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Preface

The program documented herein was authorized by Headquarters, U.S.
Army Corps of Engineers (HQUSACE), as part of the Operations Management
problem area of the Repair, Evaluation, Maintenance, and Rehabilitation
(REMR) Research Program. The work was performed under Civil Works
Research Unit 32672, “Development of Uniform Evaluation Procedures/
Condition Index for Civil Works Structures,” for which Mr. Stuart D. Foltz was
Principal Investigator. Mr. Harold Tohlen (CECW-O) was the REMR Technical
Monitor for this study.

Dr. Tony Liu (CERD-C) was the REMR Coordinator at the Directorate of
Research and Development, HQUSACE. Mr. Tohlen and Dr. Liu served as the
REMR Overview Committee. William F. McCleese, U.S. Army Engineer
Waterways Experiment Station (WES), was the REMR Program Manager.
David T. McKay (FL-P), U.S. Army Construction Engineering Research
Laboratory (CERL), was the Problem Area Leader for the Operations
Management problem area.

This study was performed under the general supervision of Dr. Simon Kim,
Chief, Maintenance Management Division (FL-P), Infrastructure Laboratory
(FL) at CERL. The technical editor was Linda Wheatley, Information
Technology Laboratory. Dr. Michael J. O'Connor was Director of CERL.

A draft version of this technical report was printed in September 1998. It
was distributed within the Corps for review and comments. During this review,
CECW-E requested that publication of the document and any related training be
withheld until they could complete a more thorough review. Written comments
were obtained from CECW-EG and two meetings were held at which more edits
were discussed. These comments and suggested edits were incorporated as
received. The first meeting was with CECW-ET, CECW-EG, CECW-OM in
February 1999. The second meeting in September 1999 was with CECW-EG,
some members of the Embankment Dam Condition Index (Cl) development
team, and additional Division/District representatives. The edits and changes
are included in the current technical report. The CECW-EG has indicated that
the changes do not adequately address all issues, but they have been unable to
identify the additional issues with the specificity necessary to make any changes.
This is at least in part due to perceived conflicts with a CECW-E approach for
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incorporating risk assessment into the dam safety program that has yet to be
developed.

As a technical report, this document is intended to be a summary of
research results. The results include a product that can be used by Districts and
others outside the Corps. Current Corps guidance on the use of Cls includes no
references to embankment dams or flood control projects. At this time, therefore,
each decision maker must individually determine if and how the Embankment
Dam CI can assist in the management and safety of their embankment dams.
Training workshops have been held in four districts with good to excellent
results. Hydro Québec is implementing this CI for all their embankment dams.
These activities indicate a previously unmet need that this tool helps to address.
As with any research product, it may or may not adequately meet user needs in
either the short or long term. Additionally, other tools and procedures developed
in the future may prove preferable.



1 Introduction

1.1 Background

Over the past 100 years, the U.S. Army Corps of Engineers has designed
and constructed numerous civil works structures, including flood control and
hydropower projects. Many of these structures are nearing the end of their
design life, yet service to the public must be maintained. The U.S. Army Corps of
Engineers (USACE) Repair, Evaluation, Maintenance, and Rehabilitation
(REMR) program was initiated to address issues related to maintaining these
structures beyond their design life. One of the seven problem areas focuses on
maintenance management and prioritization, including developing procedures to
collect inspection data for monitoring condition of these structures.

For USACE civil works, the emphasis has been steadily shifting from
construction of new facilities to maintenance and repair (M&R) of existing ones,
so M&R has become an increasingly important part of the budget. In addition,
USACE is one of many Federal agencies facing increasingly restrictive budgets
and greater demands for budget justification. A prioritization system can be
useful in the decision process for the management of existing facilities.

Being able to rely on the functionality and structural integrity of
embankment dams as components of a flood control or hydropower project is
essential. If embankment dam performance is not adequate, pool level may be
restricted, causing power generation or recreation benefits to be lost, and, most
importantly, putting downstream infrastructure and lives at increased risk.

1.2 Objective

The objective of this project was to develop a rating procedure that
describes the current condition of embankment dams in a uniform manner. The
project also produced a procedure for the prioritization of M&R activities on
embankment dams. A condition index (Cl) approach was adopted in a manner
similar to other Cl systems that have been developed by the U.S. Army
Construction Engineering Research Laboratory (CERL). A system approach to
condition assessment was adopted wherein complex considerations were treated
in a systematic manner.
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Throughout this project, it was maintained that the resulting procedure
would be applicable to the ranking of current M&R activities that can be
programmed and funded within a normal budgetary cycle. Although this process
may be used to evaluate actions deemed too urgent to wait for the normal budget
cycle, this methodology is not applicable to actions of an emergency nature.

There are a number of directly and indirectly related benefits for the
embankment dam CI.

1. Itisagood measure of changes in condition or performance over time. On a
system level, this can tell managers whether long-term funding is adequate
to maintain their facilities.

2. It assists engineers in evaluating the relative importance of existing
deficiencies and prioritizing needs. It is not a detailed evaluation of dam
safety nor does it replace criteria-based standards.

3. It can aid engineers when communicating with management regarding the
importance and severity of deficiencies.

4. Itassists prioritization of requirements for instrumentation and monitoring
of dams.

5. Itis a useful tool for assisting journeyman engineers in understanding how
more experienced engineers make their evaluations.

1.3 Mode of Technology Transfer

Workshops have been held in four Corps Districts. The workshops include
an overview and present the CI process by guiding the district engineers in the
indexing of one or more of their dams. The focus on a single district and a project
within the district adds relevance and increases interest of the participants.
During review of this report, other workshops were delayed and it is expected
that more districts will hold workshops. Software for REMR condition indexes is

available atLAMMLcecer_a.Lm;Lm.LlLﬂLtem.LLtemLh.thl

It is recommended that the evaluation results of the embankment dam CI
be incorporated into project documentation for periodic inspection reports as an
appendix (Engineering Regulation (ER) 1110-2-100, Periodic Inspection and
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Continuing Evaluation of Completed Civil Works Structures). See section 5.3
(p @ for more information on implementation.

1.4 Overview

The initial conceptual ideas for the embankment dam CI project were
developed during a Summer Faculty Fellowship Program in 1993 by Professor
Glen R. Andersen at the U.S. Army Engineer Waterways Experiment Station
(WES) under the supervision of Dr. Victor H. Torrey I1l. A 6-month feasibility
study for the conceptual approach was then conducted by Professor Glen R.
Andersen (formerly of Tulane University) with a subcontract to Professor Luc E.
Chouinard of McGill University. This feasibility study was published as an
engineering report by Tulane University (1995). Upon successful completion of
the feasibility study, the full system development was initiated as a joint
research project funded by CERL and Hydro-Québec through contract to Texas
A&M University (Professor G.R. Andersen) and McGill University (Professor
L.E. Chouinard), respectively. This full system development was funded for
2 years beginning in September 1995. The United States portion of the
development was jointly administered by CERL and WES under the direction of
Mr. Stuart Foltz and Dr. Victor H. Torrey Ill, respectively. The Canadian
portion of the development was administered by the Sécurité des Barrages
Section of Hydro-Québec under the direction of Mr. Jean-Guy Robichaud.

Participants (identified as expert or developmental panel in this report) in
the full system development included Glen Andersen (Contractor, Texas A&M
University), Luc Chouinard (Contractor, McGill University), Stuart Foltz (Project
co-principal investigator, CERL), Dr.Victor H.Torrey IIl, P.E. (Project co-
principal investigator, WES), Larry W. Franks, P.E. (Huntington District,
CELRH), James H. Bradley, P.E. (Wilmington District, CESAW-retired), David
P. Hammer, P.E. (Great Lakes and Ohio Rivers- Division, CELRD-retired), Jean-
Guy Robichaud, ing. (Sécurité des barrages, Hydro-Québec), Richard Gervais,
ing. (Hydro-Québec, Baie Comeau), and Gaston Blanchette, ing. (Hydro-Québec,
Chicoutimi). Other participants included Charles Bouvier and Fady Abdo, who
were graduate students at Texas A&M University and McGill University,
respectively.
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2 Approach

The development of the embankment dam CI methodology required input
from a panel of dam safety experts. This “expert panel” held a series of week-
long meetings at locations in the United States and Canada. During these
meetings, the experts were asked a series of structured questions that related
their technical experience to various aspects of embankment dam M&R. These
discussions were guided by the “interaction matrix” approach developed by
Hudson (1992) following the cross-impact matrix analysis method developed by
Gordon and Hayward (1968). During each expert panel meeting, embankment
dams were inspected in order to validate the procedures that had been developed
as of that date and to form a data base for a comparative exercise involving
several dams. Three comparative exercises are included in Appendix A.

This report outlines the procedures and presents the rationale that were
developed by the expert panel to assist in prioritization of M&R actions on
embankment dams. Two separate methodologies are presented to assist in the
prioritization of M&R tasks on embankment dams. One methodology
incorporates defense groups (components designed to prevent various failure
modes). The overall rating for the defense groups is also considered to be the CI
of the dam. This procedure is fully described in Chapter 3. The second
methodology incorporates the monitoring system (instrumentation and visual
observation surfaces). Although it is not a formal part of the embankment dam
ClI, the rating system for monitoring devices is included in this report. At the
level of detail that the CI procedure evaluates a dam, it is important to look at
the condition and adequacy of the monitoring devices. Chapter 4 describes the
procedure that results in a detection system CI in addition to the monitoring
device priority rankings. The products of these two methodologies are prioritized
deficiency lists, one for defense groups (Table 3.20) and another for monitoring
devices (Table 4.6). These priority lists can later be incorporated into a broader
management decision analysis framework by considering cost, scheduling, etc.

The approach for this Cl was different than most other Cls in several ways.
First, it includes no specific inspection procedure. Most Cls are based on a
distinct inspection procedure, but it was felt that embankment dams are
adequately inspected and additional value could not be provided by creating a
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new inspection. Secondly, the CI process is less objective. The sub-component
ratings are based on described ranges like for breakwaters and jetties, not specifc
values as in other Cls. Additionally, unlike any other ClI, the sub-component
ratings are combined based on relative importances determined by the raters
specifically for that dam. This is important in making the results relevent to the
district concerns. The result has more subjectivity than other Cls, but it should
still be consistent if the participants are knowledgable and honest. Spurious CI
values can be identified as easily for this Cl as for others. The CI procedure does
provides some firm boundaries. McCann et al. (1985) discuss the importance of
rational and consistent assessment:

“The first step towards achieving consistency is use of a probablistic
[absolute or relative] approach that provides a logical format.... A
second step involves measures to insure consistency in applying a
preliminary ... assessment procedure.... One of the reasons
probabilistic methods are used so extensively ... is due to the fact that
they provide an orderly, rational assessment of the events that could
initiate a system failure.”

Arguably, the strength of the embankment dam Cl is in providing a framework
for assessment. The third difference is that, during development, the focus
guickly shifted away from the Cl. The participants and others saw little benefit
to having one number to relate the condition of a dam. They did not feel it could
convey the complexity of the deficiencies that might be present on a dam. They
were also concerned that the Cl would be misunderstood to be a dam safety
index. The participants were more interested in providing a tool that helped
understand and prioritize engineering concerns for a dam. This resulted in a
focus on priority rankings (see section 2.2). Note that the CI and priority
rankings are based on exactly the same information, but the priority rankings
communicate more detail.

Throughout this report, questions are posed that must be answered with
numerical responses ranging from 0 to 100. The developmental panel considered
that a precision of 10 on these responses represents an appropriate degree of
resolution for the types of questions posed. The panel was concerned that, if
relatively unlikely events were given weightings, there could be three negative
effects. First, those events would tend to be overweighted. Secondly,
consideration of the less likely events would needlessly increase the effort needed
to complete the evaluation. Most importantly, it would divert attention from the
most critical issues. On the other hand, some users may find benefit in using
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higher resolution despite the inherent difficulty of accurately increasing the
resolution. Possible benefits include (1) compiling a historical record of small
problems that may gradually or suddenly become more severe and (2) allowing a
guantitative priority ranking of small problems that require low cost repairs and
may be justified on a cost-benefit basis.

This methodology is intended to be applied to individual embankment
dams. For reservoir projects with multiple embankments, each embankment
should be considered independently.

This system is intended to address embankment and spillway features,
which have traditionally fallen under the purview of the geotechnical member(s)
of the dam inspection team. However, the system also includes recognition of
existing hydrologic and seismic criteria established by the Corps of Engineers
Dam Safety Assurance Program (ER 1110-2-1155); ER 1110-2-1464 and ER
1110-8-2(FR) for the adequacy of existing spillway capacity; and ER 1110-2-1806
for seismic adequacy. Structural, electrical, and mechanical aspects of project
operation are not covered in this system. This Technical Report is not intended
to supersede any information, procedures, or policies within existing Engineering
Regulations.

2.1 Definitions

Condition Index (CI) — A Cl is a number between 0 and 100 based on a
rating procedure that describes the current condition of a structure in a uniform
manner. Cls are intended to be relatively objective measures based on Table 2.1.

Importance Factors — Most Cls are calculated using one of two methods.
Either pre-determined “deduct values” are used for specific distresses such as in
the Cls for concrete (see REMR-OM-4 and REMR-OM-16) or subcomponents are
rated on a CI scale and weighted according to pre-determined importance and
condition to calculate a component Cl such as in the Cls for lock and dam gates
(see REMR-OM-8, REMR-OM-13, REMR-OM-14, REMR-OM-17, and REMR-
OM-18). The embankment dam CI uses the second method with one significant
divergence from previous Cls. The weightings, termed “importance factors,” are
not pre-determined. The CI for embankment dams includes a structured process
for the rating panel to determine dam-specific importance factors. This process
increases the subjectivity of the ClI, but consensus opinion was that the increased
validity and accuracy of the results justified the increased subjectivity.
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Table 2.1. U.S. Army Corps of Engineers REMR condition indexing scale.

Condition Recommended
Zone Index Condition Description Action
Excellent: No noticeable defects. Some aging or wear
8510 100 Immediate action is

1 may be visible. '
not required.

70 to 84 |Good: Only minor deterioration or defects are evident.

Fair: Some deterioration or defects are evident, but Economic analysis of

551069 function is not significantly affected. repair alternatives is
2 . - . T recommended to
Marginal: Moderate deterioration. Function is still d :
40 to 54 etermine
adequate. : :
appropriate action.
Poor: Serious deterioration in at least some portions of |Detailed evaluation is
2510 39 o . .
the structure. Function is inadequate. required to determine
10to 24 |Very Poor: Extensive deterioration. Barely functional the need for repair,
3 0 ery Poor: Extensive deterioration. Barely functional. | o\ - iication. or
Failed: No longer functions. General failure or reconstruction.
0t09 |complete failure of a major structural component. Safety evaluation is
recommended.

Priority Rankings — Priority rankings are a relatively new addition to the
CI family of tools and products. Previously, a subjective priority ranking has
been used with the CI for riverine rubble dikes and revetments (see REMR-OM-
21). The priority rankings in the embankment ClI are a product of the
importance factors and condition ratings for a defense group or a monitoring
device. They are intended to produce the highest ranking for the most important
defense group or monitoring device in the worst condition. Further explanation
and details are given in sections 2.2 and 2.4.

Prevention System — It is the system that prevents catastrophic failure of
the dam. The defense groups act to control adverse conditions that might lead to
one of the four identified failure modes.

Detection System — This system provides information about the ability of
the dam to resist failure. Monitoring devices provide this information. It may
also be referred to as the monitoring system.

Failure mode — Failure is the uncontrolled release of the reservoir. The
four general failure modes identified for a dam are overtopping, erosion, piping,
and mass movement (see Table 3.2).

Adverse Conditions — Adverse conditions are undesirable events occurring
at specific locations on the dam that are associated with failure modes (e.g.,
piping of embankment materials). There are eight adverse conditions (see Table
3.3).
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Defense Groups — An embankment dam is modeled as groups of components
(defense groups) designed to prevent various failure modes (see Table 2.2).

Indicators — Indicators are used to assess the condition of a defense group.
In the detection system, a subset of these indicators are evaluated according to
their value in deducing the presence or absence of adverse conditions.
Monitoring devices are rated based on their ability to provide information about
indicators.

Changes in Geometry — This detection system indicator is sub-divided based
on the location on the dam. Itis a collection of various defense group indicators
that are visible on the observation surfaces. They include:

- Differential movement (e.g., cracking, shallow slides, bulging, between fixed
and floating structures)

» Loss of surface protection materials (Downstream Slope)

e Ruts and gullies (erosion into protected soil) (Downstream Slope)

» Degradation / breakdown of slope protection (Upstream Slope)

 Removal of bedding or protected material without the loss of outer slope
protection (Upstream Slope)

e Loss of slope protection material (Upstream Slope)

* Sinkholes / depressions

e Surface grades

» Depth of erosion below protection.

Known Defect — A defense group may have weaknesses that do not
currently impact the performance of the indicators significantly. These defects
are nonetheless important. For this reason, an additional indicator — known
defect — has been added for defense groups. Examples of known defects for
pressure control in the foundation could be: a leaking diaphragm cutoff wall; an
upstream blanket that does not extend far enough upstream; or a toe drain filter
that does not meet present filter criteria. One known defect, “Pipeable material
without a designed filter system,” can significantly impact the CI of the defense
group.

Table 2.2. Potential defense groups for embankment dams.

Defense Group Components
Spillway Capacity Sill, inlet channel, outlet channel
Spillway Erosion Control Sill and main channel
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Crest Elevation

Top of dam

Surface Runoff Collection Discharge System

Ditches, surface drains, etc.

Downstream Slope Protection

Stone, vegetation cover, etc.

Upstream Slope Protection

Stone, soil cement, etc.

Filtering in Embankment

Engineered filter materials to prevent the
migration of finer soils

Pressure Control in Embankment

Chimney drains, blanket drains, finger drains,
impervious core, etc.

Filtering in Foundation

Engineered filter materials to prevent the
migration of finer soils

Pressure Control in Foundation

Relief wells, toe drain, cutoff wall, upstream

impervious blanket, etc.

2.2 Priority Ranking of Defense Groups

An embankment dam is modeled as groups of components (defense groups)
designed to defend against potential failure (uncontrolled release of the reser-
voir) by modes defined by the International Commission on Large Dams (ICOLD
1983). Table 2.2 presents potential defense groups for embankment dams.

The priority ranking (PR ;) of the i"" defense group of the j" dam is formed
as the product of three numbers: (1) a dam consequences factor (representing
the consequances of failure of the dam), (2) a defense group importance factor
(representing the importance of the defense group relative to other defense
groups on a given dam), and (3) a defense group condition factor (representing
the ability of the defense group to function in its particular role) in accordance
with Equation 2.1:

(100- Cl o1 ;)

Eq2.1
100 (Eq2.1)

PRoci,j= CFpamj®lpcij®

the relative importance of Dam j within the USACE inventory
(based on consequences of failure)

Dam j

the importance of i defense group on Dam j and ranges from 0 to
1.0 such that the sum of all defense group importance factors for a
particular dam is 1.0

DG i, j

Cl =

DG,

the condition index of the i" defense group on Dam j and ranges
from O to 100 representing the ability of the defense group to
function.

Chapter 2 Approach



10

Priority rankings for each of the defense groups in accordance with
Equation 2.1 will provide a means for the direct comparison and prioritization of
M&R tasks among projects in an organization. The priority ranking expressed in
Equation 2.1 will favor the most important defense groups on the most important
dams that are in the worst condition. In the allocation of resources, other factors
might be considered such as scheduling, funding constraints, minimum
acceptable levels of condition, rates of deterioration, and cost and effectiveness of
repair.

The set up of the priority ranking system for a given dam (i.e., evaluation of
Equation 2.1) must be carried out by technically qualified personnel familiar
with the project through a process of expert elicitation. This group should
consist primarily or solely of current district staff as resources allow.
Dependence on non-district participants is not recommended if it replaces
participation of those who are familiar with the specific dam. The first term in
the equation, 1___, is the relative importance of the j" dam in the management
region under consideration. This importance factor is determined considering
various factors, which can include dam age, height, population at risk, economic
consequences, etc. This factor is established initially through expert elicitation
and then updated only as conditions on the dam change over time. See section
3.1.2 for further information on the dam importance factor. The second term,
I,y 1S @ measure of the importance of the particular defense groups in
preventing a failure of the dam. This measure is determined through a careful
consideration of the various modes of failure and is established through expert
elicitation and then updated only as changes occur to the dam over time. For
most embankment dams, neither the first nor the second terms in the equation
will need to be updated frequently. The final term of the equation is a measure
of the condition of each of the defense groups (representing their ability to
function satisfactorily in their defense capacity) and can be determined annually
based on site inspections.

The process of expert elicitation, as outlined in the main body of this report,
is used to estimate the importance of the defense groups for a dam. The rules for
assessment of condition based on site inspections are then outlined.

Defense groups were not further subdivided into individual components
because the expert panel felt that they could not confidently assess the condition
of the individual components of a particular defense group if the components are
not accessible for inspection. Additionally, for rating purposes, if the defense
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group has lost its ability to function, the expert panel felt that it did not make
any difference which of the components failed. For example, the defense group
for pressure control in the foundation of an embankment dam constructed over
pervious river deposits may consist of an upstream blanket and a series of
pressure relief wells. If there is a dangerous buildup of pore pressure, for rating
purposes it does not matter which of these components fails, because the result
would be the same.

2.3 Overall Cl for Dam Prevention System

Priority rankings for the defense groups on a particular dam are a measure
of the overall ability of the dam to perform its function of preventing failure. A
dam with high priority rankings for multiple defense groups is one that has
significant needs. An estimate of the overall condition of the embankment dam,
Cl can be made by summing the weighted condition indices of the defense

Dam j’

groups in accordance with Equation 2.2:

Nbe
Cloam;= Y, I oci.j ® Cl e, (Eq.2.2)
i=1
Cl o = the condition index of the i" defense group on the j" dam

| o = the importance of the i"" defense group on the j* dam

The defense group ClI also implicitly includes the evaluator’s confidence in
the accuracy of the information used in the condition rating. On this basis, the
defense group importances and Cls can be used as the sole basis for the CI of the
embankment dam. The overall CI for a dam can be monitored over time and
thus becomes an indicator of the combined rate of deterioration/ improvement of
the prevention system. Note that the overall Cl does not include the dam
importance factor. Hence, the CI . should not be compared between projects
for the prioritization of M&R funds.

2.4 Priority Ranking of Monitoring Devices

A parallel methodology for the prioritization of M&R funds on the
performance monitoring system is also presented in Chapter 4. The performance
monitoring system is defined as the installed instrumentation and visual
observational surfaces (e.g., downstream toe area, downstream slope area) used

Chapter 2 Approach

11



12

by the dam expert to obtain specific information in order to assess the condition
of the dam. The general form of the priority ranking equation used for the

defense groups is also used for ranking monitoring devices (PR, ) as follows:
_ (100 - Cl o)
PRwpoi,j= CFpamj® | MDi,j.Tj (Eq.2.3)
CF...; = the importance of the embankment dam within the USACE

inventory (based on consequences of failure)

Lo = the importance of i" monitoring device on the j" embankment dam
and ranges from 0 to 1.0 such that the sum of all monitoring
importance factors for a particular dam is 1.0

Cl,,,, = theconditionindex of the i" monitoring device and ranges from 0 to
100 representing the ability of the monitoring device to function.

The set up of the system for a given dam (i.e., the determination of the
importance of the embankment dam and determination of the importance of the
monitoring devices) must be carried out by technically qualified personnel
familiar with the project through a process of expert elicitation. The condition of
the monitoring devices is determined during onsite inspections. As is the case
with the defense groups, the determination of monitoring device importance is
accomplished initially and then updated only as changes in the overall
performance of the dam occur (i.e., on an infrequent basis). The dam is to be
inspected on a regular basis to determine the condition of the monitoring devices.
This can be accomplished as part of ongoing dam safety inspections. The priority
ranking expressed in Equation 2.3 will favor the most important monitoring
devices on the most important dams that are in the worst condition.

The CI for each monitoring device is a measure of its current state and
represents its ability to function satisfactorily as determined during an onsite
inspection by technically qualified personnel familiar with the project. The
importance factor 1, . is a measure of the relative importance of the dam
compared to other dams within the organization. See section 3.1.2 for further
information on the dam importance factor. The importance factor I, is a
relative measure of the overall importance of a particular monitoring device in
helping to identify a potential failure mode.
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The process of expert elicitation, as outlined in the main body of this report,
is used to estimate the importance of the embankment dam and of the
monitoring devices. The rules for assessment of condition are then outlined to
guide an onsite inspection. The basic assumption for the monitoring system is
that its current configuration is optimal and the priority rankings are based on
this optimal state. Provision has been made for the responsible dam safety engi-
neer to add proposed devices in order to accomplish this “ideal” configuration.

2.5 Overall Cl for Dam Monitoring System

The priority rankings for the monitoring devices on a particular dam are a
measure of the overall ability of the monitoring system to provide accurate
information on failure modes. A monitoring system with high priority rankings
for multiple monitoring devices is one that has difficulty in providing accurate
information. An estimate of the overall condition of the monitoring system
(Cl,,) can be made by summing the weighted condition indices of the monitoring
devices in accordance with Equation 2.4:

N mp

Clvsi= z [ moi,j ® Cl mpi,j (Eq.2.4)

i=1

Cl

i the condition index of the i monitoring device on the j" dam

VDI j the importance of the i monitoring device on the j" dam.

The overall CI for a monitoring system can be monitored over time and it
becomes an indicator of the combined rate of deterioration/improvement of the
monitoring devices. Note that the overall monitoring system Cl does not include
the dam importance factor. Hence, the CI ¢, should not be compared between
projects for the prioritization of M&R funds. Also note that the overall Cl of the
monitoring system computed by Equation 2.4 has not been rigorously calibrated
against the REMR CI Scale.

Chapter 2 Approach

13



14

3 Methodology for Defense
Groups

Priority rankings (PR) for deficiencies in defense groups are performed in
accordance with Equation 2.1:

PRoci,j= CFpamj® I pGij ‘W
The first term in the equation (Importance of the Embankment Dam) must be
determined by principles such as those outlined in section 3.1. The second term
in the equation (Importance of the Defense Group) is determined through an
expert elicitation process and is related to the relative importance of that group
in preventing a failure of the dam. The third term in the equation (Condition of
the Defense Group) is determined through an onsite inspection. These terms are
explained in detail in the following subsections.

3.1 Importance of Embankment Dam

The risk created by a dam is determined by the potential for failure and the
consequences of any type of failure. The embankment dam CI includes partial
consideration of factors that determine the potential for failure but no
consideration of the consequences. The Cl and PRs developed in this report are
comprised of sub-system importances determined by relative likelihood of events
and sub-system condition ratings. Because the sub-system importance factors
are relative within the dam, they do not provide comparibility of risk between
dams. As a result, only the sub-system condition ratings create some
comparability between dams.

A very limited consideration of the consequences can be made based on
hazard potential classification. In Table 3.1, three consequence levels are
presented: low, significant, and high. Each level has been assigned a relative
score. Since approximately 80% of all Corps dams are high hazard, this factor
provides minimal ability to differentiate between dams. An attempt was made to
improve the comparibility of priority rankings between dams by slightly refining
the assignment of hazard ratings and also considering some of the basic
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properties of the dam by making a simplistic quantification of their impact on
the performance of the dam. This hazard rating was not implemented, but it is
included in Appendix B. It may be useful to some as a tool to assist in
prioritization. Its greater benefit is probably as a reminder of important generic
parameters in assessing the relative risk created by individual dams. It is
expected that further research will result in better procedures for determining
the importance of dams, and those procedures may become part of this Cl and
Corps policy.

Table 3.1. Hazard Potential (assuming failure).

Hazard Potential Probable Loss Economic, Environmental, | Consequence Factor
Classification of Life and Lifeline Losses (CF)
Low None expected Generally |I°mlted to the 001
owner only
- Yes, likely to include other in
Significant None expected addition to the owner. 0.10
High Probable — one 1.00
or more expected

3.2 Determination of Defense Group Importance

A panel of technically qualified personnel familiar with the project
determines the importance of the defense glroups in a three-step procedure that
includes the following:

« establishment of relative likelihood of the various failure modes

« determination of importance of the adverse conditions with respect to each of
the failure modes

* determination of importance of the defense groups in preventing the adverse
conditions.

Figure 3.1 summarizes this procedure. The three steps are represented as
three levels of analysis. Moving between the three levels on Figure 3.1 requires
the use of interaction matrices and the posing of three questions. These three
steps involve complex interactions between various factors. Such interactions
are efficiently managed using a systems approach with interaction matrices.

Table 3.2 summarizes the four failure modes considered here: overtopping,
surface erosion, piping, and mass movement. Table 3.3 summarizes the eight
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adverse conditions that could lead to the various failure modes. Table 3.4
summarizes the defense groups used to prevent the adverse conditions. The
guestions necessary to allow the panel to determine defense group importance
are elaborated in the following paragraphs.

Adverse Defense Genera