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1. Purpose.  This ETL provides (1) references for various methodologies for developing system 
response curves; (2) examples of probabilistic methods for developing system response curves; 
(3) guidance specific to development of geotechnical system response curves for use with the 
HEC-FDA computer program; and (4) guidance for the development of system response curves 
for dam and levee risk assessments. 

a. This ETL focuses on geotechnical aspects of dam and levee systems; however, the 
methods presented can be applied to all other structures subjected to water loading.  It is intended 
that all methods are scalable and engineering judgment should be used to select the best method 
based on the decision to be made. 

b. This ETL replaces ETL 1110-2-556, Risk-Based Analysis in Geotechnical Engineering 
for Support of Planning Studies. 

2. Applicability.  This ETL is applicable to all HQUSACE elements, divisions, districts, 
laboratories, and field operating activities related to Civil Works projects.  It applies to risk 
assessments used for the purposes of studies, design, construction, emergency action planning, or 
other uses.    
3. Distribution.  Approved for public release; distribution is unlimited. 
4. References. 

a. Engineer Regulation 1110-2-1156, Safety of Dams: Policy and Procedures. 
https://www.publications.usace.army.mil/Portals/76/Publications/EngineerRegulations/ER_1110
-2-1156.pdf. 

b. Engineer Manual (EM) 1110-2-1913 Evaluation, Design, and Construction of Levees, 
USACE. 
https://www.publications.usace.army.mil/Portals/76/Publications/EngineerManuals/EM_1110-2-
1913.pdf. 

c. Best Practices in Dam and Levee Safety Risk Analysis, U.S. Bureau of Reclamation and 
USACE, https://www.usbr.gov/ssle/damsafety/risk/methodology.html. 

d. Flood Damage Reduction Analysis, Version 1.4.1, User’s Manual, USACE, Institute for 
Water Resources, Hydrologic Engineering Center (HEC), April 2016.  (Note:  The current 
software version is 1.4.2, but this reference is the current User’s Manual.) 
https://www.hec.usace.army.mil/software/hec-fda/documentation/CPD-72_V1.4.1.pdf 

e. Ang, A.H.S. and Tang, W.H. (1984).  Probability Concepts in Engineering Planning and 
Design, Volume II: Decision, Risk, and Reliability, John Wiley and Sons, New York, NY, p. 
562. 
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5. Background.   
a. The term ”risk” is a measure of the probability (or likelihood) and consequences of 

uncertain future events and described by three components: 

(1) Hazard:  An event that causes the potential for an adverse consequence.  Typically, the 
hazards considered will be the potential for flood and/or seismic loading;     

(2) Performance:  The probability (or likelihood) of how the system (e.g. the earthen 
embankment) is anticipated to function during the specified hazards; and 

(3) Consequences:  The effect, result, or outcome resulting from the combination of the 
hazards and system performance.  

b. A risk assessment is a systematic, evidence-based approach for quantifying and 
describing the nature, likelihood, and magnitude of risk.  References 3.a. and 3.c. outline the risk 
assessment procedures used for dam and levee systems. 

c. System Response Curve.  The performance component of risk is generally represented by 
a function relating the conditional probability of failure as a function of the applied hazard load 
and is called the system response curve in this ETL for consistency with current practice 
(Reference 3.c.).  Flood hazard loads are typically expressed as either a stage or annual 
exceedance probability (AEP).  AEP is defined as the probability that a specific value, water 
level in this case, is exceeded in a given year. 

d. Risk Terminology 

(1) Risk terminology is used differently in the various reference documents and in the 
attached appendices.  For example, the term “system response curve” is synonymous with these 
terms used in other documents and the appendices:  conditional probability of failure function 
(Appendix B), fragility curve, geotechnical failure relationship (Reference 3.d.), and Hazard 
Function (Appendix A).  

(2) Many documents use the term “risk analysis” synonymous with the term “risk 
assessment.”  It is also noted that the outdated term “hazard function” used in Appendix A does 
not describe the frequency of loading, sometimes called a “hazard curve,” but rather refers to a 
function describing the conditional probability of failure (or probability of event occurrence) per 
time increment given that no failure or event has occurred up to the considered time.  Thus, the 
term “hazard function” as used in Appendix A is synonymous with “system response curve” as 
used in this ETL and in current USACE risk assessment guidance. 

6. Methodologies.  There are several methods that may be used to evaluate the system response 
component of risk, including reliability analysis (probabilistic limit state), empirical, frequency-
based and expert elicitation methods, as contained in Reference 3.c. 
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a. This ETL provides specific examples for probabilistic methods on the development and 
use of system response curves in Appendixes A and B, which were originally published in 1999 
and are described below. 

b. Regardless of which method is chosen to develop system response curves, a clear 
rationale should be provided in analysis documentation to support the method used and describe 
the limitations of the use of the system response curve. 

c. Appendix A is titled “An Overview of Probabilistic Analysis for Geotechnical 
Engineering Problems.” 

(1) This appendix provides an overview of the application of probabilistic methods to 
geotechnical engineering problems of interest to USACE, with emphasis on methodology 
suitable for assessing the comparative reliability of dams, levees, and other hydraulic structures, 
although the methods are also appropriate for development of specific event node probabilities in 
an absolute risk estimation. 

(2) Appendix A also reviews and discusses a number of probabilistic methods that can and 
have been applied to problems of interest.  While it is noted that some of the terms in Appendix 
A are outdated and superseded by other publications (Reference 3.c.), the appendix is provided 
for context and completeness since it provides background, offers valid analysis methods, and 
introduces the methods and examples in Appendix B. 

d. Appendix B is a research report prepared by Thomas F. Wolff, Ph.D., P.E., of Michigan 
State University, for USACE, titled “Evaluating the Reliability of Existing Levees.”  This 
report presents a framework for developing functions to quantify the reliability of existing 
levees.  The methods provided in Appendix B are still valid and continue to be used within 
USACE for development of system response curves.   

7. Guidance for Developing System Response Curves.  The following is guidance for 
developing and using system response curves in the commonly used HEC-FDA computer 
program (Reference 3.d.) and other dam and levee risk assessments.   

a. System Response Curve. 

(1) The system response curve represents the conditional probability of failure leading to 
inundation and associated economic/life safety consequences.  When conducting HEC-FDA 
analysis, the system response curve (called the geotechnical failure relationship in Reference 
3.d.) represents the composite of the system response curves for all credible and significant 
failure modes. 

(2) Depending on the problem being evaluated and the importance of the inputs to the 
decision made, sensitivity analysis and evaluation of limiting bounds of the failure relationship 
may be required.  For other risk assessments that are not performed using HEC-FDA, the analyst 
may evaluate system response curves for each failure mode separately. 
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b. Selection of Index Location Stations for Levee Planning Studies. 

(1) The use of HEC-FDA for planning studies requires the selection of index location 
stations, which are stream stations used to model hydraulic loading and project performance for a 
damage reach (Reference 3.d.). 

(2) The geotechnical engineer, hydraulic engineer, and economist should work together to 
select damage reaches and associated index location stations to model the overall levee system 
results considering loading, performance, and consequences.  Care should be taken to ensure that 
the performance modeled at a specific index location station considers the overall results of the 
levee system represented. 

c. Developing Composite System Response Curves for Dam and Levee Risk Assessments. 

(1) In some risk assessment situations, individual failure mode probabilities are evaluated 
separately using the methods presented in Reference 3.c.  For other situations, including specific 
modeling tool requirements or analysis goals, a composite system response curve is required. 

(2) When evaluating expected levee performance, as discussed in EM 1110-2-1913 
(Reference 3.b.), often the levee system will be broken down into separate reaches and sub-
reaches. In some reaches, one analysis cross-section may be adequate to represent all of the 
different failure modes such as seepage, stability, rapid drawdown, erosion, and seismicity. In 
other cases, different cross-sections and evaluation conditions may be required to analyze 
different failure modes within the same reach, as some locations may be more vulnerable than 
others (Figure 1).  For these situations, a composite system response curve can be developed that 
represents the expected behavior for the entire damage reach based on the “worst case” 
controlling condition for each failure mode at the different locations. 

 
Figure 1.  Levee Reach with Different Expected Performance at Varying Locations 
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(3) In some situations, a critical location for a particular failure mode may not exist.  
The engineer will review such situations and develop a representative system response curve for 
the particular problem being evaluated.   

(4) To develop a representative composite system response curve for such a reach, each 
of the failure modes is evaluated at the different locations and estimates of probability of failure 
as a conditional function of stage (i.e., water loading level), which is a direct function of AEP for 
the hydrologic loading are developed.  For each failure mode, the controlling relationship for the 
failure mode to be used in the index location station composite system response curve is 
generally from the location where the probability of failure is the greatest for the largest AEP 
(Figure 2).  Use of a single controlling relationship for a failure mode system response curve 
implies that the potential for the failure mode at locations throughout the reach is correlated.  
Occasionally, system response curves will cross over and additional analyses may be necessary 
to select the most controlling relationship.   

 
Figure 2.  Development of Failure Mode System Response Curves and Selection of Controlling 

Curve for Index Location Station 
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(5) To develop the index location station composite system response curve, the controlling 
system response curve for each failure mode is combined using the uni-modal bounds theorem 
(Reference 3.e.), which states that for “n” positively correlated events (E1, E2, E3, …, En) with 
corresponding probabilities [P(E1), P(E2), P(E3), …, P(En)], the total probability for the union of 
the events [P(E) = P(E1 ∪ E2 ∪ E3 …∪ En)] lies between a lower and upper bound, as follows:  

𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃(𝐸𝐸𝑖𝑖) ≤ 𝑃𝑃(𝐸𝐸) ≤ 1 −  �[1 − 𝑃𝑃(𝐸𝐸𝑖𝑖)]
𝑛𝑛

𝑖𝑖=1

 

(6) The lower bound is obtained if the potential failure modes are perfectly correlated (i.e., 
max P(𝐸𝐸𝑖𝑖)).  The upper bound is obtained if the potential failure modes are statistically 
independent (e.g., 1 −  ∏ [1 − 𝑃𝑃(𝐸𝐸𝑖𝑖)])𝑛𝑛

𝑖𝑖=1 .  Except for very infrequent coincidence of seepage 
and stability probabilities of failure, geotechnical failure modes are not often well correlated and 
in practice, the upper bound is often used in dam and levee safety risk assessment unless specific 
knowledge of the degree of positive correlation is available (Figure 3).   

 
Figure 3.  Upper Bound of Uni-Modal Bounds Theorem for Combination of Controlling System 

Response Curves and Conversion of AEP to Stage (Pf = Probability of Failure) 
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(7) When using programs such as HEC-FDA (Reference 3.d.), often the performance 
function is input as a function of river stage (e.g., Pf vs river stage).  This requires transforming 
the relationship from Pf versus AEP to Pf versus stage using the appropriate river stage-frequency 
relationship at the index location station.  Often it is convenient to select the location where 
overtopping will occur first when making this conversion, though any location on the reach can 
be used (Figure 3).  Table 1 provides a numerical example for developing a composite 
performance function curve for an index location station, combining controlling failure modes 
from other locations within the same damage reach using common AEP.  Table 1 also illustrates 
how the composite performance function can be described in a Pf versus stage relationship for 
input into HEC-FDA.   

(8) It should be noted that in certain situations where the water loading is horizontal, such as 
may occur at dams, the failure versus stage relationships may be combined directly.  For very 
long projects, such as coastal levees, and for certain storm scenario analysis goals, conditional 
loading probabilities may need to be considered in the development of composite system 
response curves.  Such procedures are beyond the scope of this document. 

Table 1. Example Index Location Station Composite Performance Function Computation.   
Note: Interpolation can be used to estimate values between explicit computations   

(IE = Internal Erosion) 

 

d. Reviewing Model Results. 

(1) At the end of the performance modeling, the Project Delivery Team (PDT) should review 
the model results for consistency with observed performance. In situations where results are not 
consistent with observed performance, the system response curve is one of many factors that 
may contribute to differences. 

(2) The PDT should consider the full range of factors that affect model results, such as 
assuming no upstream or opposite bank failures in the routing model when evaluating hydrologic 
hazard, discrepancies in model elevations, errors or limitations in the hydraulic model, and 
inaccuracies in other model inputs. 

 

Common 
AEP

Station 825
IE 

Through 
Pipes

IE Along 
Pipes

IE Through 
Foundation

Station 
1310+00

Slope 
Stability

Over-
topping

Index 
Location 
Station 
1045+00

Composite 
Pf

Flow (CFS) Stage (ft) Pf Pf Pf Flow Stage (ft) Pf Pf Flow Stage (ft) Pf
0.2890 413.50 0.00E+00 0.00E+00 0.00E+00 538,000      409.24 1.00E-45 0.00E+00 538,000     411.50 0.00E+00
0.2280 572,000      415.00 1.72E-05 6.48E-07 4.19E-10 410.60 0.00E+00 0.00E+00 572,000     412.90 1.78E-05
0.1000 670,000      418.75 2.29E-03 1.31E-03 3.46E-08 414.20 0.00E+00 0.00E+00 670,000     416.50 3.60E-03
0.0340 797,000      423.20 4.99E-03 2.87E-03 1.10E-03 797,000      418.90 4.99E-05 0.00E+00 797,000     420.90 8.98E-03
0.0090 922,000      427.50 7.60E-03 4.37E-03 2.16E-03 422.50 1.20E-04 0.00E+00 922,000     424.90 1.42E-02
0.0020 1,187,000  432.90 8.16E-02 5.32E-02 4.50E-02 426.50 1.97E-04 0.00E+00 1,187,000 429.60 1.70E-01
0.0010 1,294,000  434.50 1.03E-01 6.77E-02 1.17E-01 427.50 2.16E-04 0.00E+00 1,294,000 430.80 2.62E-01
0.0008 1,385,700  435.90 1.23E-01 8.04E-02 1.79E-01 428.30 2.32E-04 0.00E+00 1,385,700 431.90 3.38E-01
0.0002 1,484,000  437.46 1.44E-01 9.45E-02 2.49E-01 429.20 2.49E-04 7.97E-02 1,484,000 433.10 4.64E-01
0.0001 437.60 1,497,000  429.24 2.50E-04 1.00E+00 1,497,000 433.30 1.00E+00
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	1. Purpose.  This Engineer Technical Letter (ETL) provides (1) references for various methodologies for developing system response curves; (2) examples of probabilistic methods for developing system response curves; (3) guidance specific to developmen...
	a. This ETL focuses on geotechnical aspects of dam and levee systems; however, the methods presented can be applied to all other structures subjected to water loading.  It is intended that all methods are scalable and engineering judgment should be us...
	b. This ETL replaces ETL 1110-2-556, Risk-Based Analysis in Geotechnical Engineering for Support of Planning Studies.

	2. Applicability.  This ETL is applicable to all Headquarters, U.S. Army Corps of Engineers (HQUSACE) elements, divisions, districts, laboratories, and field operating activities related to Civil Works projects.  It applies to risk assessments used fo...
	3. Distribution Statement.  Approved for public release, distribution is unlimited.
	1. Purpose.  This ETL provides (1) references for various methodologies for developing system response curves; (2) examples of probabilistic methods for developing system response curves; (3) guidance specific to development of geotechnical system res...
	a. This ETL focuses on geotechnical aspects of dam and levee systems; however, the methods presented can be applied to all other structures subjected to water loading.  It is intended that all methods are scalable and engineering judgment should be us...
	b. This ETL replaces ETL 1110-2-556, Risk-Based Analysis in Geotechnical Engineering for Support of Planning Studies.

	2. Applicability.  This ETL is applicable to all HQUSACE elements, divisions, districts, laboratories, and field operating activities related to Civil Works projects.  It applies to risk assessments used for the purposes of studies, design, constructi...
	3. Distribution.  Approved for public release; distribution is unlimited.
	4. References.
	a. Engineer Regulation 1110-2-1156, Safety of Dams: Policy and Procedures. https://www.publications.usace.army.mil/Portals/76/Publications/EngineerRegulations/ER_1110-2-1156.pdf.
	b. Engineer Manual (EM) 1110-2-1913 Evaluation, Design, and Construction of Levees, USACE. https://www.publications.usace.army.mil/Portals/76/Publications/EngineerManuals/EM_1110-2-1913.pdf.
	c. Best Practices in Dam and Levee Safety Risk Analysis, U.S. Bureau of Reclamation and USACE, https://www.usbr.gov/ssle/damsafety/risk/methodology.html.
	d. Flood Damage Reduction Analysis, Version 1.4.1, User’s Manual, USACE, Institute for Water Resources, Hydrologic Engineering Center (HEC), April 2016.  (Note:  The current software version is 1.4.2, but this reference is the current User’s Manual.) ...
	e. Ang, A.H.S. and Tang, W.H. (1984).  Probability Concepts in Engineering Planning and Design, Volume II: Decision, Risk, and Reliability, John Wiley and Sons, New York, NY, p. 562.

	5. Background.
	a. The term ”risk” is a measure of the probability (or likelihood) and consequences of uncertain future events and described by three components:
	(1) Hazard:  An event that causes the potential for an adverse consequence.  Typically, the hazards considered will be the potential for flood and/or seismic loading;
	(2) Performance:  The probability (or likelihood) of how the system (e.g. the earthen embankment) is anticipated to function during the specified hazards; and
	(3) Consequences:  The effect, result, or outcome resulting from the combination of the hazards and system performance.

	b. A risk assessment is a systematic, evidence-based approach for quantifying and describing the nature, likelihood, and magnitude of risk.  References 3.a. and 3.c. outline the risk assessment procedures used for dam and levee systems.
	c. System Response Curve.  The performance component of risk is generally represented by a function relating the conditional probability of failure as a function of the applied hazard load and is called the system response curve in this ETL for consis...
	d. Risk Terminology
	(1) Risk terminology is used differently in the various reference documents and in the attached appendices.  For example, the term “system response curve” is synonymous with these terms used in other documents and the appendices:  conditional probabil...
	(2) Many documents use the term “risk analysis” synonymous with the term “risk assessment.”  It is also noted that the outdated term “hazard function” used in Appendix A does not describe the frequency of loading, sometimes called a “hazard curve,” bu...


	6. Methodologies.  There are several methods that may be used to evaluate the system response component of risk, including reliability analysis (probabilistic limit state), empirical, frequency-based and expert elicitation methods, as contained in Ref...
	a. This ETL provides specific examples for probabilistic methods on the development and use of system response curves in Appendixes A and B, which were originally published in 1999 and are described below.
	b. Regardless of which method is chosen to develop system response curves, a clear rationale should be provided in analysis documentation to support the method used and describe the limitations of the use of the system response curve.
	c. Appendix A is titled “An Overview of Probabilistic Analysis for Geotechnical Engineering Problems.”
	(1) This appendix provides an overview of the application of probabilistic methods to geotechnical engineering problems of interest to USACE, with emphasis on methodology suitable for assessing the comparative reliability of dams, levees, and other hy...
	(2) Appendix A also reviews and discusses a number of probabilistic methods that can and have been applied to problems of interest.  While it is noted that some of the terms in Appendix A are outdated and superseded by other publications (Reference 3....

	d. Appendix B is a research report prepared by Thomas F. Wolff, Ph.D., P.E., of Michigan State University, for USACE, titled “Evaluating the Reliability of Existing Levees.”  This report presents a framework for developing functions to quantify the re...

	7. Guidance for Developing System Response Curves.  The following is guidance for developing and using system response curves in the commonly used HEC-FDA computer program (Reference 3.d.) and other dam and levee risk assessments.
	a. System Response Curve.
	(1) The system response curve represents the conditional probability of failure leading to inundation and associated economic/life safety consequences.  When conducting HEC-FDA analysis, the system response curve (called the geotechnical failure relat...
	(2) Depending on the problem being evaluated and the importance of the inputs to the decision made, sensitivity analysis and evaluation of limiting bounds of the failure relationship may be required.  For other risk assessments that are not performed ...

	b. Selection of Index Location Stations for Levee Planning Studies.
	(1) The use of HEC-FDA for planning studies requires the selection of index location stations, which are stream stations used to model hydraulic loading and project performance for a damage reach (Reference 3.d.).
	(2) The geotechnical engineer, hydraulic engineer, and economist should work together to select damage reaches and associated index location stations to model the overall levee system results considering loading, performance, and consequences.  Care s...

	c. Developing Composite System Response Curves for Dam and Levee Risk Assessments.
	(1) In some risk assessment situations, individual failure mode probabilities are evaluated separately using the methods presented in Reference 3.c.  For other situations, including specific modeling tool requirements or analysis goals, a composite sy...
	(2) When evaluating expected levee performance, as discussed in EM 1110-2-1913 (Reference 3.b.), often the levee system will be broken down into separate reaches and sub-reaches. In some reaches, one analysis cross-section may be adequate to represent...
	(3) In some situations, a critical location for a particular failure mode may not exist.  The engineer will review such situations and develop a representative system response curve for the particular problem being evaluated.
	(4) To develop a representative composite system response curve for such a reach, each of the failure modes is evaluated at the different locations and estimates of probability of failure as a conditional function of stage (i.e., water loading level),...
	(5) To develop the index location station composite system response curve, the controlling system response curve for each failure mode is combined using the uni-modal bounds theorem (Reference 3.e.), which states that for “n” positively correlated eve...
	(6) The lower bound is obtained if the potential failure modes are perfectly correlated (i.e., max P(,𝐸-𝑖.)).  The upper bound is obtained if the potential failure modes are statistically independent (e.g., 1− ,𝑖=1-𝑛-[1−𝑃,,𝐸-𝑖..])..  Except for...
	(7) When using programs such as HEC-FDA (Reference 3.d.), often the performance function is input as a function of river stage (e.g., Pf vs river stage).  This requires transforming the relationship from Pf versus AEP to Pf versus stage using the appr...
	(8) It should be noted that in certain situations where the water loading is horizontal, such as may occur at dams, the failure versus stage relationships may be combined directly.  For very long projects, such as coastal levees, and for certain storm...

	d. Reviewing Model Results.
	(1) At the end of the performance modeling, the Project Delivery Team (PDT) should review the model results for consistency with observed performance. In situations where results are not consistent with observed performance, the system response curve ...
	(2) The PDT should consider the full range of factors that affect model results, such as assuming no upstream or opposite bank failures in the routing model when evaluating hydrologic hazard, discrepancies in model elevations, errors or limitations in...
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