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Introduction

The Rhode Island Water Resources Center funded two research projects and one information transfer
project in FY 06, each of which was designed to enhance the supply of water. One research project
developed a method for evaluating the safety of dams and the other project involved a novel method for
treating collected rainfall. One of the research projects, for the first time ever, was awarded to a researcher
at Roger Williams University. The center supported two outreach programs, one for high school students
and the other for water professionals.

The director attended a meeting of the Executive Board of NIWR in Santa Fe in July. Several ideas were
presented at this meeting which could help to further enhance the ability of the Rhode Island Water
Resources Center to accomplish its mission.



Research Program

The Rhode Island Water Resources Center supported two research projects; "Assessment of Downstream
Hazard Potential for Dam Failure in Rhode Island," and "Incorporating Latest Technologies in a
Cost-Effective Design of Rainfall Catchment and Filtration Systems for Coastal Rhode Island
Communities."

The goal of the "Assessment of Downstream Hazard Potential for Dam Failure in Rhode Island" was to
investigate the safety of dams in terms of a hazard classification based on a quantitative measure of the
extent of damage or disruption imposed on surrounding communities. The study used a geographic
information system (GIS) to represent geospatial data including the location and properties of nearly 500
dams and of their surrounding areas. A case study of a hypothetical failure of the Hughesdale Pond Upper
Dam located in Johnston, Rhode Island was presented. The Simplified Dam Break Analysis hydrology
model was used to estimate the extend of the flood area. The inudated are was then combined with the GIS
model and US Census Block data to evaluate the impact on the infrastructure and population of the
affected communities and ultimately quantify the hazard potential of the dam.

The project "Incorporating Latest Technologies in a Cost-Effective Design of Rainfall Catchment and
Filtration Systems for Coastal Rhode Island Comminities," has the goal of enhancing the quantity of water
available by utilizing innovative rainfall catchment designs. This project has been extended until
December of 2007.
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CHAPTER 1: INTRODUCTION

Potential failure of dams poses a real threat to public safety, carries environmental risks, and has
a significant economic impact on public and private property and infrastructure (roads, bridges,
etc.). This threat has not gone unnoticed. The Rhode Island Department of Environmental
Management (RIDEM) through the Dam Safety Program is responsible for inventory and
inspection of state-owned dams across the State of Rhode Island. RIDEM descriptively
classifies dams by size (small, medium or large) and hazard (high, significant or low). However,
the hazard classifications were assigned nearly 25 years ago and may no longer provide an
accurate assessment of the downstream hazard potential since many communities have continued
to grow. As a result, a major effort has been underway to inventory all dams in the state and
inspect those which pose a major threat to public safety.

Moreover, the current hazard rating scheme is solely qualitative and may not fully account for
various societal categories that would be adversely affected in the event of a dam failure. These
categories include the impact to first response facilities, major roadways and bridges, economic
impact due to the loss of residential dwellings and local business, and demographics of affected
communities.

The goal of this study is to investigate the safety of dams in terms of a hazard classification
based on a quantitative measure of the extent of damage or disruption imposed on surrounding
communities. The study uses a geographic information system (GIS) to represent geospatial data
including the location and properties of nearly 500 dams and of their surrounding areas. A case
study of a hypothetical failure of the Hughesdale Pond Upper Dam located in Johnston, Rhode
Island is also presented. The Simplified Dam Break Analysis (SMPDBK) hydrology model is
used to estimate the extent of the flood area. The inundated area is then combined with the GIS
model and US Census Block data to evaluate the impact on the infrastructure and population of
the affected communities and ultimately quantify the hazard potential of the dam.

1.1 Background

Notable dam failures have highlighted the need to reevaluate dam hazard ratings for increased
safety. The recent failure of the Whittenton Pond Dam located in Taunton, Massachusetts in
2005 has reemphasized the importance of dam safety and the need for identifying risk and
developing a management plan. The 173-year old dam buckled under heavy rain and forced the
evacuation of 2,000 residents. It was projected that collapse of the dam could send 6 feet of
water through downtown Taunton, causing major flooding and destroying homes, businesses,
and schools (5). Failure would further affect the integrity of any downstream dam and could
create a dangerous chain reaction.

The threat of dam collapse has also been experienced by Rhode Islanders. The 1998 failure of
the low hazard California Jim’s dam in South Kingstown triggered the creation of the Dam
Safety and Maintenance Task Force by then-Governor Almond to review the State’s Dam Safety
Program (19). The Task Force primarily focused on the legislative nature of the State’s dam
safety law, financial impact on government and private dam owners, and the emergency plans in
event of dam failure. In 2001, the Task force reported that Rhode Island’s dam safety and



maintenance laws were out-of-date having been first adopted in 1896 and last amended in 1956.
It was also reported that average cost of dam repair could be as much as $800,000 per dam
resulting in a major investment by state officials.

The dam inspection structure established by the RIDEM has historically relied on a High-
Significant-Low hazard rating classification that is assigned to each dam. The hazard
classifications are defined by the consequence of failure or misoperation as follows:

e High Hazard - probable loss of more than a few human lives or excessive economic loss.
e Significant Hazard - probable loss of a few human lives or appreciable economic loss.
e Low Hazard - no probable loss of human life and minimal economic loss.

The structure, also used by the Federal Emergency Management Agency (FEMA), however,
does not necessarily associate a rating with a specific level of safety (16). New Jersey, New
York, New Hampshire, and Massachusetts currently rely on similar hazard rating systems with
structural integrity categorized by visual inspection (24, 27, 28).

In 2004, there were 618 inventoried dams in Rhode Island with 17 dams classified as high hazard
and 41 as significant hazard. Most of the dams, however, were categorized in the late 1970’s and
early 1980°’s. In 2006, the Dam Safety Program reported a total of 674 dams with 83 dams
(12%) as high hazard and 90 dams (13%) as significant hazard (11). This represents nearly a
400% and 120% increase in classification of high and significant hazards, respectively, in only
two years. However, many of these classifications may no longer be valid since communities
have continued to develop downstream of many dams. As a result, a major effort is underway to
inventory all dams in the State and inspect those which pose a major threat to public safety.

1.2 Objectives

The objective of this study is to provide a quantitative measure of the extent of damage a
disruption imposed on a surrounding community in the event of a dam failure. In addition,
several viable risk assessment methods for hazard ratings of dams are investigated. Risk-based
approaches to dam safety have been recognized as vital tools due to the inability of aging dams
to satisfy current flood and earthquake loading criteria, increased downstream development,
public’s demand for greater protection from natural and man-made hazards, and the
government’s trend toward performance-based budget justification (9).

This overall objective will be accomplished by (1) conducting a comprehensive review of
literature from the academic, government, and private sectors to identify types of uncertainty,
means of assessing risk, and various analysis and management plans for dam safety; (2)
identifying various risk assessment techniques and tools to be used for assessing the downstream
hazard potential of dams; and (3) developing a geographic information system (GIS) based
model that accounts for various dam parameters including location, geometry, and proximity to
vulnerable populations and facilities of first responders, evacuation routes, and other important
infrastructure. A case study will also be performed on a selected Rhode Island dam to examine
the extent of the impact on nearby communities as a result of a dam break using the GIS-based
model and US Census block data.



1.3 Organization of Report

This report is organized into five chapters. This chapter has introduced the current structure used
for classifying the hazard potential for dams located in Rhode Island and discussed some of its
shortcomings. Chapter 2 presents more detailed information on safety assessment of dams
including the various components of dam design and possible failure modes. A review of
various risk assessment methods as well as a general introduction of risk is presented in Chapter
3.

Chapter 4 introduces the use of GIS as a tool for developing a dynamic model for dams located
in Rhode Island. This model allows for the consideration of several factors that affect the hazard
level of a dam such as proximity to various community components (i.e. businesses, homes,
schools, senior-citizen centers), facilities of first responders (police, fire, hospitals), and roads
and bridges along major evacuation or emergency routes; design characteristics such as material
type, size, and capacity; maintenance records from inspection reports; and the identification of
downstream dams that may be affected by for surging demand levels in the event of a dam
failure. This graphical representation of the State’s dams is also suitable for simulation of
various failure scenarios, both natural and man-made, and for the assessment of various
management plans. This chapter also includes details of a dam break case study for a selected
Rhode Island dam.

Finally, Chapter 5 presents a summary of the research work and presents conclusions and
recommendations for future work.



CHAPTER 2: LITERATURE REVIEW

In recent years, the safety of dams has been a focus in the State of Rhode Island due to near
failures in Rhode Island and Massachusetts. Dams are located in almost every community
throughout the State and range in material type (i.e. earthen, concrete, masonry or stone),
purpose (i.e. recreation, flood control and municipal or industrial water supply) and age with the
Hope Valley Mill Pond Dam constructed in 1750 being the oldest in RI (Hopkington, RI) (29).
Rhode Island dams also exhibit quite a large range of values of length, height, discharge, and
maximum storage as shown in Table 2.1.

Table 2. 1 Range of characteristics of inventoried damslocated in Rhode I and (29)

Characteristic Name of Dam L ocation Value
Lenoth. feet Bouchar Farm Pond Dam West Warwick 7
gt Easton Pond South Dam Near Newport 9708
Heicht. feet Brown Sawmill Pond Dam Johnston 3
clght, tee Gainer Memorial Dam Scituate 109
Maximum Camp Aldersgate Pond Dam Glocester 6
Discharge, ft’/sec Albion Dam Cumberland/Lincoln 138,000
Maximum Storage, Knibb Farm Pond Dam Burrillville 1
acre-foot Gainer Memorial Dam Scituate 164,850

2.1 Hazard Classification of the Rhode | land Department of Environmental M anagement

The State of Rhode Island began inspecting dams in 1883 as a duty of the Commissioner of
Dams and Reservoirs. Today, the Rhode Island Dam Safety Program (RI DSP) implemented by
the RIDEM, inspects and catalogs all dams within the State and publishes an annual inspection
report. In RI, dams are inspected based on their hazard classification with higher hazard dams
inspected more frequently. Any dam can also be inspected at the request of an abutter or a
municipality.

The RI DSP performs inspections based on the guidelines developed by the United States Army
Corp of Engineers (USACE) in 1976 for the National Program for Inspection of (Non-Federal)
Dams (11). All inventoried dams are classified based on size, categorized as small-medium-
large, and hazard potential, categorized as low-significant-high hazard. RIDEM has also
determined major components of a dam that are to be annually inspected. These components
include the spillway, embankment, and low-level outlet. Each component is visually inspected
using the following qualitative condition rating:



Good — properly maintained, no irregularities, and meets minimum guidelines
Fair — requires maintenance
Poor — has deteriorated and no longer functions properly, needs replacement

In general, condition rating of such dam components does not directly affect the overall hazard
classification of a dam but provides an indication of the overall structural integrity of the dam.
Based on the findings of an inspection, an overall hazard rating is assigned as high, significant,
or low. For example, a high hazard rating may be assigned to a dam that could result in probable
loss of more than a few lives or excessive economic loss in the event of failure or misoperation.
On the other hand, if the dam is located in a rural area with few residents, life loss is uncertain
and a significant hazard rating is assigned. If no loss of life is expected and minimal damage or
interruption is anticipated, the dam is assigned a low hazard rating. This rating is then reported
to the owner with recommendations for improving the condition of deficient dam components.

Since there has been continual population growth and economic development in areas located
downstream of many dams, these classifications, determined during the 1970s and 1980s, have
become outdated. In addition, the classification structure does not consider various site
parameters within the region of a dam in the event of a failure. These include the proximity of a
dam to community components such as homes, business, schools, senior-citizens, facilities of
first responders (i.e. police, fire, hospitals) and major roadways and bridges particularly along an
evacuation route.

2.2 Hazard Classification of the United States Army Corp of Engineers

The United States Army Corp of Engineers (USACE) uses a dam hazard potential structure
developed in the early 1970s largely based on ratings for life, lifeline, property and
environmental losses (39). Table 2.2 presents the four major components of the potential hazard
classification system used by USACE. Generally, if a dam is located in a heavy residential or
commercial area and at least one fatality is expected as a result of a dam breach, a high hazard
classification is assigned. If loss of life in the downstream area is uncertain or is not expected, a
significant hazard and a low hazard rating is assigned, respectively.

Property losses are evaluated based on direct and indirect losses experienced by the downstream
population. Direct losses include property damaged by the flood wave whereas indirect losses
include loss of services provided by the damaged dam or other damaged downstream
infrastructure such as loss of power or water. Loss of lifelines include inaccessible bridges or
roads and disruption of major medical facilities. If disruption of or loss of access to essential or
critical facilities is expected, a significant or high hazard rating is assigned. Otherwise, if such
facilities experience cosmetic damage that is rapidly repairable, a low hazard rating is assigned
instead. Environmental losses resulting from a dam failure are also considered. If major or
extensive mitigation costs are incurred, the dam is classified as significant hazard and high
hazard, respectively.
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Table 2. 2 United States Army Corp of Engineers (USACE) Hazard Classification System (adapted from 39)

Category

Low

Significant

High

Direct loss of
life

Lifeline losses

None expected (due to
rural location with no
permanent structures
for human habitation)

No disruption of
services; repairs are
cosmetic or rapidly

Uncertain (rural
location with few
residences and only
transient or industrial
development)

Disruption of or loss of
access to essential
facilities

Certain (one or more
extensive residential,
commercial, or
industrial
development)

Disruption of or loss of
access to essential
facilities

repairable damage

Private agricultural

Major public and Extensive public and

P 1 1 i . o . e
roperty fosses igz)lli s;[;(elqgﬁﬁglggsand private facilities private facilities
Environmental Minimal incremental Major mitigation Extensive mitigation cost
losses damage required or impossible to mitigate

2.3 Hazard Classification of the Federal Emergency M anagement Agency

The Federal Emergency Management Agency (FEMA) has defined a hazard potential structure
as “a system that categorizes dams according to the degree of adverse incremental
consequences” (16). Incremental consequences include downstream impacts greater than what
would be experienced from a normal flooding condition. The hazard classification system
adopted by FEMA also uses a High-Significant-Low level rating scheme to represent adverse
incremental consequences of a dam failure as shown in Table 2.3.

This classification structure accounts for an increased hazard potential for dam failures that may
cause loss of life regardless of other losses (i.e. economic, environmental or lifeline losses). As a
result, if the loss of one or more lives is expected, a high hazard rating is assigned and a more
conservative design of the dam would be necessary. If other losses are expected, a significant
hazard rating is assigned. Otherwise, the dam is classified as a low hazard.

This classification system was created to be used for the failure or misoperation of a dam for
both normal and flood flows. A dam is rated assuming a worst case failure mode scenario.
However, for high hazard dams, other failure modes may be considered to determine the
possibility of higher incremental consequences. In any case, failure modes should be realistic
and should conform to FEMA guidelines including the Earthquake Analyses and Design of
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Dams (FEMA 65) and Selecting and Accommodating Inflow Design Floods for Dams (FEMA
94).

Table 2. 3 Federal Emergency Management Agency (FEMA) Hazard Classification System (adapted from 16)

Hazard Potential
Classification

L ow Significant High

Probable, One or

Loss of Human Life None expected None expected
more expected

Economic, Low, generally Yes, but not
Environmental, limited to the Yes necessary for this
Lifeline losses owner classification

2.4 General Dam Design

The major types of dam construction utilize earth, concrete, and masonry materials. A typical
cross-section of an earthen dam is shown in Figure 2.1. The design of dams requires the
investigation of many factors including material used for construction, foundation characteristics
of the existing site, climate, shape and size of the existing valley, river characteristics, wave
action, timeline for dam construction, function of the reservoir, and presence of seismic activity
(34). In addition, consideration is given to the availability of dam construction materials near the
proposed site. Table 2.4 presents the different onsite soil types that may be used for different
zones of the dam.

The effect of ground water level and the line of saturation (i.e. the level of material considered to
be saturated in an earthen dam) and proper placement of the core-wall are also important factors
that should be considered (23). The line of saturation represents the highest point water will
reach when traveling through the dam. The location of the line of saturation greatly influences
the design and selection of materials used for an earthen dam. A safe design would maintain the
line of saturation well below the downstream face of the dam. If fine materials are used for
construction, such as fine sands or loams, boils can form and piping will develop if the line of
saturation is too close to the surface of the dam. The position of the line of saturation is affected
by several factors including upstream and downstream soil properties, soil porosity and grain
size distribution, depth of foundation soils, flow characteristics, depth of the ground water table,
and the use of core walls and drains to prevent seepage. The slope of the line of saturation is
also affected by material type with a gradual slope in the case of impervious materials and a
steeper slop for pervious materials.

A core wall, often constructed of concrete, steel or masonry, can be used to control the line of
saturation by preventing water flow through a dam. The core wall, frequently placed upstream
from the centerline of the dam cross-section, must penetrate foundation soils far enough to cause
a significant drop in the line of saturation which results in greater overall stability. Increased
stability can also be attained by offsetting the core wall which reduces the amount of the cross-
section that is saturated. Additionally, extending the core wall above the surface of the dam can
be used as a wave protection measure for the upstream face.
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Table 2. 4 Soil typesused for dam design (adapted from 34)

Onsite Material Type Dam Type/Components

Homogeneous
Impervious small amount of pervious material are used for

internal seepage control

Non-homogeneous

Pervious . .
impervious core or membrane are added
Zoned dam
Various types finer material placed as core, more coarse

material placed downstream to aid drainage

Random zone
Erratic soil conditions dam is constructed using any material placed in
any location (may result in larger embankments)

13
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Figure2. 1 Typical cross-section of an earthen dam (34)
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A number of other considerations include wave action, construction details (i.e. joints, water
stops, drains, stop logs, flashboards, and gates) and material variability. For example, a pocket
of weaker material introduced in an earthen dam originally designed to be impervious would
represent a conduit through the embankment and would change the intended design
characteristics of the dam. Other soil-type concerns that should be considered are low shear
strength for foundation soils, settlement and differential cracking, and the presence of loose
sands which may lead to liquefaction. The goal of a well designed and constructed dam should
be to minimize uncertainty with complete consideration of all factors. Every site is unique and
requires a thorough site investigation. The risk of an unsuccessful design is a function of the
structure itself and the site location (2).

Generally, wave action can result in direct and indirect damage through erosion of the upstream
face of a dam or through the impact of debris that is carried by large waves. Wave action is
affected by surface size of impounded water and wind velocities and can be significant for larger
dams (i.e. square miles). Most commonly, rip-rap is incorporated into a design as the most cost
effective solution for wave action protection.

2.5 Type and Consequence of Failure

Natural events that can cause a dam failure are referred to as external initiating events and
include floods, earthquakes, and failure under normal operating conditions. Once an external
initiating event occurs, a number of circumstances related to the malfunction of a dam can
follow. These internal responses can include loss of external or internal stability, malfunction of
electrical or mechanical systems, or loss of capacity. Table 2.5 presents some possible internal
responses for three external initiating events. For example, as a result of a flood, a dam can
suffer damage through wave action, erosion or exceedance of wall/gate capacity.

Table 2. 5 Internal Responsesfor Possible External I nitiating Events
External Initiating Events

Flood Earthquake Normal Operating
External/Internal Stability External/Internal Stability =~ Foundation sliding/piping
Flood capacity Loss of capacity Dam stresses
Wall/gate capacity Appurtenances Reservoir rim stability
Erosion Spillway design Appurtenances
Outlets Gate/pier capacity Outlets/ gates piping
Electrical/Mechanical systems  Outlets Slope stability
Obstructions Liquefaction Deterioration of Materials
Piping Deformation
Wave action Fault movement

Leakage



The major types of a structural dam failure are due to foundation defects (36%) and overtopping
by flood (33%) as outlined in Table 2.6. Other causes of failure include sinkholes, transverse or
longitudinal cracking, erosion, vegetation, settlement, crest defects, poor drainage, seepage,
spillway problems, outlet pipe defects, leaking valves, or failure of an outfall structure as shown
in Figure 2.2.

Table 2. 6 Major Causes of a Dam Failure

Initiating Event Frequency of Occurrence (%)
Foundation Failure 36
Overtopping 33
Cracking 7
Slides (along banks or dam slopes) 5
Incorrect Calculations 1
Unknown Reasons 18
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SINKHOLE

LARGE CRACKS

TRANSVERSE CRACKING DRYING CRACKS

Figure2. 2 Types of Dam Failure Modes (adapted from 17)
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As of 2006, there were a total of 674 inventoried dams in Rhode Island; 83 high hazard, 90
significant hazard, and 456 low hazard dams. However, since 1889, there have been only seven
notable dam failures in the State of Rhode Island as listed in Table 2.7. Although this number
may seem relatively low, an aging infrastructure is likely to increase the probability of failure. In
addition, expanding community development near the location of a dam increases the severity of
the consequences incurred as a result of a dam break.

Table 2. 7 Summary of Rhode Island Dam Failures (26)

Dam ID Dam Name Incident Date Incident Type
RI00306 Spring Lake Dam 1889 Piping
RIS00004 Randall’s Pond Lower 1901 Inflow flood, Hydrologic
event
RI104258 Burton Pond Dam 1991 Concrete Deterioration
RI00003 Unnamed Dam 1991 Not Known
RI103201 Peace Dale Pond Dam 1998 Inflow flood, Hydrologic
event
RI104389 Mill Pond 2000 Embankment Erosion
RIS00006  Sweet’s Mill 2002 Biological Attack,

Embankment Erosion

Consequences of failure are determined based on a physical reality and usually represent a loss
or a negative impact from a particular hazard. Consequences of a structural failure and the post
condition of the dam are assessed by evaluating the downstream affects to a community. These
consequences will depend on the population densities as well as site conditions surrounding the
failure. Table 2.8 lists a number of variables that are often considered for different failure
scenarios. These include the time of day, weather conditions, and the presence of a warning
system.

There are several possible consequences of a dam failure including loss of life, displaced
persons, and economic, social, and environmental effects as outlined in Table 2.9. Consequences
may also include political and legal issues which are generally more qualitative and subjective
and are independent of a hazard potential classification (16).

Once the consequences have been identified, a “damage value” for each consequence can be
determined (32). The value of an outcome can simply be defined by using a binary system or
through consideration of more complicated but relevant parameters such as loss of life, economic
loss, or environmental damage. Evaluation of consequences can also be interpreted in terms of
an incremental effect which implies consequences above those that would occur if a failure or
misoperation did not occur.

The USACE evaluates economic consequences based on an exceedance level of a probability

density function to obtain an expected annual damage estimate. The USACE established a
Consequence Team in the aftermath of Katrina to estimate life loss and property damage
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resulting from maximum inundation depth of flood waters. Life loss estimates were developed
using probability distributions and property damage was determined to be a best estimate with a
90% confidence interval (38).

Table 2. 8 Various scenarios of downstream dam failur e affecting consequences (adapted from 12)

Failure Scenario Numb_er of Selections
Selections
a) Sunny day
Type of failure 3 b) Rainy day
c) Earthquake
Warning time prior to breach Range Varies
Time from onset of failure to Ranee Varies
peak breach discharge &
a) Subject dam only
Number of dams >2 b) Dam(s) in cascade upstream of subject

dam

a) Sunny day on adjacent catchments
Antecedent flow downstream 2 b) Extreme rainfall on adjacent catchments
as well as subject catchment

a) At night, most people are asleep at home
b) During daytime, most people are at work

Time of day 3 c¢) Evenings and weekends, most people are
shopping or a recreational sites
Range of
Nature of population young to old, | Varies

fit to unfit, etc.
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Table 2. 9 Possible consequences for various failure modes (adapted from 17)

Failure Mode

Possible Consequence

Sinkhole

Large Cracks

Slide, Slump, or Slip

Transverse Cracking

Erosion

Drying Cracks

Piping can empty reservoir through a small hole in the
wall or can lead to failure of a dam as soil pipes erode
through the foundation

Indicates upset of massive slide or settlement caused by
foundation failure

A series of slides can lead to obstruction of the outlet or
failure of the dam

Settlement or shrinkage cracks can lead to seepage of
reservoir water through the dam. Shrinkage cracks allow
water to enter the embankment. This promotes saturation
and increases freeze thaw action

Can be hazardous if allowed to continue. Erosion can lead
to eventual deterioration of downstream slope and failure
of the structure.

Heavy rains fill cracks and cause small parts of the
embankment to move internally
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CHAPTER 3: RISK ASSESSMENT METHODS

There are a number of different definitions of risk depending on the context but in general risk
often refers to the hazard associated with the outcome of uncertain events and would include
consideration of the probability of an event occurrence, the expected outcomes or consequences
and the context of the situation. Early applications of studying risk are derived from reliability
theory and can be attributed to the insurance industry which often estimates risk in terms human
survival probabilities. Today, Risk assessment techniques have been employed in a variety of
industries including aerospace, electronic, nuclear, chemical, and structural engineering.

Albeit simple, risk can be controlled in one of two ways, namely by consistently over-designing
a system or by carefully assessing the risk levels. The former requires a significant allocation of
resources in terms of material and money while maintaining the same effort in design while the
latter requires more effort during design but may lead to reduced costs. The latter approach has
been formalized as the study of risk and has led to several methods for assessing and managing
risk.

3.1Risk

Generally, risk of an unfavorable event (i.e. damage or collapse) can be defined as the systematic
process of identifying and quantifying possible outcomes and their associated probabilities.
Oftentimes, risk is expressed as:

Risk = Probability of Occurrencex Consequence

=ﬁ X(t)P(x(t)) dx dt G-D

where X is a random variable representing possible events that describe the adverse consequence
and P(X) is the probability density function of such consequences. Many consequences and their
associated probabilities are time-dependent and therefore, risk must be evaluated based on
current conditions.

3.1.1 Probability of Occurrence

Probability can be generally categorized into three groups, namely structural, frequentist, and
subjective. Structural probability relates to the structure or physical characteristics of a system
and represents an occurrence of unwanted structural behavior whereas frequentist probability
represents probability in terms of relative frequency of a large sample. Probability can also be
represented as subjective or objective.  Subjective probability is based on a personal
interpretation of the likelihood of events with minimal direct evidence of event outcomes. Use
of subjective probability is common among planners and is also used to describe information
from an “expert witness.” Objective probability, on the other hand, is based on observed events
or events with a certain frequency. This type of probability can also be examined in terms of a
priori and a posteriori observations. An a priori observation represents a decision before the
facts are known with deductive reasoning (i.e. a coin toss) while a posteriori observation
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represents after the fact estimation of probability. Historical stream flow gage data is an example
of an a posteriori objective probability but is only reliable with a large amount of data samples
(20).

The probability of failure (Pf) is often defined as one minus the reliability(R) as given by

Equation 3.2. Reliability represents the probability of safety or proper performance of a system
over a given period of time.

P =1-R (3.2)

Recently, a probability of unsatisfactory performance (P ) has replaced the terminology for the

probability of failure, particularly for maintenance projects of existing dams in order to better
distinguish between the severity of events (37).

3.1.2 Consequence

The consequence of an event is often measured based on a value system. The value of an
outcome can be simply defined by using a binary system or through consideration of more
complicated but relevant parameters such as loss of life, economic loss, or environmental
damage. Estimate of consequence probabilities can often be subjective in nature and depends on
expert judgment. When life loss is considered, a monetary value assignment to consequence can
be extremely difficult to quantify and raises many ethical questions.

3.1.3 Context

Risk assessment should always account for the context or point of view of the entities involved.
Entities which affect a risk assessment include all parties involved on a state, local, and federal
level and any political, social, legal or financial influences which would affect the assessment.
The goals and objectives of the organization performing the risk assessment will also affect a
risk assessment outcome. A clear sense of why the risk assessment is being performed must be
known. The system under consideration should be well defined and all factors not considered as
part of the analysis should be fully understood (35).

3.2 Typesof Risk

There are a number of different types of risk, namely perceived, calculated, and “real” risk.
Perceived risk is the risk that a person or a group of persons thinks is the case. Perceived risk
may or may not correlate with “real” risk but nonetheless must be considered in any risk
assessment study.

Table 3.1 lists a number of factors that influence the level of perceived risk including the degree
to which risk is voluntary, familiarity with the situation, number of people involved, nature of
communication, duration of exposure, and the immediacy of the consequences. Oftentimes,
people will assume a higher level of risk for events they have voluntarily participated rather than
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for situations that happen to them. This is because a person often feels a certain level of control
and reliance in one’s own skill level during events for which they willingly become involved.

Familiarity with a situation often tends to relieve some otherwise perceived risk associated with
new and unfamiliar practices. A person becomes more comfortable in situations with which
positive past experiences have been gained and, as a result, perceives less risk. The number of
people that may potentially be affected is also a key factor. The public often perceives more risk
associated with disasters that claim the life of a large group of people as compared with the same
number of deaths occurring individually as a result of smaller incidences. This may be
contributed in part to media coverage of large tragic events which tends to sensationalize such
disasters. Hence, communication of risk also affects the perception of risk.

Finally, the influence of time to the severity of perceived risk is an important factor. Long-term
exposure to hazardous situations is often perceived as more serious as short-term exposure to the
same hazard. In addition, when consequences of an event are immediately experienced, the level
of risk is perceived to be greater than if one is subjected to the same consequences in the future.
Smoking is a good example of this. A number of scientific studies have highlighted the dangers
of smoking yet smokers accept the associated risks since the consequences are not immediate
and the “benefits” or pleasures are seen to outweigh the risks.

Calculated risk, on the other hand, is the risk level that is obtained from a quantitative risk
assessment process. This often does not correlate with perceived risk but is rather based on
mathematical models derived from available data, approximations, and various assumptions. As
a result, each numerical model has some inherent level of uncertainty and will seldom account
for all possible aspects of a system. Oftentimes, numerical models will underestimate the level
of “real” risk since the model can not account for all contributors to failure such as human error.
Nonetheless, if risk must be assessed, numerical models provide the analyst the tools to do just
that with the acknowledgment that no model is truly a perfect reflection of reality.

The concept of “real” risk is often disputed but it is often described as the calculated risk if all
relevant information about the primary components of risk is known (i.e. probability of failure,
consequence, and context). In this case, the perceived, calculated, and real risk would all be one
in the same.
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Table 3. 1 Characteristics of Risk (adapted from 4)

Hazard:

natural or man-made
avoidable or unavoidable
controllable or uncontrollable
local or global

continuous or periodic
familiar or unfamiliar

old or new

known or unknown

certain or uncertain
predictable or unpredictable
changing or unchanging
stable or unstable

Exposure Characteristics:

voluntary or involuntary
compensated or uncompensated
occupational or non-occupational
continuous, periodic, or discrete
controllable or uncontrollable
equitable or inequitable

Char acteristics of Possible Outcomes:

likely or unlikely

minor, major, disastrous, or catastrophic
personal, group, communal, or societal
national, international, or global
known or unknown

normal or dreadful

familiar or unfamiliar

permanent or temporary

controllable or uncontrollable
reversible or irreversible

immediate, cumulative, or delayed
equitable or inequitable

Char acteristics of Associated Benefits:

known or unknown
certain or uncertain
essential or non-essential
equitable or inequitable
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3.3 Acceptable Risk

Risk is generally categorized as acceptable, tolerable, or unacceptable as shown in Figure 3.1.
Acceptable or a de minimus risk is an upper threshold that society is willing to live with in their
daily lives. Acceptable risk is generally established by a government agency that judges various
risks and develops regulations to prevent extreme risk. Examples of events that have an
acceptable level of risk include natural disasters and lightening strikes (35). Acceptable risk is
generally associated with an annual fatality of less than 107

Tolerable risk is non-negligible risk that is considered to be a potential hazard but for which the
benefits of an occurrence out-weighs the risks. Events of tolerable risk are those that provide
some benefit to society, have a noticeable chance of occurring, but for which the risk could be
reduced through monitoring and continued improvements to the technology. An automobile
accident is one example of an event for which risk is often tolerated. Although driving a vehicle
provides many benefits, the likelihood of an automobile accident is not negligible but with more
safety studies of driving conditions and improved design of vehicles, the consequence of
accidents can be reduced. Unacceptable risk, on the other hand, is often associated with events
that can cause harm with a high likelihood of occurrence.

107 ™ Acceptable Risk
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Figure 3. 1 Risk acceptancecriteria (adapted from 35)
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Tolerable risk levels can be determined by using the As Low as Reasonably Practical (ALARP)
