaining walls, sea walls, 
channel linings, revetments and weirs for earth retention.  Mattresses are relatively small in height in 
relation to the lateral dimension of a gabion and are generally used for channel linings or submerged 
scour protection.  
 
Use of readily available, natural fill material to create highly resilient, flexible cells means the mattress 
systems are significantly less expensive than conventional solutions such as riprap.  They also 
conform to land contours and site configurations while resisting scour far better than rigid systems.  
Because Tensar® structural geogrids enable the Triton Systems to resist all naturally occurring forms 
of chemical, biological, and environmental degradation, they are often specified for salt water and 
industrial run-off conditions where other types of materials would deteriorate rapidly. 

 
 

 
 

Figure 2.16.  Hoisting of marine mattress for placement 
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Figure 2.17.  Mattress placement over geotextile filter 
 
3.  Product Functionality. 
 

The mattress function is similar to that of a gabion or other rock-filled basket or cage.  The cage 
confines the aggregate and prevents small stones from being washed away by the flow.  The 
aggregate provides a physical barrier covering the substrate.  A geotextile fabric laid beneath the 
mattress prevents the soil form being washed through the interstices of the aggregate. 

 
4.  Stated Applications. 
 

According Tensar Earth Technologies, Inc., marine mattresses have the following applications: 
 

a. Coastal:  Shoreline revetment, foundation support, scour mat (foundation, outfall) 
 
b. Inland: Shoreline revetment, stream/river/canal bank protection, culvert bedding and scour 

apron, foundation support, foundation mat 
 
c. Other:  Bridge abutments (end slope and foundation protection), landfills 

 
 
5.  Potential Failure Modes and Mechanisms. 
 

Potential failure modes include abrasion or tearing of the synthetic grid material, breaking of the ties 
that fasten the material into mats, displacement of mattresses, tearing of the fabric placed below the 
mats, and scour by flow beneath the mattresses. 
For wave protection applications, stone movement within the mattress must be minimized to preclude 
interior wear of the mattress containment geogrid superstructure.  Movement of an entire mattress 
unit by wave action is also a potential failure mode under severe wave condition. Mattresses placed 
on steep slopes without adequate toe buttressing or tieback anchors at the top could slide downslope 
as a unit, or the mattresses could fail by buckling if waves are powerful enough to lift portions of the 
mattress and the mattress is not properly compartmentalized.  Generally, mattresses placed on the 
protected side of transitions will not suffer direct wave attack.  Instead, they must withstand the lateral 
shear force resulting from overtopping water and waves.  
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6.  Application Limitations. 
 

Only limited testing has been completed for mattresses placed in a wave environment.  Field 
applications should provide usable information on upper limits for placement in a flow environment.   
Mattresses have been deployed where exposed to waves, but upper stable limit in waves has not 
been established.  There may be limitations in an abrasive environment where quartz sand is in 
constant motion. 

 
7.  Documented Applications. 
 

Numerous field applications including USACE applications as breakwater and revetment foundation 
support, contaminated sediment cap, and streambank protection.  See U.S. Army Engineers 
Technical Note ERDC/CHL CHETN-III-72, “Uses of Marine Mattresses in Coastal Engineering” 
(available at http://cirp.wes.army.mil/cirp/cetns/chetn-iii-72.pdf). 

 
8.  Costs. 
 

Costs for installed marine mattresses depend on such factors as application, proximity and cost of 
rock-fill material, site accessibility, placement method (land-based or from barge), availability of 
equipment, and project size.  Table 1 lists typical cost estimates for installed mattresses expressed in 
U.S. dollars as of 2005.  These estimates should be considered only as guidelines for initial cost 
estimating during evaluation of project alternatives.  Table 1 was taken from Technical Note 
ERDC/CHL CHETN-III-72 (February 2006). 
 

 

Table 1 Installed Mattress Cost per Square Foot  

Application  Mattress Placement Mattress Thickness  Cost per square foot 

Breakwater construction  In water  12 in.  $15  
Riverbank revetment  On land  12 in.  $10  
Revetment foundation  In water  6 in.  $13  

 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Excellent stability, resistance to corrosion, protected against UV radiation.  
Marine mattresses have developed a good history of successful application. 

 
b. Geotechnical Criteria.  Mattresses make use of locally available fill material, deployment requires 

minimal compacting of soil, and soil surface preparation requirements are minimal beyond 
grooming of the slope to cover with filter cloth.  The flexible nature of the mattress allows them to 
adapt to differential settlement or local losses of underlying soil.  The weight of the mattresses 
may factor into the bearing strength of the foundation. 
 

c. Construction/Installation Criteria.  Installation offers reasonable flexibility.  Mattresses can be 
constructed onsite or at a remote location.  Also, mattresses can be filled in place or shipped pre-
filled and fastened together at the site.  Application at transitions involves conical-shaped or 
curved slopes that could be difficult to cover with mattresses without leaving gaps.  These gaps 
need to be covered with either custom-fabricated mattresses or other suitable measures. 
 

d. Maintenance and Repair Criteria.  Individual damaged mattresses can be removed and replaced, 
small tears in the geogrid can be patched in-situ. 
 

e. Environmental Criteria.  Minimal environmental impact.   
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f. Design Requirements.  Design guidance readily available for flow conditions, limited guidance for 
mattress stability in wave action.  Mattress thickness can be as small as 4 inches, but stability 
against uplift in flow and waves is reduced with smaller thicknesses. 

 
10.  Summary of Rock-Filled Mattress Alternative.   
 

a. Advantages.  Rock-filled mattresses provide good protection for underlying soil, and their self-
weight keeps them stable in adverse flow conditions.  Mattresses can be used on steep slopes if 
they are properly anchored at the top of the slope.  The mattress size helps to distribute the 
weight of the mattresses uniformly, and they can successfully span small areas of weaker soil.  
The flexible nature of the mattress allows them to adapt to differential settlement without loss of 
protective integrity of the system.  The smaller stone sizes inside the mattresses are more readily 
available than larger riprap of comparable stability.  The mattresses can be fabricated off-site, 
and large units can be lifted and placed fairly rapidly. 

 
b. Disadvantages.  Depending on the mattresses thickness, the weight of the mattress could add a 

substantial load to the foundation.  Protection coverage on curved sloping surfaces will be more 
difficult using rectangular-shaped mattresses.  The mattresses can abut the vertical wall, but the 
gap could be wide enough to allow soil to escape.  A possible solution is to affix the filter cloth to 
the vertical wall before placing the mattresses.  The surface of marine mattresses is relatively 
smooth, and would represent a hazard to pedestrians when placed on steeper slopes.  
Overlaying the mattress with a sacrificial soil layer may not be successful because of the low 
shear resistance at the soil/mattress interface. 
 

c. Risk and uncertainties.  As with all of the protection systems described in this chapter, mattress 
stability in a combined wave and flow environment is virtually unknown, and more information is 
needed.  The geogrid material and lacing used in marine mattresses are protected against UV 
radiation, but the long-term (greater than 10 years) durability of the geogrid is not well known.  
Mattresses constructed with metal wire will suffer deterioration, especially in a saltwater 
environment. 

 
 



EC 1110-2-6066 
1 Apr 11 

 

 G-19

 
 

Alternative:  Articulated Concrete Mattresses  

 
1.  Manufacturer.  
 

Several commercial manufacturers.  For example… 
 
ARMORTEC 
Mid-South Regional Manager 
301 Pascoe Boulevard 
Bowling Green, KY 42104 
Phone: 270-843-4659 
Mobile: 270-535-3539 
Fax: 270-783-8959 
E-Mail: dbkees@armortec.com 
 
Submar, Inc. 
805 Dunn Street 
Houma, LA 70360 
Email:  submar@submar.com    
Phone: 985-868-0001 
Fax: 985-851-0108 
Toll free: 800-978-2627 

 
The Mat Sinking unit of the Corps of Engineers produces articulated concrete mats annually for bank 
protection on the Mississippi River. 

 
2.  Product Description. 
 

Articulated concrete mattresses consist of a single layer of concrete blocks that are held together by 
cables made of metal or high-strength polyester.  Mattress thickness varies between manufacturer 
and intended application with the thickness range between about 5 to 12 inches.  The mattresses are 
anchored at the ends, and the system may include anchors spaced throughout the mattress.  
Articulated concrete mattresses vary among brands in their degree of flexibility and ability to protect 
areas of rapid transition in profile shape.  Mattresses are laid over a filter layer, typically a geotextile 
fabric, and adjacent mattresses are interlocked or cabled together to form continuous stable 
coverage.   

 
3.  Product Functionality. 
 

Articulated concrete mattresses provide a barrier between high-velocity flows and the underlying soil.  
The mattresses are placed atop a geotextile filter fabric.  The cabling between blocks serves two 
purposes:  (1) the cabling holds the blocks together so they can be lifted as a unit for placement (see 
photo below), and (2) the cabling provides additional mattress stability and prevents loss of individual 
blocks.  Articulated mattresses provide protection for the most adverse flow conditions, and they can 
span short distances if differential settlement occurs or there is loss of material due to localized 
erosion.  Some blocks may have open-cell construction that can be filled with soil to support 
vegetation. 
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Figure 2.18.  Placement of articulated concrete mattresses (from http://www.specblockusa.com/) 
 
 
4.  Stated Applications. 
 

Articulated concrete mattresses are used primarily as protection in flow channels and to protect 
embankments exposed to lateral flow and limited wave action.  Mattresses used by the Corps of 
Engineers for riverbank protection were model tested for wave stability expected to occur in Lake 
Okeechobee, Florida (Carver, et al., 1989).  Mattresses placed in a single layer could tolerate wave 
heights up to 3 ft with the mattresses anchored only at the top.  Additional anchoring near the still 
water level provided stability for waves up to 4 ft.  A double layer of mattresses withstood waves up to 
4 ft with only anchoring at the top. 

 
5.  Potential Failure Modes and Mechanisms. 
 

Mattresses might be lifted and displaced downslope if the top anchors are pulled out or suffer material 
failure.  Lifting of mats at the edges might expose the underlying soil to erosion if the filter fabric is not 
intact.  Corrosion of metal cabling, particularly in saltwater environments could create weaknesses in 
the mattress. 

 
6.  Application Limitations. 
 

Articulated concrete mattresses will withstand high flow velocities and limited wave action.  Increasing 
mattresses thickness increases stability against lifting, and some manufacturers have design 
guidelines based on full-scale model tests.  The weight of the mattresses may limit application where 
the foundation soil is weak. 

 
7.  Documented Applications. 
 

There are numerous successful applications of articulated concrete mattresses, including the 
experience of the Corps of Engineers’ Mat Sinking Unit. 

 
8.  Costs. 
 

Typical costs were unavailable at the time of this writing. 
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9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Articulated concrete mats have excellent survivability characteristics for the 
stated applications.  Even if some of the underlying soil is lost during an extreme event, the 
mattress protection retains most of its functionality. 

 
b. Geotechnical Criteria.  The underlying soil must be able to support the mattress weight without 

undue differential settlement, and the geotextile filter fabric must provide continuous coverage to 
retain the soil while relieving built-up pore pressure. 
 

c. Construction/Installation Criteria.  Mattresses are fabricated off-site and delivered by flatbed 
trucks (or barges) to the site.  The mattresses require heavy equipment for installation.  
Mattresses are flexible and can cover curved sections of the transition slope.  However, where 
the mattress abuts the vertical structure wall, it may be necessary to custom-fit smaller mattress 
sections to achieve adequate coverage and to minimize gaps.   
 

d. Maintenance and Repair Criteria.  Generally, articulated concrete mats require no maintenance.  
If differential settlement becomes problematic, individual mats can be lifted out, and fill soil can be 
added and compacted before replacing the mat.  If mattress cabling corrodes, the entire mattress 
can be replaced. 
 

e. Environmental Criteria.  Installation of articulated concrete mattresses does not cause any 
adverse environmental consequences.  Mattresses do have aesthetic appeal versus riprap 
protection. 
 

f. Design Requirements.  Individual manufacturers provide design information and installation 
guidelines.  The most important specification is appropriate mattress thickness as a function of 
expected maximum flow velocity because this influences the installed cost of the protection.   

 
10. Summary of Articulated Concrete Mattress Alternative. 
 

a. Advantages.  Advantages of articulated cabled concrete mattresses include being readily 
available in a variety of sizes and weights, and rapid placement as a single mattress that may 
cover a substantial area.  Including additional anchoring in the system may allow deployment of 
mattresses having substantially less weight than equivalent riprap or concrete armor units 
affording the same degree of protection.  Cabled articulated concrete mattresses can be removed 
and re-used where it becomes necessary to add additional levee height because of subsidence 
or the need for increased protection. 

 
b. Disadvantages.  Disadvantages of cabled mattress systems may include higher costs than some 

alternative systems, and a requirement for heavy equipment to place the mattresses.  In addition, 
cabled systems may not key well with an adjacent concrete or steel wall. 
 

c. Risk and uncertainties.  Mattress stability against surge overtopping has been well documented 
by full-scale testing, but the added effect of overtopping waves is unknown at this time.  
Protection of soil at the levee/structure interface is very important for maintaining system integrity. 
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Alternative:  Articulated Cellular Concrete Block Mattresses 
 
1.  Manufacturer.   
 

Numerous.  For example… 
 
ACF Environmental.  
Customer Service Center 
2831 Cardwell Road 
Richmond, VA 23234  
Toll Free: (800) 448-3636 
E-mail: info@acfenvironmental.com 
http://www.acfenvironmental.com/ 

 
2.  Product Description. 
 

Cellular articulated concrete block (ACB) systems are flexible erosion protection comprised of 
interlocking or noninterlocking precast concrete blocks placed over a geotextile fabric.  Details such 
as block size, interlocking, void spaces within the matrix, open- or closed-cell, accommodation for 
plant growth, etc., vary between manufacturers.  Blocks are held in place by self-weight and contact 
or interlocking with neighboring blocks.  Some systems include cabling between blocks.  Example 
blocks are shown in the figure below. 

 

 
 

Figure 2.19.  Examples of propriety articulated concrete block systems (from Ayres Associates, 2001) 
 
 
3.  Product Functionality. 
 

When placed on slopes at levee transitions, the ACB systems can effectively protect the underlying 
soil from high-velocity flows and limited wave action.  The interlocking matrix has sufficient flexibility 
to follow surface contours over curved slopes such as those at levee/floodwall transitions.  The matrix 
of blocks can be placed in a continuous, uninterrupted pattern without compromising the system 
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intregrity while traversing undulating terrain.  Block units can be preassembled into mattresses and 
placed with heavy equipment, or they can be placed by hand where terrain varies.  The system 
flexibility allows for partial settlement of the underlying soil without disrupting the integrity of the 
installation, provided the settlement is not pronounced.  The porous surface allows relief of any built-
up pore pressures in the underlying soil.  Voids between blocks allow vegetation to establish over 
time, decreasing flow velocities and improving final appearance. 

 
4.  Stated Applications. 
 

Articulated concrete block system are used in numerous applications where flow velocities are high 
and flow turbulence is a problem.  Examples include spillways, culvert outlets, channel liners, 
streambank protection, shoreline protection, and boat ramps.  

 
5.  Potential Failure Modes and Mechanisms. 
 

Articulated concrete block systems are robust, and the individual units are not likely to fracture under 
ordinary service conditions.  A possible failure mode is when one or more blocks become dislodged, 
and the protection begins to unravel from this initial start.  Unraveling could also initiate at the 
protection boundaries if the units were not properly installed or if necessary anchoring is missing.  
Loss of underlying soil will cause the mat to sink and possibly result in loss of interlocking between 
some units. 

 
6.  Application Limitations. 
 

Many articulated concrete block systems have been tested at prototype scale using a rigorous testing 
protocol developed for these systems.  Successful systems were able to withstand overtopping flows 
exceeding 20 ft/sec with failure defined as any loss of contact between the block and the subgrade 
(Ayres Associates 2001). 

 
7.  Documented Applications. 
 

Numerous examples of successful applications are available.  See, for example, the description of the 
U.S. Army Corps of Engineers’ project at Love's Park Creek, Illinois, given on the web at 
http://www.ncma.org/use/acb.html. 

 
8.  Costs. 
 

Costs should be similar between products.  Manufacturers’ literature claims articulated concrete block 
systems are cost-competitive with conventional riprap, if not less expensive. 

 
 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Articulated concrete block protection is expected to have good to excellent 
survivability in high velocity flows typical of levee overtopping.  The protection systems are 
durable and should be long-lasting provided there is minimal loss of underlying soil and 
differential settlement is minor. 

 
b. Geotechnical Criteria.  The only geotechnical requirement is that the underlying soil must be 

stable and capable of supporting the weight of the protection system.  The systems do not 
provide stability to otherwise geotechnically unstable soils. 
 

c. Construction/Installation Criteria.  The ability to hand-place blocks along the transition interface 
between levee and vertical wall helps assure protection at a known erosion point.  Underlying 
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geotechnical fabric should be affixed to the vertical surface of the structure to prevent soil loss.  
Installation rates for the Love's Park Creek project were reported to be up to 75 ft2 per man-hour 
for the installation of over 274,000 ft2 of interlocking units. 
 

d. Maintenance and Repair Criteria.  Articulated concrete block systems do not require maintenance 
other than trimming any grass that is allowed to grow in and around the blocks.  Occasional 
inspection is recommended to assure the interlocking system remains intact and there has been 
no problematic differential settlement or dislodging of individual blocks. 
 

e. Environmental Criteria.  This protection system has no impact on the environment, and the 
components are not harmful to animals.  Articulated concrete block systems do have aesthetic 
appeal.  
 

f. Design Requirements.  An excellent design manual (Ayres Associates 2001) is available online at 
http://www.hcfcd.org/dl_acbs.html.  This manual covers all aspects of designing, specifying, and 
installing articulated concrete block systems. 

 
10. Summary of Articulated Cellular Concrete Block Mattress Alternative. 
 

a. Advantages.  Articulated concrete block systems are easy to install, and they adapt well to 
contoured slopes typical at levee transitions.  Larger areas can be installed as preassembled 
mats, whereas hand placement can be used along the levee/floodwall interface.  The entire 
project could be hand-placed if access for heavy equipment is limited.  There are a variety of 
systems from which to choose, and competition between providers should result in reasonable 
costs.  The block systems are robust, and they should stand up well to flow conditions resulting 
from overtopping at transitions. 

 
b. Disadvantages.  If individual units become dislodged, there is potential for significant damage to 

the protection with rapid unraveling and erosion of the underlying soil.  Some systems may allow 
gaps at the boundary adjacent to the vertical wall, and preventative measures are needed to 
prevent soil loss through the gaps.   
 

c. Risk and uncertainties.  Whereas substantial testing has been completed on many of the 
available system, none of the testing included wave overtopping in addition to surge overtopping.  
Consequently, there is uncertainty in how the articulating concrete block systems will respond.  Of 
course this is the case will all the armoring systems discussed in this chapter. 
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Alternative:  Fabric-Formed Concrete or Grout-Filled Fabric 

 
1.  Manufacturer. 

 
Nilex 
15171 E Fremont Drive 
Centennial, CO 80112 
Tel: 303.766.2000 
Fax: 303.766.1110 
Toll Free: 800.537.4241 
http://www.nilex.com/Directory.aspx 
 
Sam Cal Corporation 

515 East Walnut Avenue 

Fullerton, California 92632 

Tel: 714/871-2600 

Fax: 714/871-2603 
Toll Free: 800/464-0726 
 http://www.samcal.com/ 
 

2.  Product Description. 
 

From www. ancid.org.au/seepage/4_2_11_grouted.html 
 

Grout-injected mattresses or grouted fabric mats consist of two layers of a woven or punched 
geotextile fabric, connected together at regular intervals.  When a cement grout is pumped into 
the space between the layers of fabric, the result is a concrete filled ‘quilt’ of some 75mm 
thickness (Stevenson, 1999).  
 
The main advantage of this lining is that it can be installed in operating channels without 
dewatering.  Other advantages include (Swihart, et al. 1994):  
 
 They can conform to a non-uniform cross-section.  
 They require minimum subgrade preparation.  
 They eliminate the need for an anchor trench.  
 They ensure a uniform thickness of concrete.  

 
From www.nilex.com:   
 

Fabric Formed Concrete is constructed using a double layer of heavy-duty woven fabric injected 
with concrete grout.  Used in high-flow situations, Fabric Formed Concrete provides a flexible, 
scour-resistant mattress that can be custom fit to suit the project requirements. 

 
From www.samcal.com: 
 

Grout Filled Fabric Revetments (GFFR’s) offer a cost-effective alternative to riprap and cast-in-
place concrete.  Durable forms constructed of woven double-layer fabric are filled with pumpable, 
high-strength, fine aggregate concrete (structural grout), providing an economic and durable 
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solution to erosion control.  The forms are highly effective for scour protection and repair, 
foundation, environmental and marine construction applications.  SAM CAL’s installations are 
convenient and cost-effective because they can be cast in place as easily under water as above, 
thereby eliminating the need to dewater sites or waterways during installation. 

 
 

Figure 2.20.  Fabric-formed concrete section (www.nilex.com) 
 
 
 

 
 

Figure 2.21.  Fabric-formed concrete at pipe outlet (www.nilex.com) 
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1.1.1  
Figure 2.22.  California Corrections levee improvement project grout filled fabric revetment 
(www.samcal.com) 
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Figure 2.23.  Banta-Carbona irrigation district grout filled fabric revetment (www.samcal.com) 
 

 
 
Figure 2.24.  San Benito County Graves Bridge articulating block mattress (www.samcal.com) 
 
 
3.  Product functionality. 
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Fabric-formed concrete and grout-filled fabric protect the underlying soil with a heavy physical barrier 

against the water flow.  Either protection system may be constructed as a porous structure allowing 

vegetative growth between rows of concrete, with the mattress providing support for the vegetation to 

resist high flow rates.  Care must be taken to assure the soil will not erode through the openings. 

 
4.  Stated Applications. 

From www.samcal.com: 

GFFR’s are used to line or repair a channel or to protect landfill containment systems and repair 
bridge scour.  Protection of a shoreline against storm damage with fabric formed concrete 
structures delivers long lasting erosion control performance.  When used in canals, channels, 
culverts and embankments, fabric formed linings protect against the forces of flowing water and 
wave action.  Geosynthetic liners are safeguarded from mechanical damage in landfills, 
reservoirs and other containment and capping applications. 

UNIFORM SECTION LININGS:  Minimize friction coefficient (N value) for canals; produces a 
relatively even surface for cleaning equipment to operate over geosynthetic pond liners.  
Provides a highly impermeable, high quality concrete lining. 

1.1.1.1  

Figure 2.25.  Uniform section lining 

 

FILTER STYLES: Bank protection while relieving potential hydrostatic pressure “lift.”  

Filter Point Linings:  An effective permeable concrete lining for structures constructed over 
firm subgrades with relatively low hydrostatic loads. 

Filter Band Linings:  An effective permeable concrete lining for structures constructed over 
firm subgrades with moderate hydrostatic loads. 

Both filter styles achieve lower velocities and reduced wave run-up in more severe conditions. 
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1.1.1.2  

1.1.1.3 Figure 2.26.  Filter point and band linings 

1.1.1.4  

1.1.1.5 ARTICULATING BLOCK MATS:  Cast-in-place cabled blocks are used for protection from 
severe scour.  For structures constructed over soft subgrades or where revetment is exposed to 
frontal attack by wave action.  Mattress protects coastlines, waterways, underwater pipelines, 
bridge piers and marine structures from the destructive hydrodynamic forces of high velocity flow, 
wind waves, vessel-induced waves or propeller wash.  Optional high strength cables threaded 
between the two layers of fabric provide tensile strength. 

1.1.1.6  

1.1.1.7  

1.1.1.8 Figure 2.27.  Articulating block mat 

1.1.1.9  

1.1.1.10 “OPEN” BLOCK DESIGN:  Allows for revegetation for environmental requirements and/or 
cosmetic appearances.  An aesthetic and environmentally compatible erosion protection.  These 
mats are comprised of filled elements and unfilled areas, allowing open areas to be vegetated.  
“Open” Block Designs protect against periodic high flows and are installed above the waterline. 
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1.1.1.11  

1.1.1.12 Figure 2.28.  Open block mat 

 
5.  Potential Failure Modes and Mechanisms. 

 
From www. ancid.org.au/seepage/4_2_11_grouted.html: 
 

However, by themselves they rely entirely on the integrity of the grout mattress. The geotextile 
facing on the grout blanket erodes after a few years and exposes the concrete ‘pillows’ which are 
then susceptible to erosion.  It can be difficult to properly fill the grout mattress if the grout batch 
is unusually stiff or the pump cannot manage the necessary pressure (Swihart et al., 1994). 
 

The fabric could be torn through weakening due to exposure to ultraviolet light, abrasion from wave 

action, burrowing animals, or growth of trees and shrubs.  Without the fabric, the mattress becomes 

an inter-connected network of concrete sections.  Individual concrete sections could be subject to 

breakage, particularly because the concrete/grout mixture was designed for pumping a fair distance, 

and the mixture does not contain large aggregate.  Without the interconnection of sections or the 

fabric, broken sections could be swept away by currents or wave action.  Once the grout mixture sets, 

the mat becomes a rigid surface incapable of adjusting over time to differential settlement or localized 

loss of underlying soil. 

 
6.  Application Limitations. 
 

The mattresses can be built with a range of sizes, thicknesses, and concrete/void ratios.  Properly 

designed the mattresses should be applicable for exposure to severe conditions of both waves and 

currents. 

 
7.  Documented Applications. 
 

Numerous applications are documented by the product vendors.  Photos from some of the projects 

are included in the figures contained within this section. 
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8.  Costs. 
 

The cost is estimated to be of the order of $25/m2 to line a channel with 75mm grouted fabric mat 
(Swihart, et al., 1994).  This cost has not been adjusted upwards to reflect inflation since the time of 
Swihart, et al.’s estimate. 

 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  The fabric is expected to deteriorate in a few years, leaving the cast-in-
place concrete.  Durability of the concrete and durability of the matrix of concrete segments is a 
function of design.  Fiber-reinforced concrete may be used as an option to provide greater 
strength.  However, adding fiber to the mixture may impede the pumping capability somewhat.  
Well constructed mats should be able to withstand high flow velocities combined with overtopping 
wave action. 

 
b. Geotechnical Criteria.  Fabric-formed concrete and grout-filled fabric require minimal subsurface 

preparation due to the flexibility of the fabric.  The underlying soil must support the weight of the 
mattress.   
 

c. Construction/Installation Criteria.  From www.ancid.org.au/seepage/4_2_11_grouted.html:  
 

Although the placement of a grout-injected mattress can tolerate less rigorous foundation 
preparation than placed concrete, the smoother and more even the foundation, the easier 
and neater the job (Stevenson, 1999).  The mattresses can be laid out over the channel 
profile and joined together with zips, welds or sewn seams, depending on type and 
manufacture.  They must then be anchored temporarily in place, allowing for the fact the 
mattresses tend to tighten and shrink as they are filled (Stevenson, 1999). 
 
For durability, the mattresses must be anchored into the ground at upstream and downstream 
ends.  This is accomplished by turning them down into trenches dug across the channel and 
up the sides, then concreting them in place.  The edges of the mattresses along the tops of 
the channel walls can be similarly anchored, or they can merely be left flat to form an apron 
along each side of the channel and held in place by their own weight when filled (Stevenson, 
1999).  [editor’s note:  A similar anchoring at the protected face of the transition vertical 
structure is advisable.] 
 
Successful mattress filling depends on a continuous supply of grout being available, so the 
operation must be organized with sufficient labor, materials or mixing facilities.  Premixed 
concrete suppliers can be employed to mix and deliver the grout in quantity.  It is also 
possible to use concrete that has been mixed with fiber reinforcement. 
 

d. Maintenance and Repair Criteria.  The concrete should require minimal maintenance under 
normal operating conditions.  The fabric is expendable and is not repaired.  Cracks breaking the 
concrete matrix into separate units may require periodic repair.  Repairs can be constructed by 
removing the broken, loose sections and casting a fill patch.  Reinforcing may be needed if the 
area is larger than a few feet across, and efforts should be made to key the new concrete into the 
existing intact mat. 

 
e. Environmental Criteria.  Environmental effects of pouring the concrete into the membrane are 

expected.  The fabric will deteriorate after a few years, resulting in pieces of loose fabric that may 
be unsightly but otherwise non-detrimental. 

 
f. Design Requirements.  The vendors listed above and the references listed above should have 

design guidance available, but the level of verified design guidance is unknown.   
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10.  Summary of Fabric-Formed Concrete or Grout-Filled Fabric Alternative.   
 

a. Advantages.  These products are well suited for providing flow protection where the topography is 
complex and the slopes are steep.  Adjoining the mattresses to the vertical structure is easily 
achieved.  Mattress costs are expected to be relatively low.  The rigid protective layer should 
have sufficient strength to span short distances if the underlying soil is washed out, but fractures 
could occur if the span becomes too long. 

 
b. Disadvantages.  Mattress filling is a continuous process, so careful planning is needed to assure 

continuity of construction.  Most likely, protection coverage will be designed with several smaller 
abutting sections that are filled separately.  Cast-in-place mattresses are heavy and place a 
burden on the foundation.   The rigid surface does not adapt to differential settlement, and this 
could result in loss of protection integrity if cracks develop.  Deterioration of the form fabric is 
expected, and pieces of torn or loose fabric gives the impression of a deteriorated system even if 
the concrete remains solid and fully functional. 
 

c. Risk and uncertainties.  The robust protection offered by this alternative is expected to survive 
most overtopping flow condition.  Although the mattress should tolerate some direct wave action if 
placed on the flood side of the transition, there is some uncertainty on how big the waves can get 
before damage occurs.  Direct wave impact could break up the mat into smaller pieces that are 
easily displaced by the waves and flow.  Once an initial breach occurs in the protection, damage 
progresses at a fairly rapid pace.   
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Alternative:  Geocells 

 
1.  Manufacturer. 
 

Several.  Information from web pages of several manufacturers giving specific product details is 
included in Appendix A at the end of this report.  Note that the list of manufacturers in Appendix A is 
representative, but not exhaustive; and the listing does not indicate any sort of endorsement for a 
particular product. 

 
2.  Product Description. 
 

Geocells is a generic term for an extruded synthetic product that may be filled with soil and vegetated, 
or filled with rock or cement to form flexible, ground-conforming mattresses that resist flow and some 
degree of wave action.  Geocells are used for slope stabilization, channel linings, and to increase the 
load-carrying capacity of the soil.  The photograph below shows a section of geocells filled with sand 
on the left and small rocks on the right.  Additional photographs of specific products and deployments 
are given in Appendix A with information on individual manufacturers. 

 

 
 

Figure 2.29.  Geocell section filled with sand and small rocks 
 

3.  Product Functionality. 
 

According to the GeoProducts web page for Envirogrid:   
 

Geocells filled with granular material reduce hydraulic energy, limiting forces within cells or under 
cells; direct flow at the surface of the cell, eliminating flanking and undercutting; and control 
individual particle movement caused by gravity and water flow. 
 
Vegetated geocells reduce hydraulic energy, limiting forces within cells or under cells; increase 
natural resistance and protects root system; direct water flow over the top, rather than through the 
mat; prevent gutting and rills; and help reduce moisture loss. 
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Geocells filled with concrete control piping and undercutting by allowing cells to conform to 
subgrade; act as a series of expansion joints, providing a flexible form; develop vent structures 
where needed; and provide stability for steep slopes and continuous flow channels. 
 
GeoProducts improves the performance of granular filled slopes by controlling the migration of 
fills that would otherwise be initiated by hydraulic and gravitational forces.  This is accomplished 
by dissipating hydraulic energy in and underneath cells and by confinement of fill material within 
cells 
 
Geocell protection placed on a steep slope not only holds the soil in place, but the cell walls slow 
the flow of water down the slope.  This action will reduce or eliminate the formation of rills on the 
slope face that is a major cause of soil erosion.  In addition, water is trapped in the cells and 
seeps down through the soil, which is conductive for deep root growth.  Geocells may also be 
installed on slopes subject to limited wave action. 

 
4.  Stated Applications. 
 

Geocell applications include streambank protection, channel linings, protection of steep hillsides, and 
stabilization of roadways and soft soils. 

 
5.  Potential Failure Modes and Mechanisms. 
 

The grids are specifically designed to prevent washout of the material within the grid cells, but it is 
certainly possible for the cells to be emptied under conditions of strong current, turbulent flow, or soft 
soil.  The cells could be undermined resulting in flow under the mattress.  Deterioration of the 
synthetic material in the grid is expected especially in exposed areas.  The grid material could be torn 
by heavy equipment passing over the grid.  Burrowing animals or growth of trees and shrubs could 
tear the grid material. 

    
6.  Application Limitations. 
 

Application limitations vary by individual vendor product.  Design guidance should be obtained from 
each vendor.  Products should have been tested and proven under design flow conditions and/or 
design wave conditions expected to occur at each site.   

 
7.  Documented Applications. 
 

Numerous.  Vendors listed in Appendix A offer case histories of successful installations including 
streambank protection, channel linings, protection of steep hillsides, and stabilization of roadways 
and soft soils. 

 
8.  Costs. 
 

Installed cost expected to be $20-$25/sq yd. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Long-term survivability may be limited depending on the degree of UV 
protection provided of exposed portions of the grid.  Burrowing animals and growth of trees and 
shrubs may cause localized damage of the grid.  Geocells have not been in service long enough 
to document long-term survivability (decades). 

 
b. Geotechnical Criteria.  Non-critical.  Geocells may be used on soft soils, and they require 

minimum ground preparation.  Geocells may be filled with variety of granular materials.  When 
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filled with soils, it may be advisable to cover with a turf reinforcement mat to prevent erosion of fill 
material.  The nature of the protection allows it to conform somewhat to differential settlement. 
 

c. Construction/Installation Criteria.  The geocell grids are installed by hand.  Grids are typically 
filled with mechanized equipment requiring access to the site, but may be filled by hand in remote 
locations.  The flexibility of the geocells makes them well suited for covering the conical-shaped 
portions earthen levees at transitions. 
 

d. Maintenance and Repair Criteria.  No maintenance requirements provided the fill material 
remains within the cells.  Additional layers of geocells may be placed over damaged areas. 
 

e. Environmental Criteria.  Isolated pieces of grid material may pose a threat to wildlife as animals 
could get caught within the mesh.  No other environmental hazards are expected. 
 

f. Design Requirements.  Design guidance is available from the manufacturers.  Degree of 
documentation and verification of design guidance will vary. 

 
10.  Summary of Geocells Alternative.   
 

a. Advantages.  Geocell protection are well suited for covering variable terrain such as rounded 
slopes at transitions without leaving gaps.  Adjacent sections can be physically connected, and 
the geocell can be affixed directly to the vertical structure it abuts.  Geocell units can be placed 
rapidly, they can cover steep slopes, and they are relatively inexpensive.  Fill material can be 
varied as necessary with heavier stones being used where flow is expected to be intense.  
Concrete fill is an option that essentially provides a paved slope.  Geocells will with soil can 
sustain plant growth that will reduce erosion losses.  Water will be retained by the geocell 
structure and drain into the earthen levee.  Holes in the sides of the geocell panels allow trapped 
water to drain downslope. 

 
b. Disadvantages.  The material used to fill the geocells is susceptible to erosion under strong flow 

conditions.  Erosion can be prevented by overlaying the system with a turf reinforcement product, 
but this adds to the cost of the protection.  The geosynthetic material comprising the geocells may 
deteriorate if exposed to UV radiation over extended periods.  The protection adds weight to the 
levee that may overburden weak foundation soils. 
 

c. Risk and uncertainties.  Resistance of geocells to strong overtopping flow combined with wave 
overtopping is unknown.  Long-term durability of the geocell system is still being determined. 
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Alternative:  Turf Reinforcement Mats 
 
1.  Manufacturer. 

 
ACF Environmental.  
Customer Service Center 
2831 Cardwell Road 
Richmond, VA 23234  
Toll Free: (800) 448-3636 
E-mail: info@acfenvironmental.com 
http://www.acfenvironmental.com/ 
 
SI Corporation 
Doug Deem 
Regional Sales Manager 
4430-B Bowser Avenue 
Dallas, TX  75219 
phone: 214-755-0882 
fax: 214-219-1939 
http://www.fixsoil.com/ 

 
“SI operates seven manufacturing facilities in Georgia, Tennessee, and Idaho and employs 

approximately 2,500 people. The company is one of the largest independent users of polypropylene 

in the world, consuming more than 400 million pounds a year.” 

 
 
2.  Product Description. 
 

From ACF Environmental : 

 
Turf Reinforcement Mats (TRMs) combine vegetative growth and synthetic materials to form a 
high-strength mat that helps to prevent soil erosion in drainage areas and on steep slopes.  TRMs 
are classified as a "soft engineering practice" which may replace concrete and riprap in certain 
erosion control situations.  
 
Permanent erosion control products stop soil erosion and promote seed germination.  They are 
typically made of synthetic material which will not biodegrade and will create a foundation for 
plant roots to take hold, extending the viability of grass beyond its natural limits. 
 
Key features include: 
 

 Designed for steep slopes and channels, with ability to handle higher velocity of water, up 
to 20 ft/sec.  

 Available in rolls for easy installation  
 

High Performance Turf Reinforcement Mats provide a higher level of reinforcement and 
stabilization for more demanding applications such as high flow channels, steep slopes, and 
shoreline stabilization.  Pyramat is a three-dimensional woven polypropylene geotextile that 
provides unparalleled strength and dimensional stability. 
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Key features include: 
 

 Higher factors of safety than conventional TRM's  
 Superior Tensile Properties  
 Long term survivability  
 

 
 

Figure 2.30.  Turf Reinforcing Mat being laid on steep slope (ACF Environmental) 
 
 
3.  Product Functionality. 
 

TRMs protect the underlayer from scour and erosion both by providing a physical barrier to the water 

flow and also by anchoring plant roots in place such the vegetation can withstand far greater flows 

than would normally be possible. 

 
4.  Stated Applications. 
 

From ACF Environmental: 

 
Pyramat® handles a broad range of discriminating biotechnical applications requiring vegetated 
soil reinforcement and stabilization including: 
 

 Stormwater/Drainage High Flow Channels 
 Landfill Caps, Slopes & Diversion Structures 
 Dam, Dike & Levee Protection 
 Bank & Shoreline Stabilization 
 Geosynthetic Reinforced Earth Structures 
 Vegetated Geotextile Slope Facings 
 Veneer Cover Soil Stabilization 
 Inlet/Outlet Protection 
 

Other potential applications include: 
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 Grassed Access Roads/Temporary Parking Areas 
 Pre-grown Reinforced Vegetated Carpets 
 Bioengineered “Geologs” 
 Sports Turf Protection 
 High Friction/High Flow Geotextile Beneath Hard Armor 
 Grout-Filled Transitional Matrix for: 

o Low Flow, Pilot or Trickle Channels 
o Outfall Protection 
o Pond & Lagoon 
o Shorelines 

 
5.  Potential Failure Modes and Mechanisms. 
 

Turf reinforcement mats have a reduced level of protection during the period when vegetation is being 
established.  If the mats are not securely anchored at the top of the slope, overtopping water could 
dislodge the mats or erode some of the underlying soil.  The synthetic material could be torn or 
otherwise damaged by mowing tractors or heavy equipment used to maintain the slope vegetation.  
The mats should have proper toe protection where a hydraulic jump might form when overtopping 
flow meets standing water at the base of the protected side. 

 
6.  Application Limitations. 
 

From ACF Environmental: 

 
Performance of Pyramat® erosion matrix has been extensively evaluated at two renowned 
hydraulics testing laboratories in the western United States.  Establishing a flow rate versus time 
continuum, performance has been quantified using vegetated and non-vegetated mattings versus 
nonreinforced vegetation and bare soil.  These studies identify the design window which provides 
performance guidelines from time of installation, transitioning to a mature vegetated condition for 
the long-term design life of the project.  Vegetated, Pyramat will resist flow velocities of up to 7.6 
m/sec (25 ft/sec) at shear stresses up to 48.9 kg/m2 (10 lb/ft2).  Additionally, the resistance of 
unvegetated Pyramat to directly applied shear stresses was measured using a specially designed 
flume.  The Pyramat three-dimensional structure resisted the maximum shear developed at full-
flume capacity with no deformation whatsoever.  Maximum shear stress developed was 
approximately 39.2 kg/m2 (8 lb/ft2) at a velocity of 6.1 m/sec (20 ft/sec). 

 
7.  Documented Applications. 
 

Numerous.  See vendor websites. 

 
8.  Costs. 
 

Costs are expected to be $20-$25/sq yd, installed. 

 
9.  Technical Evaluation Relative to Performance Criteria. 
  

a. Survivability Criteria.  The manufacturer claims Pyramat is protected against ultraviolet rays, 
saltwater corrosion, and other corrosive chemicals typically found in soils.  Effects of long-term 
exposure of exposed portions of mattress were not documented.  Because vegetative roots help 
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hold the mattress in place, growth of trees and shrubs should not be detrimental.  Burrowing 
animals may be a problem. 

 
b. Geotechnical Criteria.  Uses local material with minimal ground preparation.  Soil substrate 

should not be critical.  Anchoring is required.  Protection is lightweight compared to all the other 
protection systems described in this chapter, so bearing pressure on weak foundation soils is not 
expected to be a problem. 

 
c. Construction/Installation Criteria.  The following information is from an installation guideline from 

ACF Environmental.  Installation of other types of turf reinforcement mats should be similar.  See 
vendors for details. 

 
The rugged Pyramat matrix will absorb considerable installation stress permitting the use of 
mechanical equipment.  The matrix will perform best when installed beneath the soil surface.  
When used as a vegetative reinforcement matrix, the product should be installed first, 
seeded, then a 1/2" – 1" veneer of soil placed and compacted into the “pyra-cells.” Light 
weight wheeled equipment or vibratory tampers may be carefully utilized to facilitate 
compaction. 
 

Pyramat Installation Guidelines 

 
(1)  Site Preparation: 
 
(a) Grade and compact area of installation  
(b) Prepare seedbed by loosening 50-75 mm (2 in – 3 in) of topsoil above final grade 
(c) Incorporate amendments such as lime and fertilizer into soil. 

(d) Remove all rocks, clods, vegetation or other obstructions so that the installed Pyramat® 
will have direct contact with soil surface. 

(e) Do not mulch areas where mat is to be placed. 
 
(2)  Seeding: 
 
(a)  Apply seed to the soil surface before installing Pyramat or after installation for enhanced 

performance prior to soil filling (preferable). 
(b) When seeding prior to Pyramat® installation, all check slots and other areas disturbed 

must also be reseeded. 
(c) When soil filling, seed Pyramat and entire disturbed area after installation, prior to filling 

mat with soil. 
 
 
 
 
(3)  Pyramat Placement - Banks and Slopes: 
 
(a) Extend Pyramat 60-90 cm (2’-3’) over crest of slope and excavate a 30x15 cm (12”x6”) 

terminal anchor trench. 
(b) Anchor Pyramat in trench on 30 cm (1’) spacings, backfill and compact soil. 
(c) Unroll Pyramat down slope 
(d) Overlap adjacent rolls at least 75 mm (3”) and anchor every 45 mm (18”) 
(e) Lay Pyramat loose to maintain direct contact with soil. (do not pull Pyramat taut.  This 

may allow bridging of soil surface) 
(f) Secure Pyramat to ground surface using U-shaped wire staples (preferred), geotextile 

pins or wooden stakes. 
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d. Maintenance and Repair Criteria.  No maintenance required.  If repairs are needed, it should be 

relatively easy to remove a section and install a new section, or lay a new section over an existing 
area, with suitable anchoring and trenching of the upper surface. 

 
e. Environmental Criteria.  No adverse environmental effects are anticipated.  May have favorable 

environmental effects by promoting and retaining vegetative growth.  Vegetated mats are 
aesthetically pleasing. 

 
f. Design Requirements.  Design guidance available from individual vendors. 

 
10.  Summary of Turf Reinforcement Mats Alternative. 
 

a. Advantages.  Turf reinforcement mats can cover large areas, and installation is rapid.  They offer 
increased protection to flow, and ample test data are available for evaluating specific applications.  
The mats are lightweight, and do not add appreciable overburden to the levee.  Once vegetated, 
the protected area looks natural and is aesthetically pleasing.  Costs are reasonable, and the 
mats should be affixed directly to the vertical structure to prevent loss of soil at the levee/structure 
interface. 

 
b. Disadvantages.  The mats may be vulnerable while vegetation is taking hold.  (This includes 

heavy rain runoff.)  Because the mats are laid in long strips downslope, it may be more difficult to 
achieve coverage of curved or conical-shaped slopes typical at transitions.  In this case, 
overlapping of mats beyond the usual amount may be necessary.  Preparation of the soil slope 
requires more care than other protection systems.  Once vegetation is established, continual 
maintenance (mowing) is required.  Care must be taken not to damage the mat during 
maintenance. 
 

c. Risk and uncertainties.  Resistance to overtopping waves combined with surge overtopping is 
unknown.  The system depends on proper installation with correct anchoring, overlaps, etc.  Turf 
reinforcement mats derive a portion of their flow resistance from established vegetation, and this 
requires selection of an appropriate grass for the region that is hearty enough to survive under a 
variety of conditions including drought and perhaps occasional exposure to saltwater at specific 
locations. 
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Scour Protection for Backside Levee Slopes 
 
Alternative:  Vegetation Cover 
 
1.  Manufacturer.   
 

Not applicable 
 
2.  Product Description. 
 

Various types of vegetation, typically grasses, established on the embankment surface. 
 
3.  Product Functionality. 
 

Vegetation has been widely and effectively employed to protect embankment slopes against erosion 
from rainfall and stream flow.  The presence of vegetation on the protected, or dry side of levees will 
provide substantial protection against overtopping erosion.  Not only does vegetation provide surface 
ground cover, but root structure reinforces soil beneath and adjacent to the surface.  The root 
structure also anchors the composite soil/root mat into the underlying subsoil.  Vegetation on the 
surface reduces the erosive velocity of flowing water.  Temple, et al. (1987) and Temple and Hanson 
(1993) suggested that vegetative cover provides the greatest benefit when: 
 

a. The cover is uniform 
b. There is adequate rooting depth and density in top soil at least 1 ft deep 
c. The maximum hydraulic head on the channel is 3 ft, and 
d. The flow duration is less than 100 hours 

 
4.  Stated Applications. 
 

Vegetation is a natural way to protect embankment slopes.  Vegetation is known to protect 
embankments effectively against erosion.   

 
5.  Potential Failure Modes and Mechanisms. 
 

Hydraulic characteristics of vegetative covers and linings are complex.  The physical properties of 
vegetation such as the stiffness, cover density, form, and rooting patterns vary significantly depending 
on soil, climate, and species of vegetation.  A typical failure mode of vegetative linings is associated 
with scour at the base of individual plants.  Since the flow velocity distribution is nearly uniform 
through vegetation, the shear at the soil surface is about equal to the change in velocity in this flow 
region.  If the shear stress at the soil surface exceeds the permissible shear stress for the soil, 
erosion will be initiated.  Another type of failure of vegetation blankets is large-scale stripping and 
bulging of the soil/root mat.  Once the unprotected soil is exposed to flowing water, it is eroded 
rapidly. 

 
6.  Application Limitations 
 

Vegetative cover is unsuitable in arid areas where uniform establishment of dense, well-rooted 
vegetation cannot be guaranteed or maintained over long periods.   

 
7.  Documented Applications 
 

Numerous. 
 
8.  Costs. 
 



EC 1110-2-6066 
1 Apr 11 

 

 G-43

Unknown but should be readily available. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Vegetation cover can resist maximum flow velocity of 8.0 ft/sec.   
 
b. Geotechnical Criteria.  Vegetation will grow naturally in fertile clay material.  Bermuda grass 

grows on silty clay embankments, for example, and will tolerate a maximum velocity of 8.0 ft/sec, 
whereas the same type of grass grown on sandy silt tolerates a lower allowable maximum 
velocity, 6.0 ft/sec. 
 

c. Construction/Installation Criteria.  Spreading grass seeds on the embankment surface.  If 
necessary, fertilize.  It may be necessary to use a stabilizing blanket (see Appendix B) to assure 
rainwater does not wash away the seeds before they have time to take root. 
 

d. Maintenance and Repair Criteria.  There are routine maintenance requirements for vegetation 
blankets, such as mowing of grass to a certain height regularly, and seed replanting to establish 
initial growth or regrowth.  
 

e. Environmental Criteria.  Vegetation provides a natural way to protect embankment surfaces that 
is aesthetically pleasing. 
 

f. Design Requirements.  The selection of the type(s) of erosion resistant vegetation should be 
tailored for the anticipated hydraulic conditions and climatic conditions.  Various federal and state 
agencies including NRCS, State Departments of Transportation, and Soil and Water 
Conservation Districts provide recommendations for erosion-resistant vegetation.  

 
10. Summary of Vegetation Cover Alternative. 
 

a. Advantages.  A vegetative cover is usually inexpensive to install and aesthetically pleasing.  To 
reduce the costs, NRCS requires vegetation that has no need of maintenance (i.e., irrigation, 
mowing, fertilizing) upon establishment.  Vegetative sod covering will also help insulate 
underlying weathered soils.  

 
b. Disadvantages.  Vegetative protection has its drawbacks, which include difficulty in maintaining 

uniform cover through all seasons, and varying permissible velocities among types of vegetative 
covers.   
 

c. Risk and uncertainties.  As with most conventional design guidance for slope protection, the case 
of combined wave and surge overtopping, with flow acceleration caused by lateral flow when the 
vertical structure is higher than the earthen levee, is not covered. 

 
11.  Vegetation Blanket References. 
 

Various federal and state agencies including NRCS, State Departments of Transportation, and 
Soil and Water Conservation District provide recommendations for erosion-resistant vegetation.  
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Alternative:  Soil Cement Treatments  
 
1.  Manufacturer.   
 

Not applicable 
 
2.  Product Description. 
 

Cement treatments to stabilize soil include adding lime (CaO) to a clay soil, creating a mix of soil and 
cement to form soil cement, or using a select mix of sand, gravel, and cement for roller-compacted 
concrete.  Native local soil can be used in the soil mixture, whereas roller-compacted concrete usually 
requires a higher proportion of cement and correspondingly lesser amount of silt and clay to achieve 
a higher compressive strength.  The material is placed directly on the embankment soil and 
compacted using standard earth-working equipment to a specified density, which is typically 
associated with Standard Proctor density test results on the material.  Soil cement requires a curing 
period, generally specified as a minimum of 7 days.  Figure 3.12 below shows the soil cement cover 
constructed horizontally. 
 

 
Figure 3.12.  Construction of soil cement cover 

 
 
3.  Product Functionality. 
 

Key factors in the construction of soil-cement protection are achievement of the proper bonding 
between individual layers and proper compaction of the soil cement.  Stabilization of noncohesive 
soils can be accomplished by adding from 1 to 10 percent cement by weight.  Soil erodibility is greatly 
reduced by addition of from 1 to 3 percent cement.  Soil becomes essentially nonerodible when mixed 
with more than 4 percent cement.  The addition of lime to certain types of clay soils can also reduce 
soil erodibility.  After curing, the soil cement results in a protection system with relatively low breaking 
strength, but that exhibits an extremely durable and erosion resistant surface. 

 
 
4.  Stated Applications. 
 

Soil cement treatments are used for slope protection on dams, dikes, and embankments.  Reports 
show that the performance of properly designed and well compacted soil cement has been excellent. 

 
5.  Potential Failure Modes and Mechanisms. 
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In the short term, damage to the soil cement caused by flowing water is limited to a “rounding off” at 
the edge of each stair step.  In the longer term, freeze-thaw or wet-dry cycles may gradually 
deteriorate the surface.  

 
6.  Application Limitations 
 

Suitable for a wide range of flow conditions, based on large quantities of test data.  This method can 
be applied to withstand flow velocity up to 16 ft/sec. 

 
7.  Documented Applications 
 

Numerous. 
 
8.  Costs. 
 

Unknown but should be readily available. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Soil cement treatment is one of the most stable approaches for slope 
protection. 

 
b. Geotechnical Criteria.  Soil cement will cover embankment slopes thoroughly.  A drainage system 

needs to be included in the design process.  A proper drainage system will reduce uplift pressure 
that may develop underneath the soil cement blanket consequent to seepage. 
 

c. Construction/Installation Criteria.  Corps of Engineers (COE) EM 1110-2-2006 provides 
guidelines for the construction of Roller-Compacted Concrete (RCC).  The mixture of 
cementitious material, aggregate and water is prepared similarly to concrete in a stationary 
mixing plant, but the material is placed as compacted soil.  The RCC protection is placed on the 
slopes in either horizontal lifts or in lifts parallel to the slope. 
 

d. Maintenance and Repair Criteria.  There are minimal maintenance requirements for soil cement 
treatment.  Freeze-thaw or wet-dry cycles may gradually cause surface deterioration. 
 

e. Environmental Criteria.  Generally, soil cement treatment does not adversely affect the 
environment. 
 

f. Design Requirements.  The design guidelines can be found in COE EM 1110-2-2006.  
Stabilization of noncohesive soil can be accomplished by adding from 1 to 10 percent cement.  In 
the range of 1 to 3 percent of cement by weight, the soil erodibility is greatly reduced.  With the 
additional of more than 4 percent cement, the soil becomes essentially nonerodible. 

 
10. Summary of the Soil Cement Treatment Alternative. 
 

a. Advantages.  Soil cement, properly applied, results in a protection system with relatively low 
breaking strength, but exhibiting an extremely durable and erosion resistant surface. 

 
b. Disadvantages.  If the drainage system is not properly designed and constructed, pore pressure 

in the underlying soil may develop uplift pressure, which may in turn cause the decrease of 
effective stress and threaten slope stability. 
 

c. Risk and uncertainties.  This method has less risk and less uncertainty compared to other 
methods. 
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11.  Soil Cement Cover References. 
 

Corps of Engineers EM 1110-2-2006. 
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Alternative:  Turf Reinforcement Mats 
 
1.  Manufacturer. 

 
See page 2-54. 

 
2.  Product Description. 
 

See pages 2-54 and 2-55. 
 
3.  Product Functionality. 
 

Turf reinforcement mats protect the underlayer from scour and erosion both by providing a physical 

barrier to the water flow and also by anchoring plant roots in place such the vegetation can withstand 

far greater flows than would normally be possible. 

 
4.  Stated Applications. 
 

See page 2-55 and 2-56. 
 

5.  Potential Failure Modes and Mechanisms. 
 

Turf reinforcement mats have a reduced level of protection during the period when vegetation is being 
established.  If the mats are not securely anchored at the top of the slope, overtopping water could 
dislodge the mats or erode some of the underlying soil.  The synthetic material could be torn or 
otherwise damaged by mowing tractors or heavy equipment used to maintain the slope vegetation.  
The mats should have proper toe protection where a hydraulic jump might form when overtopping 
flow meets standing water at the base of the protected side. 

 
6.  Application Limitations. 
 

See page 2-56. 
 
7.  Documented Applications. 
 

Numerous.   

 
8.  Costs. 
 

Costs are expected to be $20-$25/sq yd, installed. 

 
9.  Technical Evaluation Relative to Performance Criteria. 
  

a. Survivability Criteria.  The manufacturer claims Pyramat is protected against ultraviolet rays, 
saltwater corrosion, and other corrosive chemicals typically found in soils.  Effects of long-term 
exposure of exposed portions of mattress were not documented.  Because vegetative roots help 
hold the mattress in place, growth of trees and shrubs should not be detrimental.  Burrowing 
animals may be a problem. 
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b. Geotechnical Criteria.  Uses local material with minimal ground preparation.  Soil substrate 

should not be critical.  Anchoring is required.  Protection is lightweight compared to other 
protection systems described in this chapter, so bearing pressure on weak foundation soils is not 
expected to be a problem. 

 
c. Construction/Installation Criteria.  See page 2-57. 

 
d. Maintenance and Repair Criteria.  No maintenance required.  If repairs are needed, it should be 

relatively easy to remove a section and install a new section, or lay a new section over an existing 
area, with suitable anchoring and trenching of the upper surface. 

 
e. Environmental Criteria.  No adverse environmental effects are anticipated.  May have favorable 

environmental effects by promoting and retaining vegetative growth.  Vegetated mats are 
aesthetically pleasing. 

 
f. Design Requirements.  Design guidance available from individual vendors. 

 
10.  Summary of Turf Reinforcement Mats Alternative. 
 

a. Advantages.  Turf reinforcement mats can cover large areas, and installation is rapid.  They offer 
increased protection to flow, and ample test data are available for evaluating specific applications.  
The mats are lightweight, and do not add appreciable overburden to the levee.  Once vegetated, 
the protected area looks natural and is aesthetically pleasing.  Costs are reasonable. 

 
b. Disadvantages.  The mats may be vulnerable while vegetation is taking hold.  (This includes 

heavy rain runoff.)   Preparation of the soil slope requires more care than other protection 
systems.  Once vegetation is established, continual maintenance (mowing) is required.  Care 
must be taken not to damage the mat during maintenance. 
 

c. Risk and uncertainties.  Resistance to overtopping waves combined with surge overtopping is 
unknown.  The system depends on proper installation with correct anchoring, overlaps, etc.  Turf 
reinforcement mats derive a portion of their flow resistance from established vegetation, and this 
requires selection of an appropriate grass for the region that is hearty enough to survive under a 
variety of conditions including drought and perhaps occasional exposure to saltwater at specific 
locations. 
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Alternative:  Riprap 
 
1.  Manufacturer.   
 

Not applicable. 
 
2.  Product Description. 
 

See page 2-15. 
 
3.  Product Functionality. 
 
 See page 2-15. 
 
4.  Stated Applications. 
 
 See page 2-15. 
 
5.  Potential Failure Modes and Mechanisms. 
 
 See page 2-15. 
 
6.  Application Limitations 
 

Riprap protection on slopes with down-flowing water has been tested at full-scale, and design 
guidance is available. 

 
7.  Documented Applications 
 

Numerous. 
 
8.  Costs. 
 

Unknown but should be readily available. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  See page 2-16.  If a hydraulic jump can form at the toe of the slope when 
the overtopping flow reverts to subcritical, it will be necessary to increase riprap size in this area. 

 
b. Geotechnical Criteria.  See page 2-16.   

 
c. Construction/Installation Criteria.  See page 2-16.  Placement of riprap of levee slopes will require 

heavy trucks drive on the levee to deliver material.  This might be a concern if the soil is weak. 
 

d. Maintenance and Repair Criteria.  See page 2-16. 
 

e. Environmental Criteria.  Generally riprap does not cause any environmental concerns other than 
getting heavy equipment and material to site. 
 

f. Design Requirements.  Design guidance is readily available for application of riprap in flow and 
wave environments.  Design guidance includes Federal Highway Administration’s Hydraulic 
Engineering Circular-11 “Design of Riprap Revetment”  

 
10. Summary of Riprap Alternative. 
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a. Advantages.  Advantages of riprap are that it is readily available, easily placed by dumping, and 

can be dumped to form a protective barrier around irregular shapes.   
 
b. Disadvantages.  Disadvantages are that dumping the stone requires access to the site with heavy 

equipment and the weight of the stone places a large surcharge on the underlying soil 
 

c. Risk and uncertainties.  Conventional design guidance for riprap does not include the case of 
combined wave and surge. 

 
11.  Riprap References.  See page 2-17. 
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Alternative:  Gabions 
 
1.  Manufacturer. 
 

Many.  See page 2-18.  
 
2.  Product Description (from www.gabions.net). 
 

See pages 2-18 thru 2-21.  Gabions intended for levee slope protection will have a smaller basket 
thickness, and they will be placed directly on the sloping surface rather than being stacked. 

 
3.  Product Functionality. 
 
 See page 2-22. 
 
4.  Stated Applications. 
 

See page 2-22. 
 
5.  Potential Failure Modes and Mechanisms. 
 
 See pages 2-22 and 2-23. 
 
6.  Application Limitations. 
 

See page 2-23.  Unlike transitions, levee slopes typically do not have tightly curved sections that 
could leave gaps between adjacent units.  Nevertheless, gaps should be kept to a minimum. 

 
7.  Documented Applications. 
 

Numerous.   
  
8.  Costs. 
 
 See page 2-23. 
 
9.  Technical Evaluation Relative to Performance Criteria 
 

a. Survivability Criteria.  See page 2-23.  Corrosion of the wire mesh is the main long-term concern.  
Baskets constructed using stainless steel wire will be more durable in any environment. 

 
b. Geotechnical Criteria.  See page 2-23.  Basically, there are minimal geotechnical requirements 

for gabion protection. 
 

c. Construction/Installation Criteria.  See pages 2-24 thru 2-26.  May be necessary to anchor 
gabions on steep slopes.  Transition from levee crown to backside slope should be smooth. 
 

d. Maintenance and Repair Criteria.  See page2-26. 
 

e. Environmental Criteria.  No known environmental hazards. 
 

f. Design Requirements.  Design guidance readily available through product vendors. 
 
10.  Summary of Gabion Alternative. 
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a. Advantages.  Gabions do not require extensive bed preparation.  They protect the underlying soil, 
gabions can be used on steep slopes, they help dissipate flow, and they are stable. 

 
b. Disadvantages.  Longevity of the gabions is suspect unless steps are taken to reduce corrosion 

of the wire mesh forming the gabion baskets.  Gabions introduce a significant surcharge that 
increases the bearing pressure on weak foundation soil.  The blocky shape of the gabions is well 
suited for long straight reaches of levee backside slope protection. 
 

c. Risk and uncertainties.  Available design guidance includes stability against overtopping flow, but 
there is no available stability guidance when waves are included in the overtopping.  However, 
gabions are expected to be stable in a wave and surge overtopping environment due to their 
weight.  If damage occurs, it should not be sudden or catastrophic unless there is a geotechnical 
slope failure.  Instead, individual units will open up and spill the small stones. 
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Alternative:  Rock-Filled Mattresses 
 
1.  Manufacturer. 
 

See page 2-28. 
 
2.  Product Description. 
 
 See page 2-28. 
 
3.  Product Functionality. 
 
 See page 2-29. 
 
4.  Stated Applications. 
 
 See page 2-29. 
 
5.  Potential Failure Modes and Mechanisms. 
 

See page 2-29 and 2-30.  Mattresses placed on steep slopes without adequate toe buttressing or 
tieback anchors at the top could slide downslope as a unit.  Because the mattresses must withstand 
the lateral shear force resulting from overtopping water and waves, anchoring at the top is very 
important.  

 
6.  Application Limitations. 
 

See page 2-30.  Mattresses used to protect levee slopes on the protected side will not have to be as 
thick as mattresses exposed to direct wave attack.   

 
7.  Documented Applications. 
 
 See page 2-30. 
 
8.  Costs. 
 

See page 2-30.  Costs will decrease with thinner mattresses. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Excellent stability, resistance to corrosion, protected against UV radiation.  
Marine mattresses have developed a good history of successful application. 

 
b. Geotechnical Criteria.  Mattresses make use of locally available fill material, deployment requires 

minimal compacting of soil, and soil surface preparation requirements are minimal beyond 
grooming of the slope to cover with filter cloth.  The flexible nature of the mattress allows them to 
adapt to differential settlement or local losses of underlying soil.  The weight of the mattresses 
may factor into the bearing strength of the foundation. 
 

c. Construction/Installation Criteria.  Installation offers reasonable flexibility.  Mattresses can be 
constructed onsite or at a remote location.  Also, mattresses can be filled in place or shipped pre-
filled and fastened together at the site.   

 
d. Maintenance and Repair Criteria.  Individual damaged mattresses can be removed and replaced, 

small tears in the geogrid can be patched in-situ. 
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e. Environmental Criteria.  Minimal environmental impact.   
 
f. Design Requirements.  Design guidance readily available for flow conditions, limited guidance for 

mattress stability in wave action.  Mattress thickness can be as small as 4 inches, but stability 
against uplift in flow and waves is reduced with smaller thicknesses. 

 
10.  Summary of Rock-Filled Mattress Alternative.   
 

a. Advantages.  Rock-filled mattresses provide good protection for underlying soil, and their self-
weight keeps them stable in adverse flow conditions.  Mattresses can be used on steep slopes if 
they are properly anchored at the top of the slope.  The mattress size helps to distribute the 
weight of the mattresses uniformly, and they can successfully span small areas of weaker soil.  
The flexible nature of the mattress allows them to adapt to differential settlement without loss of 
protective integrity of the system.  The smaller stone sizes inside the mattresses are more readily 
available than larger riprap of comparable stability.  The mattresses can be fabricated off-site, 
and large units can be lifted and placed fairly rapidly. 

 
b. Disadvantages.  Depending on the mattresses thickness, the weight of the mattress could add a 

substantial load to the foundation.  The surface of marine mattresses is relatively smooth, and 
would represent a hazard to pedestrians when placed on steeper slopes.  Overlaying the 
mattress with a sacrificial soil layer may not be successful because of the low shear resistance at 
the soil/mattress interface. 
 

c. Risk and uncertainties.  Mattress stability in a combined wave and flow environment is virtually 
unknown, and more information is needed.  The geogrid material and lacing used in marine 
mattresses are protected against UV radiation, but the long-term (greater than 10 years) durability 
of the geogrid is not well known.  Mattresses constructed with metal wire will suffer deterioration, 
especially in a saltwater environment. 
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Alternative:  Articulated Concrete Mattresses 
 
1.  Manufacturer.  
 

Several commercial manufacturers.  See page 2-33. 
 

2.  Product Description. 
 

See page 2-33.  
 
3.  Product Functionality. 
 

See page 2-33. 
 
4.  Stated Applications. 
 
 See page 2-34. 
 
5.  Potential Failure Modes and Mechanisms. 
 

See page 2-34.  The main failure mode on overtopped levee backside slope is loss of anchor support 
at the upstream end of the mattress at (or near) the levee crown.  If the mat extends across the crown 
to the flood side, waves might lift the mat and break the concrete blocks. 

 
6.  Application Limitations. 
 

See page 2-34.  Heavy equipment is needed to place the mats, and this may be problematic on weak 
soils. 

 
7.  Documented Applications. 
 

There are numerous successful applications of articulated concrete mattresses, including the 
experience of the Corps of Engineers’ Mat Sinking Unit. 

 
8.  Costs. 
 

Typical costs were unavailable at the time of this writing. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Articulated concrete mats have excellent survivability characteristics for the 
stated applications.  Even if some of the underlying soil is lost during an extreme event, the 
mattress protection retains most of its functionality. 

 
b. Geotechnical Criteria.  The underlying soil must be able to support the mattress weight without 

undue differential settlement, and the geotextile filter fabric must provide continuous coverage to 
retain the soil while relieving built-up pore pressure. 
 

c. Construction/Installation Criteria.  Mattresses are fabricated off-site and delivered by flatbed 
trucks (or barges) to the site.  The mattresses require heavy equipment for installation. 
 

d. Maintenance and Repair Criteria.  Generally, articulated concrete mats require no maintenance.  
If differential settlement becomes problematic, individual mats can be lifted out, and fill soil can be 
added and compacted before replacing the mat.  If mattress cabling corrodes, the entire mattress 
can be replaced. 
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e. Environmental Criteria.  Installation of articulated concrete mattresses does not cause any 

adverse environmental consequences.  Mattresses do have aesthetic appeal versus riprap 
protection. 

 
f. Design Requirements.  Individual manufacturers provide design information and installation 

guidelines.  The most important specification is appropriate mattress thickness as a function of 
expected maximum flow velocity because this influences the installed cost of the protection.   

 
10. Summary of Articulated Concrete Mattress Alternative. 
 

a. Advantages.  Advantages of articulated cabled concrete mattresses include being readily 
available in a variety of sizes and weights, and rapid placement as a single mattress that may 
cover a substantial area.  Including additional anchoring in the system may allow deployment of 
mattresses having substantially less weight than equivalent riprap or concrete armor units 
affording the same degree of protection.  Cabled articulated concrete mattresses can be removed 
and re-used where it becomes necessary to add additional levee height because of subsidence 
or the need for increased protection. 

 
b. Disadvantages.  Disadvantages of cabled mattress systems may include higher costs than some 

alternative systems, and a requirement for heavy equipment to place the mattresses 
 

c. Risk and uncertainties.  Mattress stability against surge overtopping has been well documented 
by full-scale testing, but the added effect of overtopping waves is unknown at this time. 
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Alternative:  Articulated Cellular Concrete Block Mattresses 
 
1.  Manufacturer.   
 

Numerous.  See page 2-37. 
 

2.  Product Description. 
 

See page 2-37. 
 
3.  Product Functionality. 
 

See page 3-38.  Articulation capability is not as important for levee slopes as it is at transitions 
between levees and vertical structures.  If articulated block mattresses are used at a transition, it may 
be advantageous to continue deploying the same blocks onto the levee slope away from the 
transition. 

 
4.  Stated Applications. 
 

See page 2-38.  Articulated blocks would be useful for the most adverse flow conditions. 
 
5.  Potential Failure Modes and Mechanisms. 
 

See page 2-38. 
 
6.  Application Limitations. 
 

See page 2-38. 
 
7.  Documented Applications. 
 

Numerous examples of successful applications are available.   
 
8.  Costs. 
 

Costs should be similar between products.  Manufacturers’ literature claims articulated concrete block 
systems are cost-competitive with conventional riprap, if not less expensive. 

 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Articulated concrete block protection is expected to have good to excellent 
survivability in high velocity flows typical of levee overtopping.  The protection systems are 
durable and should be long-lasting provided there is minimal loss of underlying soil and 
differential settlement is minor. 

 
b. Geotechnical Criteria.  The only geotechnical requirement is that the underlying soil must be 

stable and capable of supporting the weight of the protection system.  The systems do not 
provide stability to otherwise geotechnically unstable soils. 
 

c. Construction/Installation Criteria.  Installation rates for the Love's Park Creek project were 
reported to be up to 75 ft2 per man-hour for the installation of over 274,000 ft2 of interlocking 
units. 
 

d. Maintenance and Repair Criteria.  Articulated concrete block systems do not require maintenance 
other than trimming any grass that is allowed to grow in and around the blocks.  Occasional 
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inspection is recommended to assure the interlocking system remains intact and there has been 
no problematic differential settlement or dislodging of individual blocks. 
 

e. Environmental Criteria.  This protection system has no impact on the environment, and the 
components are not harmful to animals.  Articulated concrete block systems do have aesthetic 
appeal.  
 

f. Design Requirements.  An excellent design manual (Ayres Associates 2001) is available online at 
http://www.hcfcd.org/dl_acbs.html.  This manual covers all aspects of designing, specifying, and 
installing articulated concrete block systems. 

 
10. Summary of Articulated Cellular Concrete Block Mattress Alternative. 
 

a. Advantages.  Articulated concrete block systems are easy to install.  Larger areas can be 
installed as preassembled mats.  The entire project could be hand-placed if access for heavy 
equipment is limited.  There are a variety of systems from which to choose, and competition 
between providers should result in reasonable costs.  The block systems are robust, and they 
should stand up well to flow conditions resulting from levee overtopping. 

 
b. Disadvantages.  If individual units become dislodged, there is potential for significant damage to 

the protection with rapid unraveling and erosion of the underlying soil.   
 

c. Risk and uncertainties.  Whereas substantial testing has been completed on many of the 
available system, none of the testing included wave overtopping in addition to surge overtopping.  
Consequently, there is uncertainty in how the articulating concrete block systems will respond.  Of 
course this is the case will all the armoring systems discussed in this chapter. 
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Alternative:  Fabric-Formed Concrete or Grout-Filled Fabric 
 
1.  Manufacturer. 

 
Several.  See page 2-41. 
 

2.  Product Description. 
 

See pages 2-41 thru 2-44. 
 

3.  Product functionality. 
 

See page 2-45 

 
4.  Stated Applications. 
 

See pages 2-45 and 2-46. 
 
5.  Potential Failure Modes and Mechanisms. 

 
See page 2-47. 

 
6.  Application Limitations. 
 

The mattresses can be built with a range of sizes, thicknesses, and concrete/void ratios.  Properly 

designed the mattresses should be applicable for exposure to severe conditions of both waves and 

currents. 

 
7.  Documented Applications. 
 

See page 2-47. 
 
8.  Costs. 
 

See page 2-47. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  The fabric is expected to deteriorate in a few years, leaving the cast-in-
place concrete.  Durability of the concrete and durability of the matrix of concrete segments is a 
function of design.  Fiber-reinforced concrete may be used as an option to provide greater 
strength.  However, adding fiber to the mixture may impede the pumping capability somewhat.  
Well constructed mats should be able to withstand high flow velocities combined with overtopping 
wave action. 

 
b. Geotechnical Criteria.  Fabric-formed concrete and grout-filled fabric require minimal subsurface 

preparation due to the flexibility of the fabric.  The underlying soil must support the weight of the 
mattress.   

 



EC 1110-2-6066 
1 Apr 11 
 

 G-60

c. Construction/Installation Criteria.  See page 2-48. 
 
d. Maintenance and Repair Criteria.  The concrete should require minimal maintenance under 

normal operating conditions.  The fabric is expendable and is not repaired.  Cracks breaking the 
concrete matrix into separate units may require periodic repair.  Repairs can be constructed by 
removing the broken, loose sections and casting a fill patch.  Reinforcing may be needed if the 
area is larger than a few feet across, and efforts should be made to key the new concrete into the 
existing intact mat. 

 
e. Environmental Criteria.  Environmental effects of pouring the concrete into the membrane are 

expected.  The fabric will deteriorate after a few years, resulting in pieces of loose fabric that may 
be unsightly but otherwise non-detrimental. 

 
f. Design Requirements.  The vendors and references listed in Chapter 2 should have design 

guidance available, but the level of verified design guidance is unknown.   
 
10.  Summary of Fabric-Formed Concrete or Grout-Filled Fabric Alternative.   
 

a. Advantages.  These products are well suited for providing flow protection where the topography is 
complex and the slopes are steep.  Mattress costs are expected to be relatively low.  The rigid 
protective layer should have sufficient strength to span short distances if the underlying soil is 
washed out, but fractures could occur if the span becomes too long. 

 
b. Disadvantages.  Mattress filling is a continuous process, so careful planning is needed to assure 

continuity of construction.  Most likely, protection coverage will be designed with several smaller 
abutting sections that are filled separately.  Cast-in-place mattresses are heavy and place a 
burden on the foundation.   The rigid surface does not adapt to differential settlement, and this 
could result in loss of protection integrity if cracks develop.  Deterioration of the form fabric is 
expected, and pieces of torn or loose fabric gives the impression of a deteriorated system even if 
the concrete remains solid and fully functional. 
 

c. Risk and uncertainties.  The robust protection offered by this alternative is expected to survive 
most overtopping flow condition.  Once an initial breach occurs in the protection, damage 
progresses at a fairly rapid pace.   
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Alternative:  Geocells 
 
1.  Manufacturer. 
 

Several.  Information from web pages of several manufacturers giving specific product details is 
included in Appendix A at the end of this report.  Note that the list of manufacturers in Appendix A is 
representative, but not exhaustive; and the listing does not indicate any sort of endorsement for a 
particular product. 

 
2.  Product Description. 
 

See page 2-50. 
 
3.  Product Functionality. 
 

See page 2-50. 
 
4.  Stated Applications. 
 

Geocell applications include streambank protection, channel linings, protection of steep hillsides, and 
stabilization of roadways and soft soils. 

 
5.  Potential Failure Modes and Mechanisms. 
 

See page 2-51. 
    
6.  Application Limitations. 
 

See page 2-51. 
 
7.  Documented Applications. 
 

Numerous.  Vendors listed in Appendix A offer case histories of successful installations including 
streambank protection, channel linings, protection of steep hillsides, and stabilization of roadways 
and soft soils. 

 
8.  Costs. 
 

Installed cost expected to be $20-$25/sq yd. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Long-term survivability may be limited depending on the degree of UV 
protection provided of exposed portions of the grid.  Burrowing animals and growth of trees and 
shrubs may cause localized damage of the grid.  Geocells have not been in service long enough 
to document long-term survivability (decades). 

 
b. Geotechnical Criteria.  Non-critical.  Geocells may be used on soft soils, and they require 

minimum ground preparation.  Geocells may be filled with variety of granular materials.  When 
filled with soils, it may be advisable to cover with a turf reinforcement mat to prevent erosion of fill 
material.  The nature of the protection allows it to conform somewhat to differential settlement. 
 

c. Construction/Installation Criteria.  The geocell grids are installed by hand.  Grids are typically 
filled with mechanized equipment requiring access to the site, but may be filled by hand in remote 
locations.   
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d. Maintenance and Repair Criteria.  No maintenance requirements provided the fill material 

remains within the cells.  Additional layers of geocells may be placed over damaged areas. 
 

e. Environmental Criteria.  Isolated pieces of grid material may pose a threat to wildlife as animals 
could get caught within the mesh.  No other environmental hazards are expected. 

 
f. Design Requirements.  Design guidance is available from the manufacturers.  Degree of 

documentation and verification of design guidance will vary. 
 
10.  Summary of Geocells Alternative.   
 

a. Advantages.  Geocell protection are well suited for covering variable terrain, and adjacent 
sections can be physically connected.  Geocell units can be placed rapidly, they can cover steep 
slopes, and they are relatively inexpensive.  Fill material can be varied as necessary with heavier 
stones being used where flow is expected to be intense.  Concrete fill is an option that essentially 
provides a paved slope.  Geocells will with soil can sustain plant growth that will reduce erosion 
losses.  Water will be retained by the geocell structure and drain into the earthen levee.  Holes in 
the sides of the geocell panels allow trapped water to drain downslope. 

 
b. Disadvantages.  The material used to fill the geocells is susceptible to erosion under strong flow 

conditions.  Erosion can be prevented by overlaying the system with a turf reinforcement product, 
but this adds to the cost of the protection.  The geosynthetic material comprising the geocells may 
deteriorate if exposed to UV radiation over extended periods.  The protection adds weight to the 
levee that may overburden weak foundation soils. 
 

c. Risk and uncertainties.  Resistance of geocells to strong overtopping flow combined with wave 
overtopping is unknown.  Long-term durability of the geocell system is still being determined. 
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Alternative:  Paving 
 
1.  Manufacturer. 
 

Not applicable. 
 
2.  Product Description. 
 

The soil on the levee protected side slope (and possibly the crown) is groomed, and the surface is 
topped with poured concrete or asphalt.  Construction and expansion joints are included as per 
standard practice.  Concrete should include reinforcement mesh. 

 
3.  Product Functionality. 
 

The paving is an impermeable barrier between the overtopping water and the underlying soil.  The 
paved surface will withstand very high flows, and properly installed paving should have long service 
life. 

 
4.  Stated Applications. 
 

The are numerous applications of concrete in the United States.  Asphalt coverings have been used 
successfully in The Netherlands.  

 
5.  Potential Failure Modes and Mechanisms. 
 

Concrete paving requires a solid foundation, and differential settlement can crack the pavement and 
allow water to erode the underlying soil.  Particular care is needed to assure erosion does not 
undercut the concrete slab at the boundaries between paving and soil.  If the steel mesh does not 
have adequate cover, corrosion can occur that leads to spalling of the concrete surface.  Asphalt is 
not as rigid as concrete, and it is more tolerant of minor differential settlement.  Adequate venting of 
internal soil pore pressure must be provided through the paving to avoid lifting of the slab. 

    
6.  Application Limitations. 
 

Both concrete and asphalt pavement are usually placed using heavy equipment that must drive on 
the levee slope.  This may be problematic if soils are weak.  Paving is not appropriate where levee 
soil is weak or where differential settlement is expected. 

 
7.  Documented Applications. 
 

Numerous.  The Dutch experience is the best source of information about asphalt. 
 
8.  Costs. 
 

Costs should be readily available.  Installed cost will be dependent on site location, local availability of 
good quality sand, and site access for cement trucks. 

 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Long-term survivability of concrete is excellent provided the foundation 
remains firm and no differential settlement takes place.  Asphalt is not quite as durable as 
concrete, but it should have reasonable service life. 
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b. Geotechnical Criteria.  The underlying levee soil must be able to withstand the weight of the 
paving without undue differential settlement.  Erosion at the paving boundaries requires special 
attention. 

 
c. Construction/Installation Criteria.  Heavy equipment is required for paving construction. 

 
d. Maintenance and Repair Criteria.  No maintenance requirements provided the paving does not 

develop buckling due to differential settlement.  Concrete and asphalt paving will not be easily 
removed if additional height must be added to the levee to compensate for settlement or to 
provide additional level of protection.  Removed paving material cannot be re-purposed and must 
be disposed of without causing environmental damage. 
 

e. Environmental Criteria.  No environment impacts from concrete or asphalt.  Follow environmental 
guidelines used for roads and highways. 
 

f. Design Requirements.  Design guidance is available from the manufacturers.  There have not 
been tests conducted for the specific case of wave and surge overtopping, but these are probably 
not needed. 

 
10.  Summary of Paving Alternative.   
 

a. Advantages.  Concrete and asphalt paving is robust and durable.  The paved surface is 
impermeable, and both materials are expected to have no difficulty withstanding the forces of 
overtopping water and waves.  Concrete materials are readily available and maintenance is 
generally not required. 

 
b. Disadvantages.  Paving is likely to be one of the more expensive options.  Underlying levee 

material must be strong enough to bear the weight without differential settlement.  Removable of 
the protection for raising the levee elevation will be expensive and difficult. 
 

c. Risk and uncertainties.  The only risk with paving is loss of levee soil through cracks or near 
buckled sections of the slab.  



EC 1110-2-6066 
1 Apr 11 

 

 G-65

Scour Protection Behind Flood Walls 
 
Alternative:  Poured-in-Place Reinforced and Non-Reinforced Concrete 
 
1.  Manufacturer.   
 

No specific manufacturer. 
 
2.  Product Description. 
 

Poured-in-place concrete provides effective armoring of the levee crown soil on the protected side of 
a vertical floodwall.  The concrete apron is formed, and concrete is poured in place to cover the area 
from the base of the floodwall protected side out a distance beyond the expected splash-down point 
of the overtopping jet.  Concrete offers great flexibility for protecting odd-shaped areas, gaps between 
the floodwall and existing structures as shown in Figure 4.16, and around corners in the floodwall 
protection.  Reinforced concrete slabs can be thinner because the reinforcing mesh resists tension 
loads.  The slab can be tied into the floodwall using a variety of techniques.  Details of reinforced and 
non-reinforced concrete aprons are shown on Figures 4.16 and 4.17, respectively.  These specific 
plans are being implemented by Task Force Guardian.   

  

 
 

Figure 4.16.  Detail of 4-inch-thick reinforced concrete apron (from URS drawing for IHNC West side) 
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Figure 4.17.  Detail of 8-inch-thick unreinforced concrete apron (from URS drawing for IHNC West side) 
 
 
3.  Product Functionality. 
 

Levee soil is protected by an impermeable, continuous, concrete slap with or without light 
reinforcement mesh.  This provides a rigid, nearly horizontal surface that can absorb the impact of 
falling water and divert the overtopping jet toward the backside slope of the earthen levee.   

 
4.  Stated Applications. 
 

Applications of formed and poured-in-place concrete to control flow and prevent scour are wide 
spread and very successful.  Implementations illustrated in Figures 4.16 and 4.17 are most 
appropriate, and these designs should be fully successful under design load conditions. 

 
5.  Potential Failure Modes and Mechanisms. 
 

The loads to which the concrete slab might be subjected are not well defined, and this makes design 
of the slab difficult.  If the slab remains on firm footing with no loss of underlying material, loads 
generated by the falling jet of water should be transferred to the foundation.  However, if the ground 
beneath the slab settles, there may be locations where the slab spans a void and must function like a 
beam.  The slab will crack if the reinforcement mesh is not near the bottom, and this could lead to 
partial breakup of the slab.  Alternately, if a portion of the slab is cantilevered by loss of supporting 
material at the outer edge, the reinforcement mesh is then needed near the top surface of the slab.   

 
6.  Application Limitations. 
 

There are few limitations on poured-in-place concrete slabs.  Near full strength is attained in about 
one month, and strength continues to increase slowly for some time. 

 
7.  Documented Applications. 
 

Numerous. 
 
8.  Costs. 
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Cost is a function of project location, site accessibility, coverage, slab thickness, and reinforcement.  
Preparation costs will vary.  The experience of Task Force Guardian should provide an idea of 
installed costs. 

 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Concrete has excellent survivability characteristics.  Properly designed 
slabs should withstand the dynamic forces, and the relatively short duration of overtopping events 
precludes erosion of the concrete surface.  Properly prepared concrete is durable, and it 
weathers well.   

 
b. Geotechnical Criteria.  Concrete provides an impermeable barrier, so any loss of underlying soil 

will be at the slab boundaries or perhaps through the activities of burrowing animals.  The 
underlying soil must provide adequate bearing capacity for the slab (and any anticipated vehicular 
traffic) without differential settlement. 

 
c. Construction/Installation Criteria.  Cracks will form during the concrete curing process, so steel 

mesh must have sufficient coverage so corrosion does not occur.  Steel corrosion will cause 
spalling and a reduction in slab width.  Usual practices must be followed as with any poured 
concrete slab, e.g., water should not be added to increase the concrete flow characteristics 
during placement, etc.  Expansion/contraction joints are necessary, and it may be advisable to tie 
the slab into the existing floodwall. 

 
d. Maintenance and Repair Criteria.  Concrete requires little maintenance.  If inspection indicates an 

area of deteriorating concrete due to corrosion of reinforcement or spalling due to poor quality 
materials, those sections should be cut out and replaced with new concrete. 

 
e. Environmental Criteria.  Concrete slabs do not cause any environmental problems.  Site access 

may disrupt the local ecology temporarily.  
 

f. Design Requirements.  Conventional concrete slab design for typical dead and live loads is well 
understood and dictated by building codes.  Slab resistance to the impact loading of falling water 
caused by wave and surge overtopping is not as well understood.  An initial estimate of the total 
force in the water jet (per unit length along the floodwall) is provided by Figure 4.13 for the case 
of surge overtopping.  The associated bearing pressure can be estimated using Figure 4.10 to 
find the jet thickness at impact.  Apply the resulting pressure as a live load.  It might be prudent to 
include a factor of safety given the uncertainty of wave overtopping loads. 

 
 
 
 
10. Summary of Poured-in-Place Concrete Alternative. 
 

a. Advantages.  Advantages of poured-in-place reinforced and non-reinforced concrete include high 
strength and durability, readily available materials, and flexibility to vary project dimensions as 
needed.  Where appropriate, the concrete apron can be designed as a roadway for vehicular 
traffic.  Where site access is limited, concrete can be placed using a crane bucket or by pumping 
short distances. 

 
b. Disadvantages.  The main disadvantage of reinforced and non-reinfoced concrete is its relative 

intolerance to differential settlement.  Buckled sections of the paved area are more apt to allow 
leaking of underlying soil.  Where future plans call for addition of levee height, concrete aprons 
cannot be easily removed and re-used. 
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c. Risk and uncertainties.  The suggested method for estimating the live loads due to overtopping 
water are approximate, and wave overtopping has not been included.  The estimated load is 
considered a live load, but the impact force created by initial splash-down of the jet is not included 
in the force estimate. 
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Alternative:  Grouted Stone Riprap 
 
1.  Manufacturer.   
 

No specific manufacturer. 
 
2.  Product Description. 
 

This protection method begins with conventional riprap armoring placed on top of a bedding layer and 
geotextile filter fabric.  The voids in the riprap are then filled with a concrete grout mixture.   The final 
protection is a solid, impermeable protection layer.  Figure 4.18 below illustrates typical project 
dimensions for rehabilitation of scour holes caused by floodwall overtopping during Hurricane Katrina.  

 
 

 
 
Figure 4.18.  Detail of grouted stone riprap floodwall apron (from URS drawing for IHNC East side) 
 
 
3.  Product Functionality. 
 

The purpose of the grout is to solidify the riprap protection into a solid, continuous, impermeable 
structure, and to prevent loss of individual stones when impacted by the falling water jet.  Whereas 
the grouted riprap might support vehicular traffic, the risk of damage is too great, and vehicles should 
be banned from driving on the protection.  The underlying soil is shielded from the forces of falling 
water, and the only loss of soil might occur at the project boundaries if steps are not taken to prevent 
erosion. 
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4.  Stated Applications. 
 

Grouted riprap has been used successfully at numerous locations as protection against water flowing 
parallel to the armoring.  It is not known whether or not grouted riprap has been used where high 
quantities of overtopping water are expected to impact with forces normal to the slope. 

 
5.  Potential Failure Modes and Mechanisms. 
 

Because the grout mixture has minimal strength in tension, grouted stone riprap will have little 
tolerance for differential settlement of the underlying levee crown soil.  Once the bond between 
adjacent stones is broken, riprap stones can be dislodged by the overtopping flow, and this could 
start an unraveling of the protection.  Poor quality grout will be ineffective and easily broken by the 
force of water impact.  Deterioration of grouted riprap is expected to occur more rapidly than for 
concrete slabs.  Grouted riprap will not expand and contract with temperature change as much as 
concrete, but expansion and contraction might cause the grout to crack and break. 

 
6.  Application Limitations. 
 

Grouted riprap should not be used where foundation conditions cannot support the weight of the 
protection or where different soil types might cause differential settlement of the monolithic protection.  
It would be advisable to have expansion/contraction joints between the riprap and the floodwall, and 
expansion/contraction joints perpendicular to the floodwall at given spacing.  

 
7.  Documented Applications. 
 

The report authors are not aware of documented cases of grouted riprap used where the protection 
must resist high volumes of falling water, but that does not mean such applications do not exist.  
Grouted riprap has been successful in numerous other applications where water flows parallel to the 
protection. 

 
8.  Costs. 
 

Costs for grouted riprap are unknown, but the experience of Task Force Guardian’s implementation of 
similar protection in the reconstruction of damaged levees and floodwalls in New Orleans should 
provide sufficient cost guidance. 

 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Survivability of grouted riprap to protect foundation soils against surge and 
wave overtopping is not proven.  The main weakness is the inability of the grout to withstand 
tensile stresses, and the possibility of individual stones breaking free and becoming dislodged.  
The long-term durability of grouted riprap will be a function of foundation stability and quality of 
the cement grout. 

 
b. Geotechnical Criteria.  The foundation soil must be strong and well compacted to prevent 

differential settlement.  Steps must be taken at the protection boundaries to prevent erosion of 
supporting soil.  This is critical where the riprap ends on the protected side of the earthen levee.  
Water flowing down the slope will erode the soil as it passes over the terminus of the grouted 
riprap.  
 

c. Construction/Installation Criteria.  Dumped riprap must be checked for good distribution of riprap 
material sizes.  Avoid hotspots where there is a congregation of smaller stones.   Grout must be 
of high quality and only fluid enough to assure that all the voids in the riprap are filled. 
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d. Maintenance and Repair Criteria.  Sections of grouted riprap can be repaired by replacement of 
the damaged section.  However, this patched area will not be well tied into the neighboring intact 
section, and this might cause a weakness in the protection. 
 

e. Environmental Criteria.  Grouted riprap does not cause any environmental problems.  
 

f. Design Requirements.  Guidance on the design and construction of grouted riprap revetments is 
given in the Corps of Engineers’ Technical Letter, “Design and Construction of Grouted Riprap” 
(Corps of Engineers, 1992).   

 
10. Summary of Riprap Alternative. 
 

a. Advantages.  Advantages of grouted stone riprap are ease of installation, capability to protect 
varying terrain, and easy removal for future increases in levee height.  However, the removed 
riprap is not readily re-usable because much of the grout will remain intact.  Grouting provides 
increased stability for riprap that would be dislodged by the overtopping flow. 

 
b. Disadvantages.  The main disadvantage of grouted stone riprap is the uncertainty associated with 

the long-term integrity of the grout/stone bonds if there is any ground settlement.  Also, cracks will 
form around larger stones, and this could lead to gradual deterioration of the grout bonding. 
 

c. Risk and uncertainties.  The main uncertainty of grouted riprap is its resistance to large impact 
forces associated with overtopping jets of water.  There is little evidence of grouted riprap being 
used for this particular application. 
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Alternative:  Rock-Filled Mattresses 
 
1.  Manufacturer.   
 

Marine Mattress 
Tensar Earth Technologies, Inc. 
5883 Glenridge Drive 
Suite 200 
Atlanta, GA 30328-5363 
(888) 828-5126 Toll Free 
(404) 250-1290 International 
(404) 250-0461 Fax 
www.tensarcorp.com 

 
 
2.  Product Description. 
 

Rock-filled mattresses, often referred to as marine mattresses, are containers fabricated of geogrid 
material and filled with small rocks varying in size from 2 inches up to about 5 inches.  Mattresses are 
placed directly on top of a geotextile filter cloth or conventional gravel filter layer.  Rock-filled 
mattresses can be fabricated and filled off-site and transported by truck or barge to the job site.  
Mattresses dimensions are typically 5-ft wide and up to 35 ft long.  Depending on the application, 
mattress thickness can be as little as 4 inches or as large as 2 ft.  For application as floodwall 
overtopping protection mattress thickness should probably be at least 6 inches thick. 

 
3.  Product Functionality. 
 

Rock-filled mattresses are flexible, and they can adapt to terrain changes easily.  They are also 
tolerant of differential settlement, and they will continue to be fully functional if the ground settles 
beneath them.  Overtopping water landing on the mattress fills the voids between stones and helps 
reduce the flow energy.  Soil could be placed over the mattresses to support vegetative growth.  The 
surface of a rock-filled mattress is not intended for vehicular traffic, and the surface may become a 
slipping hazard if placed on a slope.   

 
4.  Stated Applications. 
 

Rock-filled mattresses have been used as revetments, scour protection, foundation mats, and for 
protection at culverts and bridge abutments.  The writers are not aware of any applications where 
rock-filled mattresses were intended to resist the forces of water impacting normal to the mattress. 

 
5.  Potential Failure Modes and Mechanisms. 
 

Rock-filled mattresses fail if the supporting container is breached either by failure of the geogrid 
material or by failure of the lacing and connectors used to construct the cage.  The geosynthetic 
materials used to construct the mattresses are treated against UV radiation, but the long-term (tens of 
years) durability of the material is unknown.  Mattress protection can also fail if the mattress is lifted 
by the hydrodynamic forces and displaced laterally as a unit.  This might occur if the mattress is too 
thin relative to the lifting force.  Erosion might occur at the mattress boundaries, but the flexible nature 
of the mattress allows it to slump into any scour hole and continue to provide a reasonably high 
degree of functionality. 
 

6.  Application Limitations. 
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Rock-filled mattresses add a considerable weight to the levee crown, and they should not be used 
where foundation soils cannot bear the additional weight.  Heavy equipment is required for 
installation, so site access is a critical issue. 

 
7.  Documented Applications. 
 

Numerous field applications including USACE applications as breakwater and revetment foundation 
support, contaminated sediment cap, and streambank protection.  See U.S. Army Engineers 
Technical Note ERDC/CHL CHETN-III-72, “Uses of Marine Mattresses in Coastal Engineering” 
(available at http://cirp.wes.army.mil/cirp/cetns/chetn-iii-72.pdf).  There are no documented 
applications where mattresses were expected to resist the impact forces of falling water.  However, 
marine mattress have been reported to be stable as revetments in waves as high as 8 ft.  This 
condition could have generated breaking wave impacts similar to the impact of surge overtopping a 
floodwall. 

 
8.  Costs. 
 

Initial cost estimates can be derived from the table below that was reproduced from the above-cited 
Technical Note.  Installed costs for rock-filled mattresses depend on such factors as application, 
proximity and cost of rock-fill material, site accessibility, placement method (land-based or from 
barge), availability of equipment, and project size.   

 

Table 1 Installed Mattress Cost per Square Foot  

Application  Mattress Placement Mattress Thickness Cost per square foot 

Breakwater construction  In water  12 in.  $15  
Riverbank revetment  On land  12 in.  $10  
Revetment foundation  In water  6 in.  $13  

 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Rock-filled mattresses should be capable of withstanding the forces of 
surge and waves overtopping a vertical floodwall; however, this aspect has never been tested to 
the knowledge of the report authors.  The one weakness might be where adjacent mattresses 
abut if any gaps are allowed.  Water hitting any gaps could rupture the underlying geotextile filter 
fabric and allow soil to erode.  Long-term durability depends on the effectiveness of the geogrid 
and lacing material UV resistance.  Mattresses covered with a layer of vegetated soil should have 
excellent service life. 

 
b. Geotechnical Criteria.  Rock-filled mattresses are heavy, and the levee soil must be able to 

support the weight of the armoring system.  However, the system will probably weigh less than 
comparable grouted riprap solutions.  The flexible nature of the mattress allows them to adapt to 
differential settlement or local losses of underlying soil.  Mattress deployment requires minimal 
compacting of soil, and soil surface preparation requirements are minimal beyond grooming of 
the soil in preparation for covering with filter cloth.   
 

c. Construction/Installation Criteria.  For application at the base of floodwalls, special attention is 
needed to assure mattresses are placed with minimal gaps between adjacent units.  Gaps 
between mattresses are weak points that could allow soil to escape if the geotextile is punctured.  
Mattresses are placed by heavy cranes, and adequate site access is needed.  Placement from 
barges is also an option. 
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d. Maintenance and Repair Criteria.  Ruptures to the mattress containers can be repaired in-situ 
using a patching technique.  Extensive mattress damage is repaired by removing the entire 
mattress and replacing with a new unit. 
 

e. Environmental Criteria.  There are no environmental impacts associated with rock-filled 
mattresses. 
 

f. Design Requirements.  There is ample guidance related to mattress fabrication for best service 
life, but no design guidance exists suggesting appropriate mattresses thicknesses to resist a 
given overtopping water force load. 

 
10. Summary of Rock-Filled Mattress Alternative. 
 

a. Advantages.  Advantages of rock-filled mattresses include lower cost for smaller stone, rapid 
installation, off-site fabrication, and the capability to remove the protection and re-use the 
mattresses if the levee needs to be raised.    

 
b. Disadvantages.  Disadvantages of rock-filled mattresses include the need for heavy equipment to 

lift and place the mats, potential gaps between adjacent mats and next to the floodwall, and long-
term durability of the geogrid material when subjected to UV radiation.   
 

c. Risk and uncertainties.  Behavior of rock-filled mattresses when subjected to the forces of 
overtopping water is largely unknown.  Whereas the mats could support vehicular traffic, there is 
a risk of damaging the geogrid material or the lacing that holds the mats together if vehicular 
traffic is allowed.  
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Alternative:  Articulated Concrete Mats 
 
1.  Manufacturer.   
 

Several commercial manufacturers.  For example… 
 
ARMORTEC 
Mid-South Regional Manager 
301 Pascoe Boulevard 
Bowling Green, KY 42104 
Phone: 270-843-4659 
Mobile: 270-535-3539 
Fax: 270-783-8959 
E-Mail: dbkees@armortec.com 
 
Submar, Inc. 
805 Dunn Street 
Houma, LA 70360 
Email:  submar@submar.com    
Phone: 985-868-0001 
Fax: 985-851-0108 
Toll free: 800-978-2627 

 
The Mat Sinking unit of the Corps of Engineers produces articulated concrete mats annually for bank 
protection on the Mississippi River. 

 
2.  Product Description. 
 

Articulated concrete mats consist of concrete block units linked together with cables made of metal or 
other high-strength material.  Mattress thickness varies between manufacturer and intended 
application with the thickness range between about 5 to 12 inches.  Articulated concrete mats are 
fabricated off-site and rapidly installed using heavy lifting cranes.  Mattresses are laid over a filter 
layer, typically a geotextile fabric, and adjacent mattresses are interlocked or cabled together to form 
continuous coverage.   

 
3.  Product Functionality. 
 

The cabling between blocks serves two purposes:  (1) the cabling holds the blocks together so they 
can be lifted as a unit for placement, and (2) the cabling provides additional mattress stability and 
prevents loss of individual blocks.  The concrete blocks have sufficient strength to resist the battering 
of overtopping jets of water, but the gaps between the blocks could allow underlying soil to erode.  
Therefore, these mats will be most effective if placed over a stone or gravel bedding layer sized to 
prevent movement of the gravel through the gaps in the mat.  The mats are strong, durable, and they 
have no problem supporting low-speed vehicular traffic.   

 
 
 
 
4.  Stated Applications. 
 

Articulated concrete mats have been used in a wide variety of applications related to protecting soils 
from flowing water.  They are even appropriate as protection against small waves.  It is not readily 
apparent if concrete mats have been used specifically to resist the forces of overtopping water impact 
normal to the mat.  For use as foundation armoring near the protected-side base of vertical 
floodwalls, perhaps the most appropriate mat would be similar to those constructed by the Corps’ 



EC 1110-2-6066 
1 Apr 11 
 

 G-76

mat-sinking unit.  These mats have larger rectangular concrete blocks with fewer gaps.  The mats are 
not as flexible as some of the commercial mats, but this particular application is mostly flat, narrow 
areas without terrain variation (in contrast to the need for articulation at levee transitions). 

 
5.  Potential Failure Modes and Mechanisms. 
 

Concrete mats should have sufficient self-weight to prevent lifting and lateral shifting.  Anchoring is an 
option for the mats.  The main concern is loss of underlying soil through gaps, even if covered with a 
geotextile that could be breached by the falling water impact.  For this reason it is advisable to use 
mats with larger concrete area and smaller gap area.  Mats should be placed over a gravel filter layer 
with stone sizes greater than the gap width.  Cable breakage could result in block displacement and 
erosion of soil in a localized area, but the damage is not likely to spread without wholesale cable 
breakage. 

 
6.  Application Limitations. 
 

Foundation soils must be able to support the additional weight of the mats.  Coverage pattern (long 
dimension parallel or perpendicular to the wall) will be dictated by the particular mat geometry. 

 
7.  Documented Applications. 
 

There are numerous successful applications of articulated concrete mattresses used to protect 
against flow parallel to the mat, including the experience of the Corps of Engineers’ Mat Sinking Unit.  
Experience related to water forces applied normal to the mats is limited to breaking of small waves.  
Very heavy mats may have been used to prevent scour at dam spillways. 

 
8.  Costs. 
 

Typical costs were unavailable at the time of this writing. 
 
9.  Technical Evaluation Relative to Performance Criteria. 
 

a. Survivability Criteria.  Articulated concrete mats are expected to have good survivability 
characteristics during short-term overtopping events.  Even if some of the underlying soil is lost 
during an extreme event, the mattress protection retains most of its functionality.  The mats are 
very durable over the long term with corrosion of the cabling being the only concern. 

 
b. Geotechnical Criteria.  The underlying soil must be able to support the mattress weight without 

undue differential settlement, and the geotextile filter fabric must provide continuous coverage to 
retain the soil while relieving built-up pore pressure.  The smallest stones in the bedding layer 
must be larger than the gaps between the concrete blocks.   
 

c. Construction/Installation Criteria.  Mattresses are fabricated off-site and delivered by flatbed 
trucks (or barges) to the site.  The mattresses require heavy equipment for installation.  When 
placing the mattresses special attention should be given to minimizing gaps between adjacent 
mats so bedding stone is not lost. 
 

d. Maintenance and Repair Criteria.  Generally, articulated concrete mats require no maintenance.  
If differential settlement becomes problematic, individual mats can be lifted out, and fill soil can be 
added and compacted before replacing the mat.  If mattress cabling corrodes, the entire mattress 
can be replaced. 
 

e. Environmental Criteria.  Installation of articulated concrete mattresses does not cause any 
adverse environmental consequences.  Mattresses do have aesthetic appeal versus riprap 
protection. 
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f. Design Requirements.  Individual manufacturers provide design information and installation 

guidelines.  The most important parameter is appropriate mattress thickness because this 
influences the installed cost of the protection.  Unfortunately, no guidance exists at present to 
make this determination. 

 
10. Summary of Articulated Concrete Mat Alternative. 
 

a. Advantages.  Advantages of articulated concrete mats include off-site fabrication, rapid 
placement, capability to cover irregular terrain, tolerance to differential settlement, and long 
service life.  The mats are easily removed and re-used without any loss of effectiveness.  

 
b. Disadvantages.  Disadvantages of articulated concrete mats include the need for heavy-lift 

cranes during installation and providing adequately-sized gravel underlayers to prevent loss of 
material through gaps.  

 
Risk and uncertainties.  As with all the alternatives for protecting the base of floodwalls, the greatest 
unknown is how the system responds to high impacts of overtopping surge and waves. 
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APPENDIX H 
Historical Load versus Deflection Data from Load Tests 
 
Presented below are brief summaries of four different full scale Sheet Pile I-Wall load tests 
performed over a period of approximately 50 years. The summaries include brief descriptions and 
drawings of the tests, some limited soils data, construction photographs and load versus 
deflection plots. Neither conclusions, lessons learned nor design guidance are included in this 
appendix. 
 
The first series of tests performed were the 1939 Full Scale Load Tests in Paducah, Kentucky. 
Two independent I-Wall monoliths were constructed that formed the ends of a 40 foot long by 20 
foot wide cofferdam. The cofferdam was filled to various heights to assess the performance of the 
two wall monoliths. To study the effects of numerous variables, the second Paducah Test 
Program, conducted in 1940, consisted of 16 independent I-Wall monoliths constructed such that 
they formed the four sides of a 38 foot square cofferdam. The cofferdam was filled to various 
heights to assess the performance of the 16 wall monoliths. In 1941 a Full Scale Load Test was 
performed on a portion of an actual floodwall in Tell City, Indiana.  The sheet pile I-Wall tested 
consisted of sheet piling driven to a depth of 21 feet below the ground surface. The concrete wall 
was 2’-0” thick, and extended to 5’-0” below the ground surface, and 15.4 feet above the ground 
surface. The Tell City wall was divided into monoliths approximately 20 feet long with copper 
waterstop between adjacent monoliths, and formed the prototype for most of the I-Walls that were 
constructed over the next 50 years.  The final load test presented is the 1985 New Orleans E-99 
test program. For this test a 200 foot long PZ-27sheet pile wall was driven into the landside berm 
of a levee. The piling had a cantilever height of approximately 10 feet and was driven to an 
embedment of approximately 23 feet.  This modern test included far more complete 
instrumentation that the three previous tests, and also assessed the performance of a wall in very 
soft soils. 
 
Very recently (August 2007) a load test was performed on a segment of the London Avenue 
Canal I-Wall in New Orleans. As the results of this test program become available, they will be 
added into future editions of this manual. 
 
For reference and comparison to the sheet piling discussed herein, some domestically rolled 
sheet pile sections commonly used today are: 
 
PZ 22, which has a section modulus of 18.1 in3 per foot of wall;  
PZC 18, which has a section modulus of 24.2 in3 per foot of wall; 
PZ 27, which has a section modulus of 30.2 in3 per foot of wall;  
PZC 18, which has a section modulus of 33.5 in3 per foot of wall; and  
PZ35, which has a section modulus of 48.5 in3 per foot of wall.   

 
References: 
 

1. “Final Report Floodwall Stability Investigation” U. S. Engineer Office, Louisville, KY 
(1941). 

2. Technical Report No. 1 “E-99 Sheet Pile Wall Field Load Test Report” U.S. Army 
Corps of Engineers, Lower Mississippi Valley Division (June 1988).  
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Paducah Series 1 1939 I-Wall Full Scale Load Tests, Paducah, Kentucky.   
 

First Paducah Test Program: Two independent I-Wall monoliths were constructed that 
formed the ends of a 40 foot long by 20 foot wide cofferdam.  The end I-Walls were not 
structurally connected to the longer sides, allowing them to deflect freely. One sheet pile I-Wall 
consisted of MZ-38 sheet piling with a section modulus of 46.8 in3 (per foot of wall) driven to 
depth of 20’ below the ground surface. After initial tests the concrete wall was 2’-6” thick, and 
extended to 4’-0” below the ground surface, and 20 feet above the ground surface. The opposite 
I-Wall consisted of MZ-32 sheet piling with a section modulus of 38.3 in3 (per foot of wall) driven 
to an initial depth of 10’, tested, driven to 13’, tested, and driven to a final depth of 20’. The soil at 
the first Paducah test site is described as firm silty clay. 

 
 

Estimated Soil Properties 
     

Paducah, Kentucky 
 

     

Soil Type Fill 1 

Description Cinders Clay 

USCS SM CL 

  Total(3) Effective(3) Total(1) Effective(2) 
Phi, φ (deg) 32 32 0 26 

Cohesion, C (psf) 0 0 1000 0 

Coefficient of Permeability 
(ft/min) 

1.0x10-5 1.0x10-6 

Unit Weight(4) γwet (pcf) 125 125 

Unit Weight(4) γsub (pcf) 63 63 

     

Notes:     
(1) Total stress for Medium to Stiff Clay correlated from Undrained Shear Strength of 
Clay Table 3-4, EM 1110-2-2504.  

(2) Effective stress for clay soils with PI < 50 correlated from Figure 3-4, EM 1110-2-
2504. 
(3) Total and effective stress for granular soils are equal and correlated from Table 3-1 
and Figure 3-1, EM 1110-2-2504.   

(4) Unit weights obtained from As-Built Drawing 933-12.3/18, December 2, 1940. 
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Second Paducah Test Program: Sixteen independent I-Wall monoliths were constructed that 
formed the four sides of a 38 foot square cofferdam.  The sheet pile I-Wall consisted in fifteen 
units of sheet piling with a section modulus of 10.7 in3 (per foot of wall) driven to a depth of 15 
below the ground surface, and one unit of sheet piling with a section modulus of 46.8 in3 (per foot 
of wall) driven to a depth of 15 below the ground surface. Not all of the units were encased in 
concrete; however the larger pile section was encased. The concrete wall was 2’-0” thick, and 
extended to 5’-0” below the ground surface, and 16 feet above the ground surface. The soil at the 
second Paducah test site is described as “recently made hydraulic fill of silty sand with a relatively 
high void ratio”.  The deflections seen in test 9 are greater than would normally be expected due to the 
foundation material on the water side being disturbed to great depths and voids on the dry side caused 
by the loss of soil through joints during excavation to replace the seals between the sections. 

 
 
 

Estimated Soil Properties 
     

Paducah, Kentucky 
 

     

Soil Type Fill 1 

Description Cinders Clay 

USCS SM CL 

  Total(3) Effective(3) Total(1) Effective(2) 
Phi, φ (deg) 32 32 0 26 

Cohesion, C (psf) 0 0 1000 0 

Coefficient of Permeability 
(ft/min) 

1.0x10-5 1.0x10-6 

Unit Weight(4) γwet (pcf) 125 125 

Unit Weight(4) γsub (pcf) 63 63 

     

Notes:     
(1) Total stress for Medium to Stiff Clay correlated from Undrained Shear Strength of 
Clay Table 3-4, EM 1110-2-2504.  

(2) Effective stress for clay soils with PI < 50 correlated from Figure 3-4, EM 1110-2-
2504. 
(3) Total and effective stress for granular soils are equal and correlated from Table 3-1 
and Figure 3-1, EM 1110-2-2504.   

(4) Unit weights obtained from As-Built Drawing 933-12.3/18, December 2, 1940. 
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Tell City 
1941 I-Wall Full Scale Load Test, Tell City, Indiana.  The sheet pile I-Wall tested 

consisted of sheet piling with a section modulus of 46.8 in3 driven to a depth of 21 feet below the 
ground surface. The concrete wall was 2’-0” thick, and extended to 5’-0” below the ground 
surface, and 15.4 feet above the ground surface. The wall is divided into monoliths approximately 
20 feet long with copper waterstop between adjacent monoliths. The test set up consisted of one 
complete monolith and half of both adjacent monoliths, with a sheet pile cofferdam on the 
riverside. The wall was hydrostatically loaded to the full cantilever (“stick up”) height of 15.4 feet 
for 191 hours.  The resulting maximum deflection measured at the top was 2.60 inches. Two days 
after the wall was unloaded, the wall had “rebounded” to a deflection of 1.5 inches.  In 1945, the 
wall received its flood of record, when water reached a height of 7.0 feet up on the wall.  The 
wall’s maximum deflection was approximately 1/2- to 3/8-inches from the position measured just 
prior to the flood. The soil at Tell City is generally firm to stiff lean clay (CL type soils) to a depth 
of about 20 feet, underlain by silty sand (SM type soils) to about 50 feet depth. 

 
Estimated Soil Properties 

    25-Jun-07 

Tell City, Indiana 
 

     

Soil Type 1 2 

Description Silty Clay Silty Sand 
USCS CL SM 

Depth of Layer (feet) 0 to 20 20 to 50 

  Total(1) Effective(2) Total(3) Effective(3) 
Phi, φ (deg) 0 26 32 32 

Cohesion, C (psf) 1000 0 0 0 

Coefficient of Permeability 
(ft/min) 

1.0x10-6 1.0x10-5 

Unit Weight(4) γwet (pcf) 125 125 

Unit Weight(4) γsub (pcf) 63 63 

     
Notes:     
(1) Total stress for Medium to Stiff Clay correlated from Undrained Shear Strength of 
Clay Table 3-4, EM 1110-2-2504.  

(2) Effective stress for clay soils with PI < 50 correlated from Figure 3-4, EM 1110-2-
2504. 
(3) Total and effective stress for granular soils are equal and correlated from Table 3-1 
and Figure 3-1, EM 1110-2-2504.   

(4) Unit weights obtained from As-built Drawing 727-12.3/14, July 7, 1939. 
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New Orleans 
New Orleans E-99 test program (1985): For this test a 200 foot long PZ-27sheet pile wall 
was driven into the landside berm of the “Item E99,” East Atchafalaya Basin protection 
levee just south of Morgan City, Louisiana. The piling had a cantilever height of 
approximately 10 feet and was driven to an embedment of approximately 23 feet. The 
ground surface parallel to the long dimension of the wall was not perfectly horizontal. 
Water was ponded between the levee and the sheet pile in four stages over a period of 
two months, simulating a flood condition. Measured effects at four locations along the 
wall included strains in the sheet pile, pile head deflections, soil displacements indicated 
by inclinometers and site survey, and pore pressures indicated by piezometers. 
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Appendix I 
Length Effects in Levee System Reliability 

1.  Length Effect in Levee System Reliability. 

Levee systems comprise long lengths of constructed embankments or walls extending tens or 
hundreds of miles across ground that is poorly characterized from an engineering perspective.  It 
is not unusual for levee systems to be designed on the basis of soil borings spaced a thousand 
feet apart or more.  Water elevations on levee systems may be better known than soil conditions 
are, but they, too, may be imprecisely forecast over large geographic areas.  The result is 
considerable uncertainty about the loadings on and the performance of sections of levee within 
the system.  

Levees fail at locations where loads are high and strengths are low.  If these critical locations are 
identified ahead of time, traditional methods can be used to analyze stability and calculate factors 
of safety or probabilities of failure.  In such situations, the overall length of levee is immaterial, 
because the weakest spots have been identified and dealt with.  The probability that the levee 
fails is that of these weakest spots.  The more common situation is that the full length of the 
levee system is not characterized with enough detail for the engineer to know unambiguously 
where the weakest spots are.  In this case, any section of the levee system has some probability 
of experiencing higher than average loads or lower than average strengths, and as a result, of 
being a “weak spot.” Since this unfortunate combination cannot be uniquely identified before a 
failure occurs, there is not enough information to do so, the longer the total length of levee, the 
greater the chance that such an unfortunate combination exists somewhere, and thus the higher 
the probability of a failure somewhere.  

This “probability of a failure somewhere” is the probability of system failure. Other things being 
equal, most people would agree that the longer the length of levee, the greater the chance of 
system failure. A levee system is no stronger than its weakest link. The probability of system 
failure is not a property of natural randomness in nature, but of the limited information available 
to the engineer with which to characterize the levee system, and consequently to know where the 
weakest link is and how weak it is.  

2.  Failure modes and effects. 

The modes of failure of levees are reasonably understood.  For the purposes of modeling levee 
system reliability, common failure modes can be categorized as one of three types with respect to 
the effect levee length has on the probability of system failure:  

 a.  Those depending on continuum properties of the levee structure or subsurface—examples 
are limiting equilibrium strength stability, or large high permeability zones in levee foundations; 

 b.  Those depending on “flaws” in either the levee or subsurface—examples are buried 
channels, cracks in the levee structure, and animal burrows; and 

 c.  Known discrete features like through-going pipes, transitions between levee or wall 
sections, and gates. 
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The probabilities of failure for the first two categories are affected by the length of the levee. In 
both cases, longer levees, in principle, have higher probabilities of system failure, because the 
chance of encountering either a weak zone (category 1) or a flaw (category 2) increases with 
length. The probability of failure for the third category is unaffected by length, because critical 
locations are known ex anti. 

3.  Sources of uncertainty. 

If we are told that the “probability of failure of a long embankment is p=0.1,” does that mean, 

 a.  10% of the length is expected to fail; 

 b.  There is a 1-in-10 chance that the embankment fails in its entirety; or 

 c.  Something between these two? 

The answer depends on the source of uncertainty underlying the probability. If the uncertainty 
derives entirely from spatial variation of strengths or loads, then the first statement is correct. If 
the uncertainty derives entirely from a systematic error, like the model used to predict stability, 
then the second statement is correct. But if the uncertainty derives from a mixture of sources, 
some spatial and some systematic, then the third statement is correct. The third is almost always 
correct in practice. 

3.1.  Random variation vs. lack of knowledge. 

In modern practice, risk analysis usually incorporates two principal kinds of uncertainty, aleatory 
and epistemic.  

Aleatory uncertainty is attributed to inherent randomness, natural variation, or chance 
outcomes in the physical world; in principle, this uncertainty is irreducible because it is 
assumed to be a property of nature. Aleatory uncertainty is sometimes called random or 
stochastic variability  

Epistemic uncertainty is attributed to lack of knowledge about events and processes; in 
principle, this uncertainty is reducible because it is a function of information. Epistemic 
uncertainty is sometimes called, subjective or internal uncertainty, and divides into two 
major sub-categories: model uncertainty and parameter uncertainty.  

An example of the interplay of aleatory and epistemic uncertainties in practice is the flood 
frequency curve (USACE HEC 1988). The flood frequency curve describes natural variability or 
aleatory uncertainty of flood flows, while error bands about the curve describe epistemic 
uncertainty in the parameters of the flood frequency model. The frequency curve reflects the 
irresolvable variation of nature. The error bands reflect limited knowledge about the statistically 
estimated parameters of the frequency curve. Collecting more data would improve our estimates 
of the parameters, and thus reduce the error bands about the frequency curve, but no amount of 
data can reduce the underlying probability distribution represented by the exceedance curve. 
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Separating uncertainty into aleatory and epistemic parts is a modeling decision. Consider 
drawing a flexible curve through a set of data. A high-order curve may fit the data closely, but 
the uncertainty in the parameters of the curve will be large because there are many parameters to 
be estimated. In contrast, a straight line may not fit the data as closely, but the uncertainty in the 
slope and intercept of the line will be small. The data scatter about the curve is aleatory; the 
uncertainty in the parameters of the curve is epistemic.  

This modeling decision on whether and how to separate aleatory and epistemic uncertainty has 
important implications in a risk analysis.  A schematic example is shown in Figure 1.  Here, the 
variability of some engineering property in space is shown.  That spatial variability is divided 
into sections thought to be homogeneous, with means estimated for each.  When the variability is 
modeled this way, the variations about the respective means are assumed to be aleatory 
uncertainties, while that in the estimates of the means is assumed to be epistemic uncertainties.  
Additional information can reduce the error in the estimates of the means, but it will only better 
characterize the variance about the means within each zone and not reduce that variance; unless 
the model itself is changed by creating more discrete sections. 

This standard model of spatial variation has many implications, which are discussed in greater 
detail in Hartford and Baecher (2004). 

 

Figure 1.  Schematic diagram showing the variability of some engineering property in space 
(perhaps soil strength, rainfall, or some chemical contaminant). The spatial variability is divided 

into sections thought to be homogeneous, with means estimated for each. 

3.2.  Random fluctuations vs. point flaws. 

The causes of the various failure modes discussed above, as a simplification, can be grouped into 
two categories: those causes related to the fluctuations from area to area in space of continuum 
properties or process, such as soil strength, permeability, or hydraulic loadings; and those causes 
related to the occurrence of point defects or flaws, such as buried stream channels beneath the 
levee, or cracks, or animal burrows.  In the first case, as an example, if the fluctuations of soil 
strength are such that continuous zones of weak soil occur, then failure may occur in such a 
place.  In the second case, as an example, a buried stream channel may have little to do with the 
adjacent strata, and yet create of point of weakness at which a failure may occur.  

One might argue that excursions of the spatial fluctuations of continuum properties de facto 
constitute flaws. While this is true, the approaches to modeling these two types of causes of 
failure usually differ, and thus it is convenient for practical purposes to treat them separately.  
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The excursions of continuum properties are dealt with using the mathematics of stochastic 
processes, while the occurrences of point features are dealt with using the mathematics of 
statistical point processes. 

4.  Dividing a levee system into reaches.  

A levee reach is defined for the purpose of risk analysis as, 

a continuous length of levee exhibiting homogeneity of construction, geotechnical conditions, 
hydrologic and hydraulic loading conditions, consequences of failure, and possibly other 
features relevant to performance and risk. 

Thus, reaches are homogeneous lengths of levee that differ from neighboring reaches in at least 
one of the above mentioned properties, and which may be considered internally homogeneous 
for the purposes of reliability modeling and risk analysis.  

All two-dimensional sections within a reach are considered to be the same with respect to those 
properties relevant to risk and reliability; thus, the fragility curve for the levee is modeled as the 
same everywhere within an individual reach. 

In actuality, the fragility curve at a particular cross section within a reach is a step function at 
that deterministic loading condition that initiates failure (Figure ). Presumably, there is such a 
failure loading condition, which if it occurs will cause failure; only, that loading condition is not 
precisely known before the failure occurs. The S-shaped fragility curve reflects uncertainty about 
that unique loading condition that causes failure at a particular location.  

 

Figure 2.  The actual but unknown fragility curve for a section is a step function at the loading 
conditions that causes failure; this is approximated by an “S-shaped” probability curve reflecting 

what is known about the levee and loads. 

Philosophically, the uncertainty represented by the S-shaped fragility curve is epistemic; that is, 
it reflects lack of knowledge (although it may be modeled assuming some of the uncertainty to 
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be aleatory). Gathering more information, for example, by performing a proof loading, can 
dramatically change the fragility curve. This is suggested in Figure 3, taken from McDonald 
(2002), which shows fragility curves estimated before and after high water—that is, a proof 
loading—is observed on an earth dam, under which the dam performs successfully.  Before the 
loading, the fragility curve is estimated as curve B. Then a higher water load is successfully 
resisted, and the fragility curve is updated to curve C. Nothing has changed in the dam; only the 
state of knowledge about the dam has changed. It may be that the water level that actually causes 
failure is that shown in curve A; but this is unknown until such a loading is experienced (at 
which time is would presumably be too late to do anything about it, but that’s a separate issue). 
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Figure 3.  Hypothetical fragility curves for an earth dam as a function of pool elevation     
(McDonald 2002). 

Above, we said, the S-shaped fragility curve reflects uncertainty about that unique loading 
condition that causes failure at a particular location. Herein lies another issue. Part of the 
uncertainty in the S-shaped fragility curve has to with systematic uncertainties, such as the 
average soil strength or average permeability along the reach, or the simplifications introduced in 
the performance models that apply everywhere; but another part has to do with spatial variability 
within the reach. Some cross sections may be more fragile than others, but without detailed site 
characterization one can’t know exactly where these sections are, or how much more fragile they 
are than the stronger sections. This part of the S-shaped fragility curve also reflects epistemic 
uncertainty, because if more detailed information were available the weak spots could be 
identified and perhaps treated as separate reaches. But, the detailed information is not available, 
which is why those potentially weak sections are included in the present reach, and thus the true 
fragility curve varies from one location to another in an uncertain way. In most risk and 
reliability analysis as practiced today, this spatial variability is modeled as if it were aleatory—
that is, as if it were random—and stochastic models are used to characterize it. 

This separation of uncertainty in how fragility curves are modeled within a single reach 
introduced a length effect caused by the way we model uncertainty. Matheron is famously 
quoted as having said, “probability is in the model, not in the world.” The systematic 
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uncertainties, which cause a bias in the modeling, affect every section within the reach in the 
same way: if the mean soil permeability is underestimated at one spot it is similarly 
underestimated everywhere. The spatial variability, on the other hand, does not affect every 
section in the same way: some spots are more fragile and some are less fragile. Therefore, the 
longer the reach is the higher the probability of encountering a particularly weak variation, which 
results in a greater chance of conditions that lead to failure.  Note this length effect is due to 
incomplete knowledge; collect enough information and it goes away, but there is seldom that 
much information. 

5.  Probability of section failure. 

The primary level of analysis of levee reliability is the two-dimensional (2D) levee section. This 
arises out of traditional approaches in geotechnical and hydraulic engineering. The presumption 
is that this 2D section applies over a unit length of levee (however defined), without considering 
3D effects in calculating factors or safety, exit gradients, or other pertinent parameters. 

The fragility curve describes the levee response expressed as probability of failure as a function 
of loading condition. For example, a fragility curve could describe the probability of limiting 
equilibrium failure of a levee section as a function of water height in the floodway, or the 
probability of failure due to internal erosion associated with water height leading to a critical exit 
gradient on the protected side. 

In most cases, the fragility curve is based simply on traditional 2D calculations. The probabilities 
of failure represented by the fragility curve usually have nothing to do with the length of levee. 
The interpretation of the probability of failure described by the fragility curve is that it applies to 
a randomly chosen 2D section. The uncertainties represented in the fragility curve include, 
typically, both aleatory and epistemic contributions.  It is not the case that the probabilities 
represented in a fragility curve should be interpreted as “the probability of a failure anywhere” 
within a reach. 

For failure modes that depend on spatially variable continuum properties, like soil strength, 
permeability, or hydraulic head, the fragility curve should be thought of as representing the 
probability of failure of a “characteristic lengths” of levee. The characteristic length is that 
dimension over which the spatially varying properties are thought to have highly correlated 
uncertainty. Note that, the extent of correlation aleatory and epistemic uncertainties may be 
different. In the extreme, the epistemic uncertainties may be perfectly correlated over the entire 
length of levee, although one suspects that this is uncommon. 

For failure modes that depend on the occurrence of flaws, like cracks or buried channels, the 
fragility curve should be thought of as representing the probability of failure of the individual 
flaw. The individual flaws would probably be considered independent of one another. 

6.  Probability of system failure. 

Significant length sections are, by definition, chosen to be sections of levee the engineering 
properties and loading conditions of which are assumed to be probabilistically independent. This 



EC 1110-2-6066 
1 Apr 11 
 

 I-8

means that knowing the realized performance of one length in no way changes the probability of 
the performance of other lengths.  

6.1.  Independence and system probability of failure. 

If the probability of failure, pi, of any one length, i, is sufficiently small that the probability of 
two or more lengths failing simultaneously is negligible, pipj = 0, then the probability of system 
failure, defined by one or more lengths failing is just the sum of the individual probabilities,  

 P(system failure)  pii1,n
 s.t., pi p j  0      (1) 

So, as the total length of levee goes up, and the number of lengths rises, the probability of 
systems failure rises proportionally. A levee twice as long has twice the probability of system 
failure. 

If the assumption cannot be made that pipj ≠ 0, then the potential for more than one length failing 
simultaneously must be taken into account. In this case, the probability of one or more of n 
significant lengths failing is found as the complement of the probability of none of the lengths 
failing, 

 P(system failure) 1 (1 pi)i1,n
        (2) 

which, for the special case that all pi = pj = p are identical, simplifies to 

 P(system failure) 1 (1 p)n         (3) 

This is sometimes called, the independent identically distributed (IID) model. 

In this case, as the total length of levee increases, the probability of systems failure at first rises 
in proportion to length, but soon displays a classic exponental saturation shape trending 
asypmtotically toward 1.0 (Figure 4). 
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Figure 4.  Probability of system failure for n independent elements, each with probability of 
failure, p. 

The probabilistic relationship of Eqns. 2 and 3 is sometimes ascribed to DeMorgan, who is 
credited with the logical relations, 

 not (A or B) = (not A) and (not B) 

 not (A and B) = (not A) or (not B)       (4) 

in which A and B are two events or sets. Eqn. 3 is just a rewriting of the first statement as,  

 (A or B) = not { (not A) and (not B) } (5) 

6.2.  Correlation and system probability of failure. 

In the situation where one does not know whether the failures of the lengths are in fact 
probabilistically independent, the probability of system failure give by Eqn. 3, presuming all the 
lengths mutually independent, is an upper bound. The lower bound on the probability of system 
failure is given by the case of perfect dependence among all the probabilities pi = pj = p; that is, 
for the case in which, if one length fails, they all fail, or if one length does not fail, they all do not 
fail. In this case the probability of system failure is the same as any length failing, p. Thus, the 
bounds on the probability of system failure are, 

 p  P(system failure) 1 (1 p)n        (6) 
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Ang and Tang (1984) are said to have called these, the uni-modal bounds on the probability of 
systems failure.  Note, these bounds are wide if n is large and p is small.  

There has been considerable discussion over how to select a unique probability of system failure 
within these bounds, but no commonly accepted method exists.  The concept of using 
characteristic lengths is to avoid having to make such compromises. The characteistic length is 
chosen to be that minimum length for which adjacent lengths are probabilistically independent, 
and therefore for which Eqn. (2) or (3) is correct. 

7.  Extreme value theory. 

In the previous section, the assumption was made that the failure of each significant length could 
be represented by a Bernoulli (i.e., 0 or 1) variable with some corresponding probability pi. 
Another approach is to assume that each length can be represented by a probability distribution 
over its corresponding factor of safety (or margin of safety). Then, the probability of system 
failure becomes the probability that the lowest factor of safety among any of the lengths is less 
than or equal to its limit state, in this case, 1.0. 

Let the probability density function (pdf) of the factor of safety of length i be, fi(x), in which x is 

the factor of safety. The cumulative distribution function (cdf) is, Fi(x)  f i(x)dx
0

x . Then, the 

cdf of the minimum of the n factors of safety associated with the n lengths is, 

 F(xmin ) 1 (1 Fi(x)
i

 )        (7) 

The probability of systems failure is the probability that xmin is less than the limiting state, 1.0, 

 P(system failure)  F (xmin 1)  [1 (1 Fi(x)
i

 )
0

1 ]dx     (8) 

Extreme value theory has been well-studied, e.g., in hydrology, and many results are available 
(see, e.g., Gumbel 1958). 

8.  Subdividing reaches into characteristic lengths.  

What is the difference between a reach length and a characteristic length? Characteristic lengths 
have to do with what we don’t know about levee conditions and loads.  

CL is a modeling concept. CL is the minimum length that can be deemed as probabilistically 
independent of its neighbors in its performance (it is the length for which the independent 
weakest link model is valid). CL is the distance that one can expect change such that the 
neighboring segment is different, so that it will perform as probabilistically independent (if you 
have data that confirm that a neighboring segment is not probabilistically independent, then the 
two can be combined into one segment). 

What does it mean for two sections of levee to have “independent” performance? Uncertainty 
about levee performance, as a first-order way of thinking, can be divided into a trend component 
and a random variation (error) component. These are, respectively, modeled as epistemic 
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uncertainty and aleatory uncertainty. The independent performance considered here has to do 
with the latter, presumed random component. 

A stochastic approach to length effect was proposed by Vanmarcke (1977) and subsequently 
applied by Wolff (2002).  It remains the definitive, simple approach to length effects considering 
geotechnical properties to be random fields and using a first down-crossing calculation for the 
probability of the factor of safety falling below 1.0 as a function of levee length. The approach is 
“simple” in that it presumes all uncertainty to be aleatory. The approach can in principle be 
extended to combine aleatory and epistemic uncertainty, but this is not yet available. This is 
probably a direction of work that would be useful to carry out, and not particularly difficult. 

Vanmarcke’s derivation is approximately as follows: For a given loading condition, that is, 
height of water, uncertainty in the realized factor of safety against sliding depends principally on 
the average soil strength, Su, across the area of the failure surface. This average strength varies 
from cross-section to cross-section because the soil properties themselves vary from spot to spot 
(Figure 5). The variability in the average is less than the variability in the point-to-point 
properties, because to some extent the highs and lows of strength balance out each other over the 
failure surface. The larger the failure surface relative to the autocorrelation of the soil properties, 
the more the variance of the local averages is reduced.  

 

Figure 5.  Point variation in undrained strength and variation among locally averaged strength. 

Vanmarcke has shown that the variance of the spatial average for a unit-width plain strain cross 
section decreases approximately in proportion to (L/rL), for L>rL, in which L is the cross-
sectional length of the failure surface, and rL is an equivalent autocovariance distance of the soil 
properties across the failure surface weighted for the relative proportion of horizontal and 
vertical segments of the surface. For wedge failure modes this is approximately the vertical 
autocovariance distance. The variance across the full failure surface of width b along the axis of 
the levee is further reduced by averaging in the horizontal direction by an additional factor 
(b/rH), for b>rH , in which rH is the horizontal autocovariance distance. At the same time that the 
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variance of the average strength on the failure surface is reduced by the averaging process, so, 
too, the autocovariance function of this averaged process stretches out from that of the point-to-
point variation.  

In the IPET example, for a failure length of approximately 1000 feet along the levee axis and 30 
feet deep, with horizontal and vertical autocovariance distances of 1000 feet and 10 feet, 
respectively, the corresponding variance reduction factors are approximately 0.75 for averaging 
over the cross-sectional length L, and between 0.73 and 0.85 for averaging over the failure length 
b, assuming either an Exponential or squared-exponential (Gaussian) autocovariance. The 
corresponding reduction to the COV of soil strength based on averaging over the failure plane is 
the root of the product of these two factors, or between 0.74 and 0.8. 

The Reliability Index for the specific levee reach of length b is the number of standard deviations 
separating the mean condition from the limiting state, 
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         (9) 

in which E[FS] is the mean factor of safety, Var(FS) is the variance, and FS is the COV. 

For a long levee, the chance of at least one failure is equivalent to the chance that the variations 
of the mean soil strength across the failure surface shown schematically in Figure 5 drop below 
that required for stability at least once along the length. Vanmarcke (1977) has shown that this 
can be determined by considering the first crossings of a random process.  

The important conclusion from Vanmarcke’s model is that significant lengths of dimension equal 
to the autocorrelation length of the soil properties (or other operating conditions) behave as if 
they were independent increments; so, if one uses a characteristic length equal to the 
autocorrelation length, then the DeMorgan equation applies. 

9.  Recommended approach for risk analysis.  

The recommended approach to incorporating length effects in levee reliability is the following 
(Figure 6):  

 a.  Divide the levee length into separate reaches having homogeneous properties of H&H 
loading, structural profile, geotechnical subsurface conditions, and consequences of failure. Such 
reaches may be 100’s of feet to several miles in length.  

 b.  For the engineering properties of each reach, so defined, develop a fragility curve relating 
loading conditions to the probability of failure of a “unit length” of levee. 

 c.  Subdivide long reaches (>1000 ft) into characteristic lengths which reflect sections that are 
thought to behave as if probabilistically independent. That is, the failure of one such 
characteristic length would not, as a first approximation, change the appraised probability that 
adjacent characteristic lengths might fail.  
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 (1)  Characteristic length could be based on a statistical analysis of spatial correlation, by 
analogy to earlier projects, or by expert judgment.  

 (2)  As a default value, use a characteristic length no longer that 1000 ft. 

 d.  Apply the DeMorgan probability (P=1-(1-p)^n) as a best approximation to the probability 
of system failure, there p is the probability associated with the 2D fragility curve for the levee, 
and n is the number of characteristic lengths. 

  

Figure 6.  Division of levee system into reaches and characteristic lengths. 
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March 16, 2007 – Guidelines for Identifying Provisional Accredited Levees 
FEMA MT-RA-EM 

1

Guidelines for Identifying Provisionally Accredited Levees (PALs) 
 
Introduction 
 
The Federal Emergency Management Agency (FEMA) issued Procedure Memorandum 
No. 34 (PM 34) on August 22, 2005, to provide interim guidance for processing 
studies/mapping projects for communities with levees and to define the roles of all 
FEMA contractors and mapping partners in meeting the regulatory requirements of the 
National Flood Insurance Program (NFIP) as cited at Title 44, Chapter 1, Section 65.10, 
of the Code of Federal Regulations, Section 65.10 (44 CFR Section 65.10).  PM 34 
reiterates that the community or other parties seeking recognition of a levee or levee 
system are responsible for providing information to demonstrate that the levee provides 
protection from the base (1-percent-annual-chance) flood.  Therefore, when a 
study/mapping project is initiated under the Flood Map Modernization (Map Mod) 
program, FEMA will request that the community, levee owner, and/or local project 
sponsor to provide the data described in 44 CFR Section 65.10. 
 
The requirement for complying with 44 CFR Section 65.10 is the responsibility of the 
community, levee owner, and/or local project sponsor, and they often find it difficult to 
provide the full documentation promptly.  The lack of readily available data to comply 
with 44 CFR Section 65.10 has, in some cases, caused studies/ mapping projects to be 
delayed or placed on hold until the required information can be compiled and provided to 
FEMA.   
 
Providing communities with up-to-date, accurate, and reliable flood hazard information 
on Digital Flood Insurance Rate Maps (DFIRMs) is one of the primary goals of Map 
Mod.  Because levees are shown on the currently effective Flood Insurance Rate Maps 
(FIRMs) for over one-quarter of the counties being mapped under Map Mod, the issue of 
whether the levee provides 1-percent-annual-chance flood protection must be addressed.  
While 44 CFR Section 65.10 documentation is being compiled, the existing FIRMs 
remain in effect, showing the area behind the levee as protected from the 
1-percent-annual-chance flood and potentially delaying the release of more up-to-date 
information for other parts of the community.  As a result, communities would potentially 
be using outdated flood hazard information to regulate floodplain development.  In 
addition, because the existing FIRMs are in effect, there may be no requirements for the 
purchase of flood insurance in areas that actually are floodprone.   
 
This guidelines document outlines five scenarios that will allow the mapping for selected 
studies/mapping projects for communities with levees to move forward before the full 
documentation required in 44 CFR Section 65.10 is available.  With this process, the 
FEMA Regional Offices, FEMA contractors, and mapping partners can issue preliminary 
and effective DFIRMs while providing the communities and levee owners a specified 
timeframe for the submittal of the documentation necessary to show compliance with 44 
CFR Section 65.10.  In addition, for specific situations, the Regional Offices, contractors, 
and mapping partners can move forward with the study/mapping project until the point 
where the Letters of Final Determination would be issued, while communities and/or 
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levee owners are given a specified timeframe to address maintenance deficiencies 
identified by the U.S. Army Corps of Engineers (USACE).    
 
The USACE has initiated a national levee inventory and assessment program to identify 
the condition, location, level of protection, and maintenance activities for all levees 
within its jurisdiction.  This inventory will assist in the assessment of the risk to public 
safety associated with levees and levee systems across the Nation.  The USACE and 
FEMA are working together throughout the inventory and assessment phase to coordinate 
this effort with Map Mod activities.  The inventory data collected to date will be used by 
FEMA and the USACE to categorize levees for which the full documentation required by 
44 CFR Section 65.10 is NOT readily available into the five scenarios described below.   
 
Definitions 
 
A levee is defined as a manmade structure, usually an earthen embankment, designed and 
constructed in accordance with sound engineering practices to contain, control, or divert 
the flow of water so as to provide protection from temporary flooding.  The term does not 
include structures that are otherwise defined as dams in the Federal Guidelines for Dam 
Safety. 
 
For the purpose of this guidelines document, levees are identified as being USACE or 
non-USACE levees.  Levees within the USACE program include: 
 

• Levees built by the USACE that were authorized for construction by the U.S. 
Congress or by USACE continuing authorities (e.g., Section 205); 

• Levee projects constructed by non-Federal interests or other (non-USACE) 
Federal agencies and incorporated into the USACE Federal system by specific 
congressional action; 

• Federal projects that are either operated and maintained by the USACE or turned 
over to a local sponsor for operation and maintenance; and 

• Non-Federal projects within the Rehabilitation and Inspection Program (RIP), 
Public Law 84-99.   

 
Non-USACE levees are defined to include:  
 

• Levees not authorized by the U.S. Congress or other Federal agency authority; 
• Levees built by other Federal agencies and not incorporated into the USACE 

Federal system; 
• Locally built and maintained levees built by a local community; and 
• Privately built by a nonpublic organization or individuals and maintained by a 

local community.   
 
A “levee owner” can be a Federal or State agency, a water management or flood control 
district, a local community, a levee district, a nonpublic organization, or an individual.  
The “party responsible for operating and maintaining the levee” must be a Federal or 
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State agency, an agency created by Federal or State law, or an agency of a community 
participating in the NFIP. 
 
This document summarizes an approach for identifying a Provisionally Accredited Levee 
(PAL) and for provisionally mapping the area behind (landward of) such a levee as Zone 
X (shaded), pending FEMA’s receipt of all data and documentation required to show 
compliance with 44 CFR Section 65.10.  FEMA established this approach to allow the 
mapping process to move forward when levees meet the criteria for an applicable 
scenario identified below, and to give communities and levee owners a specified 
timeframe to submit all the documentation necessary to show compliance with 44 CFR 
Section 65.10.  The PAL requirements are provided below. 
 
 
Scenario A – Levees not in the USACE program that are shown as providing base 

flood protection 
 
Communication with levee owner and/or community: 
 
The FEMA Regional Office will send a letter (template letter for Scenario A) to the 
appropriate levee owner or community to identify the levees for which 44 CFR Section 
65.10 documentation is needed and will provide a copy of this letter to the appropriate 
USACE district office.  The FEMA letter will describe the PAL option and an 
opportunity for a one-time-only, 1-year “maintenance deficiency correction period” 
associated with maintenance-deficient levees.  This letter will also request that the 
community/levee owner submit, within 90 days, one of the following:  
 

• A signed agreement stating that, to the best of the community’s/levee owner’s 
knowledge, the levee in question meets 44 CFR Section 65.10 requirements and 
all requirements for a PAL application package.  See criteria for PAL Scenario A1 
below. 

• A signed letter stating that the community/levee owner has been notified of the 
one-time-only, 1-year “maintenance deficiency correction period” and agrees to 
proceed according to the associated process and requirements.  See criteria for 
PAL Scenario A2 below.  This one-time-only “maintenance deficiency correction 
period” will expire 1 year from the 91st day following the date of the initial 
notification letter.  For the purposes this document, this signed letter will be 
identified as the “maintenance deficiency letter.”   

 
Procedures for processing PAL Scenario A1 and A2 levees are described in detail below.  
To help FEMA contractors and mapping partners properly assess how to handle levee 
mapping issues, a flowchart has been generated that depicts the possible steps for 
Scenario A levees.  This flowchart is presented as Figure 2 at the end of this guidelines 
document. 
 
Scenario A1:  Once the FEMA Regional Office sends the initial notification letter for 
Scenario A, the community/levee owner will have 90 days to return either the PAL 
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application package or the maintenance deficiency letter.  If the community/levee owner 
believes that the levee meets 44 CFR Section 65.10 requirements at that time, then they 
may qualify for Scenario A1.   
 
If the full documentation required to show compliance with 44 CFR Section 65.10 are 
readily available when the initial notification letter is sent, FEMA will request that the 
community/levee owner provide these documents within 30 days.  If additional time is 
required to gather the proper documentation, the community/levee owner will choose to 
submit the PAL application package.  For any community/levee owner that chooses the 
PAL option, the requirements for 44 CFR Section 65.10 must be submitted within 24 
months of the 91st day following the date of the initial notification letter.  Certification by 
a Registered Professional Engineer must accompany the submitted 44 CFR Section 65.10 
data in compliance with Paragraph 65.10(e).  In addition, the community/levee owner 
must submit a progress report to FEMA after 12 months to document progress toward 
obtaining 44 CFR Section 65.10 data and documentation. 
 
Several conditions exist that may require FEMA to take immediate action to rescind the 
PAL designation and revise the DFIRM for the area landward of the levee.  If any of the 
following conditions apply, FEMA will direct the contractor or mapping partner to remap 
the area landward of the levee as Zone AE or Zone A, depending on the type of study 
performed for the area: 
 

• Neither the signed PAL agreement nor a request for a maintenance deficiency 
correction period is returned to FEMA before the 91st day following the date of 
the notification letter;  

• The full documentation required for compliance with 44 CFR Section 65.10 is not 
provided within 24 months of the 91st day following the date of the initial 
notification letter; or 

• The 12-month progress report is not provided to FEMA, and the FEMA Regional 
Office believes the PAL agreement should be rescinded. 

 
When the FEMA Regional Office sends the initial notification letter, the following 
attachments must be included: 
 

• A description of the requirements to meet 44 CFR Section 65.10, entitled 
“Mapping of Areas Protected by Levee Systems”; and 

• An agreement to accept the PAL option (agreement for Scenario A1), for the 
community/levee owner to sign and return to FEMA before the 91st day following 
the date of the initial notification letter. 

 
The PAL application package requirements for Scenario A1, to be submitted by levee 
owner or community, are: 
 

• An agreement signed by the community/levee owner stating that the PAL 
designation is warranted because the levee now meets the requirements of 44 CFR 
Section 65.10; 
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• A copy of the adopted operation and maintenance plan for the levee; and 
• Records of levee maintenance and operation, as well as tests of the mechanized 

interior drainage systems, if applicable.     
 
Scenario A2:  Once the FEMA Regional Office sends the initial notification letter for 
Scenario A, the community and/or levee owner will be given 90 days to return either the 
PAL application package or the maintenance deficiency letter.  If the community/levee 
owner believes that the levee meets 44 CFR Section 65.10 requirements with the 
exception of maintenance deficiencies, then they may qualify for Scenario A2.   
 
Once the community/levee owner determines that maintenance deficiencies exist, the 
community/levee owner will have 90 days from the date of the initial notification letter to 
submit a signed letter requesting the maintenance deficiency correction period.  At a 
minimum, this letter must clearly state: 
 

• The only grounds for the levee in question not currently meeting the 44 CFR 
Section 65.10 requirements or PAL requirements are maintenance issues; and 

• Within the 1-year “maintenance deficiency correction period,” the  
community/ levee owner can remedy the maintenance deficiencies and submit one 
of the following: 
◦ All documentation necessary to comply with the requirements listed in  

44 CFR Section 65.10; or 
◦ A request for a PAL designation and the entire PAL application package (PAL 

application requirements listed below). 
 

If the community/levee owner submits a response before the 91st day following the date 
of the initial notification letter, the FEMA Regional Office will notify the community/ 
levee owner that the current study/mapping project will move forward and that the area 
landward of the levee will be remapped and shown as Zone AE or Zone A, depending on 
the type of study performed for the area.  The notification will state that the Letter of 
Final Determination (LFD) and effective DFIRM will be delayed until the 1-year 
correction period has elapsed.  For FEMA to remove the Special Flood Hazard Area 
(SFHA) designation landward of the levee, the community and/or levee owner must 
submit the following within the 1-year correction period: 
 

• All the requirements listed in 44 CFR Section 65.10; or 
• A request for a PAL designation and the entire PAL application package (PAL 

application package requirements listed below). 
 
If all the data and documents required to comply with 44 CFR Section 65.10 are 
submitted before the 1-year correction period has elapsed, FEMA will issue the LFD and 
show the levee on the effective DFIRM as accredited.  However, if a request for a PAL 
designation and a PAL application package are submitted and approved before the 1-year 
correction period has elapsed, then FEMA will issue the LFD and show the levee on the 
effective DFIRM as provisionally accredited.  In addition, for the PAL option, the 
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community/levee owner must provide a progress report to the FEMA Regional Office 
after 12 months to document progress toward obtaining 44 CFR Section 65.10 data 
If any of the following alternatives occur, FEMA will issue the LFD and an effective 
DFIRM that shows the areas landward of the levee will be remapped and shown as Zone 
AE or Zone A, depending on the type of study performed for the area:  
 

• The community/levee owner does not submit a signed response letter before the 
91st day following the date of the initial notification letter. 

• The community/levee owner is granted the 1-year correction period, but does not 
submit the required data within the 1-year correction period. 

• The submitted deficiency correction data are determined to be inadequate. 
• The 12-month PAL progress report is not provided to FEMA, and the FEMA 

Regional Office believes the PAL designation should be rescinded. 
• The full data and documentation required to comply with 44 CFR Section 65.10 is 

not provided within 24 months of the 91st day following the date of the initial 
notification letter. 

• The data and documentation submitted to meet the requirements of 44 CFR 
Section 65.10 or the PAL application are determined to be inadequate.  

 
When the FEMA Regional Office sends the initial notification letter, the following 
attachments must be included: 
 

• A description of the requirements to meet 44 CFR Section 65.10, entitled 
“Mapping of Areas Protected by Levee Systems;” and 

• An agreement to accept the PAL option (agreement for Scenario A2), for the 
community/levee owner to sign and return to FEMA.  

 
In response to the initial notification letter, the community/levee owner is to submit the 
following to FEMA to meet the PAL application package requirements for Scenario A2: 
 

• An agreement signed by the community/levee owner stating that the PAL 
designation is warranted because the levee now meets the requirements of 44 CFR 
Section 65.10; 

• A copy of the adopted operation and maintenance plan for the levee; and 
• Records of levee maintenance and operation, as well as tests of the mechanized 

interior drainage systems, if applicable.  
 
 
Scenario B – Levees in the USACE program that are eligible for PAL 
 
Levees in the USACE program that meet the following criteria are eligible for the PAL 
designation. 
 
Criteria to meet Scenario B: 

 
• The effective FIRM shows the levee as providing protection from the base flood; 
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• No available information indicates the levee does not provide base flood 
protection; and 

• The project inspection rating is within an acceptable range (as defined by the 
USACE). 

 
Communication with levee owner, community, and/or local project sponsor: 
 
The FEMA Regional Office will send a letter (template letter for Scenario B) to the 
appropriate community/levee owner/local project sponsor identifying the levees that meet 
the above criteria and qualify for the PAL option.  This letter will describe the PAL 
option and request that the community/levee owner/local project sponsor sign an 
agreement stating that, to the best of their knowledge, the levees in question meet 44 CFR 
Section 65.10 requirements.   
 
If full documentation to comply with the requirements of 44 CFR Section 65.10 is readily 
available when the initial notification letter is sent, the FEMA Regional Office will 
request that the community/levee owner/local project sponsor provide these documents 
within 30 days.  If the community/levee owner/local project sponsor requires time to 
gather the proper documentation, they will choose to submit the PAL application 
package.  For any community/levee owner/local project sponsor that chooses the PAL, 
the documentation required to comply with 44 CFR Section 65.10 requirements must be 
submitted within 24 months of the 91st day following the date of the initial notification 
letter.  Certification by a Registered Professional Engineer must accompany the 
submitted 44 CFR Section 65.10 data in compliance with Paragraph 65.10(e).  As an 
alternative, USACE may also certify that the levee has been adequately designed and 
constructed to provide protection against the base flood.  In addition, the 
community/levee owner/local project sponsor must submit a progress report to FEMA 
after 12 months to document progress toward obtaining data and documentation to 
comply with 44 CFR Section 65.10 
 
Several conditions could occur that may result in the PAL designation being rescinded 
and FEMA taking immediate action to revise the DFIRM in the area landward of the 
levee.  If any of the following conditions apply, FEMA will remap the area landward of 
the levee will be remapped and shown as Zone AE or Zone A, depending on the type of 
study performed for the area: 
 

• The signed PAL agreement is not returned to FEMA within 90 days of the initial 
notification letter. 

• The full documentation for 44 CFR Section 65.10 is not provided within  
24 months of the final day of the 90-day agreement period. 

• The 12-month PAL progress report is not provided to FEMA, and the FEMA 
Regional Office believes rescission is necessary. 

• The data submitted to meet the requirements of 44 CFR Section 65.10 or the PAL 
application are determined to be inadequate.  
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When the FEMA Regional Office sends the initial notification letter, the following 
attachments must be included: 
 

• A description of the requirements to meet 44 CFR Section 65.10, entitled 
“Mapping of Areas Protected by Levee Systems”; and 

• An agreement to accept the PAL option (agreement for Scenario B), for the 
community/levee owner/local project sponsor to sign and send back to FEMA 
before the 91st day following the date of the initial notification letter  

 
In response to the initial notification letter, the community/levee owner/local project 
sponsor is to submit the following to FEMA to meet the PAL application package 
requirements for Scenario B: 
 

• An agreement signed by the community/levee owner/local project sponsor stating 
that the PAL designation is warranted because the levee now meets the 
requirements of 44 CFR Section 65.10; 

 
 
Scenario C – Levees in the USACE program with known deficiencies that are shown 

as providing base flood protection 
 
For levees in the USACE program that are shown on the effective FIRM as providing  
1-percent-annual-chance flood protection but have known deficiencies, the criteria below 
are to be followed.  Two scenarios are possible.  To help FEMA contractors and mapping 
partners properly assess how to handle levee mapping issues, a flowchart has been 
generated that depicts the possible steps for Scenario C levees.  This flowchart is 
presented as Figure 3 at the end of this guidelines document. 
 
Scenario C1: 
 
Criteria to meet Scenario C1: 

 
• The USACE has determined that the levee’s recent inspection ratings are listed as 

fair, poor, or unacceptable;  
• The USACE has determined that the project status in the RIP has been switched 

from active to inactive; and 
• The USACE has not provided a 1-year maintenance deficiency correction period 

for the levee. 
 
Communication with levee owner, community, and/or local project sponsor: 
 
The FEMA Regional Office will coordinate with the appropriate USACE District office 
regarding levee projects in the USACE inventory that have received an inspection rating 
of fair, poor, or unacceptable and have been placed in inactive status in the USACE 
Rehabilitation and Inspection Program (RIP).  Once these projects have been identified, 
the USACE will send a notification letter to the community/levee owner/local project 

      EC 1110-2-6066 
      1 Apr 11 

K-12



March 16, 2007 – Guidelines for Identifying Provisional Accredited Levees 
FEMA MT-RA-EM 

9

sponsor to inform them that the levee status has been switched from active to inactive in 
the RIP and is no longer eligible for PL 84-99 rehabilitation assistance because of 
maintenance deficiencies.  These deficiencies will not allow the levee to meet the 
minimum requirements of the 44 CFR Section 65.10; thus, the levee does not provide 1-
percent-annual-chance flood protection.  The deficiencies will be identified in the 
USACE letter.  The USACE District office will provide a copy of this letter to the FEMA 
Regional Office.  These levee systems will not be eligible for the PAL option.    
 
The FEMA Regional Office then will send a letter (template letter for Scenario C) to the 
community/levee owner/local project sponsor stating that this is a follow-up to the 
notification they received from the USACE.  The FEMA letter will clearly state that the 
deficiencies in the levee have been determined in coordination with the USACE, and 
FEMA will remap the area landward of the levee to show it as Zone AE or Zone A,  
depending on the type of study performed for the area, if the levee does not provide  
1-percent-annual-chance  flood protection.  The USACE letter will be attached to the 
FEMA letter as background information. 
 
Scenario C2:   
 
Criteria to meet Scenario C2: 

 
• The levee has received an unacceptable, fair, or poor inspection rating; 
• The levee was in an active status in the USACE RIP prior to September 30, 2005 

(FY06); and 
• The USACE has offered a one-time-only, 1-year “maintenance deficiency 

correction period” to remedy the maintenance deficiencies of the levee. 
 
Communication with levee owner, community, and/or local project sponsor: 
 
Once these projects have been identified, the USACE will send a notification letter to the 
community/levee owner/local project sponsor to inform them of the levee’s specific 
maintenance deficiencies.  This letter will also inform the community/levee owner/local 
project sponsor that they are eligible for the one-time-only, 1-year “maintenance 
deficiency correction period,” which provides them 1 year to resolve any levee 
maintenance deficiencies.  The USACE District office will provide a copy of this letter to 
the FEMA Regional Office.   
 
The FEMA Regional Office then will send a letter (template letter for Scenario C2) to the 
community/levee owner/local project sponsor stating that this is a follow-up to the 
notification they received from the USACE.  The letter will explain the PAL option 
(Scenario C2) and that FEMA will move forward with the current study/mapping project 
and will remap the area landward of the levee that will be inundated by the 1-percent-
annual-chance flood as Zone AE or Zone A, depending on the type of study performed 
for the area.  The letter also will state that even though FEMA is moving forward with the 
mapping, the LFD and effective DFIRM will be delayed until the 1-year correction 
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period has elapsed.  For FEMA to remove the SFHA designation landward of the levee, 
the following requirements must be met within the 1-year correction period: 
 

• Evidence has been provided to show that the maintenance deficiencies have been 
remedied.  This evidence will be provided to the FEMA Regional Office by the 
appropriate USACE District office.  

• All of the requirements listed in 44 CFR Section 65.10 have been addressed, or a 
request for a PAL designation and the entire PAL application package has been 
submitted. 

 
The FEMA Regional Office will coordinate with the appropriate USACE District 
regarding levee projects to evaluate and determine the adequacy of any data submitted 
within the 1-year period.  
 
If all the data and documentation required to comply with 44 CFR Section 65.10 are 
submitted before the 1-year correction period has elapsed, FEMA will issue the LFD and 
show the levee on the effective DFIRM as accredited.  Alternatively, if a request for a 
PAL designation and a PAL application package are submitted and approved before the 
1-year correction period has elapsed, then FEMA will issue the LFD and show the levee 
on the effective DFIRM as provisionally accredited.  In addition, to the community/levee 
owner/local project sponsor must submit a progress report to FEMA after 12 months to 
document progress toward obtaining documentation and data to comply with 44 CFR 
Section 65.10. 
   
If any of the following alternatives occur, FEMA will issue the LFD and an effective 
DFIRM that shows the areas landward of the levee will be remapped and shown as Zone 
AE or Zone A, depending on the type of study performed for the area:  
 

• The community/levee owner/local project sponsor is granted the 1-year correction 
period, but does not submit the required data within the 1-year correction period. 

• The submitted deficiency correction data is determined to be inadequate. 
• The 12-month PAL progress report is not provided to FEMA, and the FEMA 

Regional Office believes the PAL designation should be rescinded. 
• A request for a PAL designation and the entire PAL application package is not 

submitted approved before the 1-year correction period has elapsed. 
• The full documentation necessary to comply with 44 CFR Section 65.10 is not 

provided within 24 months of the final day of the correction period. 
• The data submitted to meet the requirements of 44 CFR Section 65.10 or the PAL 

application are determined to be inadequate. 
 
When the FEMA Regional Office sends the initial notification letter, the following 
attachments must be included: 
 

• A description of the requirements to meet 44 CFR Section 65.10, entitled 
“Mapping of Areas Protected by Levee Systems;” and 
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• An agreement to accept the PAL option (agreement for Scenario C2), for the 
community/levee owner/local project sponsor to sign and return to FEMA.  

 
The PAL application package requirements for Scenario C2, to be submitted by levee 
owner, community, and/or local project sponsor, are: 
 

• An agreement signed by the community/levee owner/local project sponsor stating 
that the PAL designation is warranted because the levee now meets the 
requirements of 44 CFR Section 65.10; 

 
 
Scenario D – Levees in the USACE program that are shown as not providing base 

flood protection 
 
Communication with levee owner, community, and/or local project sponsor: 
 
For levees in the USACE program that are not currently shown as providing 1-percent-
annual flood protection, no letter will be sent.  In this case, there is no issue with how to 
map the area behind the levee, because it already has been determined that the levee does 
not provide 1-percent-annual flood protection or the levee has not gone through the 
certification process..  The DFIRM will continue to show the levee as not providing 1-
percent-annual flood protection unless it is determined that the levee actually does 
provide this level of protection. 
 
 
Scenario E – Levees in the USACE program that do not meet an adequate level of 

protection, as determined by the USACE in coordination with FEMA, 
but are shown as providing base flood protection 

 
For levees in the USACE program that are shown as providing base flood protection but 
do not meet an adequate level of protection as determined by the USACE in coordination 
with FEMA, the following criteria will be followed. 
 
Criteria to meet Scenario E: 
 

• The levee is shown as providing protection but does not provide an adequate level 
(1-percent-annual-chance or greater) of flood protection, as indicated by the 
USACE levee inventory data and validated through coordination between the 
USACE district office and the FEMA Regional Office; and 

• The levee inspection rating is NOT listed as fair, poor, or unacceptable, but the 
levee may have failed or experienced overtopping by a flood event less than the 1-
percent-annual-chance flood. 

 
The FEMA Regional Office will verify the engineering and mapping data used to 
produce the effective FIRM and determine whether it is the most up-to-date information, 
based on the best available data.  However, the FEMA Regional Office will also 
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determine if better data are available than the data used to produce the effective FIRM.  
The FEMA Regional Office will coordinate with the USACE district office to either 
verify the current flood data are the best available or provide the more recent and 
accurate data.  The USACE district office will use the best available data, as identified by 
the FEMA Regional Office, to determine whether the levee provides an adequate level of 
protection. 
 
Communication with levee owner, community, and/or local project sponsor: 
 
When the USACE district office in coordination with the FEMA Regional Office, 
determines that a levee in the USACE program does not provide an adequate level of 
protection, the community/levee owner/local project sponsor will be notified by letter 
(template letter for Scenario E) from the FEMA Regional Office that “in coordination 
with the USACE, it has been determined that your levee no longer provides protection 
from the base flood.”  The reasons the levee no longer provides 1-percent-annual-chance 
flood protection will be identified in this letter.  The community/levee owner/local 
project sponsor will be instructed to contact the FEMA Regional Office if they have any 
questions or if they can provide the documentation and data necessary to show 
compliance with 44 CFR Section 65.10.  If the community/levee owner/local project 
sponsor does not provide the required documentation and data, the area landward of the 
levee will be mapped as Zone AE or Zone A, depending on the type of study performed 
for the area. 
 
 
Mapping of the areas with and without the PAL designation 
 
Levees and levee systems that meet the 44 CFR Section 65.10 criteria will continue to be 
mapped as providing protection from the 1-percent-annual-chance flood, and the PAL 
designation is not applicable.  The area landward of the levee will be mapped as a Zone X 
(shaded) with the following note: 
 

WARNING!  This area is shown as being protected from the 1-percent-annual-chance 
flood hazard by levee, dike, or other structure.  Overtopping or failure of this structure is 
possible, which could result in destructive flood elevations and high-velocity floodwaters.  
There is a chance that large floods will occur that are greater than the level of protection 
provided by the levee.  Communities should issue evacuation plans and encourage 
property owners behind these structures to purchase flood insurance, even if the structure 
is currently shown as providing protection for the 1-percent-annual-chance flood.   

 
For levees and levee systems that are eligible for the PAL designation, the area landward 
of  levees can still be mapped as Zone X (shaded), with the following note applied at 
several locations in or near the zone:  
 

WARNING: Provisionally Accredited Levee.  For explanation, see the Notes to Users. 
The following accompanying note in the Notes to Users should only be applied to 
DFIRM panels that depict a levee or levee system with a PAL designation: 
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WARNING:  This levee, dike, or other structure has been provisionally accredited and 
mapped as providing protection from the 1-percent–annual-chance flood.  To maintain 
accreditation, the levee owner or community is required to submit documentation 
necessary to comply with 44 CFR Section 65.10 by (__________, ____).  Because of the 
risk of overtopping or failure of the structure, communities should take proper 
precautions to protect lives and minimize damages in these areas, such as issuing an 
evacuation plan and encouraging property owners to purchase flood insurance.  

 
Please note that it is unnecessary to revise and update the Flood Insurance Study report to 
identify and include the levee systems that are eligible for the PAL designation.   
 
The DFIRM in Figure 1 shows a levee on the east side of the river and Zone X (shaded) 
landward of the levee, with the warning note pointing to the levee.  If a Zone X (shaded) 
area is already depicted on the effective FIRM/DFIRM, then the revised levee note can 
be added to the existing Zone X (shaded) area, as shown in Figure 1.  If no 
Zone X (shaded) area exists on the effective FIRM/DFIRM, then the mapping partner 
should define the provisional Zone X (shaded) area using the best available data.   
 
 
Flood Insurance Study Report Requirements 
 
The Flood Insurance Study report should not be revised to identify those levees and levee 
systems that are eligible for the PAL designation. 
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Figure 1.  Example of Zone X (Shaded) for the PAL Option 
 
 
 

      EC 1110-2-6066 
      1 Apr 11 

K-18



EC 1110-2-6066 
1 Apr 11 

 

L-1 

 

 

 

 

 

 

 

 

APPENDIX L 

 
Inland I-Wall Example 



EC 1110-2-6066 
1 Apr 11 
 

L-2 

Appendix L  

Inland I-Wall Example 

1.  Inland I-Wall Example Background. 

The following example demonstrates application of the Mandatory Requirements for design of 
an inland I-wall.  Future examples will demonstrate application of the Mandatory Requirements 
to the evaluation of an inland I-wall and to I-walls in coastal environments.   This example does 
not include other appurtenant features of a Flood Risk Management System (FRMS).  Design re-
quirements for other project features are addressed in appropriate USACE publications. 

The intent of this example is to present the processes for I-Wall design as guidance and shall not 
be considered a standard design.  The use of any numerical value or details within this example 
shall not be deemed as universally acceptable.  Appropriate investigations and analyses related to 
specific project and site requirements are the responsibility of the engineer in responsible charge.  
The designer shall utilize all available site specific information in developing appropriate design 
parameters for each feature of a particular system. 

The example describes some of the system based features and how some of the key Mandatory 
Requirements are met, and includes the rotational stability analysis and global stability analysis 
of an I-Wall.  In locations where the design is checked against a mandatory requirement, an [M] 
is provided in the text. 

2.  Project Characteristics. 

This example is for a small town with a mixture of residential and commercial structures where 
approximately 5,000 people reside or work at the confluence of a non-navigable stream and ma-
jor navigable waterway, which has exceeded flood stage on many occasions.  A 4-mile FRMS, 
including both structural features to minimize damage to property and advanced warning and 
evacuation procedures to minimize the risk to public safety, is to be completed.  The project has 
the capacity to prevent 30,000 acre-feet of water from inundating populated areas.  The autho-
rized level of protection is a 150-year event (0.67% annual chance of exceedence with 50% as-
surance) (see Figure 2, Flood Hazard Curve).  The drainage basin and hydrology of the region 
are such that there is sufficient time to warn and evacuate people residing in the flood prone 
areas. 

A portion of this project is located along a stretch of town which closely encroaches the river 
bank where it was determined an I-wall is the only feasible structural alternative (see Figure 1, 
Partial Site Plan).  The I-wall is located on the non-navigable portion of the project.  The I-wall 
is designed to have one foot of superiority above the top of containment.  A controlled over-
topping section is included in the FRMS to minimize the risk of catastrophic failure and subse-
quent loss of life.  The overtopping section is not located within the length of I-wall.  

The project is located within Seismic Zone 1 as delineated in the Seismic Zone Map included in 
ER 1110-2-1806. 
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Figure 2 – Flood Hazard Curve 
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3.  Design Information. 

3.1.  Structure Classification.  

All I-walls serving as flood control barriers are critical structures [M].  Therefore, this 6-feet 
high I-wall will be designed based on ordinary site information.  The performance requirements 
for safety of critical structures must be used for flood loading conditions and seismic loading 
conditions.  Any damages due to seismic shaking during an OBE event would require timely re-
pair to the floodwall and levee otherwise the urban area would be exposed to unacceptable flood-
ing risk.  Damages to the I-wall and levee during an MDE event or other major earthquake would 
require timely repairs consistent with maintaining flood protection and with the level of damage 
sustained within the protected area.  All load cases will be designed in accordance with stability, 
strength and resilience or toughness provisions applicable to critical structures. 

3.2.  Minimum Design Grade.  

The authorized design water level corresponds to a 150-year event and is consistent with para-
graph 4-2 c(1) of the EC.  Also, in accordance with paragraph 4-11.c of the EC, the wall must be 
resilient for an unusual event and a 500-year event which overtops the wall was determined to be 
appropriate through the planning process.  An overtopping section is provided within the FRMS 
that will allow 2 feet of water inside the line of protection at the 6-feet high I-wall during the 
OVT2 event to minimize the potential for scour on the landward side of the floodwall.  The over-
topping section is not located within the reach of I-wall.  Scour protection on the protected side 
of the wall will only be provided at the levee transitions and any location where there is insuffi-
cient plunge pool.  If the overtopping section were located within the reach of I-wall, erosion 
protection would also be required on the protected side within the limits of the overtopping sec-
tion. 

3.3.  Site Information Category.  

The site information is considered to be ordinary.  This decision was based on the knowledge 
that foundation stratigraphy, material parameters and site geometry were established with a high 
level of confidence as a result of the geotechnical explorations.  Sufficient explorations and test-
ing were performed such that the chance of encountering unforeseen foundation conditions is 
low, and small variations can reasonably be covered by design factors of safety.  Also, there is 
minimal uncertainty associated with the hydraulic parameters and required wall elevations were 
established with a high level of confidence.  Since existing survey data did not meet the require-
ments of Table 3-1, new surveys were obtained.  All the governing loading conditions have been 
established with a high level of confidence. 

Investigations showed only small variations in the soil column throughout the project.  Strata 
thicknesses and soil types were fairly consistent along the proposed wall alignment.  The results 
of investigations and testing are consistent with requirements for an ordinary site information 
category, so safety factors used in design will reflect this site condition classification. 
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3.4.  Geotechnical Information.  

This particular project has advanced to the preconstruction stage.  Standard Penetration Test 
(SPT) borings have been drilled on approximately 500-ft spacing and included continuous sam-
pling.  Undisturbed Shelby tube samples were also obtained in all fine-grained soil layers that 
were found during disturbed sampling.  Disturbed samples were tested to determine Atterberg 
Limits, gradation properties, natural moisture content, and visual classification, while undis-
turbed samples received triaxial shear strength (UU and CU) and 1-D consolidation testing.  Suf-
ficient subsurface data were obtained so that the knowledge of soil parameters is high.  Shear 
strength parameters were selected 0.5 standard deviations below the mean.  Consolidation para-
meters were the average values from test data.  The engineer selected permeability values for 
sands and gravels that are 0.5 standard deviations above the mean.  Wall friction and adhesion 
are no greater than 50% of the internal friction angle and cohesion, respectively. 

4.  System Loads. 

The following scenarios describe the site conditions and natural events that could combine to 
cause failure of the I-wall.  These scenarios are the basis for establishing project features, loading 
conditions, factors of safety and resilience criteria. 

4.1.  Erosion and Scour. 

Erosion of the river bank and levee from excessive river velocities can occur during flood events. 
This erosion can lead to failure of the wall during intermediate river stages (when overtopping of 
the wall will not occur).  Resilience (or toughness for extreme events) to erosion will be provided 
with protection on the flood side of the I-wall [M] as needed. 

Scour of foundation soils on the protected side of the walls can also occur due to flood waters 
overtopping the wall or from interior drainage flows.  Resilience to scour will be provided by 
protection on the protected side of the I-wall [M] as needed. 

4.2.  Overtopping. 

During an unusual or extreme flood event, the I-wall or levee will be overtopped and subsequent 
scouring of the protected side foundation soils could lead to I-wall failure.  Resilience require-
ments [M] will be met by providing an overtopping section at a location remote from the I-wall 
with superiority over the remaining FRMS alignment.  Providing superiority with an overtopping 
section will ensure that a plunge pool with a minimum depth of 2 feet [M] develops along a por-
tion of the I-wall alignment prior to overtopping of the wall.  Due to the topography, a small por-
tion of the I-wall will not develop a plunge pool adjacent to the I-wall.  In this area, scour protec-
tion shall be provided in addition to locations where the I-wall transitions to levee [M] (See Fig-
ure 1). 

4.3.  Earthquakes. 

The project is located within Seismic Zone 1 as delineated in the Seismic Zone Map included in 
ER 1110-2-1806.  The DEQAS-R computer program was used to estimate a peak ground accele-
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ration (PGA) of 0.011g for the Operational Basis Earthquake (OBE), which has a return frequen-
cy of 144 years.  Site specific studies at other projects within 50 miles of this site include time-
history charts showing duration of shaking of 15 seconds for the OBE event, so this duration will 
also be used for this project.  The coincident pool to be evaluated with the OBE has a return fre-
quency of 2 years with a duration of 183 days. 

As stated in Chapter 6.9.b(1) of this guidance, all I-walls serving as flood control barriers are 
critical structures so the Maximum Design Earthquake (MDE) is the Maximum Credible Earth-
quake (MCE).  Since this project is located in Seismic Zone 1, a simplified approach can be used 
to estimate this acceleration.  In this example, the DEQAS-R computer program was used and 
yielded a peak acceleration of 0.091g.  The aforementioned nearby site specific study showed 
that the duration of shaking for this event should be approximately 20 seconds. 

The coincident pool to be evaluated with the OBE, as defined in Section 6.3.b(2), is located at El. 
533.8, which is 16 feet lower than any critical structure in this example. 

 
 

  λ1 = 1 event/year  (Units for all λ are “events per year”) 

  1 = 183 days = 0.5 year 

 

  λ2 = 1/144 = 0.006944 events/year 

  2 = 15 seconds = 4.756x10-7 year 

 

  λ12 = (1) (0.006944) (0.5 + 4.756x10-7) 

  λ12 = 3.47x10-3 events/year   (Approximate return period of 288 years) 

 

The mean rate of joint occurrence (288 years) is an unusual loading condition and therefore the 
performance requirement for the I-wall is that it must survive the coincident pool and seismic 
(OBE) event with only minor damage and disruption of service to make cosmetic repairs.  Hori-
zontal loads from the DWL, OVT1 and OVT2 loading conditions are greater than the aforemen-
tioned load combination.  Therefore, seismic loadings will not control the design and were not 
evaluated for this example.  Refer to EM 1110-2-6053, Appendix B and C for additional infor-
mation on how to use DEQAS-R. 

 

5.  System Failure and Loading Conditions. 

5.1.  System Failure. 

Failure of a FRMS occurs when floodwaters enter the protected area in an uncontrolled manner, 
that was not intended by the designer, which could result in loss of life.  To avoid a system fail-
ure, the critical features of the project must perform adequately during the flood event. 
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Critical features are the engineering structures, natural site conditions, or operating equipment 
and utilities whose failure during or immediately following a flood event could result in loss of 
life.  Project potential for catastrophic loss of life should consider the population at risk, the 
depth of inundation and the velocity of inflow and the probability of fatalities within the pro-
tected area.  An I-wall is considered a critical feature because its failure could result in an uncon-
trolled flooding of a populated area and subsequent loss of life.  All other components, units or 
features whose failure does not result in loss of life are not considered critical features unless de-
fined as such in other criteria documents. 

5.2.  Loading Conditions. 

To be consistent with current guidance pertaining to stability requirements and loading combina-
tions required for strength design of concrete and steel, median (50% confidence) water levels 
were used for rotational and global stability.  Median water levels were also used for strength de-
sign of sheet piling and concrete.  Figure 2, Flood Hazard Curve, and Figure 3, Idealized Cross 
Section for Design, show the appropriate elevations in relation to the section of wall analyzed. 

Load Case 1 – Normal Operating (NO) 

Normal operating water levels do not load the I-wall and therefore will not be investigated. 

Load Case 2 – Design Water Level (DWL) 

Through the planning process the authorized design grade for this project was determined to be 
the 150-year event.  At the DWL of 553.1, pumping capacity and reliability are adequate to 
maintain the groundwater elevation at grade on the protected side.  Both Q- and S-Condition soil 
strengths are to be used for rotational and global stability.  Rotational stability is analyzed for the 
Q-condition soil parameters based on the Phase II analysis guidance in Appendix C.  This wa-
terway is located in a steep wooded valley, therefore, rotational stability will also include debris 
impact at the DWL elevation.  Since this portion of the wall is essentially parallel with flow a 
load of 500 lbs/ft was chosen and is intended to represent a large fallen tree trunk or drifting re-
creational boat.  A higher number would likely have been chosen for any portion of the wall not 
parallel to flow.  Phase III investigations are underway to develop guidance for analyzing the Q-
Condition with a gap extending down to the point of rotation.  Global stability is analyzed both 
with and without a gap for the Q-Condition and without a gap for the S-Condition as described in 
paragraph 6.4.  Seepage is analyzed with a gap formed to the interface of the free draining soil 
layer as described in paragraph 6.5. 

Load Case 3 – Onset of Overtopping (OVT1) 

The Onset of Overtopping represents a rising river with the water elevation at the top of the wall 
(El. 555.1) as determined from the planning process and incorporates decisions based on the en-
gineering uncertainties associated with the project site.  To account for the maximum differential 
loading condition, groundwater on the protected side is analyzed at grade.  Debris impact load of 
500 lb/ft will also be included at the OVT1 elevation for rotational stability. The analyses for this 
load case are similar to those for the DWL. 
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Load Case 4 – Design Overtopping Level (OVT2) 

Through the planning process it was determined that this project will be designed for resilience 
to the 500-year water level.  The 500 year water level of 557.7 overtops the wall at this section 
by 2.6 feet.  The duration of peak overtopping will be 6 hours with a total duration of overtop-
ping of 72 hours.  The overtopping section of the wall has been designed such that the interior 
will be flooded to a minimum depth of 2 feet prior to significant overtopping of the remaining 
portion of the line of protection which should abate scour at these locations.  Therefore, water 
level on the protected side will be 2 feet above grade.  Debris impact load of 500 lb/ft will also 
be included at the top of wall elevation for rotational stability.  The analyses for this load case 
are similar to those for the DWL. 

Load Case 5a – Coincident Pool plus Operating Basis Earthquake (CP + OBE) 

Load Case 5b – Coincident Pool plus Maximum Design Earthquake (CP + MDE) 

Since water levels do not touch the I-wall during either the OBE or MDE in this example, no 
seismic load cases are shown. 

Load Case 6 – Construction Condition (CC) 

The wall will be analyzed prior to backfilling to final grade (ground at bottom of concrete) along 
with wind load on the protected side.  Ground water on the protected side is set at top of ground 
with the river side pool equal to the CP.  Appropriate equipment surcharge loads should also be 
applied.  Construction condition load cases are not shown since construction loads do not control 
the design. 
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5.3.  Minimum Required Safety Factors. 

The table below lists the required load cases, classifications and required factors of safety based 
on the requirements in Chapter 6. 

 

Load Case Description 
Failure 
Modes 

Shear 
Strength 
Required

Classification RS GS S 

2 DWL S,GS,RS Q,S UN 1.5 1.7 2.0 

3 OVT1 S,GS,RS Q,S UN 1.5 1.7 2.0 

4 OVT2 S,GS,RS Q,S UN 1.5 1.7 2.0 

5a OBE GS,RS Q UN 1.5 1.7 n/a 

5b MDE GS,RS Q E 1.3 1.6 n/a 

6 CC GS Q,S UN n/a 1.7 n/a 

6.  Design and Analysis. 

6.1.  Rotational Stability. 

This analysis is used to determine the required penetration for the sheet piling.  The table below 
summarizes the results of the analyses performed.  The drained (S) cases utilized the CORP-
CASE program CWALSHT (Version Date: 2007/11/9) as described in the documentation for the 
program.  The undrained (Q) cases utilized CWALSHT as well but followed the interim proce-
dures as described in Phase II analysis guidance in Appendix C.  Note, the procedures in the 
Phase II evaluation guidance only approximate a gap analysis.  More detailed gap analysis pro-
cedures will be provided in the Phase III evaluation guidance.  Select computer program in-
puts/outputs are included in the following pages.  Seismic and construction load cases did not 
control rotational stability and are not included here. 
 

Load Case Shear Strength 
Flood Side 
Water Elev. 

(Median) 

Protected Side 
Water Elev. 

Maximum 
Gap Depth 
(Zero Net 
Pressure) 

Required Pe-
netration 

DWL 
Undrained, Q 

553.1 549.1 
5.1 7.76 

Drained, S N/A 15.37 

OVT1 
Undrained, Q 

555.1 549.1 
8.4 11.77 

Drained, S N/A 20.43 

OVT2 
Undrained, Q 

557.7 551.1 
11.6 15.90 

Drained, S N/A 22.79 
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As indicated in the table above the minimum required sheet piling penetration is approximately 
24 feet.  Therefore, the sheet piling shall penetrate at least to elevation 525.1 for this section of 
wall.  This yields a penetration to exposed height ratio of 4.0 which is greater than the minimum 
required penetration ratio of 2 or a minimum of 10 feet [M] in accordance with section 6-8.c(1).  
The maximum gap depth was established to be the point of zero net pressure on the sheet piling.  
This maximum gap depth was used in supplementary global stability analyses as discussed in 
Section 6.4. 
 
The following are select inputs, outputs and graphics from these CWALSHT iterations: 
 
Load Case DWL, Undrained Shear Strength with a Phase II gap approximation: 
 
CWALSHT Input: 

 
'EC 1110-2-6066, DESIGN OR EVALUATION OF I-WALLS 
INLAND I-WALL DESIGN EXAMPLE 
'DWL - DESIGN WATER LEVEL - Q-CONDITION SHEET  

PILING PENETRATION 
CONTROL  CANTILEVER  DESIGN  1.50  1.50 
WALL   555.1        
SURFACE RIGHTSIDE   4    10    549.1  

28    540.1  
34    540.1  
52    531.1  

SURFACE LEFTSIDE   1    50    549.1  
SOIL RIGHTSIDE  STRENGTHS   2    1.5   1.5 

115    110    0    400    0    200    523.1   0       
125    120    33    0    16.5    0           

SOIL LEFTSIDE  STRENGTHS   2    1.5   1.5 
115    110    0    400    0    200    523.1   0       
125    120    33    0    16.5    0           

WATER ELEVATIONS   62.5    553.1    549.1     
HORIZONTAL LINE   1   553.1   500 
FINISHED 
 

CWALSHT Output: 
 

           ************************** 
           *   SOIL PRESSURES FOR   * 
           * CANTILEVER WALL DESIGN * 
           ************************** 
II.--SOIL PRESSURES 
 
     RIGHTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH   
     WEDGE METHOD. 
 
     LEFTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH  
     WEDGE METHOD. 
 

   <------NET------> 
   NET    <---LEFTSIDE--->     (SOIL + WATER)     <--RIGHTSIDE---> 

ELEV.   WATER   PASSIVE   ACTIVE    ACTIVE   PASSIVE    ACTIVE   PASSIVE 
(FT)    (PSF)     (PSF)    (PSF)     (PSF)     (PSF)     (PSF)     (PSF) 

  555.1     0.0       0.0      0.0       0.0       0.0       0.0       0.0 
  554.1     0.0       0.0      0.0       0.0       0.0       0.0       0.0 
  553.1     0.0       0.0      0.0       0.0       0.0       0.0       0.0 
  552.1    62.5       0.0      0.0      62.5      62.5       0.0       0.0 
  551.1   125.0       0.0      0.0     125.0     125.0       0.0       0.0 
  550.1   187.5       0.0      0.0     187.5     187.5       0.0       0.0 
  549.1+  250.0       0.0      0.0     250.0     250.0       0.0       0.0 
  549.1-  250.0     533.3      0.0    -283.3     783.3       0.0     533.3 
  548.1   250.0     705.7      0.0    -455.7     955.7       0.0     705.7 
  547.1   250.0     758.2      0.0    -508.2    1008.2       0.0     758.2 
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  546.1   250.0     810.7      0.0    -560.7    1060.7       0.0     810.7 
  545.1   250.0     863.2      0.0    -613.2    1113.2       0.0     863.2 
  544.1   250.0     915.7      0.0    -665.7    1165.7       0.0     915.7 
  543.1   250.0     968.2      0.0    -718.2    1218.2       0.0     968.2 
  542.1   250.0    1020.7      0.0    -770.7     974.3       0.0     724.3 
  541.1   250.0    1073.2      0.0    -823.2     808.4       0.0     558.4 
  540.1   250.0    1125.7      0.0    -875.7     911.2       0.0     661.2 
  539.1   250.0    1178.2      0.0    -928.2     904.3       0.0     654.3 
  538.1   250.0    1230.7      0.0    -980.7     892.3       0.0     642.3 
  537.1   250.0    1283.2      0.0   -1033.2     901.0       0.0     651.0 
  536.1   250.0    1335.7      0.0   -1085.7     956.5       0.0     706.5 
  535.1   250.0    1388.2      0.0   -1138.2    1037.8       0.0     787.8 
  534.1   250.0    1440.7      0.0   -1190.7    1121.0       0.0     871.0 
  533.1   250.0    1493.2      0.0   -1243.2    1206.3       0.0     956.3 
  532.1   250.0    1545.7      0.0   -1295.7    1294.0       0.0    1044.0 
  531.1   250.0    1598.2      0.0   -1348.2    1338.5       0.0    1088.5 
  530.1   250.0    1650.7      0.0   -1400.7    1375.4       0.0    1125.4 
  529.1   250.0    1703.2      0.0   -1453.2    1462.5       0.0    1212.5 
  528.1   250.0    1755.7      0.0   -1505.7    1574.0       0.0    1324.0 
  527.1   250.0    1808.2      0.0   -1558.2    1666.0       0.0    1416.0 
  526.1   250.0    1860.7      0.0   -1501.4    1719.0     109.3    1469.0 
  525.1   250.0    1913.2     37.9   -1297.7    1728.2     365.5    1516.1 
  524.1   250.0    1965.7    380.6   -1187.0    1181.9     528.7    1312.5 
  523.1   250.0    4549.5   1534.6   -2879.8     123.4    1419.6    1408.1 
  522.1   250.0    5496.5   1460.4   -3894.9    3148.5    1351.7    4358.9 
  521.1   250.0    3983.5    552.7   -3307.7    3084.0     425.8    3386.7 
  520.1   250.0    4178.7    579.2   -3479.5    2988.1     449.2    3317.3 
  519.1   250.0    4374.7    601.1   -3650.9    2934.0     473.8    3285.1 
  518.1   250.0    4552.6    631.9   -3807.2    2894.8     495.4    3276.8 

 
 
 
 
 
 
              **************************** 
              *  SUMMARY OF RESULTS FOR  * 
              *  CANTILEVER WALL DESIGN  * 
              **************************** 
 
II.--SUMMARY 
 
     RIGHTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH  
     WEDGE METHOD. 
 
     LEFTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH  
     WEDGE METHOD. 
 
     WALL BOTTOM ELEV. (FT)     :      541.34 
           PENETRATION (FT)     :        7.76 
 
     MAX. BEND. MOMENT (LB-FT)  :  3.9116E+03 
           AT ELEVATION (FT)    :      546.81 
 
                **************************** 
                * COMPLETE OF RESULTS FOR  * 
                *  CANTILEVER WALL DESIGN  * 
                **************************** 
 
II.--RESULTS 
 
         BENDING                        SCALED         NET 

 ELEVATION      MOMENT          SHEAR        DEFLECTION     PRESSURE        
   (FT)        (LB-FT)          (LB)         (LB-IN^3)       (PSF) 
555.10    0.0000E+00            0.        3.2750E+08         0.00         
554.10   -4.3656E-11            0.        2.8658E+08         0.00 
553.10+  -4.3656E-11            0.        2.4566E+08         0.00 
553.10-  -1.6982E-11          500.        2.4566E+08         0.00 
552.10    5.1042E+02          531.        2.0489E+08        62.50 
551.10    1.0833E+03          625.        1.6501E+08       125.00 
550.10    1.7813E+03          781.        1.2701E+08       187.50 
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549.10+   2.6667E+03         1000.        9.2126E+07       250.00 
549.10-   2.6667E+03         1000.        9.2126E+07      -283.33 
548.10    3.4963E+03          630.        6.1841E+07      -455.72 
547.10    3.8901E+03          149.        3.7533E+07      -508.22 
546.10    3.7758E+03         -386.        1.9874E+07      -560.72 
545.74    3.5998E+03         -591.        1.5130E+07      -579.64 
545.10    3.1172E+03         -896.        8.6601E+06      -371.84 
544.10    2.0896E+03        -1105.        2.7787E+06       -46.94 
543.10    1.0152E+03         -990.        5.0144E+05       277.95 
542.10    2.1869E+02         -549.        1.8454E+04       602.85 
541.34    0.0000E+00            0.        0.0000E+00       848.71 

 
III.--WATER AND SOIL PRESSURES 
 
                 <-------------SOIL PRESSURES--------------> 

                  WATER      <----LEFTSIDE----->      <---RIGHTSIDE----> 
   ELEVATION    PRESSURE     PASSIVE      ACTIVE      ACTIVE     PASSIVE 
      (FT)        (PSF)       (PSF)        (PSF)       (PSF)      (PSF) 

555.10            0.          0.          0.          0.          0. 
554.10            0.          0.          0.          0.          0. 
553.10            0.          0.          0.          0.          0. 
552.10           63.          0.          0.          0.          0. 
551.10          125.          0.          0.          0.          0. 
550.10          188.          0.          0.          0.          0. 
549.10+         250.          0.          0.          0.          0. 
549.10-         250.        533.          0.          0.        533. 
548.10          250.        706.          0.          0.        706. 
547.10          250.        758.          0.          0.        758. 
546.10          250.        811.          0.          0.        811. 
545.74          250.        830.          0.          0.        830. 
545.10          250.        863.          0.          0.        863. 
544.10          250.        916.          0.          0.        916. 
543.10          250.        968.          0.          0.        968. 
542.10          250.       1021.          0.          0.        724. 
541.34          250.       1073.          0.          0.        558. 
540.10          250.       1126.          0.          0.        661. 
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Pressure Plots: 
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Load Case OVT2, Drained Shear Strength: 
 
CWALSHT Input: 
 
 'EC 1110-2-6066, DESIGN OR EVALUATION OF I-WALLS 
 'INLAND I-WALL DESIGN EXAMPLE 
 'OVT2 - DESIGN OVERTOPPING LEVEL - S-CONDITION SHEET 
 'PILING PENETRATION 
 CONTROL CANTILEVER DESIGN  1.50  1.50 
 WALL   555.10 FT. 
 SURFACE RIGHTSIDE  4  10.00        549.10 
                       28.00        540.10 
                       34.00        540.10 
                       52.00        531.10 
 SURFACE LEFTSIDE  1   50.00        549.10 
 SOIL RIGHTSIDE STRENGTHS  2   1.50  1.50 
  115.00  110.00    28.00    0.00    14.00    0.00  526.10   0.00   
  125.00  120.00    33.00    0.00    16.50    0.00                   
 SOIL LEFTSIDE STRENGTHS  2   1.50  1.50 
  115.00  110.00    28.00    0.00    14.00    0.00  526.10   0.00  
  125.00  120.00    33.00    0.00    16.50    0.00                   
 WATER ELEVATIONS  62.50  557.70  551.10  
 HORIZONTAL LINE  1  555.10  500.00 
 FINISHED 
 

CWALSHT Output: 
 
                             ************************** 
                             *   SOIL PRESSURES FOR   * 
                             * CANTILEVER WALL DESIGN * 
                             ************************** 
 
      II.--SOIL PRESSURES 
 
           RIGHTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH WEDGE METHOD. 
 
           LEFTSIDE SOIL PRESSURES DETERMINED BY COULOMB COEFFICIENTS 
           AND THEORY OF ELLASTICITY EQUATIONS FOR SURCHARGE LOADS. 
 
                                      <------NET------> 
            NET    <---LEFTSIDE--->     (SOIL + WATER)     <--RIGHTSIDE---> 
   ELEV.   WATER   PASSIVE   ACTIVE    ACTIVE   PASSIVE    ACTIVE   PASSIVE 
   (FT)    (PSF)     (PSF)    (PSF)     (PSF)     (PSF)     (PSF)     (PSF) 
   555.1   162.5       0.0      0.0     162.5     162.5       0.0       0.0 
   554.1   225.0       0.0      0.0     225.0     225.0       0.0       0.0 
   553.1   287.5       0.0      0.0     287.5     287.5       0.0       0.0 
   552.1   350.0       0.0      0.0     350.0     350.0       0.0       0.0 
   551.1   412.5       0.0      0.0     412.5     412.5       0.0       0.0 
   550.1   412.5       0.0      0.0     412.5     412.5       0.0       0.0 
   549.1   412.5       0.0      0.0     412.5     412.5       0.0       0.0 
   548.1   412.5     131.7     23.6     304.4     520.6      23.6     131.7 
   547.1   412.5     263.4     47.3     196.3     628.7      47.3     263.5 
   546.1   412.5     395.1     70.9      88.3     736.8      70.9     395.2 
   545.3   412.5     502.7     90.2       0.0     825.1      90.2     502.8 
   545.1   412.5     526.8     94.5     -19.8     844.9      94.5     526.9 
   544.1   412.5     658.6    118.1    -127.9     584.6     118.1     290.3* 
   543.1   412.5     790.3    141.8    -236.0     585.7     141.8     315.0* 
   542.1   412.5     922.0    165.4    -344.1     724.2     165.4     477.1* 
   541.1   412.5    1053.7    189.0    -452.2     761.2     189.0     537.7* 
   540.1   412.5    1185.4    212.7    -560.2     800.1     212.7     600.2* 
   539.1   412.5    1317.1    236.3    -668.3     840.9     236.3     664.7* 
   538.1   412.5    1448.8    259.9    -776.4     883.7     259.9     731.1* 
   537.1   412.5    1580.5    283.5    -885.2     928.6     282.8     799.6* 
   536.1   412.5    1712.2    307.2    -996.0     975.6     303.7     870.3* 
   535.1   412.5    1843.9    330.8   -1107.8    1025.0     323.7     943.3* 
   534.1   412.5    1975.7    354.4   -1220.7    1076.7     342.5    1018.6* 
   533.1   412.5    2107.4    378.1   -1334.7    1130.8     360.2    1096.4* 
   532.1   412.5    2239.1    401.7   -1446.7    1187.6     379.9    1176.8* 
   531.1   412.5    2370.8    425.3   -1559.2    1144.7     399.1    1157.5* 
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   530.1   412.5    2502.5    449.0   -1673.5    1086.7     416.5    1123.1* 
   529.1   412.5    2634.2    472.6   -1787.9    1225.5     433.8    1285.6 
   528.1   412.5    2765.9    496.2   -1902.2    1408.0     451.2    1491.7 
   527.1   412.5    2897.6    519.8   -2014.9    1446.8     470.2    1554.2 
   526.1+  412.5    3029.3    543.5   -2477.5    2330.8     500.8    2422.3 
   526.1-  412.5    3752.4    464.6   -2477.5    2330.8     500.8    2422.3 
   525.1   412.5    3946.6    488.7   -3049.8    2886.2     484.4    2962.3 
   524.1   412.5    4140.9    512.7   -3271.6    2601.4     456.7    2701.6 
   523.1   412.5    4335.1    536.8   -3447.6    2575.5     475.0    2699.7 
   522.1   412.5    4529.3    560.8   -3623.6    2554.8     493.2    2703.1 
   521.1   412.5    4723.5    584.9   -3798.4    2677.8     512.7    2850.1 
   520.1   412.5    4917.8    608.9   -3971.8    2739.6     533.5    2936.0 
   519.1   412.5    5112.0    633.0   -4146.4    2829.5     553.1    3049.9 
   518.1   412.5    5306.2    657.0   -4322.3    2977.3     571.5    3221.8 
           * STANDARD WEDGE SOLUTION DOES NOT EXIST FOR INDICATED PRESSURE 
             FOR THIS ELEVATION. 
 
                          **************************** 
                          *  SUMMARY OF RESULTS FOR  * 
                          *  CANTILEVER WALL DESIGN  * 
                          **************************** 
 
      II.--SUMMARY 
 
           RIGHTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH WEDGE METHOD. 
 
           LEFTSIDE SOIL PRESSURES DETERMINED BY COULOMB COEFFICIENTS 
           AND THEORY OF ELLASTICITY EQUATIONS FOR SURCHARGE LOADS. 
 
           *****WARNING:  STANDARD WEDGE SOLUTION DOES NOT EXIST 
                          AT ALL ELEVATIONS.  SEE COMPLETE OUTPUT. 
 
      WALL BOTTOM ELEV. (FT)     :      526.31 
            PENETRATION (FT)     :       22.79 
 
      MAX. BEND. MOMENT (LB-FT)  :  3.6437E+04 
            AT ELEVATION (FT)    :      537.51 
 
      MAX. SCALED DEFL. (LB-IN^3):  1.4588E+10 
            AT ELEVATION (FT)    :      555.10 
 
                NOTE:  DIVIDE SCALED DEFLECTION MODULUS OF 
                       ELLASTICITY IN PSI TIMES PILE MOMENT 
                       OF INERTIA IN IN^4 TO OBTAIN DEFLECTION 
                       IN INCHES. 
 
                          **************************** 
                          * COMPLETE OF RESULTS FOR  * 
                          *  CANTILEVER WALL DESIGN  * 
                          **************************** 
 
       II.--RESULTS 
 
                      BENDING                        SCALED         NET 
       ELEVATION      MOMENT          SHEAR        DEFLECTION     PRESSURE 
          (FT)        (LB-FT)          (LB)         (LB-IN^3)       (PSF) 
         555.10    0.0000E+00          500.        1.4588E+10       162.50 
         554.10    5.9167E+02          694.        1.3682E+10       225.00 
         553.10    1.4083E+03          950.        1.2778E+10       287.50 
         552.10    2.5125E+03         1269.        1.1875E+10       350.00 
         551.10    3.9667E+03         1650.        1.0978E+10       412.50 
         550.10    5.8229E+03         2062.        1.0087E+10       412.50 
         549.10    8.0917E+03         2475.        9.2059E+09       412.50 
         548.10    1.0755E+04         2833.        8.3391E+09       304.42 
         547.10    1.3723E+04         3084.        7.4910E+09       196.34 
         546.10    1.6887E+04         3226.        6.6666E+09        88.26 
         545.28    1.9541E+04         3262.        6.0148E+09         0.00 
         545.10    2.0139E+04         3260.        5.8714E+09       -19.83 
         544.10    2.3371E+04         3186.        5.1110E+09      -127.91 
         543.10    2.6476E+04         3005.        4.3910E+09      -235.99 
         542.10    2.9344E+04         2715.        3.7167E+09      -344.07 
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         541.10    3.1869E+04         2316.        3.0930E+09      -452.15 
         540.10    3.3941E+04         1810.        2.5243E+09      -560.23 
         539.10    3.5453E+04         1196.        2.0142E+09      -668.31 
         538.10    3.6297E+04          474.        1.5653E+09      -776.39 
         537.10    3.6364E+04         -357.        1.1790E+09      -885.20 
         536.10    3.5546E+04        -1298.        8.5541E+08      -996.04 
         535.10    3.3731E+04        -2350.        5.9309E+08     -1107.75 
         534.10    3.0809E+04        -3514.        3.8889E+08     -1220.68 
         534.06    3.0669E+04        -3562.        3.8195E+08     -1225.19 
         533.10    2.6747E+04        -4538.        2.3777E+08      -807.56 
         532.10    2.1877E+04        -5129.        1.3274E+08      -372.75 
         531.10    1.6634E+04        -5284.        6.5471E+07        62.06 
         530.10    1.1454E+04        -5005.        2.6950E+07       496.88 
         529.10    6.7703E+03        -4290.        8.2932E+06       931.69 
         528.10    3.0184E+03        -3141.        1.4695E+06      1366.50 
         527.10    6.3296E+02        -1557.        5.8327E+04      1801.32 
         526.31    0.0000E+00            0.        0.0000E+00      2144.51 
 
                NOTE:  DIVIDE SCALED DEFLECTION MODULUS OF 
                       ELLASTICITY IN PSI TIMES PILE MOMENT 
                       OF INERTIA IN IN^4 TO OBTAIN DEFLECTION 
                       IN INCHES. 
 
      III.--WATER AND SOIL PRESSURES 
 
                              <-------------SOIL PRESSURES--------------> 
                   WATER      <----LEFTSIDE----->      <---RIGHTSIDE----> 
    ELEVATION    PRESSURE     PASSIVE      ACTIVE      ACTIVE     PASSIVE 
       (FT)        (PSF)       (PSF)        (PSF)       (PSF)      (PSF) 
     555.10          163.          0.          0.          0.          0. 
     554.10          225.          0.          0.          0.          0. 
     553.10          288.          0.          0.          0.          0. 
     552.10          350.          0.          0.          0.          0. 
     551.10          413.          0.          0.          0.          0. 
     550.10          413.          0.          0.          0.          0. 
     549.10          413.          0.          0.          0.          0. 
     548.10          413.        132.         24.         24.        132. 
     547.10          413.        263.         47.         47.        263. 
     546.10          413.        395.         71.         71.        395. 
     545.28          413.        503.         90.         90.        503. 
     545.10          413.        527.         95.         95.        527. 
     544.10          413.        659.        118.        118.*       290. 
     543.10          413.        790.        142.        142.*       315. 
     542.10          413.        922.        165.        165.*       477. 
     541.10          413.       1054.        189.        189.*       538. 
     540.10          413.       1185.        213.        213.*       600. 
     539.10          413.       1317.        236.        236.*       665. 
     538.10          413.       1449.        260.        260.*       731. 
     537.10          413.       1581.        284.        283.*       800. 
     536.10          413.       1712.        307.        304.*       870. 
     535.10          413.       1844.        331.        324.*       943. 
     534.10          413.       1976.        354.        342.*      1019. 
     534.06          413.       1981.        355.        343.*      1022. 
     533.10          413.       2107.        378.        360.*      1096. 
     532.10          413.       2239.        402.        380.*      1177. 
     531.10          413.       2371.        425.        399.*      1158. 
     530.10          413.       2502.        449.        416.       1123. 
     529.10          413.       2634.        473.        434.       1286. 
     528.10          413.       2766.        496.        451.       1492. 
     527.10          413.       2898.        520.        470.       1554. 
     526.31+         413.       3029.        543.        501.       2422. 
     526.31-         413.       3752.        465.        501.       2422. 
     525.10          413.       3947.        489.        484.       2962. 
 
           *  STANDARD WEDGE SOLUTION DOES NOT EXIST FOR INDICATED PRESSURE 
              AT THIS ELEVATION. 
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System Plot: 

 

Pressure Plots:  
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6.2.  Strength Design. 

 
As stated in Paragraph 5.2, the strength design was performed using the median water levels.  
This analysis is used to determine the strength requirements for the steel sheet piling and rein-
forced concrete stem.  The table below summarizes the pool elevations to be used for each load 
case.  This analysis utilized the CORPCASE program CWALSHT in the design mode with the 
active and passive factors of safety set to 1.0 as written in EM 1110-2-2504 paragraph 6-1.  Se-
lect computer program inputs/outputs are included in the following pages.  CWALSHT analysis 
for the Q-case conditions utilized the interim procedures as described in Phase II analysis guid-
ance in Appendix C.  Seismic and construction load cases did not control strength design and are 
not included here. 
 

Load Case 
Flood Side Water 

Elev. (Median) 
Protected Side 

Water Elev. 

DWL 553.1 549.1 

OVT1 555.1 549.1 

OVT2 557.7 551.1 
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6.2.1. Steel Sheet Pile Design. 
 
 a.  General.  In accordance with paragraph 6-8.e(2), the design of the sheet piling shall 
follow the procedures in EM 1110-2-2504.  The design requirements in EM 1110-2-2504 refer-
ence Allowable Stress Design criteria.  During preparation of this circular, an alternative Load 
and Resistance Factor Design (LRFD) approach for the steel sheet piling was developed in ac-
cordance with EM 1110-2-2105 (based on AISC 1986 LRFD First Edition).  Both methods are 
presented below. 
 
 b.  Allowable Stress Design.  Load condition OVT2 controlled design of the sheet piling. 
 
 Maximum Moment  = 23,944 lb-ft = 287 k-in 
 Maximum Shear = 4,021 lb = 4.0 k 
 
Since OVT2 is an unusual load condition, allowable bending and shear stresses may be increased 
by 33 percent. 
 
 fb = (1.33)(0.5)fy = (1.33)(0.5)(50) = 33.25 ksi 
 
 Fb = (M/Sx) 
  
 33.25 ksi = 287 k-in 
                                   Sx 
 
 Sx required = 8.6 in3/ft 
 
 A hot rolled steel sheet pile section (PZC13) that has a section modulus greater than 8.6 
in3/ft is chosen for the design.  The shear capacity of the sheet piling section chosen shall also be 
checked. 
 
 fv = (1.33)(0.33)fy = (1.33)(0.33)(50) = 22 ksi 
  
 Fv = (V/Av) where Av = (twh)/w = ((0.375 in)(12.56 in)/2.32 ft) = 2.03 in2/ft 
 
 Fv = 4.0 k/2.03 in2/ft = 1.97 ksi - OK  PZC13 sheet piling meets design requirements. 

 c.  Load and Resistance Factor Design (Strength and Serviceability). 

 (1)  Required Strength. I-walls using steel sheet piling should be designed to have 
strength in all sections equal at least to those calculated for the factored loads and forces in the 
following combinations that are applicable. 

 (a)  For usual loading cases, the Normal Operating Case, NO referenced in Table 6-2: 

U = 1.2D + 1.6 L         [N-1] 
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 Where: 

 D = Dead Load (For I-walls dead load is negligible.) 

 L = internal forces and moments from live loads (lateral loads acting on the I-wall) 

 (b)  For unusual loading conditions such as cases DWL, OVT1, OVT2, CP+OBE, CC 
and short term loading in Table 6-2:   

 U = 0.75(1.2D + 1.6 L)        [N-2] 

 (c)  For extreme loading conditions such as cases OVT1, OVT2, CP+MCE and short 
term loading in Table 6-2:   

 U = 0.625(1.2D + 1.6 L)        [N-3] 

 (d)  For most I-walls a single load factor as defined by Equation N-4 may be substituted 
for Equations N-1.  Likewise, Equation N-5 and N-6 may be substituted for Equations N-2 and 
N-3, respectively.  

U = 1.6(D + L)         [N-4] 

U = 0.75[1.6(D + L)]       [N-5] 

U = 0.625[1.6(D + L)]      [N-6] 

The single load factor will be used in this example. 

 (e)  When the single load factor is used and the resisting earth pressures are computed us-
ing the applied unfactored loads, the following combinations should be considered:  

 From Equation N-4:  U = 1.6(D + L + R)    [N-7] 

 From Equation N-5:  U = 0.75[1.6(D + L + R)]   [N-8] 

 From Equation N-6:   U = 0.625[1.6(D + L + R)]   [N-9] 

where R equals internal forces and moments resulting from resisting earth pressures and applied 
unfactored dead and live loads.  

 (2)  Required Serviceability.  These provisions are under development. 

 c.  Design Results.  CWALSHT was used to determine the unfactored moments and 
shears for the DWL, OVT1 and OVT2 loading conditions.  Based on the results of the 
CWALSHT analysis, loading condition OVT2 controlled the design.  Select input and output 
from the CWALSHT analysis of the OVT2 loading condition is included in the following pages.  
Based on equation N-5, the maximum factored moment and shear from the CWALSHT design 
evaluation of the OVT2 loading condition is: 
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 0.75(1.6)23,944 lb-ft = 28,730 lb-ft = 345 k-in 

 0.75(1.6)4,021 lb = 4,825 lb = 4.8 k 

Based on a reliability factor () of 0.85 and a strength reduction factor () of 0.9, the required 
section modulus is determined by: 

 ()()Mn  ≥  s(Mu)  where Mn = FySx 

 ()()FySx ≥  s(Mu) 

 (0.9)(0.85)(50)Sx ≥ 345 

 Sx-required ≥ 9.02 in3 

A hot rolled steel sheet pile section (PZC13) that has a section modulus greater than 9.02 in3 is 
chosen for the design.  The shear capacity of the sheet piling section chosen shall also be 
checked 

 ()()Vn  ≥  s(Vu)  where Vn = 0.6(Fyw)(Aw) & Aw = tweb(d) 

 ()()0.6(Fyw)(Aw)  ≥  s(Vu)   

 (0.9)(0.85)0.6(50)(0.375in * 12.56in)  ≥  4.8 

 108 k ≥  4.8 k  Therefore shear is OK 
 
CWALSHT Input: 
 

'EC 1110-2-6066, Design or Evaluation of I-Walls, Inland I-Wall Design Example 
'OVT2 - Overtopping - S-Condition Sheet Piling Maximum Moment 
CONTROL  CANTILEVER  DESIGN  1.00  1.00 
WALL   555.1        
SURFACE RIGHTSIDE   4    10    549.1  
                  28    540.1  
                  34    540.1  
                  52    531.1  
SURFACE LEFTSIDE   1    50    549.1  
SOIL RIGHTSIDE  STRENGTHS   2    1   1 
   115    110    28    0    14    0    526.1   0       
   125    120    33    0    16.5    0           
SOIL LEFTSIDE  STRENGTHS   2    1   1 
   115    110    28    0    14    0    526.1   0       
   125    120    33    0    16.5    0           
WATER ELEVATIONS   62.5    557.7    551.1     
HORIZONTAL LINE   1   555.1   500 
FINISHED 
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CWALSHT Output: 
 
                         **************************** 
                         *  SUMMARY OF RESULTS FOR  * 
                         *  CANTILEVER WALL DESIGN  * 
                         **************************** 
 
     II.--SUMMARY 
 
          RIGHTSIDE SOIL PRESSURES DETERMINED BY SWEEP SEARCH WEDGE METHOD. 
 
          LEFTSIDE SOIL PRESSURES DETERMINED BY COULOMB COEFFICIENTS 
          AND THEORY OF ELLASTICITY EQUATIONS FOR SURCHARGE LOADS. 
 
          *****WARNING:  STANDARD WEDGE SOLUTION DOES NOT EXIST 
                         AT ALL ELEVATIONS.  SEE COMPLETE OUTPUT. 
 
     WALL BOTTOM ELEV. (FT)     :      532.57 
           PENETRATION (FT)     :       16.53 
 
     MAX. BEND. MOMENT (LB-FT)  :  2.3944E+04 
           AT ELEVATION (FT)    :      541.75 
 
     MAX. SCALED DEFL. (LB-IN^3):  5.5762E+09 
           AT ELEVATION (FT)    :      555.10 
 
               NOTE:  DIVIDE SCALED DEFLECTION MODULUS OF 
                      ELLASTICITY IN PSI TIMES PILE MOMENT 
                      OF INERTIA IN IN^4 TO OBTAIN DEFLECTION 
                      IN INCHES. 
  
                         **************************** 
                         * COMPLETE OF RESULTS FOR  * 
                         *  CANTILEVER WALL DESIGN  * 
                         **************************** 
 
      II.--RESULTS 
 
                     BENDING                        SCALED         NET 
      ELEVATION      MOMENT          SHEAR        DEFLECTION     PRESSURE 
         (FT)        (LB-FT)          (LB)         (LB-IN^3)       (PSF) 
        555.10    0.0000E+00          500.        5.5762E+09       162.50 
        554.10    5.9167E+02          694.        5.1269E+09       225.00 
        553.10    1.4083E+03          950.        4.6787E+09       287.50 
        552.10    2.5125E+03         1269.        4.2329E+09       350.00 
        551.10    3.9667E+03         1650.        3.7916E+09       412.50 
        550.10    5.8229E+03         2063.        3.3571E+09       412.50 
        549.10    8.0917E+03         2475.        2.9328E+09       412.50 
        548.10    1.0739E+04         2786.        2.5225E+09       208.79 
        547.10    1.3595E+04         2893.        2.1308E+09         5.09 
        547.08    1.3667E+04         2893.        2.1212E+09         0.00 
        546.10    1.6456E+04         2796.        1.7625E+09      -198.62 
        545.10    1.9119E+04         2495.        1.4227E+09      -402.32 
        544.10    2.1379E+04         1991.        1.1159E+09      -606.03 
        543.10    2.3033E+04         1283.        8.4592E+08      -809.73 
        542.10    2.3878E+04          372.        6.1563E+08     -1013.44 
        541.10    2.3709E+04         -744.        4.2645E+08     -1217.14 
        540.34    2.2776E+04        -1729.        3.0993E+08     -1372.14 
        540.10    2.2324E+04        -2045.        2.7807E+08     -1274.05 
        539.10    1.9710E+04        -3114.        1.6808E+08      -863.78 
        538.10    1.6233E+04        -3773.        9.2031E+07      -453.50 
        537.10    1.2302E+04        -4021.        4.3964E+07       -43.23 
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        536.10    8.3279E+03        -3859.        1.7149E+07       367.05 
        535.10    4.7207E+03        -3287.        4.7768E+06       777.32 
        534.10    1.8909E+03        -2304.        6.7433E+05      1187.59 
        533.10    2.4870E+02         -912.        1.0404E+04      1597.87 
        532.57    0.0000E+00            0.        0.0000E+00      1816.93 
 
               NOTE:  DIVIDE SCALED DEFLECTION MODULUS OF 
                      ELLASTICITY IN PSI TIMES PILE MOMENT OF 
                      INERTIA IN IN^4 TO OBTAIN DEFLECTION IN INCHES. 
 
     III.--WATER AND SOIL PRESSURES 
 
                             <-------------SOIL PRESSURES--------------> 
                  WATER      <----LEFTSIDE----->      <---RIGHTSIDE----> 
   ELEVATION    PRESSURE     PASSIVE      ACTIVE      ACTIVE     PASSIVE 
      (FT)        (PSF)       (PSF)        (PSF)       (PSF)      (PSF) 
    555.10          163.          0.          0.          0.          0. 
    554.10          225.          0.          0.          0.          0. 
    553.10          288.          0.          0.          0.          0. 
    552.10          350.          0.          0.          0.          0. 
    551.10          413.          0.          0.          0.          0. 
    550.10          413.          0.          0.          0.          0. 
    549.10          413.          0.          0.          0.          0. 
    548.10          413.        220.         17.         17.        221. 
    547.10          413.        441.         33.         33.        441. 
    547.08          413.        446.         34.         34.        447. 
    546.10          413.        661.         50.         50.        661. 
    545.10          413.        881.         67.         66.        702. 
    544.10          413.       1102.         83.         83.        634. 
    543.10          413.       1322.        100.        100.        683. 
    542.10          413.       1542.        116.        116.        784. 
    541.10          413.       1763.        133.        133.        894. 
    540.34          413.       1930.        146.        146.        970. 
    540.10          413.       1983.        150.        150.        994. 
    539.10          413.       2203.        166.        166.       1097. 
    538.10          413.       2424.        183.        183.*      1231. 
    537.10          413.       2644.        200.        199.*      1316. 
    536.10          413.       2864.        216.        216.*      1336. 
    535.10          413.       3085.        233.        232.*      1395. 
    534.10          413.       3305.        249.        248.*      1502. 
    533.10          413.       3525.        266.        263.*      1616. 
    532.57          413.       3746.        283.        276.*      1735. 
    531.10          413.       3966.        299.        288.*      1775. 
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Moment and Shear Diagrams: 
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6.2.2. Concrete Cap Design. 

The concrete cap design will be in accordance with the single load factor method shown in equa-
tions 3.3 and 3.7 of EM 1110-2-2104.  The connection between the cap and piling shall be a me-
chanical connection.  Figure 4 indicates two different methods of achieving this connection.  As 
stated in paragraph 2 the I-wall is located in region of low seismicity therefore earthquake load 
will not control. 

 

Figure 4 – Methods of connecting concrete cap to steel sheet piling 

6.3.  Resilience or Toughness Design. 

Satisfying the stability, strength and resilience criteria for appropriate loading conditions and by 
providing superiority, scour protection and erosion protection, the I-wall includes features that 
improve the resilience for all load cases examined.  However, consideration of greater overtop-
ping events led to the conclusion that OVT2 controls the rotational stability and strength design, 
but methods and criteria are being developed to assess if deformations and subsequent rebound 
of the I-wall satisfy the resilience performance requirement.  The methods and criteria will be 
based on simplified models and not Finite Element Models (FEM).  FEM may be necessary only 
for special conditions with marginal global safety factors. 

6.4.  Global Stability. 

Safety factors associated with global failures of the foundation soils were estimated for Load 
Condition 2, 3, and 4.  Both undrained (total stress) and drained (effective stress) analyses were 
completed for these load conditions.  Total stress analyses were further subdivided to examine 
failures for both “with gap formation” and “without gap formation” conditions.  Finally, each of 
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the aforementioned analyses computed safety factors for failures that pass along the sheet pile tip 
as well as through the sheet piling.  It should be noted that global failures towards the river were 
not included herein, but such analysis must also be performed as part of the geotechnical design 
of structures located near slopes.  The table below shows safety factors found from computer 
analyses using SLOPE/W software from GeoSlope International and also followed the interim 
procedures as described in Phase II analysis guidance in Appendix C.  Spencer’s method was 
used to determine all [M] global stability safety factors.  Foundation piezometric levels used in 
these analyses are estimates of the phreatic line for each load case, although finite element ana-
lyses may be used to better estimate actual piezometric condition. 

In accordance with paragraph 6-4.b(1), the flood side gap was modeled in SLOPE/W by remov-
ing all soil to the sheet pile tip elevation.  Even though the SLOPE/W computer program may 
correctly determine safety factors using a tension crack input option, the soil was removed in the 
input file to ensure good search results and computational accuracy.  In accordance with section 
6-4.b(2), global stability analysis were completed neglecting reinforcement effects from the sheet 
piling.  Results of the simplified model showed that a lateral translation failure mode exists near 
the soil surface as exemplified by safety factors less than 1.7 for failures shallower than 5 feet 
beneath the ground surface.   

Paragraph 6-4.b(3) states that flat ground geometry on both sides of the I-wall can result in large 
safety factors for deep-seated failures.  Accordingly, Figure 6 shows a safety factor of 7.8 for 
failures passing along the sheet pile tip with no gap formation.  However, when the gap depth is 
extended to the sheet piling tip elevation, sufficient lateral soil loads are removed from the flood 
side to cause the remaining soil mass to slide toward the river.  Such a reversal in sliding direc-
tion results in a “No Solution” error in the SLOPE/W program, as shown in Figure 8 and Table 
1.  It is important to note that a “No solution” result can also occur due to the vertical geometry 
of the failure surface at the wall, so the engineer should confirm this reversal of sliding direction. 

To provide additional global stability information, an additional analysis was completed using 
undrained shear strength parameters and an estimated maximum gap depth found from 
CWALSHT output for the OVT1 load condition.  The estimated gap depth corresponds to the 
depth at which the net pressure on the sheet piling is zero.  For this analysis, flood side soils are 
replaced with equivalent vertical surcharge loads to most accurately represent the soil weight 
without changing lateral loads to the sheet piling above the gap tip elevation.  A typical failure 
surface using this analysis procedure is shown graphically in figure 9.  This analysis procedure 
yields a safety factor of 7.4 for failures passing beneath the sheet pile tip elevation and a mini-
mum safety factor of 3.2 for shallower failures.   It should be noted that this analysis is not re-
quired in any formal guidance, but may be useful in proving the validity of I-wall designs when 
global stability analyses yield questionable results.
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Load Case 

Global Stability FS 

Fsreq**
Q Strength S Strength 

No Gap Formed Gap Formed No Gap Formed 
  Through Piling Beneath Piling Through Piling Beneath Piling Through Piling Beneath Piling 
               

Design Water Level (Load Case 2) 1.7 7.5 12.8 9.6 NA* 3.6 13.1 
                
Onset of Overtopping (Load Case 3) 1.7 5.0 7.8 6.8*** NA* 2.6 8.8 
                
Design Overtopping Level (Load Case 4) 1.7 4.3 6.7 4.5 NA* 2.3 8.6 
                
             

* Safety factors could not be determined by the computer program when done in accordance with Phase II evaluation guidance     
        See Section 6.4 of Appendix L for more discussion.     
** Minimum required safety factors reflect Ordinary Level of Site Information (see Table 6-2)      
*** Analysis results checked using spreadsheet and graphical methods           

 

Table 1 – Global Stability Analysis Summary
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Section 6.9.b(1) discusses the parameters for Load cases 5a and 5b and states that this loading 
condition should be considered if the wall has a significant hydrostatic loading during the coinci-
dent pool or frequent flood stages.  Since water levels do not touch the I-wall during either the 
OBE or MDE in this example, no special analyses are required as per this guidance.  However, 
the designer must also consider seismic loadings for the riverbank in accordance with ER 1110-
2-1806, EARTHQUAKE DESIGN AND EVALUATION FOR CIVIL WORKS PROJECTS, 
because the riverbank slope may deform sufficiently to lose lateral soil resistance needed to pro-
vide rotational stability for the adjacent I-wall.  If excessive deformations are expected or shown 
by calculations, the designer must take appropriate measures to ensure that lateral support will be 
maintained. 

Case 6 analyses address potential landward movement of an I-wall system.  Because anticipated 
loads on the example I-wall will not induce landward movement, this case was not analyzed.  
However, the safety factor against global riverward movement of the existing riverbank slopes 
must also be completed in accordance with requirements for the “End of Construction” loading 
condition found in EM 1110-2-1902, Slope Stability.  Piezometric levels in the foundation soils 
correspond to those seen from subsurface instrumentation during coincident pool events.  Addi-
tional surcharge loads of 250 psf were placed on the protected side of the I-wall to account for 
construction vehicle loading.  A tension crack was included in the analysis to eliminate any ten-
sile forces between slices.  Results show a safety factor of 1.3 for this load case, which is equal 
to the minimum required value for End of Construction conditions given in EM 1110-2-1902.  It 
is important to note that a surcharge load on the flood side of the wall yields a safety factor of 
1.1, which is less than the minimum required value.  The construction bidding documents must 
include limitations for locations of surcharge loading during construction in order to ensure the 
stability of riverbank slopes.    

Although a total of 18 analyses were completed for this example problem, only the graphical re-
sults from undrained analyses under Load Case 3 – Onset of Overtopping (OVT1) are shown be-
low as Figure 5 through Figure 8.  A hand check to verify computer analysis depicted in Figure 
10 has been completed and included.  The spreadsheet shown as Figure 10 calculates forces be-
tween slices using force equilibrium equations and failure plane geometry.  This spreadsheet ve-
rifies the software properly accounted for all applied forces because the side force on the last 
slice is approximately zero.  Verification can also be done graphically as shown in Figure 11. 
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Name: Sand Foundation 
Unit Weight: 125 pcf
Cohesion: 0 psf
Phi: 33 °

Inland I-wall Example
Onset of Overtopping
No Gap Formation Assumed
Undrained Strength Parameters
Failure Through Piling

Name: Clay Foundation  
Unit Weight: 115 pcf
Cohesion: 400 psf

Sand Foundation

Clay Foundation 

5.0

 

Figure 5 

Name: Sand Foundation 
Unit Weight: 125 pcf
Cohesion: 0 psf
Phi: 33 °

Inland I-wall Example
Onset of Overtopping
No Gap Formation Assumed
Undrained Strength Parameters
Failure Beneath Piling

Name: Clay Foundation  
Unit Weight: 115 pcf
Cohesion: 400 psf

Sand Foundation

Clay Foundation 

7.8

 

Figure 6 
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Name: Sand Foundation 
Unit Weight: 125 pcf
Cohesion: 0 psf
Phi: 33 °

Inland I-wall Example
Onset of Overtopping
Gap Formation Assumed
Undrained Strength Parameters
Failure Through Piling

Name: Clay Foundation  
Unit Weight: 115 pcf
Cohesion: 400 psf

Sand Foundation

Clay Foundation 

6.8

 

Figure 7 

 

Name: Sand Foundation 
Unit Weight: 125 pcf
Cohesion: 0 psf
Phi: 33 °

Inland I-wall Example
Onset of Overtopping
Gap Formation Assumed
Undrained Shear Strength
Failure Beneath Piling

Name: Clay Foundation  
Unit Weight: 115 pcf
Cohesion: 400 psf

Sand Foundation

Clay Foundation 

No solution

 

Figure 8 
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Figure 9
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Figure 10 – Hand check spreadsheet for a failure with gap formation
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Figure 11 – Graphical Method for analysis of failure with gap formation
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6.5.  Seepage Analysis. 

Because the foundation for this example problem is not complex, the simplified equations shown 
in section 6-8.a.(1) were used to determine safety factors for seepage gradients.  For these ana-
lyses, a few conservative assumptions were necessary: 

a.  The clay layer contains stratified lenses of silts and sands throughout its depth, and these 
lenses will transmit full uplift beneath the protected side at the tip elevation.  Therefore, the FSg 
was calculated assuming full uplift at the sheet pile tip. 

b.  The underlying sand layer is saturated and charged by either the river or by gap forma-
tion, so FSg was also calculated for full uplift at the top elevation of the sand layer.    

In some instances, more rigorous analysis methods such as finite element analysis can yield more 
accurate safety factors that are higher than those found using these simplified methods.  Howev-
er, the stratified subsurface conditions associated with this example problem are such that the re-
sults of such analyses will not vary appreciably from value presented.   

An example calculation of FSg  and a table showing computed safety factors for applicable load 
conditions follow. 

 

e
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Onset of Overtopping – Bottom of Blanket: 
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Onset of Overtopping – Sheet Pile Tip: 
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Load Case Flood Side 
Water Elev. 

Protected Side 
Water Elev. 

FSg 

Required Tip Blanket 

Design Water Level (Load Case 2) 553.1 549.1 2.0 5.1 5.5 

Onset of Overtopping (Load Case 3) 555.1 549.1 2.0 3.4 3.6 

Design Overtopping Level (Load Case 4) 557.7 551.1 2.0 3.1 3.3 

       

Sheet Pile Tip Elev. = 525.1 ft       

Bottom of Clay Layer Elev. = 523.1 ft       

Unit weight of clay layer = 115 pcf       
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