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Preface

Because of severat disasters in recent years, the safety of dams has received
increasing attention throughout the world. Governments at all levels have
come to recognize and, in many cases, to accept their responsibilities in this
area. In the United States, federal and state agencics have been active in
inventorying and inspecting dams in the interest of irmproved safeguards.
The results point to deficiencies that are widespread and to a problem of
national importance. From the disasters and from the evaluations of thou-
sands of dams, the message is clear that the threat to public safety is large
and must be reduced. Although the danger is evident, its elimination will
be difficult for at least two principal reasons: those responsible must be
ready to take action and the funds for remedial programs must be found.

In recognition of the need for a nationwide initiative that would foster a
cooperative approach to dam safety, the Committee on the Safety of Exist-
ing Dams was created under the auspices of the National Research Council
at the request of the Federal Emergency Management Agency. Members of
the committee and its work groups were enlisted on the basis of their exper-
tise in the engineering of dams and in the related professional disciplines.
To qualify, they had to be outstanding in their fields and willing to contrib-
ute their knowledge and their ideas to the common purpose. The commit-
tee was organized to include civil engineers, representatives of state agen-
cies responsible for dam safety, private corporate dam owners, geologists,
hydraulic engineers, risk analysts, and others knowledgeable about federal
and state dam safety programs. The charge that was laid out for each of
them was demanding, and they responded commendably without excep-

vii



viii Preface
tion. In composing the work groups, care was taken to ensure a range of
experience and viewpoint so that the product would be balanced. Rather
than a committee and work groups in the usual sense, an assembly of au-
thors contributed individually, while the work group chairmen, the con-
sultant, and the committee chairman served as planners, coordinators, and
editors providing their own technical input. In structuring the effort we
were guided by the belief that a collection of individual works, properly
integrated, would be worth more than a blended group offering, the devel-
opment of which might be burdened by excessive oral exchange.

With such an array of special and dedicated talent, the opportunity for
accomplishment was large. To maximize this potential, work assignments
were made in advance, and the contributors were encouraged to volunteer
freely from their experience. The challenge was unanimously accepted.
Each member was asked to consider himself in the role of adviser to a re-
sponsible dam owner or to an engineer and to suggest practical ways to
approach the analysis and remedy of a suspected or actual deficiency. Des-

_ignated tasks were designed to cover the gamut of problems, while avoid-
ing inefficient duplication of effort. This report thus presents the advice of
experts on how to solve the puzzle of an inadequate structure and how to
apply economical and professionally acceptable remedies.

We have been guided by the need to optimize benefits from a given level
of expenditure. The basic premise is that improvement of deficient dams
must begin without delay, even though initial funding may be insufficient
for comprehensive solutions. In some cases this may entail a staged ap-
proach to corrective work, but this is regarded as better than no action.
Some solutions based on the risk assessment methods discussed in this report
may not fully comply with the highest current standards of some federal
agencies. We emphasize that we do not advocate a lowering of such crite-
ria. A high level of excellence must continue to be the ultimate goal of those
who strive for improvement of dams.

The limitations inherent in an evaluation of existing dams must be ac-
knowledged. Although those imnschooled in the intricacies might expect it
to be an exact science, it is in fact full of uncertainty and dependent on
judgment. The total range and character of risk may not be predictable,
due in large part to the unknowns of a site and a structure. The goal of
preventive and remedial engineering is to reduce uncertainties, recognizing
that absolute safety may not be ensured in every case.

Professionals experienced in the evaluation and improvement of dam
safety know that their job is to lower risk to the minimum that is practically
attainable, This requires incremental investment in removal of deficiencies
in the order of the hazard that they present. No matter how much money is
spent, some unknown risk may remain. Many problems are not amenable
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to inexpensive solution, but the committee believes that an inadequate dam
should be examined without rigid adherence to convention, always search-
ing for ways to lessen risk within the unavoidable limits that are present.

The idealist may think that this report does not confront all the problems
faced by those who are responsible for dams but whose resources are lim-
ited. Of course, the remedies may not be as complete as they would be with
the availability of abundant funds. Some states and owners cannot afford
the preventive and corrective work that common standards would dictate.
A perfectionist might suggest that states and owners should save their
money until the job can be done completely. The message of this report is
that there are ways to remedy deficiencies progressively, attacking the most
serious problems first and economizing where possible but not to the extent
that applicable guidelines are disregarded. The experienced professional
knows that through years of perseverance the reduction of risks can in
many cases be achieved only in this way—setting sensible priorities and
recognizing that some remedies may have to await later action. Those re-
sponsible for repairs sometimes adopt the contrary view, that the corrective
effort would cost too much and must therefore be postponed indefinitely.
Total elimination of risk may not be attainable because of financial re-
straints. The practical objective is to reduce risk to a more tolerable level.
Even if this falls short of highest standards, it is certainly preferable to
waiting for money that may never arrive,

Inevitably, the question arises regarding the extent of deficiency that can
be allowed while necessary funding is sought. If that limit is exceeded, an
alternative that could be weighed would be to abandon the dam. However,
the hazard might not be eliminated simply by abandonment. Breaching or
removal of a dam also requires engineering, and such work can be expen-
sive. In some cases such actions might cost more than correcting the inade-
quacies. The emphasis of this report is on keeping a dam in service by using
preventive and remedial engineering techniques, which the committee re-
gards as the most positive approach to dam safety.

Several reasons can be cited for lack of compliance with standards. A
shortage of financial resources is common. Sometimes a dam owner needs
to be convinced that the deficiencies are intolerable. This is best accom-
plished by practicing engineers and state officials rather than by the courts,
although the judicial process remains as a last recourse.

In the United States each state must ensure that its dams are inspected
and that their safety is evaluated (excluding federal structures). Some states
do not provide enough money for this. Such problems are inseparable from
the technical considerations that serve the primary purpose of this report.
While their solution is largely beyond the scope of this report, there is ade-
quate precedent for resolving such governmental dilemmas. For example,



X Preface

in some European countries the laws provide for periodic evaluations by
consulting engineers retained by the owners. In the United States this has a
successful parallel in the independent inspection programs required at wa-
ter power projects licensed by the Federal Energy Regulatory Commission.
These precedents suggest that the legislative barriers are not insurmournta-
ble. Of course, a prerequisite is that the governing bodies be concerned
enough about public safety that they will take the necessary initiative.
Current dam safety standards have been developed on sound bases. The
committee does not advocate their revision solely because of financial pres-
sures; however, they must be justified by the benefits. In many jurisdic-
tions standards are adjusted to suit individual conditions. For instance, a
small dam in an unpopulated area would be required to withstand less se-
vere tests than the probable maximum flood or the maximum credible
earthquake. Most state safety programs make allowances for the wide
ranges of dam characteristics, locations, and consequences of failure. They
recognize the need for stricter rules in metropolitan areas than in isolated
rural environments, including requirements for closer surveillance.
Engineers experienced in the field of dam safety may question the em-
phasis that this report gives to risk-based decision analysis. They know that
the relative degree of risk at a dam is difficult and often impossible to quan-
tify. Necessary approximations rely heavily on judgment, which comes
from working with many kinds of dams and a myriad of conditions. In the
evaluation of existing dams, numerical methods sometimes are less useful
than empirical approaches. This report therefore may appear to give un-
due prominence to sophisticated decision analyses based on assessments of
probabilities. Since such analyses have been used successfully in only a few
dam safety reviews, they could have been relegated to secondary status.
Despite their lack of acceptance by practicing engineers, however, the
comimittee believes that they hold promise and that they should be more
fully explored by the profession. Such methods have generally been judged
as being too theoretical, lacking input from practical experience, and pro-
ducing after much study results that seem to be intuitively apparent to ex-
perienced engineers. Furthermore, it has been argued that, although the
calculations may tend to be complex, the concepts on which they are based
are overly simplistic, evidencing minimal recognition of the uncertainties
intrinsic in the study of existing dams. Despite these criticisms, which are
shared to some extent by some of the contributors to this report, it was con-
cluded that the underlying principles need to be expanded and developed
with participation by those actually responsible for dams and that there is a
need for merging apparently academic concepts with those of engineers
who have firsthand knowledge of dams and their problems. It is hoped that
the case histories presented in this report may serve to demonstrate the po-
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tential of such cooperative effort. In this difficult field the search for new
methods to keep dams safe must be continuous.

The members of the committee, the workshop participants, and the
committee’s technical consultant devoted much time and enthusiasm to
their tasks. Their reward will be measured by acceptance and use of this
report to ensure better dams. We owe much to the strong support provided
by the National Research Council and the Federal Emergency Manage-
ment Agency. The staffs of these institutions facilitated all aspects of the
work program, inéluding the very important phase of review and publica-
tion of the report. Qur hope is that we have made a useful contribution to
public safety.

Robert B. Jansen, Chairman
Committee on the Safety of Existing Dams
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Introduction

PURPOSE

The goal of this report is the enhancement of dam safety. It was prepared
by the Committee on the Safety of Existing Dams, National Research
Council (NRC), to present in a single volume all essential aspects of dam
safety. A major objective of the report is to provide guidance for achieving
improvements in the safety of existing dams within financial restraints.
Many dam owners are faced with problems of such a nature and extent that
they are unable to finance remedial measures. In May 1982 the U.S. Army
Corps of Engineers reported that no remedial measures had been instituted
at 64% of the unsafe dams found during its 4-year inspection program,
principally because of the owners’ lack of resources. To these owners, as
well as to regulatory agencies and others concerned with the engineering
and surveillance of dams, the committee presents its suggestions and guid-
ance for assessing and improving the safety of existing dams. The contents
of this report are intended to be informational and not to advocate rigid
criteria or standards. In no instance does the committee intend to recom-
mend the lowering of existing dam safety standards.

SCOPE

The scope of the committee’s study and the conclusions of this report con-
cern technical issues pertinent to dam safety. The study includes examina-
tions of risk assessment techniques; engineering methodologies for stability
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2 SAFETY OF EXISTING DAMS

and hydrologic evaluations; and methods and devices to identify, reduce,
and/or eliminate deficiencies in existing dams. Included are case histories
demonstrating economical solutions to specific problems and also possible
nonstructural approaches. _ .

The Committee on the Safety of Existing Dams, operating under a June
1983 completion deadline, arranged a relatively brief but intensive study of
its assigned task. It conducted a 2-day meeting in Washington, D.C., on
June 2-3, 1982, to initiate the effort; a meeting of the panel chairmen in
Spokane, Washington, on August 10, 1982, to plan a workshop; and a 3-
day workshop meeting in Denver, Colorado, on October 5-7, 1982. A com-
mittee meeting was also held on March 7 and 8, 1983, to complete the draft
of the report.

Participants in the workshop included committee members, members of
NRC staff, and other experts with a broad range of experience in dam engi-
neering and dam safety. Task assignments for the workshop were divided
among five working groups: (1) Risk Assessment, (2) Stability of Embank-
ment Dams and Their Foundations, (3) Stability of Masonry Dams and
Their Foundations, (4) Hydraulic/Hydrologic Considerations, and (5) In-
strumentation. Advance assignments were made to individual participants
for specific contributions to the workshop to ensure complete coverage of
all issues. During the workshop a separate task group was designated to
address the general subjects of geology and seismology.

The participants discussed the various technical aspects of enhancing
dam safety with a view to reaching a consensus on desirable approaches
whenever possible. From these presentations and discussions, the commit-
tee reached the conclusions presented in this report.

BACKGROUND

This study by the Committee on the Safety of Existing Dams is the second
phase of a comprehensive study concerning policy and technical issues re-
lated to the safety of dams. In October 1981 the Federal Emergency Man-
agement Agency (FEMA) asked the NRC to undertake such a study. For
the first phase, FEMA asked the NRC to identify impediments to state-run
programs for dam safety, to suggest federal actions to remove or mitigate
those impediments, and to define how the U.S. government could help
make nonfederal dams safer. In response, the NRC created the Committee
on Safety of Nonfederal Dams to review and discuss the issues involved.
The efforts of that committee were completed in February 1982 and re-
ported in the 1982 publication entitled Sefety of Nonfederal Dams, A Re-
view of the Federal Role.
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Unlike the first phase, the second phase concerns the technical consider-
ations relating to dam safety and is applicable to all existing dams, federal
as well as nonfederal. The NRC created a new Committee on the Safety of
Existing Dams in May 1982 to examine the technical issues of dam safety
and to develop guidance on how to achieve improvements in the safety of
dams, with due recognition of financial constraints. The committee’s task
as defined by FEMA was as follows:

* To inventory and assess risk techniques and formulate guidelines on
their use to rectify problems faced by dam owners and states with limited
financial resources.

* To review and evaluate methods and devices that can be applied,
along with risk assessments, to identify, reduce, and/or eliminate deficien-
cies in existing dams (includes development of a glossary of terms; evalua-
tion of hydrologies and stability parameters; and formulation of guidance
for mitigation of such problems as overtopping, weak foundations, piping,
and seismicity).

* To examine methodologies for assessing the potential impact of ad-
verse conditions (e.g., maximum credible earthquake, probable maximum
flood) on existing dams and potential modifications in order to set limits of
acceptable damage to a dam. The methodologies must support the assump-
tion of nonfailure of the structure. Additionally, the methodologies are not
to be applied to major structures where failure is catastrophic. Guidance
here is intended to be offered on how to achieve improvements in the safety
of existing dams within financial constraints.

REFERENCES

National Research Council, Committee on Safety of Nonfederal Dams (1982) Safety of Nonfe-
deral Dams—A Review of the Federal Role, National Academy Press, Washington, D.C.

U.S. Army Corps of Engineers (1982) National Program for Inspection of Nenfederal Dams—
Final Report to Congress.



2

The Safety of Dams

For centuries, dams have provided mankind with such essential benefits as
water supply, flood control, recreation, hydropower, and irrigation. They
are an integral part of society’s infrastructure. In the last decade, several
major dam failures have increased public awareness of the potential haz-
ards caused by dams.

In today’s technical world, dam failures are rated as one of the major
“low-probability, high-loss™ events. The large number of dams that are 30
or more years old is a matter of great concern. Many of the older dams are
characterized by increased hazard potential due to downstream develop-
ment and increased risk due to structural deterioration or inadequate spill-
way capacity.

The National Dam Inspection Program (P1. 92-367) developed an inven-
tory of about 68,000 dams that were classified according to their potential
for loss of life and property damage (U.S. Army Corps of Engineers 1982b).
About 8,800 “high hazard” dams (those whose failure would cause loss of
life or substantial economic damage) were inspected and evaluated. Spe-
cific remedial actions have been recommended, ranging from more de-
tailed investigations to immediate repair for correction of emergency con-
ditions. The responsibility for the subsequent inspections, investigations,
and any remedial work rests with the owners of the dams. In most states the
actions or inactions of the dam owners will be meonitored by a state agency
responsible for supervision of the safety of dams.

The National Dam Inspection Program provided a beginning to what is
hoped to be a continuing effort to identify and alleviate the potential haz-
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ards presented by dams. Essential to the success of such an effort are under-
standings of the causes of dam failures and the effects of age; competent
inspection and maintenance programs; thorough knowledge of individual
site conditions as revealed by design, construction, and operating records,
in addition to inspections and investigations; and an emergency action plan
to minimize the consequences of dam failure. The remainder of this chap-
ter presents a discussion of these elements.

CAUSES OF DAM FAILURES

Dam Failure Surveys

A number of studies have been made of dam failures and accidents. The
results of one survey, by the International Commission on Large Dams
(ICOLD), were reported in its publication Lessons from Dam Incidents,
USA. N. ]. Schnitter (1979 Transactions of ICOLD Congress, New Delhi)
summarized the survey data in the form illustrated by Figures 2-1 through
2-5, These data pertain only to dams more than 15 meters in height and
include only failures resulting in water releases downstream.

Figure 2-1 shows the relative importance of the three main causes of fail-
ures: overtopping, foundation defects, and piping. Overall, these three
causes have about the same rate of incidence.

Figure 2-2 gives the incidence of the causes of failure as a function of the
dam’s age at the time of failure. It can be seen that foundation failures
occurred relatively early, while the other causes may take much longer to
materialize.

Figure 2-3 compares the heights of the failed dams to those of all dams
built and shows that 50% of the failed dams are between 15 and 20 meters
high.

Figure 2-4 shows the relation between dams built and failed for the vari-
ous dam types Irom 1900 to 1969. According to the bottom graph, gravity
dams appear the safest, followed by arch and fill dams. Buttress dams have
the poorest record but are also the ones used least.

Figure 2-5 shows the improvement of the rate of failure over the 1900~
1975 period. The upper graph is in semilogarithmic scale and gives the per-
centage of failed dams in relation to all dams in operation or at risk at a
given time. The lower graph gives the proportion of the built dams that
later failed and shows that modern fill and concrete dams are about equally
safe.

The United States Committec on Large Dams (USCOLD) made a survey
of incidents to dams in the United States. Results of the initial study, which
covered failures and accidents to dams through 1972, were published
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FIGURE 2-1 Cause of failure. sounce: ICOLD (1873).

jointly by the American Society of Civil Engineers (ASCE) and USCOLD
in 1975 in Lessons from Dam Incidents, USA. These data were updated
through subsequent USCOLD surveys of incidents oceurring between 1972
and 1979. Table 2-1 was compiled from the information developed by the
USCOLD surveys and includes accidents as well as failures. The USCOLD
surveys pertained only to dams 15 or more meters in height.

Table 2-2 pertains only to concrete dams and lists the number of inci-
dents in the USCOLD surveys for each principal type of such dams. Tables
2-1 and 2-2 list incidents by the earliest, or “triggering,” principal cause as
accurately as could be determined from the survey data. For instance,
where failure was due to piping of embankment materials through a cor-
roded outlet, the corrosion or deterioration was accepted as being the pri-
mordial cause of failure. Also, where a sliding failure was due to overtop-
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ping flows that eroded the foundation at the toe of a concrete dam,
overtopping was listed as the cause of failure. Only one cause is listed for
each incident. While only a few of the incidents were attributed to faulty
construction, it is reasonable to expect that many of the other failures were
due, at least in part, to inadequate construction or design investigations.
However, the information on the specific cases is not sufficient to establish
such inadequacies as the primordial causes.

Failure Modes and Causes

Table 2-3 pertains to embankment dams. It is of particular interest because
it correlates failure modes and causes. As indicated, the modes and causes
of failure are varied, multiple, and often complex and interrelated, i.e.,

Dam failures 1800-1975 {over 15 m height)
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FIGURE 2-2  Age at failure. source: ICOLD (1973),
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Dam failures 1900-1976 {over 15 m height)
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FIGURE 2-3 Height of dams. source: ICOLD (1973).

often the triggering cause may not truly have resulted in failure had the
dam not had a secondary weakness. These causes illustrate the need for
careful, critical review of all facets of a dam. Such a review should be based
on a competent understanding of causes (and weaknesses), individually
and collectively, and should be made periodically by experts in the field of
dam engineering.

Many dam failures could be cited to illustrate complex causes and the
difficulty of identifying a simple, single root cause. For example, the 1976
Teton failure may be attributed to seepage failure (piping) (Jansen 1980).
But several contributing physical (and institutional) causes may be identi-
fied (Independent Panel to Review the Cause of Teton Dam Failure 1976).
In another example, a dam in Florida was lost due to a slope failure, trig-
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gered by seepage erosion of fine sandy soils at the embankment’s toe. The
soils lacked sufficient cohesion to support holes or cavities normally associ-
ated with piping and were removed from the surface of the dam toe by
excessive seepage velocities and quantities. This undermining of the toe by
seepage resulted in a structural failure, but the prime cause was the nature
of the foundation soils.

The complex interrelationship of failure modes and causes makes it ex-
tremely difficult to prepare summary tables such as Table 2-1. It also ex-
plains why different evaluators could arrive at different conclusions re-
garding prime causes. Certainly any such table should be accompanied by

Dams Built

TE

Arch
Buttress

CONCRE

Gravity
LL

Ll

Failed Dams

TE

Arch

Buttress

CONCRE

-n
-
—

S Arch
l Buttress

ONCRETE

c

Gravity
TOTAL
CONCRETE

FILL

1 |
0 1 2 3 4

FAILED DAMS IN PERCENT OF DAMS BUILT

{Excl. Failures During Construction and Acts of War)

FIGURE 2-4 Dam types (Western Europe and USA, 1900-1969).
source: ICOLD (1979},
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FIGURE 2-5 Probability of failure (Western Europe and USA).
source: ICOLD (1979).

a commentary to provide the reader with a better understanding of the
data. Thus in the following descriptions of each category of cause identified
in Table 2-1, additional information is given about the involved incidents.

Overtopping

Overtopping caused about 26% of the reported failures and represents
about 13% of all incidents. The principal reason for overtopping was in-
adequate spillway capacity. However, in 2 failure cases overtopping was
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attributed to blockage of the spillways and in 2 others to settlement and
erosion of the embankment crest, thus reducing the freeboard. In 1 of the
latter cases the settlement was great enough to lower the elevation of the
top of embankment below that of the spillway crest.

Six concrete dams have failed due to overtopping and 3 others were in-
volved in accidents. Two of the overtopping failures resulted from instabil-
ity due to erosion of the rock foundation at the toe of dam, and 4 were due
to the washout of an abutment or adjacent embankment structure. In 1 of
these events a saddle spillway was first undermined and destroyed, and
then the abutment ridge between the spillway and the dam was lost by
erosion. In one instance of erosion of the rock at the toe of the dam, piping
was suspected as a contributing cause.

The 3 overtopping accidents reported for conerete dams involved erosion
of the downstream foundation in only 1 case. In another instance the pow-
erhouse and equipment were damaged, but the dam sustained no damage.

TABLE 2-1 Causes of Dam Incidents

Type of Dam
Embank-

Concrete ment Other* Totals
Cause F A F A F A F A F&A
Overtopping 6 3 18 7 3 27 10 37
Flow erosion 3 14 17 17 17 34
Stope protection damage 13 13 13
Embankment leakage,

piping 23 14 23 14 37

Foundation leakage, piping 5 8 11 43 1 17 48 66
Sliding 2 . 5 28 7 28 35
Deformation 2 3 29 3 6 31 37
Deterioration 6 2 3 2 9 11
Earthquake instability 3 3 3
Faulty construction 2 3 2 3 5
Gate failures 1 2 1 3 2 5 7
TOTAL 19 19 77 163 7 103 182 285

*Steel, masonry-wood, or timber crib.

F = failure.
A = accident = an incident where failure was prevented by remedial work or operating pro-
cedures, such as drawing down the pool.

source: Compiled from Lessons from Dam Incidents, USA, ASCE/USCOLD 1975, and sup-
plementary survey data supplied by USCOLD.
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TABLE 2-2 Causes of Concrete Dam Incidents

Concrete Dam Type

Arch Buttress Gravity Totals

F A F A F A F A F&A

Overtopping 2 1 1 3 2 6 3 9
Flow erosion 1 1 1 3 3
Foundation leakage, piping 1 1 2 2 5 3 6 11
Sliding 2 2 2
Deformation 2 2 2
Deterioration 3 2 1 6 6
Faulty construction 2 2
Gate failures 1 2 1 2 3
TOTAL 4 7 4 2 11 10 19 19 38
F = failure.

A = accident.

source: Compiled from Lessons from Dam Incidents, USA, ASCE/USCOLD 1975, and sup-
plementary survey data supplied by USCOLD.

In the third, structural cracking was believed to have been caused by the
overtopping load on the structure, resulting in subsequent reservoir leakage
through the dam.

Flow Erosion

This category includes all incidents caused by erosion except for overtop-
ping, piping, and failure of slope protection, Flow erosion caused 17% of
the failures and 12% of all reported incidents. Of the 17 failures, 14 were at
embankment dams where, except in 2 cases, the spillways failed or were
washed out. In 1 instance the gate structure failed due to erosion of its foun-
dation, and in another the embankment adjacent to the spillway weir was
washed out. In the latter case, overtopping and/or poor compaction of the
spillway-embankment interface was suspected but not confirmed. With re-
spect to the 3 concrete dam failures, the spillways were destroyed in 2 in-
stances and in the other, a small buttress dam, the entire dam was
destroyed.

The 17 reported accidents relating to flow erosion all involved embank-
ment dams. In 1 case the downstream embankment slope was eroded, and
in 2 other instances erosion of the outlets was involved. Two of the acci-
dents actually were due to cavitation erosion in the tunnels. The remaining
12 accidents involved the loss or damage to spillway structures.
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Slope Protection Damage

Damage to slope protection was not reported to be involved in any failures;
however, in 1 accident the undermining of riprap by wave action led to
embankment erosion very nearly breaching the dam. The 13 reported acci-
dents represent about 4% of all incidents. Of the 13 accidents, 6 involved
concrete protection and the others riprap. In some of the latter cases the
wave action pulled fill material through the riprap, and in the others rip-
rap was either too small or not durable.

Embankment Leakage and Piping

Embankment leakage and piping accounted for 22% of the failures and
13% of all reported incidents. In 5 of the 37 incidents piping is known to
have occurred along an outlet conduit or at the interface with abutment or
concrete gravity structure.

Foundation Leakage and Piping

Foundation leakage and piping accounted for 17% of all failures and 24 %
of all reported incidents. It is the number one cause of all incidents. Six
concrete dams, 1 steel dam, and 11 embankment dams were involved in the
18 failures. In at least 11 of the 49 accidents, which involved 6 concrete and
43 embankment dams, the leakage occurred in the abutments. Some re-
ports cite inadequate grouting or relief wells and drains as causing the leak-
age and piping. In 1 event piping was caused by artesian pressures and not
reservoir water.

Stiding

This category covers instability as represented by sliding in foundations or
the embankment or abutment slopes. Sliding accounted for 6% of all fail-
ures and 12% of all incidents reported. Of the 6 failures, 1 was a concrete
gravity structure where, during first filling, the structure’s slide down-
stream of about 18 inches was preceded by a downstream abutment slide,
followed by large quantities of water leaking from the ground just down-
stream of the dam. The reservoir was emptied successfully, but before re-
pairs were accomplished, the reservoir filled again causing large sections of
the dam to “overturn or open like a door.” The 5 embankment failures oc-
curred in the downstream slopes, 1 due to excessively steep slopes and the
others probably due to excessive seepage forces.

All of the 28 reported sliding accidents involved embankment dams. In 2
cases the slides occurred in abutment slopes, in 10 cases in the downstream



TABLE 2-3 Earth Dam Failures
Form General Characteristics Causes Preventive or Corrective Measures
Hydraulic Fatlures (30% of all
failures)
Overtopping Flow over embankment, Inadequate spillway capacity. Spillway designed for maximum

Wave erosion
Toe erosion

Gullying

Loss of water

washing out dam.

Notching of upstream face by
waves, currents,

Erosion of toe by outlet
discharge.

Rainfall erosion of dam face.

Excessive loss of water from
reservoir and/or
occasionally increased
scepage or increased
groundwater levels near
reservoir.

Clogging of spillway with debris.

Insufficient [reeboard due to
settlement, skimpy design,

Lack of riprap, too small riprap.

Spillway too close to dam.

Inadequate riprap.

Lack of sod or poor surface
drainage.

Seepage Failures (40% of all
failures)

Pervious reservoir rim or bottom.

Pervious dam foundation.

Pervious dam.
Leaking conduits.

flood,

Maintenance, trash booms, clean
design,

Allowance for freeboard and
settlement in design; increase crest
height or add flood parapet.

Properly designed riprap.

Training walls,
Properly designed riprap.
Sod, fine riprap; surface drains.

Banket reservoir with compacted
clay or chemical admix; grout
scams, cavities.

Use foundation cutoff; grout;
upstream blanket.

Impervious core.

Watertight joints; waterstops;
grouting.

¥1



Seepage erosion or
piping

Progressive internal erosion of
soil from downstream side
of dam or foundation
backward toward the
upstream side to form an
open conduit or “pipe.”
Often leads to a washout of
a section of the dam.

Scttlement cracks in dam.

Shrinkage cracks in dam.

Settlement cracks in dam.

Shrinkage cracks in dam.

Pervious seams in foundation,

Pervious seams, roots, ete., in
darn.
Concentration of seepage at face.

Boundary seepage along conduits,
walls.

Leaking conduits.

Animal burrows.

Remove compressibie foundation,
avold sharp changes in abutment
slope, compact soils at high
moisture.

Use low-plasticity clays for core,
adequate compaction.

Bemove compressible foundation,
avoid sharp changés, internal
drainage with protective filters.

Low-plasticity soil; adequate
compaction; internal drainage
with protective filters.

Foundation relief drain with filter;
cutoff.

Construction control; core; internal
drainage with protective filter.

Toe drain; internal drainage with
filter.

Stub cutoff walls, collars; good soil
compaction.

Watertight joints; waterstops;
materials.

Riprap, wire mesh.

19



TABLE 2-3 Earth Dam Failures (continued)

Form

General Characteristics

Causes

Preventive or Corrective Measures

Foundation slide

Upstream slope

Downstream slope

Flow slide

Sliding of entire dam, one
face, or both faces in
opposite directions, with
bulging of foundation in the
direction of movement.

Slide in upstream face with
little or no bulging in
foundation below toe.

Slide in downstream face.

Collapse and flow of soil in
either upstream or
downstream direction

Structural Failures (30 % of all
failures)
Soft or weak foundation.

Excess water pressure in confined
sand or silt searmns,
Steep slope.

Weak embankment soil.
Sudden drawdown of pond.

Steep slope.

Weak soil.

Loss of soil strength by seepage
pressure or saturation by
seepage or rainfall.

Loose embankment soil at low
cohesion, triggered by shock,
vibration, seepage, or
foundation movements,

Flatten slope; employ broad berms;
remove weak material; stabilize
soil.

Drainage by decp drain trenches

with protective filters; relief wells,

Flatten slope or employ berm at toe.

Increased compaction; hetter sail.

Flatten slope, rock berms; operating
rules.

Flatten slope or employ berm at tee.

Increased compaction; better soil.

Core; internal drainage with

protective filters; surface drainage.

Adequate compaction.

SOURCE: Sowers (1961).
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slope, in 11 cases in the upstream slope, and in 2 cases both in the upstream

“and downstream slopes. In 1 instance the slide was reported to have oc-
curred in the foundation and to be due to very steep embankment slopes.
Three reports did not indicate the location of the slope slides. Of the 11
slides in the upstream slope, 6 occurred during or immediately following
reservoir drawdown. In several cases heavy rains preceded the slides, and 3
of the slides were known to have occurred in clay foundation layers.

Deformation

This category covers instability cases other than those involving sliding. Of
the 6 failures, 3 involved timber crib dams where either the logs slipped out
of their sockets or ice or flood flows breached the dam. The other 3 failures
were embankment dams where, in onc case, deformation of the outlet pipe
permitted the outward leakage of the full flowing pipe, causing piping of
the embankment. In another case ice pressures displaced the intake riser of
the outlet works. In the third embankment dam the concrete intake riser
collapsed, with resulting leakage and piping along the conduit barrel.

Of the 31 reported accidents, 29 occurred at embankment dams. How-
ever, in 19 of these cases the outlet or spillway was involved. In 5 instances
the accident oceurred in tunnels where serious leakage developed in 4 in-
stances; in the other a complete blowout occurred. Excessive cracking,
shearing, or collapse of outlet pipes occurred in 7 cases, in some instances
due to differential settlement of the embankment. Failures of a valve struc-
ture, drop structure, and intake structure, the latter due to ice forces, were
reported at 3 other embankment dams. One dam, a rockfill structure with
a masonry shell, developed serious cracking in the shell due to differen-
tial settlements. In 3 instances differential settlements damaged spillway
structures.

In the 12 accidents where ancillary structures were not involved, differ-
ential settlement of the embankment led to transverse and/or longitudinal
embankment cracks. Some leakage and piping occurred at the location of
transverse cracks.

Deterioration

Two of the failures and 9 of the accidents were caused by deterioration.
The 2 failures involved corrosion of outlet pipes, which allowed leakage
and piping of embankment material into the outlet. The 9 accidents in-
volved 3 embankment dams and 6 concrete dams. At the 3 embankment
dams, leakage with piping of embankment material into the conduit was
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caused by pipe corrosion in 2 cases and by concrete deterioration in the
other.

At 3 concrete dams the accidents were due to concrete deterioration
caused by freeze-thaw damage. At another, alkali reactivity was the cause.
Corrosion of the penstock and deterioration of timber bulkhead were listed
as causes of the accidents at 2 concrete dams.

Earthquake Instability

Three incidents of earthquake instability were reported—all considered to
be accidents. Two of these were the Lower and Upper San Fernando (Van
Norman) dams that were damaged during the 1971 San Fernando earth-
quake (Seed et al. 1973). These incidents are listed as accidents because
reservoir water was not released downstream; however, essentially com-
plete reconstruction of the dams was required. The other was the Hebgen
Dam in Montana, which was damaged by the 1959 Madison Valley earth-
quake.

Faulty Construction

Faulty construction was listed as the cause of 2 failures and 3 accidents.
The failures occurred in concrete gravity dams and in 1 case was attributed
to the omission of reinforcing steel. The 3 accidents occurred at embank-
ment dams and in 2 cases were caused by poor bonding between old and
new embankment material, leading to seepage and slope failures (in 1 case
during drawdown). At the third, poor concrete tunnel construction led to
severe leakage through construction joints and spalled areas.

Gate Failures

Spillway gate failure was listed as the cause of failure of the dam in 2 cases.
Gate or valve failure was the cause of 5 of the reported accidents, resulting
in damage to downstream structures and/or loss of reservoir pool.

Effects of Age and Aging

Data published by ASCE/USCOLD (1975) and ICOLD (1973} show that
older dams have failed or suffered serious accidents approaching failure
more frequently than dams of recent vintage. This is largely attributed to
better engineering and construction of modern dams, especially since
about 1940. The records also show that failures and accidents have been
more frequent during first filling and in the early years, mostly due to de-
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sign or construction flaws or latent site defects. Then follows an extended
period of gradual aging with reduced frequency of failure and accidents
during midlife. The frequency of accidents, but not failures, has then in-
creased during later life, although some failures have occurred even after
more than 100 years of satisfactory service.

Weathering and mechanical and chemical agents can gradually lead to
accident or failure unless subtle changes are detected and counteracted.
The engineering properties of both the foundation and the materials com-
posing a dam can be altered by chemical changes that occur with time.
Dams constructed for the purposes of water quality control, sewage dis-
posal, and for storing manufacturing and milling wastes, such as tailings
dams, are particularly susceptible to changes from chemical action. Foun-
dation shearing strengths and bearing capacities can be reduced and per-
meabilities can be increased by dissolution. Progression of solution chan-
neling in limestone foundations is a widespread problem. The
permeabilities of critically precise filter zones and drain elements can be
reduced or obstructed by precipitates. The effectiveness of cement grout
curtains can be reduced by softening, solutioning, and chemical attack.

These time-related changes occur not only where chemical and indus-
trial wastes are present in the stored water but also where the foundations
are gypsiferous or calcareous or where the embankment zones have been
constructed using deposits similarly constituted. If the mineral content of
the stored water is very low, these changes can occur more rapidly.

Concrete can gradually deteriorate and weaken from leaching and frost
action. Alkali-aggregate reaction in concrete is irreversible and can gradu-
ally destroy the integrity of the structure (Jansen et al. 1973).

Cracking of concrete in masonry dams should never be disregarded.
Most cracks caused by shrinkage and temperature during the early period
after construction do not penetrate deeply enough to be a threat to the
dam’s stability. However, sometimes cracking to significant depth can en-
danger the stability. This is because the monolithic behavior of the dam is
affected, causing higher stress concentrations, and water pressure has freer
access to the interior of the dam, causing higher pore pressures (principally
uplift). Also, freeze-thaw damage to concrete is accelerated by the presence
of cracks.

The metal components of appurtenant structures, such as trash racks,
pipe, gates, valves, and hoists, gradually corrode unless continuously main-
tained. Deterioration can be rapid in an acidic environment. Unless con-
tinuously wet in a freshwater environment, timber structures such as crib-
bing will eventually decay from water content cycling and insect
infestation and attack by organisms. Low-quality riprap will soften and
disintegrate, destroying its effectiveness for erosion and slope protection.
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About one-half of the dams inventoried by the U.S. Army Corps of Engi-
neers (1982b) under the National Dam Inspection Program (PL 92-367)
were constructed prior to 1960. Many of these dams can be expected to
possess some of the above symptoms of aging. Even the more recently built
dams may show signs of deterioration. Therefore, it is essential that peri-
odic inspections be made to detect such symptoms and that timely measures
be taken to arrest and correct the deficiencies.

FIELD INSPECTIONS

An effective inspection program is essential to properly maintain a project
in a safe condition. The program should involve three grades, or types, of
inspections: (1) periodic technical inspections, (2) periodic maintenance in-
spections, and (3) informal observations by project personnel. Technical
inspections are those involving specialists familiar with the design and con-
struction of dams and include an assessment of the safety of project struc-
tures. Maintenance inspections are those performed at a greater frequency
than technical inspections in order to detect at an early stage any signifi-
cant developments in project conditions and involve consideration of oper-
ational capability as well as structural stability, The third type of inspec-
tion is actually a continuing effort performed by onsite project personnel
(dam tenders, powerhouse operators, maintenance personnel) in the course
of performing their normal duties.

Technical Inspections

Frequency of Inspections

The frequency of technical inspections should depend on a number of fac-
tors. A dam that has not been properly inspected by experts for some years
or a new or reconstructed dam should be inspected rather frequently in
order to establish baseline data, information, and general familiarity. Ini-
tially, semiannual inspections would be prudent. These inspections are in
addition to more frequent (say daily or weekly) visits by the regular care-
takers or operators. It is advisable to have inspections made under variable
operating conditions such as:

* Reservoir level down, so that the upstream face and abutments as well
as the reservoir rim can be inspected.

* Reservoir full or preferably spilling. This permits checking for leakage
or piezometer pressure under maximum head conditions. It also allows the
inspector to assess hydraulic conditions of the spillway and its energy dissi-
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pator. Operations of gates and valves can be checked, and downstream
flow conditions can be assessed. Spillway approach conditions and poten-
tial debris problems can be reviewed.

As the inspectors become more familiar with the dam, and adequate
data have been compiled, frequency of inspections may be reduced to per-
haps once per year, then in some cases to once in 2 or more years, depend-
ing on the hazard rating. It is recommended that these “expert” inspections
never be extended beyond 5 years even under the best of dam conditions.

Special inspections should always be conducted following any major
problems or unusual event, such as earthquake, flood, vandalism, or
sabotage.

Inspection Staff

The inspection staff should be multidisciplined and need not include each
member of the team each time. Most critical to the inspection is a civil
engineer with significant {10 or more years) experience in the design and
evaluation of dams. An engineer whose sole experience has been in earth
dams would obviously not be the best-qualified engineer to assess a con-
crete or masonry dam and vice versa. There is considerable value in having
an independent (not a2 member of the owner’s staff) civil engineer on the
inspection team. This provides a peer review considered to be extremely
valuable in obviating bias. This should not preclude the owner from having
a staff civil engineer accompany the independent engineer. It is extremely
important to have the operating staff member, preferably the normal care-
taker, assist in the inspection. This gives him an opportunity to learn what
to look for in his frequent visits to the dam and permits the “experts” to gain
firsthand information from him. A geologist should be a member of the
team on its initial inspection and at about 5-year intervals on others, partic-
ularly where problems relating to geology are suspected or known to exist.
Some continuity of inspection personnel from year to year is important.
The {irst inspection should, if at all possible, include interviews with the
criginal designer, the owner, the constructor, and current as well as pre-
vious caretakers/operators.

Inspection Scope

The field examination must be both systematic and comprehensive because
very subtle changes or visual indicators can often be important in the evalu-
ation of an existing or potential safety problem. Probably the greatest value
of such an inspection is the direct and early disclosure of obvious, develop-
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ing, or incipient conditions that threaten the integrity of the dam. Often,
on the basis of this visual examination alene, an experienced engineer can
judge the severity of any problems and determine the rapidity with which
remedial measures should be taken to prevent a failure or a serious accident
that might lead to a failure. Liberal notetaking and photographs of items of
interest are important factors in documenting the conditions noted and es-
tablishing the basis for determining and evaluating subsequent changes
that may occur.

The geology and topography of the surrounding area, including the res-
ervoir, should be inspected in order to assess general features and the qual-
ity of the foundation and the reservoir. Inspectors should look for disconti-
nuities, slides, artificial cuts and fills, and signs of erosion, particularly in
the vicinity of the spillway and the dam/foundation contact.

Existing records, such as preceding inspection reports and notes, water
levels, spill and leakage records, movement survey results, photographs,
and piezometric and other instrumentation records, should all be re-
viewed. The adequacy of the existing records and their maintenance also
should be reviewed.

A review of all past records should be made. These should, whenever
available, include preconstruction investigation records, design criteria
and design analysis records, and available construction records. Photos
taken during initial construction, or subsequent photos, are often valuable.

The entire downstream face and, whenever feasible, the upstream face
should be inspected for overall quality of materials, leaks, offsets, eracks,
erosion, moisture, crazing, vegetation, and surficial deposits. Parapets,
walls, spillway channels, galleries, and bridges also should be inspected for
these items.

The spillway channel should be examined for erosion, condition of log
booms, and susceptibility to blockage. The condition of gates and operat-
ing equipment, including motors, cables, chains and controls, should be
noted and the gates operated if feasible.

Qutlets, including conduits, gates, and machinery, should be inspected.
Galleries should be checked for signs of seepage, leakage, internal pres-
sures, and condition of drains or signs of blockage.

The evaluation of safety, which is a principal component of a technical
inspection, is discussed in detail later in this chapter. Techniques and pro-
cedures for accomplishing technical dam inspections and making the asso-
ciated safety evaluations are described in detail in Recommended Guide-
lines for Safety Inspection of Dams (Chief of Engineers 1975), Safety Eval-
uation of Existing Dams (U.S. Bureau of Reclamation 1980}, and Guide for
Safety Evaluation and Periodic Inspection of Existing Dams (Forest Service
and Soil Conservation Service 1980).
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Checklists and Inspection Forms

It is extremely important that checklists and inspection report forms be
used and completed for all inspections. These forms can be formal or infor-
mal. They should be completed during and immediately after the inspec-
tion, not the next day or later. The checldist should be developed prior to
the inspection and should reflect the features peculiar to that particular
project.

Photographs

There is considerable value in aerial and close-up photographs, especially
of areas of deterioration or those suspected of deterioration. Stereo-paired
aerial photos are particularly valuable for reviewing possible progression of
slides or of erosion of spillway dissipators or flow channels. They can also
help in assessing downstream growth or habitation conditions. Infrared
photos could be useful in locating wet areas that might otherwise not be
obvious or detectable and that might indicate scepage.

Maintenance Inspections

Formal maintenance inspections should be conducted on a semiannual-to-
annual basis to monitor the behavior and condition of the structure and of
all operating equipment. The inspection should be performed by an engi-
neer or experienced supervisor of dam operations, who should note any ad-
verse changes in physical conditions, such as erosion, corrosion, blockages
of drains, blockages of spillway channels and other water passages, and
subsidence. The condition and adequacy of all monitoring equipment and
instruments also should be reviewed.

All gates and emergency power sources to operating equipment, includ-
ing motors, cables, chains, and controls, should be inspected and operated
if feasible. A principal objective of this inspection, besides offering an op-
portunity to check on aspects pertinent to the safety of project features, is to
promote an cfficient and effective maintenance program. It is desirable
that such inspections be made by persons not directly involved in or respon-
sible for the day-to-day operation and maintenance of the project.

Informal Observations

Dam tenders and maintenance personnel should be charged with the re-
sponsibility of helping to monitor the behavior and safety of dams. If alert,
such personnel could discover existing defects during routine operational
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and maintenance activities. For example, a mowing-machine operator cat-
ting grass along the toe of an embankment may come across an upward
bulging mass of freshly disturbed ground, which might indicate incipient
slope instability. Or a gate tender approaching the gate controls might ob-
serve a small sinkhole on the embankment crest that could be developing
from the piping of fines into a deteriorating outlet conduit. Rodent holes
might also be discovered in this manner.

Personnel such as operators, maintenance crew members, and all others,
including the owners of smaller dams, who are at a dam in the course of
their normal duties should be watchful for any unusual events or strange
conditions and should report them at once to those in authority. Alertness
and inquisitiveness on the part of such individuals could afford an impor-
tant surveillance program for the project.

MAINTENANCE

Normal maintenance activities include the surveillance of the project’s
physical conditions and the timely correction of any deficiencies that might
develop, as well as the preservation of the operating capability of the proj-
ect. The inspections described in the section Maintenance Inspections
should be an integral part of the maintenance program.

Maintenance activities should include the surveillance of all aspects of
the structure pertinent to safety. For example, seepage or leakage through
the foundation or abutment areas should be closely monitored. (This can
take on greater importance, depending on the integrity of the material.)
Also, uplift pressures are critical to stability. If instruments are not avail-
able to monitor this pressure, they should, if possible, be installed. Collect-
ing, processing, and evaluating surveillance instrumentation data are ways
to detect the development of defects in a dam and are helpful in the investi-
gation of a specific or suspected defect. Often, records are collected, but
processing and evaluation are delayed or long neglected. All data relating
to dam safety should be promptly evaluated. Installations for the collection
of precautionary types of surveillance data are usually made as a matter of
course during construction but may also be installed after construction. In-
stallations for investigating specific or suspected defects are usually made
upon the appearance of new or changing conditions and events. Instru-
mentation for dams is discussed in Chapter 10.

Another important maintenance objective is to preserve the water-pass-
ing capability of the project. Heavy growth or landslides upstream or
downstream of a spillway could reduce its ability to pass its design flow.
Also, the electrical and mechanical operating machinery and the spillway
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gates should all be maintained to ensure their operability under all condi-
tions. The failure of any one of these could lead to failure of the dam.

Maintenance is an ongoing process that should never be neglected and
that should continue throughout the operating life of the dam. To provide
proper maintenance services, all material regarding the design, construc-
tion, and operation of the dam should be available in a location where it is
readily accessible for the inspection and maintenance programs.

RECORDS

Complete records on each dam, including initial site investigations; pre-
construction and final geologic reports; design assumptions and criteria;
contract plans and specifications; construction history; descriptions of re-
pairs or modifications; and documentation of conditions and performance
after the dam is in operation, including history of major floods and instru-
mentation records, should be maintained. Construction photographs are
extremely valuable. Experience has proven that many questions and con-
cerns arise in the operating life of a dam for which thorough records are
vital to assess such situations properly. This documentation should, of
course, be continuously supplemented throughout the life of a dam by peri-
odic inspection reports.

At present, some dams have adequate records, while many have little or
none at all. An important objective of a periodic inspection program is to
collect and develop such data. The inspection reports should eventually
provide most of the information relating to safety of the dam, as they
should usually contain a summary of major preoperational information
and a documentation of all chservations, assessments, damage, and repairs
during operation. The importance of keeping such information well orga-
nized and readily available cannot be overemphasized.

In extracting and assimilating record data, the quality and accuracy of
the records must be carefully assessed. If certain types of existing informa-
tion, such as exploration and materials testing reports, are overlooked or
are questionable, exploration and testing may have to be repeated, at con-
siderable cost. It is imperative that all of these records be made available,
not simply filed, to those involved in the evaluation of a dam’s safety.

Comprehensive descriptions of all types of records and their utilization
are contained in Safety Evaluation of Existing Dams {(U.S. Bureau of Rec-
lamation 1980), Guide for Safety Evaluation and Periodic Inspection of
Existing Dams (Forest Service and Soil Conservation Service 1980), and
Feasibility Studies for Small Scale Hydropower Additions, Vol. IV, Exist-
ing Facility Integrity (U.S. Army Corps of Engineers 1979).
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EVALUATION OF SAFETY

An evaluation of the stability and safety of an existing dam is a principal
component of all technical inspections. Such an evaluation must be care-
fully and thoroughly performed by experienced personnel. It should con-
sider all data of record, including design, construction, and operating his-
tory, and the results of a field inspection and any analyses necessary to
determine the safety of project structures and the adequacy of maintenance
and operating procedures.

A safety evaluation is generally amenable to a staged approach. The ba-
sic idea behind such an approach is to attempt to establish the integrity of a
structure or to resolve a problem associated with it at the least possible cost.
For example, if an adequate determination can be made [rom review and
analysis of existing data and field observations, then that is all that should
be done. If the review or observations indicate that additional special in-
vestigations are required to determine the condition of a facility or to eval-
uate and correct a problem, then these investigations can most effectively
be planned on the basis of what the data review or observations show to be
required. For the foregoing reasons the first stage of the evaluation should
include, as a minimum, three basic steps: (1) review of existing data, (2)
site inspection, and (3) evaluation of data and formulation of conclusions.

Review of Existing Data

A thorough knowledge must first be gained on the basis of a dam’s original
design and its performance history and records, to provide a basis for judg-
ments that will be made later. Whatever data are available for review can
normally be obtained from the owner’s files or from the files of the state
agency regulating the safety of dams, if such an agency exists and takes an
active role in the particular state in which the facility is located.

Design Data

The review should reveal whether the original design criteria and assump-
tions are satisfactory based on the current state of the art and, if not,
whether they are acceptable. Original design assumptions may have been
inconsistent with construction conditions or with subsequent events and
conditions. The review should include hydrology and spillway capacity,
materials investigations and specifications, criteria for outlets and other
appurtenances, all geological and seismological reports, and all design
analyses.



The Safety of Dams 27

Original design methodologies and techniques can be very meaningful.
Equally important are data on any analyses or reviews subsequent to origi-
nal design. The same applies to any modifications or alterations in design.

Construction Data

Construction data (relating to original construction or alterations) are as
important, if not more so, than design data, Inspections and engineers’ re-
ports relating to foundation cleanup; grouting; concreting operations, such
as strengths, placing methods, cleanup, cement, water-cement ratio; and
aggregate source are important, For example, in one case knowledge of the
method of placing concrete aided in determining the cause of deterioration
of the dam.

Confirmation of compliance with specifications or information on
changes to suit field conditions are important. Often, in the past, field
changes were made to save money without the designers’ knowledge or to
mitigate damages to the construction resulting from unexpected events,
such as flooding or accidents. Very often, in the case of very old dams,
caleulations or records cannot be found. In these cases construction records
are all the more important. They are often documented in old publications
or photos. All of the above can be invaluable in reviewing the safety of a
dam as well as in establishing investigational programs.

Operating Records and Maintenance

Records of operation and maintenance activities are often more readily
available to the reviewer than are design or construction records. Any dam
owner should make a concerted effort to compile such records regardless of
whether past records exist. In other words, a late start is better than no
start. These records should be compiled whether the dam is presently con-
sidered to be in excellent condition, in good or fair condition, or a hazard or
a high risk.

The reviewer (evaluator) should consider the frequency and quality of
inspections. Infrequent inspections and casual maintenance should alert
the evaluator to potential problems. At the very least the reviewer should
undertake a more intensive evaluation unless inspections and maintenance
have been frequent and of good quality. The housekeeping level at a dam is
often a good indication of the level or quality of care given to the dam.

In the absence of suitable records the evaluator should establish a pro-
gram of frequent inspections and should initiate survey and data collection
procedures in order to establish baseline data. The level of this program
depends on the hazards and risks presented by the dam.
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Often an owner will have a lot of scattered, irregular, incomplete, or
unreliable data. Data often need to be plotted. There is then a need for
data analysis, in addition to collection. All data should be reviewed and
challenged for reliability and completeness. Upon first evaluation the eval-
uator should gather information from all feasible sources. Information pro-
vided by a regular dam caretaker, for example, is probably better and more
reliable than that provided by a nearby powerhouse operator. A water su-
perintendent may be a reliable source.

Of particular value are data on leakage, water levels, deflections, flood
levels at the dam and downstream thereof, oral and written comments
about repairs, and reports of operating problems with equipment. All of
the above should be plotted on a time scale to permit evaluation of interre-
lationships of the data. A dam’s age, quality of maintenance, presence of
operating records, and apparent deterioration all have a bearing on its
safety.

It is important to acknowledge that often the worst problem at a dam
may not be the dam itself but a lack of knowledge thereof. It is impossible
to evaluate a dam’s safety without knowledge of the structure. The greater
the knowledge, the better the evaluation. Instrument data (from the dam)
should be programmed for computer storage and analysis. This method of
data handling will permit development of a computer analysis program
that will ‘red-flag’ critical data points. For example, piezometer data can
be programmed to indicate with a special symbol when the readings ap-
proach a critical level of uplift or pore pressure. Thus, when the evaluator
scans the computer listing his attention will be drawn to potentially dan-
gerous conditions.

Site Inspection

Once the evaluator has thoroughly reviewed the existing data, a site inspec-
tion should be performed to observe pertinent visual evidence. This inspec-
tion should conform to all the requirements of a formal technical inspection
and should provide the evaluator with intimate knowledge of project con-
ditions and problems. It should also provide the evaluator the opportunity
to resolve any discrepancy or question that may exist concerning record
data such as drawings, instrumentation data, or operaling procedures.

Hazard Potential

A safety evaluation should include a review of the dam’s hazard potential
and should determine whether new developments in the downstream area
substantiate a change in the hazard level. (See section on Classification of
Inundation Areas.) Tn this connection the emergency action plan (discussed
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later) should be reviewed to ensure that it reflects the current hazard po-
tential status.

Evaluation and Conclusions

After all available data have been reviewed and the site has been examined
in detail, the evaluator should analyze all pertinent information revealed
by the record, all conditions observed at the site, and the results of any
engineering calculations.

One of the most useful techniques to apply in the process of evaluating
the safety and stability of an existing dam and its appurtenant works is to
compare performance, as indicated by field observations, instrumentation
measurements, and the results of any required special investigations per-
formed to evaluate a specific problem, with the assumptions and calcula-
tions made in the original design of the facility. In doing this the engineer
will often be made aware of criteria that were in vogue at the time the
design was originally accomplished. In many cases such criteria will still be
appropriate. However, it is important to bear in mind that the state of the
art is not static. It changes as engineering knowledge and technology ad-
vance and as natural events occur that deviate from prior experience. As a
result the reliability of designs based on the state of the art that existed
when the dam was designed and constructed must always be compared
with existing practices.

Following the analyses of all the data the evaluator should prepare a re-
port detailing his findings. If sufficient information is available to make a
judgment regarding the project’s stability and safety, the report should in-
clude such a conclusion with any associated recommendations. If not, the
report should detail the additional information needed and recommend the
investigations required to develop the needed data.

Itis a well-known fact that in the initial assessment or reassessment of an
existing dam, particularly an old one, the unknown is the principal deter-
minant for an investigation or exploratory program. Lack of knowledge
makes it virtually impossible to determine the potential hazard of a dam
and makes a viable risk assessment impossible. It is also axiomatic that the
more dams that are investigated, or the more a single dam is investigated,
the more likely that a potential or real problem will be discovered. Only
then can the problem be assessed and corrected if necessary.

Additional Investigations

The need and nature of additional investigations, exploratory programs, or
monitoring programs will depend on the potential for problems as deter-
mined by the inspection and on the availability of good information and
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records. They will also depend on the evaluator’s assessments of risks and
consequences of failure. Such investigations may involve theoretical studies
as well as field investigations. Additional studics are sometimes needed to
better define the stress and stability conditions and to evaluate alternative
remedial measures. The investigative program can consist of a wide variety
of tasks, depending on the nature of the known or suspected problem. The
type of supplemental information and numerical data needed will concern
structural, geologic, and performance features unobtainable by direct vis-
ual examination, Some kind of exploration may be required for sample ex-
traction; for providing access for direct observation; and for instrumental
measurements of deformation, hydrostatic pressures, seepage, etc. Data
may also be obtained by nondestructive testing. Laboratory tests may be
required to determine engineering properties of the materials of the dam
and appurtenances and of the foundation for use in analyses and to assess
their general condition. Performance instrumentation may be required.
Applicable techniques of subsurface exploration, geologic mapping, labo-
ratory testing, and instrumentation are described in numerous excellent
references, such as the Handbook of Dam Engineering and various other
references listed in Chapters 5 through 10 of this volume.

After additional data have been obtained, the engineering analyses and
methods employed are generally similar to those that would have been con-
ducted in the initial evaluation had the data been available. Particular care
should be taken to study suspicious or questionable features and conditions.
The engineering data and information to be used in the analyses are those
specifically obtained for that purpose during the investigations. For exam-
ple, unless available data on spillway design indicate conclusively that the
spillway meets present-day design standards, a new flood estimate should
be made, and the existing spillway should be analytically tested for its abil-
ity to salely handlc the updated flood. Or, as another example, if the stabil-
ity of an embankment dam appears marginal for any reason (such as ap-
parently over-steep slopes, unusual saturation patterns, low-strength soils,
or indications of high foundation pore pressures), a stability analysis and
companion seepage analysis should be made using soil strengths and per-
meability rates obtained by sampling and testing for use in those specific
analyses.

As valuable as they are, numerical analyses cannot provide total and ab-
solute answers upon which to base the evaluation. Many physical condi-
tions and reactive mechanisms cannot be mathematically analyzed. There-
fore, after all the objective factors that may influence the evaluation have
been gathered, interpreted, analyzed, and discussed, the investigator must
still exercise judgment as to whether the dam is adequate in its present con-
dition or requires remedial or other measures. There are no clear-cut rules
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by which the decisions can be made. Instead, the investigator may need to
employ empirical reasoning and objective assessments, compare the case
with successfully performing similar dams, and apply criteria in common
use by the profession. When the perceived problems involve areas of spe-
cialized engineering practice and there would be significant losses from
failure of the structure, experts in the pertinent specialties should be
brought in as consultants.

EMERGENCY ACTION PLANNING

Current Policies and Practices

While the intent of dam design, construction, operation, maintenance, and
inspection of dams is to minimize the risk of dam failures, it is recognized
that the possibility of dam failures still exists. Even though the probability
of such failures is usually small, preplanning is required to (1) identify con-
ditions that could lead to failure, in order to initiate emergency measures to
prevent such failures as a first priority, and (2} if this is not possible, to
minimize the extent and effects of such failures. The operating and mobi-
lizing procedures to be followed upon indication of an impending or postu-
late dam failure or a major flood should be carefully predetermined.

Following the failure of Teton Dam in 1976, President Carter directed
the appropriate federal agencies to develop guidelines for dam safety. Sub-
sequently, in June 1979, Federal Guidelines for Dam Safety was published
by the Federal Coordinating Council for Science, Engineering and Tech-
nology. While these guidelines were developed to cncourage high safety
standards in organizational and technical management activities and pro-
cedures of federal agencies, they are also considered applicable to state
dam safety agencies and private and nonfederal dam owners.

A basic tenet of these guidelines is that an emergency action plan, com-
mensurate with the dam size and location (i.e., hazard classification),
should be formulated for each dam. The guidelines require an evaluation
of the emergency potential created from a postulated dam failure by use of
flood inundation maps; development of an emergency action plan, coordi-
nated with local civil preparedness officials; and a formal procedure to de-
tect, evaluate, and mitigate any potential safety problem. Owners of pri-
vate dams should evaluate the possible modes of failure of each dam, be
aware of indicators or precursors of failure for each mode, and consider the
possible emergency actions appropriate for each mode and the effects on
downstream areas of failure by each mode. Evaluatien should recognize
the possibility of failure during flood events as well as during normal oper-
ating conditions and should provide a basis for emergency planning acticns
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in terms of notification and evacuation procedures where failure would
pose a significant danger to human life and property. Plans should then be
prepared in a degree of detail commensurate with the hazard, and instruc-
tions should be provided to operators and attendants regarding the actions
to be taken in an emergency. Planning should be coordinated with local
officials, as necessary, to enable those officials to draw up a workable plan
for notifying and evacuating local communities when conditions threaten-
ing dam failure arise.

Some states and several federal agencies have already developed their
own emergency action planning guidelines and have implemented plans at
dams consistent with the major elements contained in the Federal Guide-
lines. Among the federal agencies, the U.S. Army Corps of Engineers
(1980) has published Flood Emergency Plans, Guidelines for Corps Dams.
The Corps publication merits consideration by private dam owners for its
detailed procedure and case study examples. Additionally, the Corps
(1982a) has recently published a manual, Emergency Planning for Dams,
Bibliography and Abstracts of Selected Publications, for assisting planners
with relevant materials and references to emergency planning for dams
and preparation of flood evacuation plans.

Finally, the user is directed to technical guidelines and recommenda-
tions on emergency action planning for federal agencies that have been
published by a subcommittee of representatives from federal agencies hav-
ing responsibilities for dam safety for the Interagency Committee on Dam
Safety (ICODS) (FEMA 1982).

Evaluation of Emergency Potential

Prior to development of an emergency action plan, consideration must be
given to the extent of land areas and the types of development within the
areas that would be inundated as a result of dam failure and to the proba-
ble time available for emergency response.

Determination of Mode of Dam Failure

There are many potential causes and modes of dam failure, depending on
the type of structure and its foundation characteristics. Similarly, there are
degrees of failure (partial vs. complete) and, often, progressive stages of
failure (gradual vs. sudden). Many dam failures can be prevented from
reaching a final catastrophic stage by recognition of early indicators or pre-
cursor conditions and by prompt, effective emergency actions, While
emergency planning should emphasize preventive actions, recognition
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must be given to the catastrophic condition, and the hazard potential must
be evaluated in that light. Analyses should be made to determine the most
likely mode of dam failure under the most adverse condition and the result-
ing peak water outflow following the failure. Where there is a series of
dams on a stream, analyses should include consideration of the potential
for progressive “domino effect” failure of the dams. Appendix A of Chapter
4 provides an example of guidelines on estimating modes of dam failure for
formulating emergency action plans by an investigator-owned utility.

Inundation Maps

To evaluate the effects of dam failure, maps should be prepared that delin-
eate the area that would be inundated in the event of failure. Inundation
maps should account for multiple dam failures where such failures are pos-
sible. Land uses and significant development or improvements within the
area of inundation should be indicated. The maps should be equivalent to
or more detailed than the United States Geological Survey (USGS)
1:24,000-scale quadrangle maps, 7.5-minute series, or of sufficient scale
and detail to identify clearly the area that should be evacuated if there is
evident danger of failure of the dam. Copies of the maps should be distrib-
uted to local government officials for use in the development of an evacua-
tion plan. Figure 2-6 is a sample inundation map.

A 1980 dam break flood study of 50 dams located in Gwinnett Ceounty,
Georgia (prepared by cooperating state and federal agencies for the
county} reported flood inundation study results on 1:12,000 (1 inch =
1,000 feet) maps, which were scaled from the USGS maps (Georgia Envi-
ronmental Protection Division 1980).

Classification of Inundation Areas

To assist in the evaluation of hazard potential, areas delineated on inunda-
tion maps should be classified in accordance with the degree of occupancy
and hazard potential. The potential for loss of life is affected by many fac-
tors, including but not limited to the capacity and number of exit roads to
higher ground and available transportation.

Hazard potential is greatest in urban areas. Since the extent of inunda-
tion is usually difficult to delineate precisely because of topographic map
limitations, the evaluation of hazard potential should be conservative. The
hazard potential for affected recreation areas varies greatly, depending on
the type of recreation offered, intensity of use, communication facilities,
and available transportation. The potential for loss of life may be increased
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where recreationists are widely scattered over the area of potential inunda-
tion, since they would be difficult to locate on short notice.

Many industries and utilities requiring substantial quantities of water for
one or more stages in the manufacture of products or generation of power
are located on or near rivers or streams. Flooding of these areas and indus-
tries can (in addition to causing the potential for loss of life and damage to
machinery, manufactured products, raw materials, and materials in proc-
ess of manufacture) interrupt essential community services.

Rural areas usually have the least hazard potential. However, the poten-
tial for loss of life exists, and damage to large areas of intensely cultivated
agricultural land can cause high economic loss.

Time Available for Response

Analyses should be made to evaluate the structural, foundation, and other
characteristies of the dam and to determine those conditions that could be
expected to result in slow, rapid, or practically instantaneous dam failure.
Wave travel times, as discussed in Chapter 4, should also be established to
help determine the time available for response,

Actions to Be Taken 1o Prevent Failure or to Minimize Effects of Failure

Development of an Emergency Action Plan

An emergency action plan should be developed for each dam that consti-
tutes a hazard to life and property, incorporating preplanned emergency
measures to be taken prior to and following assumed dam failure. The plan
should be coordinated with local governmental and other authorities in-
volved in public safety and should be approved by the appropriate top-
level agency or owner management. To the extent possible, the emergency
action plan should include notification plans, which are discussed in the
section Notification Plans.

Emergency scenarios should be prepared for possible modes of failure of
each dam. These scenarios should be used periodically to test the readiness
capabilities of project staff and logistics.

A procedure should be established for review and revision, as necessary,
of the emergency action plan, including notification plans and evacuation
plans, at least once every 2 years. Such reviews should be coordinated
among all organizations responsible for preparation and execution of the
plans.
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Notification Plans

Plans for notification of key personnel and the public are an integral part of
the emergency action plan and should be prepared for slowly developing,
rapidly developing, and instantaneous dam failure conditions. Notification
plans should include a list of names and position titles, addresses, office and
home telephone numbers, and radic communication frequencies and call
signals, if available, for agency or owner personnel, public officials, and
other personnel and alternates who should be notified as scon as emer-
gency situations develop. A procedure should be developed to keep the list
current.

Each type of notification plan should contain the order in which key
owner supervisory personnel or alternates should be notified. At least one
key supervisory level or job position should be designated to be manned or
the responsible person should be immediately available by telephone or ra-
dio 24 hours a day. A copy of each notification plan should be posted in a
prominent place near a telephone and/or radio transmitter. All selected
personnel should be familiar with the plans and the procedures each is to
follow in the event of an emergency. Copies of the notification plans should
be readily available at the home and the office of each person involved.

Where dams located upstream from the dam for which the plan is being
prepared could be operated to reduce inflow or where the operation of
downstream dams would be affected by failure of the dam, owners and
operators of those dams should be kept informed of the current and ex-
pected conditions of the dam as the information becomes available.

Civil defense officials having jurisdiction over the area subject to inunda-
tion should receive early notification. Local law enforcement officials and,
when possible, local government officials and public safety officials should
receive early notification. {In some areas such notification will be accom-
plished by civil defense authorities.)

The capabilities of the Defense Civil Preparedness Agency’s National
Warning System (NAWAS) should be determined for the project and uti-
lized as appropriate. Information can be obtained from state or local civil
defense organizations.

Potentially affected industries downstream should be kept informed so
that actions to reduce risk of life and economic loss can be taken. Coordina-
tion with local government and civil defense ofticials would determine re-
sponsibility for the notification. Normally, this would be a local govern-
ment responsibility.

When it is determined that a dam may be in danger of failing, the public
officials responsible for the decision to implement the evacuation plan
should be kept informed of the developing emergency conditions.
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The news media, including radio, television, and newspapers, should be
utilized to the extent available and appropriate. Notification plans should
define emergency situations for which each medium will be utilized and
should include an example of a news release that would be the most effec-
tive for each possible emergency. Use of news media should be preplanned
insofar as is possible by agency and owner personnel and the state and/or
local government. Information should be written in clear, concise lan-
guage. Releases to news media should not be relied on as the primary
means of notification.

Notification of recreation users is frequently difficult because the indi-
viduals are often alone and away from any means of ready communication.
Consideration should be given to the use of standard emergency warning
devices, such as sirens, at the dam site. Consideration should also be given
to the use of helicopters with bullhorns for areas farther downstream. Ve-
hicles equipped with public address systems and helicopters with bullhorns
are capable of covering large areas effectively.

Telephone communication should not be solely relied on in critical situa-
tions. A backup radio communication system should be provided and
tested at least once every 3 months. Consideration should be given to the
establishment of a radio communication system prior to the beginning of
construction and to the maintenance of the system throughout the life of
the project.

Evacuation Plans

Evacuation plans should be prepared and implemented by the local juris-
diction controlling inundation areas. This would normally not be the dam
agency or owner. Evacuation plans should conform to local needs and vary
in complexity in accordance with the type and degree of occupancy of the
potentially affected area. The plans may include delineation of the area to
be evacuated; routes to be used; traffic control measures; shelter; methods
of providing emergency transportation; special procedures for the evacua-
tion and care of people from such institutions as hospitals, nursing homes,
and prisons; procedures for securing the perimeter and for interior security
of the area: procedures for the lifting of the evacuation order and reentry to
the area; and details indicating which organizations are responsible for
specific functions and for furnishing the materials, equipment, and person-
nel resources required.

The assistance of local civil defense personnel, if available, should be re-
quested in preparation of the evacuation plan. State and local law enforce-
ment agencies usually will be responsible for the execution of much of the
plan and should be represented in the planning effort. State and local laws



38 SAFETY OF EXISTING DAMS

and ordinances may require that other state, county, and local government
agencies have a role in the preparation, review, approval, or execution of
the plan. Before finalization, a copy of the plan should be furnished to the
dam agency or owner for information and comment.

Stockpiling Repair Materials

Where feasible, suitable construction materials should be stockpiled for
emergency use to prevent failure of a dam. The amounts and types of con-
struction materials needed for emergency repairs should be determined
based on the structural, foundation, and other characteristics of the dam;
design and construetion history; and history of prior problems.

Locating Local Repair Forces

Arrangements should be made with, and a current list maintained of, local
entities, including contractors, and federal, state, and local construction
departments for possible emergency use of equipment and labor.

Training Operating Personnel

Owners of large impoundments should have technically qualified project
personnel who are trained in problem detection, evaluation, and appropri-
ate remedial (emergency and nonemergency) measures. These personnel
should be thoroughly familiar with the project’s operating manual. This is
essential for proper evaluation of developing situations at all levels of re-
sponsibility that, initially, must be based on at-site ohservations. A suifi-
cient number of personnel should be trained to assure adequate coverage at
all times. If a dam is operated by remote control, arrangements must be
made for dispatching trained personnel to the project at any indication of
distress.

Increasing Inspection Frequency

Frequency of appropriate surveillance activitics should be increased when
the reservoir level exceeds a predetermined elevation. Piezometers, water-
level gauges, and other instruments should be read frequently and on
schedule. The project structures should be inspected as often as necessary to
monitor conditions related to known problems and to detect indications of
change or new problems that could arise. Hourly or continuous surveil-
lance may be mandated in some instances. Any change in conditions should
be reported promptly to the supervisor for further evaluation.
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The owner or his supervisor should issue additional instructions, as nec-
essary, and alert repair crews and contractors for necessary repair work if
developing conditions indicate that emergency repairs or other remedial
measures may be required.

Actions to Be Taken Upon Discovery of a Potentially Unsafe Condition

Notification of Supervisory Personnel

It is essential, if time permits, to notify the proper supervisory personnel
since development of failure could vary in some or many respects from pre-
vious forecasts or assumptions and advice may be needed.

Initiation of Predetermined Remedial Action

At least one technically qualified individual, previously trained in problem
detection, evaluation, and remedial action, should be at the project or on
call at all times. Depending on the nature and seriousness of the problem
and the time available, emergency actions can be initiated, such as lower-
ing the reservoir and holding water in upstream reservoirs. Other actions to
be taken include notifying appropriate highway and traffic control officials
promptly of any rim slides or other reservoir embankment failures that may
endanger public highways.

Determination of Need for Public Notification

To the extent possible, emergency situations that will require immediate
notification of public officials in time to allow evacuation of the potentially
affected areas should be predefined for the use of management and project
personnel. If sufficient time is available the decision to notify public offi-
cials that the dam can be expected to fail will be made at a predetermined
supervisory level within the ageney or owner organization. If failure is im-
minent or has already occurred, project personnel at the dam site would be
responsible for direct notification of the public officials. The urgency of the
situation should be made clear so that public officials will take positive
action immediately.
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Risk-Based Decision Analysis

SUMMARY

Engineering is inherently based on a weighing of risks. Traditionally, this
has been drawn to a large extent from judgment reinforced by experience.
As techniques of risk analysis offered in the literature have become increas-
ingly sophisticated, practical engineers and related professionals have pre-
ferred to apply time-tested judgmental approaches rather than new tech-
niques. Yet there is a need to improve methods of risk analysis in the
engineering of dams and other structures whose safety is important to the
public interest. This especially applies where funding for remedial work is
limited and expenditures must be directed to achieve an optimum reduc-
tion of risk.

Those who advocate the use of advanced risk-based techniques must
communicate, in understandable terms, the merits of their systems. Too
often these have been presented on a general and overly technical statistical
basis. There is a need to apply these numerical approaches to site specifics
by merging theory with realistic appraisal of local conditions. Probability
analysis is logically applied to natural events that affect projects, such as in
calculation of the frequency and intensity of rainfall that may recharge the
water in an incipient landslide or of an earthquake that may trigger move-
ment of an earth or rock mass, These applications are well accepted, as are
procedures for estimating floods. However, there is a largely unexplored
potential for extension of risk analysis into other aspects of dam safety.

The role of risk assessment is to provide a formal, consistent approach to
evaluate the likelihood of occurrence of various adverse outcomes. In a de-
ciston analysis approach, actions are optimized in the face of uncertain ad-

41



42 SAFETY OF EXISTING DAMS

verse outcomes. Optimization could be to achieve minimum loss of life or
property damage or to maximize risk reduction benefits at minimum cost.
Contrary to the reasoning often given for the inadequacy or inappropriate-
ness of risk analysis methods, uncertainty about events is the primary basis
for using a formal probabilistic approach, not the reason to disavow its use-
fulness. This holds regardless of the sources of uncertainty, whether they
are due to our limited modeling capabilities, scarcity of observational data,
or the inherent randomness of the process. Another misconception is that
the probabilistic risk analysis replaces engineering judgment and intuition.
Far from being mutually exclusive, methods of risk analysis and engineer-
ing judgment complement and strengthen each other. The accountability
and consistency of judgmental procedures can be improved by risk-based
procedures.

Risk analysis helps decision makers summarize available information
and quantify associated uncertainties of the available information. These
procedures in themselves do not make decisions. Needless to say, when
there is clear evidence of unsafe conditions at a dam, it is better to initiate
remedial action (if possible) than to initiate extensive engineering studies,
including formal risk analysis.

In prioritizing dams for safety evaluation, it is appropriate to use an ap-
proximate risk-based screening process. At this level of analysis, only rela-
tive risk evaluation is needed. If information-gathering and -analysis pro-
cedures are consistent for all the dams under investigation, the priorities
obtained will be relatively insensitive to the decision criteria used for
prioritizing. In risk analysis aimed at prioritizing dams, it is not necessary
to do extensive probabilistic studies for hydrologic, geotechnical, or seismic
aspects.

In conducting a more detailed probabilistic risk assessment for a given
dam, it is necessary to gather and analyze as complete a package of infor-
mation as is economically and technically possible. It is also necessary to
evaluate risk of {ailure due to all external and internal load conditions. Be-
fore a decision is reached about the safety level of a dam, all economic,
social, and political constraints should be incorporated.

The most important recommendation to a new user of risk analysis pro-
cedures is to overcome the reluctance to employ probabilistic procedures.
It is true that more examples and case studies are needed, so that users can
understand the simplicity and rationality of the available procedures.
Groups that have developed the probabilistic risk-based studies should hold
workshops and courses to apply the “academic” and “analytical” proce-
dures to practical problem situations involving existing dams.

The work done by the U.S. Bureau of Reclamation and by certain uni-
versity groups on probabilistic risk analysis for dams should be made avail-
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able to the user community. This could provide further impetus to simplify
and improve these methods. We believe that the limited acceptance of for-
mal risk analysis comes more from lack of knowledge of the tools than from
their complexity. Consistent and continuous use and improvements will in-
crease acceptance in the long run. The methods will be adopted more
widely as familiarity with them and appreciation of their value grow.

INTRODUCTION

The resolution of dam safety problems requires an understanding not only
of technical questions but also of complex financial and institutional prob-
lems. In the competition for limited public funds, a dam safety program is
often seen as one of many worthwhile but expensive hazard mitigation pro-
grams.

In many cases the effective rehabilitation of an existing dam would im-
pact severely on the financial resources of the dam owner. Increasingly,
therefore, dam safety program managers, owners, and their technical
staffs must be prepared to support and justify engineering decisions by the
use of an analysis of the trade-off between cost and risk. For an owner of a
large number of dams, such as a large utility, city, or water district, the
problem may be to prioritize the dams for remedial measures and to budget
appropriate funds in order to achieve the greatest safety for the least
money. Methods of decision and risk analysis are helpful for making these
decisions in as consistent a manner as possible.

The methodology for risk assessment has to be evaluated in the context of
specific decision situations. The owner of a single dam with multiple defi-
ciencies has to decide what priority to assign to his work plan in order to
accomplish his objective. Should he remedy a stability problem or increase
the spillway capacity, or reduce seepage, or consider a combination of re-
medial actions? An owner with several dams is confronted with similar de-
cisions concerning the deficiencies of each dam.

Each of the decision situations mentioned involves a fundamental trade-
off between (certain) expenditures and {uncertain} future gains and losses.
It is useful to identify one of the alternatives in a decision situation as the
“reference alternative.” In decision making about existing dams, the obvi-
ous reference alternative is to “do nothing,” i.e., to accept the risk and con-
sequences associated with the status quo.

Perhaps the most critical step in the decision analysis process is to con-
ceive alternatives for providing added protection or for providing it more
cheaply. For each alternative the engineer must evaluate the added cost in
relation to the “do nothing” alternative as well as its effectiveness in reduc-
ing the probability of failure or the consequences or both. Based on this
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evaluation and guided by appropriate decision criteria, the engineer must
select the most favorable alternative or, when acting in an advisory capac-
ity, present all the facts on cost and risk to the decision maker.

There is no single best methodology of risk assessment and risk manage-
ment for dams. Evidently, the amount and quality of information avail-
able to the engineer will differ greatly depending on the nature of the deci-
sion, the resources available to analyze existing information or to seek new
information, and the time available to reach the decision. Tt is therefore
appropriate to use different methodologies requiring different levels of so-
phistication and different types of information about failure consequences
and risk where the appropriate methodology is selected according to the
decision situation.

The sequential nature of engineering decistons has important implica-
tions in risk assessment and management for dams. In general, assuming
adequate records are kept, the amount and the quality of information
about site conditions and structural properties increases with time. In this
context it is useful to distinguish between decisions that have a “one-time”
or “terminal” character (such as in design or rehabilitation) and those that
do not (such as site exploration or dam inspection). Decisions in the latter
category are expected to be followed either by other “nonterminal” deci-
sions (more extensive exploration or inspection) or by a “terminal” deci-
sion. In the context of the U.S. Army Corps of Engineers’ Dam Safety Pro-
gram, decisions taken during “Phase I dam inspection are nonterminal,
while “Phase 11”7 decisions involving repair and rehabilitation may be

thought of as one-step or terminal decisions. The idea is that in analyzing a
* nonterminal decision it is necessary to consider follow-up actions, while
one-step decisions can be analyzed in isolation. In the first step of a sequen-
tial decision process the engineer is usually concerned about data acquisi-
tion, while in the final step he seeks the actual realization of the benefits of
proposed protective measures.

Tt is also useful to categorize safety-related decisions involving dams ac-
cording to the number and type of structures involved. The decision situa-
tion may involve:

a single dam,
a group of dams in a given jurisdiction,
a system of dams located in series on a waterway,
a system of dams affecting a common area, or
* all dams of a certain type (e.g., concrete arch dams) affected by a par-
ticular set of design criteria or regulatory requirements.

Many considerations go into the formulation of the eriteria for decisions
affecting dam safety. It may be necessary to distinguish between the types
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of dams involved and their purpose (e.g., flood control vs. recreation),
types of ownership (public vs. private), types of decisions {modification of
operations vs. rehabilitation), and kinds of protective measures (structural
vs. nonstructural).

Lest the merits of methods of risk assessment and risk management be
overstated, it should be mentioned that questions involving hazard mitiga-
tion are often controversial. Different parties (owner, downstream resi-
dent, builder) are affected differently by the outcome of the decision.
Hence, they tend to assess costs and risks differently and may select differ-
ent criteria upon which to base the decision. In light of these conflicts the
main value of decision analysis methodology may be that it provides a
framework for organizing factual information about costs and risk, for
structuring the decision-making process, and for promoting and uplifting
communication among the opposing parties (Vanmarcke 1974),

RISK ASSESSMENT: ALTERNATIVE METHODS

The detail to which risk assessment is carried out depends on the intended
application of its results. If comparisons are to be drawn among dams or
among alternative treatments for a given dam, it is important that the as-
sessment procedures be consistent. Three broad levels of risk assessment are
currently in practice and may be categorized as subjective, index-based,
and formal {quantitative).

A subjective assessment is one in which all relevant factors are not sys-
tematically accounted for. The engineer or owner considers those factors
that appear most important to the case and uses this assessment to identify a
solution to the problem. Such an assessment may often result in a good de-
cision and may be all that is needed, but it will only rarely lead to an opti-
mum solution, and it will be difficult either to document, respect, or fully
account for.

An index-based risk assessment is a systematic evaluation of the factors
affecting dain safety that allows a ranking, rating, or scoring of a number
of dams, It is more general and complete than a subjective assessment but
does not permit numerical comparison of likelihood or expected cost. Spe-
cific site conditions are often difficult to factor in, except subjectively. Sev-
eral examples of such a qualitative risk assessment are presented later in this
section.

In a formal risk assessment one estimates occurrence frequencies, rela-
tive likelihoods of different levels of response and damage, and the various
components of cost and consequences. Although an actual value of risk cost
is determined, this value often need not be considered in absolute terms but
as a number suitable for comparison among alternative risk reduction
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measures. An integral part of a risk assessment is that one should vary as-
sumptions about any of the study parameters to determine their effect on
the risk cost and (when used on risk management) on the optimal choice.

The most common format of a risk assessment involves the following
steps:

* Identification of the events or sequences of events that can lead to dam
failure and evaluation of their (relative) likelihood of occurrence.

* Identification of the potential modes of failure that might result from
the adverse initiating events.

*» Evaluation of the likelihood that a particular mode of dam failure will
oceur given a particular level of loading.

¢ Determination of the consequences of failure for each potential failure
mode,

s Calculation of the risk costs, i.e., the summation of expected losses
(economic and social) from potential dam failure.

A more detailed discussion of these steps is given below.

Step 1. Identify what loading conditions operate on the dam with the
potential to cause a dam failure, and estimate the frequency of occurrence
of these events.

The loading conditions that usually need to be considered are static res-
ervoir load, seismic load, and hydrologic (flood) load. However, for a spe-
cific dam other loads (see next section) may need to be considered. In the
course of the risk assessment, some loads may be ruled out as not having the
potential for dam failure. It is recognized that the estimation of the fre-
quency of hydrologic and seismic events with the potential to cause dam
failure is difficult to make with confidence because of the lack of historic
data. The evaluation of the likelihood of “internal” or “passive” initiating
events (foundation instability due to strength deterioration or piping) is
even more difficult. Nevertheless, such an estimate is a necessary part of
any risk assessment,

Step 2. Given the configuration, characteristics, and condition of the
dam-foundation-spillway system and the loading conditions to which it
will be exposed, identify the potential modes of failure that may result from
the loading events.

This is the first step in determining the response of the structure as well as
the consequences of failure. The detail to which the modes need to be iden-
tified is very much site- and problem-specific. In some cases the assessment
of risk and consequences may be satisfactorily made by assuming a com-
plete and instantaneous dam breach, while in other cases this assumption
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would yield a very unrealistic estimate of damages (and hence the benefits
of remedial measures).

Step 3. Estimate the likelihood that a particular mode of dam failure
will occur for a range of levels of potential adverse loadings.

The third step is perhaps the most difficult in the risk assessment process.
It is necessary to account for the entire range of loads through which it is
exposed and for how a dam responds to these loads. An estimate of response
is required for all types of loads over the entire damage potential range of
loads such that the “unconditional” risk of failure may be realistically as-
sessed. This step is one of the fundamental differences between a risk-based
safety assessment and the “maximum event” analysis that is in common
practice.

Step 4. Determine the consequences of failure for each potential failure
mode.

Once a mode of failure has been defined, the flood caused by the dam
break is routed through the flood plain. Inundation maps (and flow rates)
are used to estimate the potential for loss of life, the level of property dam-
age, and environmenta! impact. Uncertain factors such as season of year,
time of day, reservoir elevation, and antecedent precipitation might have
to be taken into account at this stage of the analysis. (These factors may also
be important in identifying appropriate remedial measures.)

Step 5. Determine the risk costs or “expected losses” associated with the
existing dam in its present condition.

The total economic risk cost is obtained by summing the product of the
likelihood of the loading condition, the likelihood of dam failure in differ-
ent modes given the loading condition, and the cost of the damages result-
ing from that failure mode over the entire range of load levels and failure
modes.

Similar calculations can be made for the expected losses of life or the
“social risk cost.” These require expressing the life loss consequences for
each potential failure mode in Step 4,

Risk-Based Methods for Prioritizing Dams

The Stanford risk-based screening procedure (McCann et al. 1983b,c) is
divided into three phases. The objective in the first phase is to identify the
expected losses given dam failure. The work involved includes tasks for
gathering data, an evaluation of the likelihood of dam failure due to a
number of initiating events, routing of a flood wave as a result of instanta-
neous dam failure, and an estimate of the direct losses. The data collected
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will include information on the dam, the spillway, downstream topogra-
phy and development, design criteria, inspection programs, ete. This cor-
responds essentially to the Phase I inspection of the National Dam Safety
Inspection Program.

In the second phase the expected loss due to dam failure is determined.
The probability of failure will be a function of the present structural capac-
ity of the dam and the likelihood of occurrence of loading conditions that
might induce failure.

The objective in the third phase is to consider the mitigation alternatives
that might be available, what their associated costs are, and the additional
level of safety they would achieve. An analysis of this type will provide the
decision maker with information on the cost-effectiveness of upgrading a
dam. The actual tasks include identification of a mitigation program to
upgrade the dam, determination of the cost of implementation, and a re-
evaluation of the expected loss for the dam in an upgraded condition. The
result of this phase is a ranking of the dams that can be based on a cost per
unit of increased benefit.

In several MIT Research Reports (1982) an analogous framework is pre-
sented for decision analysis of hazard mitigation measures for existing
dams. Several common decision situations are examined, including the
problem of allocating limited funds for remedial work to a large number of
dams. The proposed procedure is illustrated by means of a case study in-
volving 16 actual dams located in rural Vermont. The basic sources of in-
formation are the Inspection Reports issued under the National Dam In-
spection Program, where it is shown how costs, risks, and consequences can
be estimated for the status quo as well as under different alternatives for
upgrading.

A critical component in the analysis is of course the risk of dam failure,
which is estimated by an updating procedure that permits combining dif-
ferent sources of information. Based on general background information
on the group of dams under study (type, age, location), a subjective prior
risk is assigned. Using specific information on each dam (from the Inspec-
tion Reports), the prior risk is then updated using Bayes’s theorem. Empha-
sis is on demonstrating the flexibility of the model as it includes carrying
out a sensitivity analysis with respect to the decision criteria and the input
data.

As with all ranking and allocation procedures, an important step in the
implementation of risk-based methods is the uniformity with which the
method is applied. Consistency will be required in inspection reporting
practice, interpretation of inspection reports (specific wording is useful),
application of analysis procedures, etc. Regardless of the method adopted,
whether probabilistic or deterministic, unless a degree of consistency in ap-
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plication can be ensured, achieving a reliable and consistent ranking will
be jeopardized.

Methods of Index-Based (Qualitative) Risk Assessment

The development of a methodology to conduct a fast, reliable evaluation of
the safety of dams in a jurisdiction has not been limited to formal risk-based
procedures. In a preliminary risk assessment required to screen or prioritize
a large number of dams for inspection or rehabilitation, it may be appro-
priate to substitute an index-based procedure for formal quantitative risk
analysis. Several organizations have developed such index-based proce-
dures to provide a ranking or prioritizing of a system of dams, including the
U.S. Bureau of Reclamation; the U.S. Army Corps of Engineers; and the
states of Idaho, California, Pennsylvania, and North Carolina. T'wo of
these methods are discussed below, in particular the procedure suggested
by Hagen (1982) of the UU.S. Army Corps of Engineers and the Safety Eval-
uation of Existing Dams (SEED) program used by the U.S. Bureau of Rec-
lamation. These procedures consider the same factors as does a quantita-
tive risk analysis, but they are in terms of a set of ranking parameters that
take integer values between 1 and 5. A score of 1 is most favorable, a score
of 5 least favorable. According to Hagen’s method, the overall “relative
risk” index for a dam equals the sum of an “overtopping failure score” and a
“structural failure score,” i.e.,

R, =0, +8,

where O, = overtopping failure score = O; x Oy X Oy and §, = struc-
tural failure score = §; X S; x S3. The factors depend on the following
considerations:

Factor O;: Number of homes endangered by failure. (Based on differ-
ence in area inundated without failure and with failure, assuming water
surface at the top of dam. Dam failure hydrograph superimposed on dis-
charge prevailing at the time of failure.)

Factor Oy: Project flood capability in the percentage of current design
flood standard. (Assuming the probable maximum flood is the current de-
sign flood standard.)

Factor O3: Project capability to resist failure by overtopping. (Based on
inspection of the structure and review of design and construction records.)

Factor S;: Number of homes endangered by failure. (Area inundated is
obtained from dam failure with water level at the top of flood control stor-
age or normal maximum pool excluding surcharge used to pass design
flood.)
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Factor Sy: Evidence of structural distress. (Based on inspection of the
structure and review of design and construction records. )

Factor Sy: Potential seismic activity. (Based on dam location on seismic
zone map, knowledge of faults, recent earthquake epicenters, and dam de-
sign procedures.)

The maximum rating score for a dam by the selected rating scales would
be 250 (i.e., 125 associated with “overtopping failure” and 125 with “struc-
tural failure”). A dam with a smaller score than some other dam should
generally pose less of a risk.

Safety Evaluation of Existing Dams (SEED)

The U.S. Bureau of Reclamation has developed a program to evaluate the
safety of existing dams. The evaluation process includes a review of avail-
able data on a dam and a field inspection. The data review covers all as-
pects of the dam from geologic and seismic conditions to a review of the
construction experience and operations. A detailed evaluation report is pre-
pared on each dam, and a site rating (SR), a numerical measure of the
dam’s condition and damage potential, is assigned. A score is given on a
scale of 0 to 9 to various elements shown in Table 3-1. The SR is a sum of
the element scores.

During a field investigation a checklist of items is examined. For this
purpose the Bureau has prepared a handbook to assist the examiner in iden-
tifying areas of potential distress in the dam (SEED 1980). On the basis of
the site investigation, recommendations for upgrading are made, and their
significance is measured by a weighting system that considers a categories’
overall importance as well as its degree within each category. The sum of
the weights for all recommendations is added to the SR to give a SEED
value. The results for all dams are used to develop a SEED rank, where the
highest SEED value has a rank of 1.

Other features of the SEED program include information on estimates of
costs to carry out the recommended upgrades, scheduling information, sta-
tus of different upgrades, and key personnel involved in the project. In ad-
dition, the information is stored on a computer and is continually updated.

METHOD OF RISK ASSESSMENT FOR SPECIFIC CONDITIONS

It has been noted in previous discussions that an effective risk-based decision
analysis must incorporate site-specific conditions related to the most likely fail-
ure modes, hazard conditions, and possible remedial measures. The technical
elements that are common to different procedures of risk-based dam safety as-
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TABLE 3-1 Hazard Rating Criteria in Hagen’s Procedure

Condition

Age (years) Under 5 5-24 25-29 50—
(©) 3 {4) 9
General condition Excellent Good Fair Poor
{0) (3" (6) (9)
Seepage problems None Slight” Moderate  High
() 3) (€) 9

Structural behavior measurements current  Yes — Partial No
and within acceptable {0) (6} {9

Damage Potential

Low Moderate High Extreme

Capacity (acre-feet) 0-999 1,000-49,999  50,000~-499,999 500,000-

() 3 (6) 9)
Hydraulic height (feet) 0-39 40-99 100-299 300-

© ) ® (9
Hazard potential (0) 4) (8}
Hydrologic adequacy Yes — - No

©) 9)
Scismic zone 0-1 2 3 4

© @) ) ©

NOTE: Number in parenthesis is the weighting factor.

“Assumed if not given.

sessment are estimation of the frequency of occurrence of leading events, evalu-
ation of the response of the structure to the loading, and prediction of damage
downstream.

The approach to the solution of these technical problems is best examined in
the context of the major loading conditions to which the dam is exposed: static
loading, hydrologic loading, and earthquake-induced dynamic loading.

Risk of Dam Failure Due to Static Loading

To determine the risk of dam failure due to static loading, each of the failure
modes relevant to a particular dam needs to be identified. The items in the list
must preferably be all-inclusive and mutually exclusive, If the likelihood of cer-
tain failure modes is judged negligible compared with that of other modes,
these may be omitted from formal consideration. Once the potential failure
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modes have been identified, there are three basic approaches for estimating the
corresponding failure probabilities.

1. Analytical (probability) approach. In a common version of this method a
factor of safety is computed for the condition. The uncertainty in the calcula-
tion is guantified by examination of the ranges and the variation of the individ-
ual input parameters to the analysis. Based on this uncertainty analysis the
probability that the factor of safety will fall below 1 is determined.

2. Empirical (historical freguency) approach. In this method the number of
failures for similar dams for the same failure condition is determined and di-
vided by the total number of dam-years of operation for dams of this type as a
‘crude estimate of the probability of failure. The obvious limitation of the ap-
proach is the scareity of information in each narrowly defined category of dam
type, age, loading type, failure mode, etc.

3. Judgmental approach. In this method the investigator attempts to quantify
his judgment based on all available information. The judgmental statement may
be made directly in terms of annual probability of failure of the dam due to a
particular condition (e.g., probability of failure due to internal erosion = 1 x
10-3 annually), in terms of the chance of failure over a specified remaining
operational life of the dam, or as a fraction of the probability associated with
other modes (e.g., about twice the risk attributable to flooding and overtop-
ping).

The analytical-probabilistic approach is the most elegant of these meth-
ods; however, adequate data to support or justify such studies are often not
available. Some important potential failure modes do not lend themselves
to a factor of safety formulation as is common in stability analysis. Also, the
calculated probability of failure is very sensitive to the tails of probability
functions describing the various parameters, and these are not well known
at all. Therefore, it is not vet practical to incorporate these approaches in a
comprehensive program of assignment of risks to a number of potential
failure mechanisms from static loading.

A combination of the empirical and judgmental approaches appears to
be most practical at the present time. Historical failure probabilities can be
obtained for specific conditions and types of structures, but they need to be
adjusted based on the conditions at a particular dam. This adjustment is
based on the inspection, analysis, and judgment of the engineers perform-
ing the safety evaluation of the dam. The two estimates may be combined
by means of a Bayesian updating procedure in which a weight is assigned to
the relative confidence in each of the estimates (historical and engineer’s
judgment). Such a procedure is easily understandable, consistent with the
level of data available, and practical to implement.
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Flood Risk Assessment

Flood risk assessment has been practiced for many years in the study of
water resources. Procedures used have been reviewed, evaluated, criti-
cized, and extolled by experts in probability theory, hydrology, meteoro-
logy, mathematics, and other disciplines. Because of lack of agreement on
the most appropriate methodology for estimating flood probabilities, the
U.S. Water Resources Council recently directed the Interagency Hydrol-
ogy Committee, under the council’s auspices, to select a unique technique
for computing flood probability for gaged locations. The commitiee re-
sponded by declaring that a unique technique does not exist that will pro-
vide the best answer for all locations and conditions. Nevertheless, the
committee recommended that the Pearson Type 111 distribution with log
transformation of the flood data be used as an uniform technique. The
most recent publication describing the results of the Hydrology Commit-
tee’s effort is Bulletin 17B. No similar publication has been developed for
ungaged locations, This does not mean that adequate methods are not
available but only that experts cannot agree on a single best method for
every condition. The procedure recommended by Bulletin 17B covers flood
events with return periods of 1:500 years only. Extrapolation to extreme
rare events is not covered.

Traditionally, flood probability has been expressed in terms of annual
exceedance probability. This means that specific flood magnitudes have an
assigned probability of being exceeded during any given year. The use of
exceedance probability for conveying the risk of the design flood being ex-
ceeded during the useful life of a project is extremely important in judging
inflow design floods for sizing spillways and establishing crest elevations.
For example, if a designer expects to establish an inflow design flood that
would have a .01 probability (1% chance) of being exceeded during a 200-
year useful life, a flood event with an annual exceedance probability of
.00005 would need to be selected. This corresponds to an average ex-
ceedance interval (AEI) of 20,000 years and would be near the magnitude
of a probable maximum flood. While analytical procedures (such as the
binomial distribution) can be used to estimate such an event, the historical
record is rather short, and such extreme extrapolations are difficult. Ex-
trapolation becomes increasingly uncertain the further it is carried beyond
the length of the period of record. Historical records of flood events are
rather limited in the United States; therefore, in general, extrapolations
beyond an annual exceedance probability of .01 (100 years AEI) will have a
limited degree of reliability. In any case the analyst should quantify the
uncertainty in the estimated exceedance probabilities.
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There has been much debate regarding the wisdom of attempting to find
an acceptable means for estimating the probability of extreme flood events.
Mathematical formulas recommended for this purpose are always suspect
because of the data sample available. Regional processing of data is used to
improve the reliability of results. Historical records are searched to obtain
evidence regarding past occurrences of large floods. Because of better data
on historical storms, precipitation data are converted to runoft and proba-
bility of floods estimated from the larger data samples. Tree rings, sun
spots, and other indicators of significant climate changes have also been
proposed for estimating the probability of extreme floods. Stochastic hy-
drology uses random number generators to simulate long periods of flood
record of any length desired. However, the generated floods are con-
strained by the statistical parameters of the relatively short actual data
sample used to derive the parameters. For the probable maximum flood
(PMF) the best approach for purposes of conducting a risk-based decision
analysis may be to extend peak flow-probability relationships to conven-
tionally derived values of PMFs by some reasonable mechanism., A PMF is
defined as the largest flood considered reasonably possible for a specific
location and its probability of exceedance should be close to zero. The func-
tion describing annual exceedance probability could be extended in a
smooth curve from the limit of the relation obtained by historical records of
flood events until the curve becomes asymptotic to the PMF value. The
extended curve can then be varied in sensitivity studies accompanying the
risk-based decision analysis.

Earthquake Risk Assessment

Earthquakes pose a multitude of hazards to dams, either by direct loading
of the structure or by initiating a sequence of events that may lead to dam
failure. For example, strong ground shaking or fault offset at the dam foun-
dation are direct loads on the structure, while an upstream dam failure,
seiche, or landslide into the reservoir are earthquake-generated events that
can lead to overtopping and failure.

A comprehensive probabilistic seismic risk assessment involves these two
steps: (1) evaluation of the likelihood of occurrence of levels of seismic load-
ing at the dam site (seismic hazard analysis) and (2) evaluation of the condi-
tional probability of the different modes of dam failure given the occur-
rence of seismic loads (conditional reliability analysis). Overall seismic
safety assessment requires combining the information generated in these
two steps. The hazards typically associated with earthquakes are ground
shaking, faulting, seiche, landslide into the reservoir, and upstream dam
failure.
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It is the job of the risk analyst to identify those failure scenarios that are
the most significant contributors to the chance of an earthquake-induced
dam failure. For example, slope instability of the upstream face of an earth
embankment and liquefaction of the foundation may be postulated as po-
tential failure modes when the dam is subjected to strong earthquake
ground shaking. Once the hazards and corresponding modes of dam failure
have been identified in a preliminary way, the risk analysis proceeds to the
evaluation of the probabilities in each step of load-response-failure se-
quence. In the case of ground shaking and faulting the techniques available
to evaluate occurrence probabilities are well established. However, the
comment made in reference to the evaluation of the risk of extreme hydro-
logic events also applies here. The uncertainty in key input parameters
leads to considerable variability in the estimates of probability of occur-
rence of earthquakes that have the potential of causing dam failure. It is
therefore necessary to quantify the uncertainty in estimated seismic haz-
ard.

A variety of opportunities are available to conduct probabilistic analy-
ses, the number depending on the failure under consideration. As an exam-
ple, various approaches exist to perform probabilistic slope stability analy-
ses. The result of the probabilistic analysis expresses the chance of failure as
a function of load level. These conditional probabilities usually increase
monotonically from 0 to 1 as loading increases. Among the sources of un-
certainty are the variability of material properties in the dam, the response
prediction for known values of the input parameters, and in defining the
failure state.

CONSIDERATION OF REMEDIAL ACTIONS

The dam owner and engineering staff should become aware of and evalu-
ate remedial measures that are available either to reduce the likelihood of
dam failure or to reduce its consequences. These remedial measures can be
structural or nonstructural. They are available individually or in combina-
tion with other remedial measures. The structural measures generally ob-
tain their effectiveness from reducing the likelihood of the dam failure,
whereas nonstructural measures may either reduce the likelihood of failure
or reduce the consequences. The value of remedial measures is measured by
the benefits obtained, the costs associated with the measure, and the ad-
verse effects of implementation of the measure. Benefits may involve re-
duction in the number of lives lost, reduced damages, improved project
outputs, compliance with regulatory or design requirements, ete. Costs
should include future expenditures as well as the initial expenses required
to make the measure effective. Indirect costs may be involved in some of
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the measures. The action may require a party other than the owner to
spend money,

Discussed below are the most common alternatives available to an engi-
neer or owner facing the decision of how to remedy problems with existing
dams. The emphasis in the discussion of each alternative is on its impact on
failure risk and consequences. Of course, in a formal risk assessment this
qualitative evaluation is quantified in terms of fractional risk reduction
and reduced losses in the event of a failure. A number of examples are pre-
sented in the section Examples of Risk Assessment and Decision Analysis.

The Status Quo Alternative

Do Nothing. 'This is the reference alternative to which other measures are
compared. If it is selected, there will obviously be no change in the conse-
quences or the likelihood of failure.

Structural Measures

Struetural remedial measures can usually be classified as modifications of
the dam, modifications to the spillway, corrective maintenance, or con-
struction of new facilities, as follows:

Modifications of the Dam. A dam may be modified to reduce conse-
quences of failure, to reduce the likelihood of overtopping, to enhance the
structural integrity, or to resist erosion and external damage. In each case
these improvements act to reduce the likelihood of dam failure. The mea-
surement of change in the likelihood of dam failure is often difficult; how-
ever, it is usually accomplished by describing the effectiveness in reaching
design standards. The cost of improvements to comply fully with design
standards is often prohibitive. Therefore, evaluation of many alternative
measures may be needed to determine which measures are the most cost-
effective in reducing the risk of dam failure.

Reservoirs may be lowered or dams removed to reduce or eliminate the
consequences of their failure. Such measures are not attractive to dam
owners because the benefits from the dam are diminished or eliminated.
Similarly, an owner’s liability from the consequences of dam failure is also
reduced or eliminated. These measures generally involve high costs and can
have large adverse effects. Sediment accumulated in the reservoir area will
be subject to transport downstream if the dam is removed. The environ-
mental aspects of the reservoir area are also difficult to resolve when a dam
is removed. Removal of a dam can affect those secondary users who have
become accustomed to its presence and have learned to rely on it.
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Increasing the height of a dam to reduce the likelihood of overtopping is
most effective when it will fully accommodate the requirements for the in-
flow design flood. The increased dam height will result in increasing the
consequences of its failure when full. It will also increase the potential level
of the reservoir and flood lands previously unaffected by the project. Thus,
this measure is not usually a viable alternative when there is concentrated
development around the reservoir rim. When raising the top elevation of
the dam, care must be taken to ensure that the foundation is capable of
supporting the additional load. The cost associated with this measure may
be high. However, when only a few feet of height are needed to comply
with design standards, a wall or dike possibly may be constructed along the
top of the dam within cost constraints.

Modification of the Spillway. Spillway modifications may be needed to
enhance its ability to pass greater floods or improve its ability to resist ero-
sive action during higher velocity flow. Creater capacity will reduce the
likelihood of failure by larger floods, while better eroston resistance will
reduce the likelihood of failure during the passage of the spillway’s current
capacity. It is a possibility that enlarging a spillway may increase the rate
of discharge for more frequent storms and cause downstream flooding to
increase in frequency.

Spillways may be widened or their crests lowered to increase tlow capa-
bility. Additional spillways may also be provided to obtain greater flow
capacity. These types of improvements can vary from a quick fix with a
bulldozer to an elaborate new gated facility. If the crest is lowered without
the addition of gates, the ability of the project to perform its intended fune-
tions may be seriously compromised. Also, new lands may be needed to
accommodate the additional flow downstream from the spillway. Emer-
gency spillways or fuse plug type spillways may be considered as an eco-
nomical means of avoiding dam failure and reducing risk.

In some cases there is serious concern about an unlined spillway’s ability
to pass intended flows without rapid erosion followed by sudden discharge
of the reservoir, which would be tantamount to a dam failure. In dam
safety the objective is to avoid the sudden release of the reservoir. Damage
to the spillway and to the dam are usually anticipated during the inflow
design flood; however, maintenance of spillway crest is necessary to reduce
the likelihood of sudden release of water. Types of protection may range
from grass cover to an expensive concrete lining. Adverse effects are nor-
mally not severe.

Construction of Upstream Facilities. Reduction of the magnitude of flow
reaching a dam of concern can be accomplished by construction of an up-
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stream dam or diversion facility. Depending on the nature of the facility,
the likelihood of dam failure by overtopping may be slightly reduced or
essentially eliminated. The failure consequences would also be reduced.
Generally, costs associated with these measures are large. Adverse effects
may also tend to discourage their implementation.

Corrective Maintenance. Whenever apparent deficiences are observed at
a dam, measures can be taken to reduce or eliminate the source of defi-
ciency. The types of deficiency can be associated with internal or external
features of the dam, or they can be associated with the stability of the spill-
way. Some of these methods include replacing concrete, bringing the top of
the embankment up to grade, outlet repairs, replacing riprap, etc. These
methods may become expensive but are normally not when taken care of in
a timely manner. The effect of performing this maintenance is largely ben-
eficial.

Leveling the Top of an Earth Embankment. This may be an applicable
measure in cases where an allowance for settlement was made but has not
taken place as anticipated (and is not expected to), resulting in a “crown”
effect.

Because earth fills and their foundations are expected to consolidate and
settle over time, it is common practice to camber or overfill earth embank-
ments. Although reasonable allowances for this settlement are made, it is
impossible to predict accurately the amount of settlement that will occur.
The result is that in many cases, after essentially all settlement has oc-
curred, the crest of the dam is not level, thus leaving an opportunity for
concentration of flow if overtopping were to occur. This can be especially
critical for dams not capable of withstanding floods as large as the PMF
(e.g., low hazard dams). This concentrated flow has been specifically cited
as a major contribution to some severe damage in actual overtoppings.

Implementation of this remedial measure would involve “shaving” off
the camber and providing a level weir. For example, this could provide
overtopping the entire length of dam by 1.5 feet instead of a concentrated
flow at the abutments of perhaps twice that amount. Cost would be in the
moderate range in this case, and the procedure would reduce the likelihood
of failure due to overtopping. It is recognized that overtopping flows will
concentrate in groins and, therefore, that special erosion protection would
be needed there,

Other Remedial Measures. The above listing gives some common possible
remedial measures. However, remedial actions are often quite site-specific
and relate to the particular modes of failure (seepage, piping, liquefaction,
deformation, ete.) that may be most relevant to a specific dam. Repair or
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strengthening of a parapet wall, plugging an access opening in a parapet
wall, constructing a small dike downstream of the existing dam, relocating
the dam to a new site, densification of the foundation, installation of relief
wells downstream of the dam, and construction of stability berms are some
examples of constructed or proposed remedial structural measures that can
be implemented at a specific site or in a specific problem situation.

Nonstructurgl Remedial Measures

Nonstructural remedial measures, such as those listed below, can be used to
reduce the likelihood of dam failure and the consequences of dam failure.

Intensive Surveillance. 'This can be done to monitor dams with suspected
or known problems. Depending on the specific site, various features may
need inspection surveillance at different frequencies. Special inspections
may be called for during or immediately following significant natural
events, such as large floods or earthquakes. This alternative measure would
usually need to be coupled with other structural or nonstructural measures,
such as a lower operating pool, or may be used temporarily until positive
measures are taken. Inspections themselves neither reduce the likelihood
nor the consequences of dam failure; however, they can be effective in re-
ducing risk if appropriate follow-up action is taken.

Reservoir Regulation. This provides a means to reduce the likelihood of
failure. This may be a reduced likelihood of overtopping through lowering
a reservoir to provide additional storage capacity for floods or it may be
related to increased upstream slope stability through reducing the rate of
drawdown. Reservoir restriction may be permanent, seasonal, or based on
flood forecasting. The latter regulation can greatly reduce the probability
of failure, but it may have no effect on the consequences of failure. Reser-
voir restriction by which the maximum reservoir elevation is limited year-
round below the design level can reduce both the probability of failure and
the consequences of failure. A case history of an example of the use of risk-
based decision making to reduce risk by reservoir restriction is presented in
the section Examples of Risk Assessment and Decision Analysis.

The cost of this alternative is generally low. However, other impacts can
be significant by reducing benefits of the project and also by adverse envi-
ronmental and economic effects in and around the reservoir area of the
dam.

Emergency Action Plans.  An emergency action plan (see Chapter 2) is a
nonstructural measure that can be used as a temporary alternative until
meore positive remedial measures can be implemented. Such a plan does not
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reduce the likelihood of failure; however, it can be effective in reducing the
consequernces of one.

Flood Plain Management. A flood plain management program can be
applied to all or only a portion of the area inundated by dam failure. Simi-
larly, the program can be applied only to modification of uses of the flood
plain or can be expanded to include existing uses. The preparation of inun-
dation maps, as has been done in California, is a relatively conservative
measure of modest cost. Such maps will not reduce the probability of fail-
ure but will provide a basis for determining the impact of a flood, which
enhances evacuation and reduces liability.

Included are such measures as permanent relocation of downstream
structures, change in existing land use, floodproofing of structures, instal-
lation of individual or group levees to protect a damageable area from
flooding, and purchase or other land-use controls to keep future develop-
ment from being subjected to flooding. Since these alternatives do not af-
fect the dam itself, there is no change in the likelihood of failure,

The cost of this alternative can be quite high, depending on the nature of
development or property values in the affected area. It should be noted
that some measures, such as levees, may need to be higher (to contain flows
from a breach) and therefore may be more expensive than they would if no
dam existed. Social impacts could also be high, particularly in some areas
involving relocation.

EXAMPLES OF RISK ASSESSMENT AND DECISION ANALYSIS

In this section a number of case studies involving the application of risk
analysis to dams will be described. The emphasis in each write-up is on the
problem formulation and the results. The risk assessment methodology is
briefly summarized, but its details are not presented and may be found in
the case study reports that are referenced.

Case I: Jackson Lake Dam

During the U.S. Bureau of Reclamation’s review of its existing structures
for adequacy of performance under current earthquake criteria, Jackson
Lake Dam was identified as being located in an area with the potential for
strong earthquake shaking. The fine-grained soils on which the embank-
ment portion of the dam was founded and the hydraulic fill methods that
were used to place a portion of the earth embankment presented the poten-
tial for liquefaction at the site under strong earthquake loading. A drilling,
sampling, and laboratory testing program was initiated to define the loca-
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tion and physical properties of the various materials in the embankment
and foundation. Once this information was obtained, a dynamic analysis
of the dam with any proposed modifications or treatments could be carried
out.

Because it was anticipated that it would be several years for any perma-
nent remedial measures to be completed, temporary restrictions on the wa-
ter level at Jackson Lake were considered. A risk analysis was performed to
assess the probability of an overtopping condition as a function of the re-
striction level and to assess the level of downstream damage as a function of
various modes of failure and restriction levels. The risk of overtopping was
computed as a function of the probability of occurrence of various levels of
earthquake, the probability of various structural responses due to these
earthquakes, and the probability that the reservoir would be at an eleva-
tion that would lead to overtopping. The analysis showed that at elevation
6756.5 the risk of overtopping due to the primary mode of failure under
consideration (liquefaction at base level of 6750) was reduced by about 50
percent (see Figure 3-1). Furthermore, it was seen by analysis of the out-
flow hydrograph that even in the event of overtopping (from the primary
mode of failure hypothesized) the flood produced with the water level re-
stricted to this level would be greatly reduced (see Figure 3-2). This level of
reduction in risk appeared appropriate, but the magnitude of the benefits
still needed to be incorporated into the decision analysis.

The overtopping risk analysis for restricted elevations below 6760 as-
sumed the reservoir would be maintained at the restricted elevation on a
year-round basis. Actual operations could produce a variable water level at
about the mean elevation and yet minimize impact on recreational inter-
ests affected by the actual lake level as well as the timing and amount of
releases. An operational plan that satisfied these objectives was developed
by regional and project personnel. The plan called for water levels at eleva-
tion 6760 for 1 month out of the year but below elevation 6755 for about 9
months. These criteria provide a lower risk of overtopping than a constant
restriction level of 6756.5 but present the potential for larger floods during
the 1-month period when elevations reach elevation 6760 if overtopping
were to occur during this period; however, the total benefits of this operat-
ing plan appeared to outweigh this short-term increased hazard.

The question of a level of acceptable risk is brought to bear at Jackson
Lake as the twin goals of maintaining dam safety and providing maximum
benefits from the project are brought together. Responsible management of
a public facility in such a case requires that an objective assessment be
made of the hazard, the risk of failure, and the loss in benefits due to any
restriction imposed. A decision analysis model was used to provide a con-
venient format for presentation of all available information and to permit
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FIGURE 3-1  Risk of overtopping versus reservoir elevation of Jackson Lake. (*From liquefac-

tion failure due to earthquake plus effect of a seiche. Primary mode: liquefaction at base level
of 6750.)

an objective evaluation of the data. Although the data were limited, the
risk analysis clearly showed a marked decrease in the risk of overtopping
with decreasing reservoir elevation.

Analysis of the flood hydrograph for the most likely hypothetical failure
mode likewise showed a significant decrease in potential hazard with de-
creasing reservoir elevation. Examination of these relationships and deter-
mination of a reservoir operation procedure that minimizes adverse impact
from a restricted reservoir level permitted establishment of a reservoir op-
eration plan that provides for a meaningful reduction in risk to the public
while maintaining the usefulness of the reservoir,

Case II: Island Park Dam

Island Park Dam is located on the Snake River in eastern Idaho. Its purpose
is to provide storage and regulation of water for supplemental irrigation.
There are some flood control benefits associated with the dam but only on
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an informal basis relying on forecasting techniques within the drainage ba-
sin. The reservoir is popular as a recreation area and has an abundance of
campsites as well as private homes along its shores.

Island Park Dam is a zoned earthfill structure approximately 91 feet in
height. The exterior slopes are 4:1 upstream and 2:1 downstream. The
embankment materials consist of a 3-foot thickness of riprap on the up-
stream face, an impervious central core flanked by shells of semipervious
material, a rockfill section on the downstream side, and a zone of selected
free-draining material at the downstream toe of the semipervious section.
A long dike extends to the east of the dam. The dike is a homogeneous em-
bankment with riprap on the upstream face. The structure height of the
dike is generally less than 15 feet, and exterior slopes are 3: 1 upstream and
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FIGURE 3-2 Jackson Lake flood and flood effects® versus reservoir restriction level. (*Given
that overtopping occurs and that failure is in the primary mode with a 400-foot hreach.)
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2:1 downstream. Crest length of the embankment is approximately 9,500
feet. Appurtenant structures are located on the right abutment and consist
of a double-side channel concrete spillway inlet transitioning to a concrete-
lined circular tunnel and a concrete-lined outlet works tunnel controlled by
four 5 x 6-foot high-pressure gates.

A U.S, Bureau of Reclamation technical memorandum presents the
results of studies conducted to address the problem of providing adequate
freeboard for Island Park Dam. This could be accomplished by various
combinations of the actions mentioned in the next subsection. Additional
factors complicated the issue considerably. These factors included the fol-
lowing:

* Anincrease in the maximum discharge for the existing service spillway
results in downstream property damage.

® An increase in reservoir elevation above 6305.0 may cause upstream
property damages.

¢ Recent insect infestation of the surrounding forests raises the possibil-
ity of significant debris accumulation in the reservoir. Concern has been
expressed about the potential plugging of the existing spillway inlet struc-
ture with debris.

Alternatives to Be Examined

The report examines the following alternatives to provide adequate free-
board for Island Park Dam:

1. “Do nothing” alternative.

a. Assume inadequate frecboard for the flood events (no plugging).
b. Assume adequate freeboard for the flood events (no plugging).

2. Continue use of the existing structures and provide adequate free-
board for the flood events and possible plugging of the existing service spill-
way.

3. Raise the crest of the dam and dike to store the inflow design flood
(IDF) volume due to plugging of the spillway inlet and provide adequate
freeboard.

4. Raise the crest of the dam and dike to control the inflow flood volume
and provide adequate freeboard. Provide an emergency overflow area at
the left dike to handle the volume of water due to plugging of the existing
spillway.

5. Provide an auxiliary spillway to restrict the maximum water surface
with or without regard for plugging of the existing service spillway.

6. Provide an auxiliary outlet works to restrict the maximum water sur-
face with or without regard for plugging of the existing service spillway.
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Results of the Analysis

With so many alternatives available as possible solutions to the problem of
inadequate freeboard at Island Park Dam, a framework for their examina-
tion according to a common standard was required. The framework used
was a risk-based decision analysis. The methodology operates on the fol-
lowing basic concepts:

1. Cost is the common denominator by which various alternatives may
be compared.
2. Two types of costs are determined:
a. Costs due to construction, maintenance, etc., or capital invest-
ment. These are direct costs.
b. Costs due to damages incurred through the normal operation or
failure of a structure during flood events. These are expected risk
costs.

The second types of costs have a probability of being incurred that must
be factored into the calculation to allow comparison with direct costs. To-
tal expected costs are then determined for the different alternatives. The
results are tabulated below, with the component costs shown in the bar
chart on Figure 3-3:

Alternative No. 1A $ 1,790,000
Alternative No. 1B 970,000
Alternative No. 2 1,410,000

Alternative No. 3 3,620,000
Alternative No. 4 2,460,000
Alternative No. 5 11,480,000
Alternative No. 6 7,000,000

Sensitivity Analysis

Before making any conclusions on the least-cost alternative, a sensitivity
study was conducted to determine the impact of different probabilities of
occurrence (for the flood events and spillway inlet flow restriction) on the
computed risk costs. The probabilities are a reflection of engineering judg-
ment, which is not constant from individual to individual. Therefore, three
individuals from the field of dam and spillway design were polled for their
response to the following question. Responses to the question are provided
along with the judgment used by this study.

What is the probability that a spillway inlet restriction (such as described
in this study) will occur during the 100-year flood, 1,000-year flood, and
IDFs?
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The results of using the above probabilities in the analysis are plotted on
Figure 3-3 as points next to the bars representing results from the original
study. Note that the only significant impact on risk costs are on the down-
stream risk costs. The upstream risk costs are virtually the same for each set
of probability assumptions. Also, only alternatives 1A, 1B, and 2 are af-
fected. (A second sensitivity analysis was made by assuming that the peak
and volume IDFs have a recurrence interval of 1,000 years rather than
10,000 vears.)

Conclusions

Notwithstanding the “other factors” presented for consideration by the de-
cision maker, the results of the risk-based decision analysis for Island Park
Dam (hydrologic aspects) are as follows:

s Alternatives 5 and 6 are not justified on the basis of risk.

¢ Modification of reservoir operation may essentially eliminate up-
stream and downstream risk costs without any structural modification.

e Some combination of alternatives 1B, 2, and 4 should be required if
formal modification of reservoir operation is not possible.
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¢ A decision is required as to the effectiveness of log booms in protecting
against accumulation of debris at the spillway inlet causing flow restric-
tion.

The report makes it clear that this analysis is intended to provide input to
the decision-making process and does not compromise the design process.
There is no single exact solution to the problem. The effort is on presenting
available data in a clear and concise manner. Conclusions and recommen-
dations are made to give the decision maker insight to the reasoning.

Case III: Willow Creek Dam

Willow Creek Dam is located approximately 4 miles northwest of Augusta,
Montana, in Lewis and Clark County, The reservoir stores and regulates
irrigation water and has an active storage capacity of approximately
32,400 acre-feet at a normal water surface elevation of 4142.0 feet. Ap-
proximately 2,600 acre-feet are available for flood storage to the crest of
the existing spillway at elevation 4144.0.

The main embankment, a homogeneous earthfill structure, was con-
structed on Willow Creek about 1-1/2 miles upstream of the confluence
with the Sun River by the U.S. Bureau of Reclamation between 1907 and
1911. The dam was raised in 1817 and again in 1941 with five dikes placed
in low saddles in the northern shoreline. The existing embankment is 93
feet high and 650 feet long with a crest elevation of 4154.0 feet. A grass-
lined, uncontrolled, open-channel emergency spillway is located about
3,600 feet north of the dam. The spillway crest consists of a 700-foot-long,
6-foot-deep buried concrete cutoff wall protected by riprap on both up-
stream and downstream sides.

A flood in 1964 caused a small flow, approximately 30 cubic feet/second,
through the grass-lined natural-channel emergency spillway at Willow
Creek Reservoir and resulted in an erosion phenomenon known as headcut-
ting, This occurrence for a minimum flow caused concern that spillway
flows expected from the PMF's could result in erosion cutting back to and
failing the spillway crest wall, releasing the reservoir into the Sun River
Valley.

The Decision Problem

Examination of the situation at Willow Creek showed the basic elements to
be as follows:

& The existing emergency spillway was hydraulically capable of passing
the revised PMF.
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¢ A real but uncertain potential existed for erosion to occur to an extent
great enough to cause loss of the reservoir through the spillway for dis-
charges ranging from those with a reasonable probability of occurrence to
those with a highly remote probability of occurrence.

¢ Loss of the reservoir through the spillway appeared to constitute a low
hazard considering the remoteness of the site, the time factors associated
with failure development, the interrelationship of the flood on the Sun
River to the discharge from Willow Creek, and the incremental nature of
property damages that would result from a postulated failure,

It was determined that consideration should be given to providing for a
flood less than the PMF and at the same time increase confidence in the
capability of the spillway to pass the more probable lesser magnitude flows
without experiencing serious headcutting problems.

To determine the cost-effectiveness of these options, the costs of provid-
ing for the PMF were compared with the costs of providing for a lesser
flood plus the inherent risk costs associated with providing for less than the
PMF.

The final decision between designing for the PMF and a lesser event
would censider the cost comparison between the two schemes as well as
other factors that are not incorporated into the cost analysis (agency credi-
bility, funding, public acceptability, etc.).

Risk Assessment

The decision analysis study for Willow Creek spillway modification alter-
natives requires as input the risk cost associated with alternatives that pro-
vide for an IDF less than the PMF,

The risk cost is not an actual expenditure but rather the cost put “at risk™
by providing for a specified design level of event. The annual risk cost is
computed by multiplying the damages and losses resulting from a failure
event times the annual probability of the event occurring. The total risk
cost includes this product for all potential events exceeding the specified
design level event integrated over the design life of the project,

Damage costs are determined by appraising the consequences of struc-
ture behavior for various conditions. Secondary damage costs such as loss of
employment and water and power supplies are not addressed. The only
primary cost considered is the direct cost due to inundation. This damage
cost may be estimated from that experienced during previous floods, as was
done for the initial assessment for the cost analysis. A preferred method
employs current aerial photographs of the affected area since this includes
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TABLE 3-2 Cost Analysis of Design Alternatives

Total
Spillway Recurrence  Probability of Construction Expected
Discharge Interval, Exceedance, Costs, Risk Cost, Cost,
{£6%s) I {ycars) P (percent)  C(dollars)  C{dollars)  C (dollars)
500 235 34.7 —_ 6,030,000 6,030,000
1,000 434 20.6 — — —
5,500 4,000 2.5 380,000 360,000 740,000
10,000 12,600 0.8 — — —
PMF 892,000 0.1 2,500,000 10,900 2,511,000

any construction that may have taken place since the last flood and may
permit categorizing the damage as to building type or use.

Several design alternatives capable of controlling the PMF were devel-
oped, the least costly of which was estimated at a total cost of $2.5 million.
It was found that a design protecting the existing emergency spillway for
flows less than those of the PMF would be more cost-effective ($0.74 mil-
lion versus $2.51 million). The different cost components are presented in
Table 3-2 for the different alternatives.

REFERENCES

Bohnenblust, H., and Vanmarcke, E. H. (1982) “Decision Analysis for Prioritizing Dams for
Remedial Measures: A Case Study,” MIT Department of Civil Engineering Research Re-
port R82-12.

Hagen, V. K. (1982) “Re-evaluation of Design Floods and Dam Safety,” Transactions of 14th
International Congress on Large Dams, Vol. 1, Rio De Janeiro, Brazil, pp. 475-491.

Langgeth, D. {1982) “Spillway Evaluation in Dam Safety Analysis,” MIT Ph.D. thesis.

Lin, J. 8. (1982) Probabilistic Evaluation of the Seismically Induced Permanent Displace-
ments in Earth Dams, MIT Ph.D. thesis, Report No. R82-21.

McCann, M. W., Jr., Franzini, J. B., and Shah, H. C. (1983a) Preliminary Safety Evaluation
of Existing Dams— Volume I, Department of Civil Engineering, Stanford University, Stan-
ford, California.

MecCann, M. W., Jr., Franzini, J. B., and $hah, H, C. {1983b), Preliminary Safety Evaluation
of Existing Dams— Volume I, A User Manual, Department of Civil Engineering, Stanford
University, Stanford, California.

U.S. Bureau of Reclamation (1980) Safety Evaluation of Existing Dams (SEED}, Government
Printing Office, Washington, D.C.

Vanmarcke, E. H. (1974) “Decision Analysis in Dam Safety Monitoring” in Proceedings Engi-
neering Foundation Conference on the Safety of Dams, Henniker, New Hampshire, pub-
lished by ASCE, pp. 127-148.

Vanmarcke, E. H., and Bohnenblust, H. (1982) Risk-Based Decision Analysis for Dam Safety,
MIT Dcpartment of Civil Engineering Research Report R82-11.



70 SAFETY OF EXISTING DAMS

RECOMMENDED READING

Germond, J. P. (1977} “Insuring Dam Risks,” Water Power and Dam Construction, June,
pp- 36-39.

Gruner, E. (1975} “Discussion of ICOLD’s ‘Lessons from Dam Incidents’,” Schweizerische
Bauzeitung, No. 5, p. 174.

Howell, . C., Bowles, D. S., Anderson, L. R., Canfield, R. V. (1980) Risk Analysis of Earth
Dams, Department of Civil and Environmental Engineering, Utah State University, Lo-
gan.

Mark, R. K., and Stuart-Alexander, D. E. (1977) “Disasters as a Necessary Part of Benefit-
Cost Analysis,” Science, 197 {(September), pp. 1160-1162,

McCann, M, W., Jr., Shah, H. C., and Franzini, ]. B. (1983), Application of Risk Analysis to
the Assessment of Dam Safety, Department of Civil Engineering, Stanford University, Stan-
ford, Calif.

Pate, M.-E. (1981) Risk-Benefit Analysis for Construction of New Dams: Sensitivity Study and
Real Case Applications, MIT Department of Civil Engineering Research Report No,
R81-26.

Schnitter, N. (1976) “Statistische Sicherheit der Talsperren,” Wasser, Energie, Luft, 68 (5),
pp. 126-129.

Shah, H. C., and McCann, M. W, Tr. {1982) Risk Analysis—It May Not Be Hazardous to
Your Judgment, paper presented as a keynote lecture at the Dam Safety Research Coordina-
tion Conference, Denver, Colorado.



Hydrologic and Hydraulic
Considerations

GENERAL APPROACH

Purpose

One aspect of the investigation of the overall safety of an existing dam is an
assessment of the probable performance of the project during future ex-
treme flood conditions. Because the actual timing and magnitude of future
flood events are indeterminate, such assessments cannot be based on rigor-
ous analyses but must be made by analyzing the probable function of the
project during hypothetical design floods. Generally one such hypothetical
flood, called the spillway design flood (SDF), is adopted as a tool for assess-
ing the capability of a project to withstand extreme flood conditions.

In general, there are no legal standards for the magnitude of the flood
that a project must pass safely or the type of analyses to be used. Also, there
are no procedures and criteria for such assessments that are universally ac-
cepted in the engineering profession. However, a number of state agencies
have adopted procedures and criteria for hydrologic and hydraulic investi-
gations that provide appropriate guidelines for assessments of dam safety
where the governmental agency responsible for dam safety has not speci-
fied the bases to be used. The current procedures and criteria considered
appropriate for general application are described in this chapter.

It should be recognized that hydrologic and hydraulic analyses for dam
safety assessments represent a very specialized and complex branch of engi-
neering for dams. For any project where the consequence of dam failure

71
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would be serious, these analyses should be directed by an engineer trained
and experienced in this specialized field. Because this is a complex field, the
coverage in this chapter is limited to some of the basic concepts involved,
and the reader is directed to the references and recommended reading sec-
tions of this chapter for further development of subjects of special interest.

Data Needs

Before beginning any hydrologic or hydraulic analysis, a review should be
made of any available design records for the dam and spillway. Informa-
tion such as discharge rating curves or tables, storage capacity, and perti-
nent dimensions of spillways and outlets should be made available. The
procedures used in the design of the spillway should be compared with cur-
rently accepted techniques and criteria. If it is evident that the original
design bases gave results substantially in accord with current practices, fur-
ther investigation may be limited to verifying that the existing project
meets the adopted design objectives. If, however, the bases used, such as
design storms, are considerably different from what would be acceptable
today, then a revised flood study is required.

The review of project design bases should consider data made available
since project construction. For example, in recent years the National
Weather Service (formerly the U.S. Weather Bureau) has updated almost
all its storm estimates for the United States. Also, any available flood stud-
ies for areas within or near the watershed should be consulted. Sources of
such information may be the U.S. Army Corps of Engineers, U.S. Bureau
of Reclamation, Soil Conservation Service, the state dam safety agency,
and other dam owners in the area.

Hydrometeorologic characteristics of the watershed of the dam, such as
the mean annual precipitation and mean annual flow, should be devel-
oped, and past storage fluctuations or reservoir seasonal operation records
should be evaluated. Data on unusual hydrologic events, such as peak in-
stantaneous flood flows and operation of gates to spill excess runoff, should
be obtained. Such background information permits comparisons of re-
corded hydrologic events and computed hypothetical events that may be
helpful in assessing project safety.

Hydrologie and hydraulic analyses provide only part of the data needed
for decisions on whether a dam will provide a reasonable level of safety
during future floods. Data on probable effects of project operation during
extreme floods or dam failure on developments around the reservoir shores
and downstream from the dam are also needed. The impact of these effects
on the public welfare and the dam owner’s liability for damages must be
considered.
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Simplified Procedures

The amount and complexity of the hydrologic and hydraulic analyses ap-
propriate for an assessment of dam safety depend on the importance of the
project, the hazards involved, and the data available. For an important
project or one presenting significant hazards to downstream areas, detailed
development and routing of design floods, as discussed later in this chapter,
beginning with the section Spillway Capacity Criteria, would be advis-
able. However, in some cases the safety investigation of an existing dam
will not require such sophisticated analyses. As noted below, several simple
techniques are available that may provide acceptable degrees of accuracy.
These approximate procedures should be used with care and under the di-
rection of an experienced hydraulic and/or hydrologic engineer.

Comparisons with Historical Peak Discharges

Evaluations of the relative magnitude and the credibility of flood peak dis-
charge estimates can be obtained by comparison with known historical
peak discharges in other watersheds. Also, such information about maxi-
mum floods of record in similar hydrologic regions can provide a basis for
estimating flood potential at a given site.

Data on streamflow and flood peaks are collected and published by the
U.S. Geological Survey in its water supply papers, hydrologic investigation
atlases, and circulars. Figure 4-1 shows a comparison of observed flood
peaks in a region based on such data. .

In the past a number of empirical formulas have been advanced for de-
scribing the relationship between drainage area characteristics and maxi-
mum observed flood discharges. Figure 4-1 shows curves based on two such
relationships that have been used extensively, the Myer and Creager for-
mulas. The Creager formula is

Q= 46 A0.892 A~ 0018

or its equivalent

g = 4B8CA08MAO0E_))
where Q is the total discharge in cubic feet per second, ¢ is the unit dis-
charge in cubic feet per second per square mile, A is the drainage in square
miles, and C depends on the drainage basin characteristics. C is a coeffi-
cient dependent on many factors, such as the following:

e Storm rainfall. Intensity, areal distribution, orientation, direction,
trend of great storms, and effect of ocean and mountain ranges.
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FIGURE 4-1 Comparison of regional flood peaks.
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s Infiltration. Character of the soil, antecedent moisture, frozen
ground.

* Geographical characteristics. Shape and slope of watershed.

¢ Natural storage. Valley storage, tributaries, lakes, and swamps.

* Artificial storage. Reservoirs, channel improvements.

¢ Land coverage. Forested, cultivated, pasture, and barren areas.
Sudden releases of flow. Ice and log jams, debris jams against bridges,
guestionable safety of upstream dams, sudden snowmelt.

A value of 100 for the coefficient C seems appropriate to compare with the
most extreme event of the probable maximum flood. Intermediate values
with C equal to 30 and 60 are also plotted on Figure 4-1 for comparison.

The Creager enveloping curve provides an estimate of the maximum
peak discharge that might be expected for drainage areas generally less
than 1,000 square miles. There have been flood discharges that exceeded
the limits indicated by the Creager enveloping curve in several basins
greater than 1,000 square miles. The Modified Myer equation was intro-
duced by C. S. Jarvis in 1926 and is shown in Figure 4-1 solely for the pur-
pose of comparison with the Creager equation.

Generalized Estimates of Probable Maximum Flood Peak Discharges

A source of probable maximum flood (PMF) peak discharges is contained in
the U.S. Nuclear Regulatory Commission’s Regulatory Guide 1.59 (1977).
In addition, enveloping curves for areas east of the 103rd meridian were
developed by the U.S. Army Corps of Engineers, the U.S. Nuclear Regula-
tory Commission staff, and their consultants, Nunn, Snyder and Associ-
ates. The enveloping curves were found to parallel the Creager curve. Iso-
line maps showing the generalized PMF estimates as well as a discussion of
the way they may be used are contained in Appendix 4A. Use of such gener-
alized data should be confined to situations in which more specific PMF
discharge estimates are not available and where it is not practicable to de-
velop estimates specifically for the project.

Dam Break Flood Flow Formulas

In assessing the hazard involved in the potential failure of a dam, an esti-
mate of the downstream flood that would be produced by such failure is
needed. As discussed in the section Dam Break Analyses, rather complex
techniques are available to compute the characteristics of the downstream
flood wave following a dam failure. However, a number of simplified
methods for making rough estimates of peak downstream flows from dam



4,000,000
3,000,000

2,000,000

1,000,000
800,000
600,000
400,000
300,000

200,000

100,000
80,000
60,000

PEAK FLOW IN C.F.S.

Q=

40,000
30,000

20,000

NAME OF DAM, LOCATION, YEAR OF FAILURE

St. Francis, California 1928
* Swift, Montana 1964
Hypothetical Computation (Existing Dam)
Oros, Brazil 1960
Apishapa, Colorado 1923
Hell Hole, California 1964
Schaeffer, Colorado 1921
Granite Cresk, Alaska 1971, discharge of 5 miles downstream
. Little Deer Creek, Utah 1963
y / 10. Castlewood, Colorado 1933
e 11. Baldwin Hills, California 1963
4} 3*4 12. Hatchtown, Utah 1914
.Z 14, Lower Two Madicine, Montana 1964
5 16-20. Hypothetical Computations {Existing Dams)
. Teton Dam, Idaho 1976

"%
. ]

NSO RGN

%
o
\\a
——»

-]

}\U’_!“
[ ]
-

/
128 LEGEND

14 ® Actual Failure
® X Hypothetical Computation

[~
[ ]
w
g

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

H = HEIGHT OF DAM |F OVERTOPPED, OR DEPTH OF WATER
AT TIME OF FAILURE IF NOT OVERTOPPED, IN FEET

FIGURF. 4-2 Estimated flood peaks from dam failures. source: U.S. Bureau of Reclamation (1977).

92



Hydrologic and Hydraulic Considerations . 77

failures are contained in the references to this chapter. Several empirical
formulas of varying degrees of accuracy have been summarized by Cecilio
and Strasshurger (1974). These formulas apply to instantaneous failure
events only. Erosion-type [ailure can also utilize the same formulas with
certain modifications as discussed by Cecilio and Strassburger. Other sim-
plified approaches are presented by Sakkas (1974) and the Soil Conserva-
tion Service (1979). Figure 4-2 shows estimated downstream flood peak
flows for a number of dam failures and a curve presented by Kirkpatrick
{1976) as a basis for estimating such flows.

Figure 4-3 shows data developed by Vernon K. Hagen (1982) on maxi-
muin peak flows immediately downstream of dams after their failure.
Hagen presents two equations based on experienced dam failures, primar-
ily dam failures in the United States that relate peak flood flows following -
failure to reservoir levels and storage volumes. The equations are defined as
follows {English units):

Q = 530 (DF)*5*
and
Q = 370 (DF)05,

where Q is the peak flow in cubic feet per second immediately below the
dam following its failure, and the DF is a dam factor obtained by multiply-
ing height of water in reservoir above streambed H by the reservoir storage
S (where H is vertical height measured in feet from the streambed at the
downstream toe of the dam to the reservoir level at time of failure, and § is
storage volume of water in acre-feet in reservoir at time of [ailure).

As noted on Figure 4-3, the first equation envelopes all dam failures
listed by Hagen, while the second equation envelopes all except the failure
of the high arch Malpasset Dam in France.

BASES FOR ASSESSING SPILLWAY CAPACITIES

In most cases assessment of the safety of an existing dam will require that
the SDF be routed through the reservoir and spillway and any other outlet
structures for which availability to release water from the reservoir during
extreme flood events can be assured. The geometry and location of these
hydraulic structures determine the quantity of water that can be dis-
charged at any point of time during the inflow of the design flood. Desir-
able objectives for spillway operation and bases for assessing spillway ade-
quacy are discussed in this section. Development of SDFs and assumptions
regarding project operation for routing studies are covered in subsequent

*In the original paper the equation was written in metric units.
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FIGURE 4-3 Peak discharge from significant dam failures.

sections. Discharge characteristics and criteria for various types of spill-
ways and outlet works are presented in Chow (1959), Davis and Sorenson
(1969), King and Brater (1963), U.S. Army Corps of Engineers (1963,
1965, 1968a), U.S. Bureau of Reclamation (1977). The bases for determin-
ing spillway capacities and {reeboard allowances for dams are discussed in
a report by the U.S. Army Corps of Engineers (1968b).

Present General Situation

The design capacities of spillways for many existing dams were chosen in a
subjective manner based on the magnitude of property damage and proba-
ble loss of project investment and human life in the event of dam failure
during a severe flood. Also, many dams in the United States were built be-
fore data were available to assess adequately the flood-producing poten-
tials of their watersheds. As a consequence, many existing dams have in-
adequate spillway capacities based on currently accepted criteria. Analyses
have shown that about one-third of recorded dam failures resulted from
spillway inadequacy. Also, of approximately 9,000 nonfederal dams in the
United States inspected recently, almost 25% were designated as unsafe
because of inadequate spillway capacity. The risk of severe consequences
associated with the failure of these dams should be reduced by mitigating
measures, as discussed later in this chapter.
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Currently Aécepted Practices

In 1970 a working group of the United States Committee on Large Dams
(designated the USCOLD Committee on Failures and Accidents to Large
Dams) conducted a survey on criteria and practices used in the United
States to determine required spillway capacities. A survey questionnaire
was distributed, and 4 federal agencies, 2 state agencies, 2 investor-owned
utility companies, and L3 private engineering firms responded. The results
of the survey (USCOLD 1970), summarized below, constitute an authori-
tative statement of practices accepted and used by those engineers in the
United States involved in the engineering of dams,

Design Objectives

The USCOLD committee recognized that the costs of dams and associated
facilities are influenced substantially by the degree of security to be pro-
vided against possible failure of the dam from overtopping during floods
and that two basic objectives of spillway and related safety provisions are
to protect the owner’s investment in the project and to avoid interruptions
in the services afforded by the project. But the committee noted that an
additional and usually overriding requirement for security is to protect
downstream interests against hazards that might be caused by the sudden
failure of the dam and any ensuing flood wave.

The survey found it to be common practice that spillway capacities, in
connection with other project features, should be adequate to:

e ensure that flood hazards downstream will not be dangerously in-
creased by malfunctioning or failure of the dam during severe floods;

¢ ensure that services of and investment in the project will not be unduly
impaired by malfunctioning, serious damage, or failure of the dam during
floods;

* regulate reservoir levels as needed to avoid unacceptable inundation
of properties, highways, railroads, and other properties upstream from the
dam during moderate and extreme floods; and

* minimize overall project costs insofar as practicable within acceptable
limits of safety.

Functional Design Standards

The USCOLD committee also noted that functional design standards nec-
essary to meet minimum security requirements for downstream areas at
minimum cost usually conform with one of the following alternatives, the
selection being governed by circumstances associated with specific projects
and downstream developments:
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Standard 1, Design dams and spillways large enough to ensure that the
dam will not be overtopped by floods up to probable maximum categories.

Standard 2. Design the dam and appurtenances so that the structure can
be overtopped without failing and, insofar as practicable, without suffer-
ing serious damage.

Standard 3. Design the dam and appurtenances in such a manner as to
ensure that breaching of the structure from overtopping would occur at a
relatively gradual rate, such that the rate and magnitude of increase in
Nlood stages downstream would be within acceptable limits, and such that
damage to the dam itself would be located where it could be repaired most
economically.

Standard 4. Keep the dam low enough and storage impoundments small
enough so that no serious hazard would exist downstream in the event of
breaching and so that repairs to the dam would be relatively inexpensive
and simple to accomplish.

Policies Affecting Spillway Capacity Requirements

The following general policies (based on the accepted practices found by the
USCOLD committee) provide guidance for application of the four functional
design standards. These should be helpful if combined with some of the proce-
dures in Chapter 3 under the section Flood Risk Assessments.

e When a high dam, capable of impounding large quantities of water, is
constructed upstream of a populated community, a distinct hazard to that
community from possible failure of the dam is created unless due care is
exercised in every phase of engineering design, construction, and operation
of the project to ensure complete safety. The prevention of overtopping
such dams during extreme floads, including the probable maximum flood,
is of such importance as to justify the additional costs for conservatively
large spillways, notwithstanding the low probability of overtopping. The
policy of deliberately accepting a recognizable major risk in the design of a
high dam simply to reduce project cost has been generally discredited from
the ethical and public welfare standpoint, if the results of a dam failure
would imperil the lives and life savings of the populace of the downstream
flood plain. Legal and financial capabilities to compensate for economic
losses associated with major dam failures are generally considered as inade-
quate justification for accepting such risk, particularly when severe haz-
ards to life are involved. Accordingly, high dams impounding large vol-
umes of water, the sudden release of which would create major hazards to
life and property damage, should be designed to conform with security
Standard 1.
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* Application of Standard 2 should be confined principally to the design
of run-of-river hydroelectric power and/or navigation dams, diversion
dams, and similar structures where relatively small differentials between
headwater and tailwater elevations prevail during major floods and where
overtopping would not cause either dam failure or serious damage down-
stream. In such cases the design capacity of the spillway and related fea-
tures may be based largely on economic considerations.

* Application of Standard 3 should be limited to dams impounding a
few thousand acre-feet or less, so designed as to ensure a relatively slow rate
of failure if overtopped and located where hazard to life and property in
the event of dam failure would clearly be within acceptable limits. The
occurrence of overtopping floods must be relatively infrequent to make
Standard 3 acceptable. A slow gradual rate of breaching can be accom-
plished by designing the dam to overtop where the breach of a large section
of relatively erosion-resistant material would be involved, such as through
a flat abutment section. The control may be obtained, in some cases, by
permitting more rapid erosion of a short section of embankment and less
rapid lateral erosion of the remaining embankment.

» Standard 4 is applicable to small recreational lakes and farm ponds. In
such cases it is often preferable to keep freeboard allowances comparatively
small to ensure that the volume of water impounded will never be large
enough to release a damaging flood wave if the dam should fail due to over-
topping. In some instances adoption of Standard 4 may be mandatory, de-
spite the dam owner’s desire to construct a higher dam, if a higher standard
is not attainable. Unless appropriate safety of downstream interests can be
ensured, a higher dam is not justified simply to reduce the frequency of
damages to the project.

SPILL.WAY CAPACITY CRITERIA

Recommended Spillway Capacities

Pursuant to the National Dam Inspection Act {PL 92-367), enacted August
8, 1972, the U.S. Army Corps of Engineers issued Recommended Guide-
lines for Safety Inspection of Dams, which was made an Appendix D of the
National Program of Inspection of Nonfederal Dams, ER 1110-2-106
(1982b}. This was also issued as Title 33 in the Code of Federal Regula-
tions, Part 222. These documents contain guidelines for determining spill-
way capacity requirements for low, intermediate, and high dams with
low, significant, and high hazard classifications. Similar guidelines have
been used by the U.S. Bureau of Reclamation and the Soil Conservation
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Service. State and local agencies, private companies, and engineering de-
sign firms have generally adopted the guidelines of one of the federal agen-
cies in determining spillway capacity requirements, although in many
cases, particularly for low and intermediate height dams, no specific guide-
lines were followed.

As the U.S. Bureau of Reclamation and the Soil Conservation Service
guidelines for spillway capacity requirements are generally consistent with
those developed by the Corps of Engineers, and the latter are more specific
and inclusive, use of guidelines for spillway capacity requirements that
were adopted for the National Program of Inspection of Nonfederal Dams
is recommended. These guidelines are presented in Tables 4-1, 4-2, and
4-8.

Alternative Guidelines for Spillway Capacity Requirements

Dams being recvaluated for safety or being enlarged or improved may have
spillways smaller than required to pass safely some floods, as indicated in
Table 4-3. A smaller capacity spillway may be acceptable if it can be shown
that when a specific dam fails due to overtopping by a flood that just ex-
ceeds the routing capacity of a reservoir the resulting dam break flood
would not cause additional loss of life and/or a significant increase in dam-
age to improved properties over that which would occur prior to the dam
failure. In this case, however, the minimum-sized spillway should safely
pass the 100-year flood,

As previously noted, in some cases dam owners may not be willing or
able to enlarge spillway capacities of existing dams in accordance with the
guidelines presented in Table 4-3 because of financial constraints, or a dam
may have been in existence for 25 to 50 or more years without any threat of
being overtopped, which appears to support the owner’s belief that the risk
of dam failure and consequent damages is small. Such cases will present
difficult problems to governmental agencies having regulatory responsibili-
ties for dam safety. In each such case the agency and the dam owner should

TABLE 4-1 Dam Size Classification

Impoundment

Category Storage (acre-feet) Height (feet)
Small < 1,000 and =50 <40 and 225
Intermediate 21,000 and «<50,000 240 and <100

Large = 50,000 = 100
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TABLE 4-2 Hazard Potential Classification

Category

Urban Development

Economic Loss

Low

Significant

High

No permancnt
structure for human
habitation

No urban development
and no more than a
small number of
habitable structures?

Urban development
with more than a
small number of
habitable structures?

Minimal (undeveloped
to occasional
structures or
agriculture)

Appreciable (notable
agriculture, industry,
or strictures)

Excessive (extensive
community,
industry, or
agriculture)

83

“Because this definition does not cite a specific number of lives that
could be lost, difficulty was experienced in determining whether
dams should be categorized as having “significant or high hazard po-
tential.” The issue was clarified by emphasizing that the hazard po-
tential classification should be based on the density of downstream
development containing habitable structures. For example, dams lo-
cated upstream of isolated farmhouses would be classified as having
significant hazard potential, and those located upstream of several
houses or a residential development would be classified as having high
hazard potential.

source: U.S. Army Corps of Engineers {1982b).

seek to provide as a minimum those corrective and mitigating improve-
ments that could be made to increase the spillway capacity within the own-
er’s financial means. Any increase in spillway capacity, even though less
than indicated by Table 4-3, would decrease the risk of dam failure. How-
ever, all partics involved should recognize that such partial steps will not
meet the design objectives to protect their interests.

DESIGN FLOODS

By definition, the SDF is the reservoir inflow-discharge hydrograph used to
estimate the spillway discharge capacity requirements and corresponding
maximum surcharge elevation in the reservoir. The surcharge elevation is
obtained by routing the SDF through the reservoir and spillway.
Practices in establishing SDFs in the United States have undergone con-
tinuous evolution through several periods. At the present time there are
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TABLE 4-3 Hydrologic Evaluation Guidelines:
Recommended Spillway Design Floods

Hazard Size Spillway Design Flood (SDF)?
Low Sraall 50~ to 108-ycar frequency
Intermediate  100-year to 1/2 PMF
Large 1/2 PMF to PMF
Significant Small 100-year to 1/2 PMF
Intermediate  1/2 PMF to PMF
Large PMF
High Small 1/2 PMF to PMF
Intermediate ~ PMF
Large PMF

“The recommended design floods in this column represent the magni-
tude of the spillway design flood (SDF), which is intended to repre-
sent the largest flood that need be considered in the evaluation of a
given project, regardless of whether a spillway is provided; i.e., a
given project should be capable of safely passing the appropriate SDF,
Where a range of SDF is indicated, the magnitude that most closely
relates to the involved risk should be selected.

100-year = 100-yeur exceedance interval. The flood mugnitude ex-
pected to be exceeded, on the average, of once in 100 years. It may
also be expressed as an exceedance frequency with a 1% chance of
being exceeded in any given year.

PMF = probable maximum flood. The flood that may be expected
from the most severe combination of critical meteorologic and hydro-
logic conditions that are reasonably possible in the region. The PMF is
derived from the probable maximum precipitation (PMP), which in-
formation is generally available from the National Weather Service,
NOAA. Most federal agencies apply reduction factors to the PMP
when appropriate. Reductions may be applied because rainfall iso-
hyetals are unlikely to conform to the exact shape of the drainage ba-
sin. In some cases local topography will cause changes from the gener-
alized PMP values; therefore, it may be advisable to contact federal
construction agencies to obtain the prevailing practice in specific
areas.

source: U.S. Army Corps of Engineers (1982h).

four methods currently in significant use for the derivation of the SDF: (1)
an envelope curve method that uses the actual recorded peak flows for the
river of concern or for the general region; (2) frequency-based floods using
standard statistical techniques that convert the historic peaks into a proba-
bility of occurrence curve; (3) the hydrometeorologic approach that maxi-
mizes the combination of all of the appropriate physical parameters in-
volved in flood development on the particular drainage area in question;
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and (4) a site-specific determination of the maximum flood for which fail-
ure of the dam would significantly affect downstream losses.

Envelope Method

The envelope process has probably been in use the longest of the three
methods. It consists of plotting all of the floods for the river in question or
for the hydrologically similar region, against a physical parameter, such as
drainage area. An envelope curve is then drawn, and the appropriate peak
discharge can be picked off for use as a design parameter. Obviously, the
confidence in the flood value thus selected will vary with the length of the
data base used in the envelope curve delineation. This procedure is usually
acceptable only for rough estimates. It should not be considered as an accu-
rate method for establishing the full flood-producing potential of a basin
for determining an SDF. As suggested in the section Simplified Procedures,
this method is preferably used only for comparison.

Frequency-Based Floods

The second method, statistical manipulation of recorded flood peaks, ei-
ther for the river in guestion or for hydrologically similar areas, to produce
a return period curve gained great favor in the United States in the early
1940s. Much time and energy have been devoted to determine the statisti-
cal distribution that provides the “best fit” for the existing data and that
can be extrapolated beyond the period of record with the most confidence.
This basic method has severe limitations in that the data base, i.e., usually
annual flood peaks, in the United States is of relatively short duration. Very
few records go back 100 years, and the majority are less than 50, so that
only limited confidence can be placed in use of an extrapolated curve to
predict flood events expected to occur only once in one or two centuries on
“the average. This is not to say that the method is not a useful tool for the
hydrologist, but it does have severe drawbacks for use in deriving the SDF.

To achieve some cousistency of approach within the federal agencies, the
Hydrology Committee of the Water Resources Council issued Bulletin 15,
A Uniform Technique for Determining Flood Flow Frequencies, in De-
cember 1967. This bulletin recommends use of the Pearson Type III distri-
bution with log transformation of the data (log-Pearson Type III distribu-
tion) as a base method for flood-flow frequency studies.

Bulletin No. 15 was subsequently extended and updated by Bulletin No.
17 (Bulletin No. I7B, U.S. Department of Interior, Interagency Commit-
tee on Water Data, 1982, is the current edition) and its subsequent revi-
sions. This update provides a more complete guide for flood-flow fre-
quency analysis, incorporating currently accepted technical methods with
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sufficient detail to promote uniform application. This guide is limited to
defining flood potentials in terms of peak discharge and exceedance proba-
bility at locations where a systematic record of peak flows is available.

The U.S. Geological Survey publishes information on a regional basis for
estimating discharge frequencies for ungaged areas. Such data are pub-
lished in Water Supply Papers with the general title Magnitude and Fre-
quency of Floods in the United States, subtitled with the name of the basin.
These are presented in the form of regression equations or by use of the
“index flood” method.

Most applications of flood frequency analysis methods deal only with
peak flood flows and do not produce hydrographs of flow that can be used
for routing floods through a reservoir. If such routing is required, an auxil-
iary method of developing the hydrograph is necessary. Such a method is
deseribed in the U.S. Army Corps of Engineers’ (1982a) document Hydro-
logic Analysis of Ungaged Watersheds Using HEC-1.

Frequency-based flood analysis should be used only for small-sized and
low-hazard or low-risk dams, where accepted practice allows use of design
floods with average return periods of 50 to 100 years. Small dams affected
by flows from upstream reservoirs should not be evaluated by the fre-
quency type of analysis. For such situations sequential flood routing of
flood discharges from the upstream reservoirs and intermediate areas

should be used.

Hydrometeorologic Approach

In the 1940s the U.S. Army Corps of Engineers and the 17.S. Weather Bu-
reau (now the National Weather Service) embarked on a study to deter-
mine probable maximum precipitation (PMP) magnitudes based on the
synoptic processes that generate such floods. In the present report, careful
consideration is given to the meteorology of storms that produced major
floods in various areas of the United States. The synoptic features of the
storm, such as dew point temperatures and rainfall amounts, were cata-
loged, as were the depth-area-duration {D-A-D) values produced by these
storms. It was then possible hypothetically to maximize these D-A-D rain-
fall amounts by increasing the storm dew point temperature and other fac-
tors affecting rainfall to the maximum appropriate values. Adjustments
were made for the natural barrier effects on the D-A-D amounts for differ-
ent areas in the appropriate storm trajectories. The end result of these stud-
ies was a series of generalized D-A-D isopleths for use in selecting the PMP
meteorologically appropriate for an area. These generalized data are com-
monly used for design studies in broad level regions, such as the Central
states.
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In mountainous regions precipitation due to lifting of air by ground
slopes, called orographic precipitation, is complemented by precipitation
due to meteorological processes that would be present were the mountains
not there, called convergence precipitation. In estimating maximum rain-
falls these two rain-producing processcs are maximized and summed. To
facilitate estimate of the PMP, separate isohyetal maps showing orographic
and convergence indices are presented in National Weather Service
reports.

The National Weather Service has published data for estimating hypo-
thetical storms ranging from the frequency-based storm to the PMP event.
There are two major hydrometeorological reports (HMRs) that are appli-
cable for areas east of the 105th meridian: U.S. Weather Bureau (1956} and
U.S. Department of Commerce (1978). Before using either of these reports
the user should consult with the regulatory agency or the National Weather
Service on the appropriate report to use. A U,S. Department of Commerce
{1978) report has an auxiliary report: National Weather Service (1982),
which describes in detail the application of the report. The U.S. Depart-
ment of Commerce (1980} HMR Report No. 53 provides cstimatcs of the
PMP for 10-square-mile areas. As indicated by the entries in the references
for this chapter, the National Weather Service also has issued a consider-
able number of special reports on individual watersheds. Several hydrome-
teorological reports of varying degrees of application are available for areas
west of the 105th meridian. These areas are shown in Figure 4-4. Ordi-
narily, an estimate of PMP developed specifically for an area in which a
reservoir is situated should be used instead of generalized estimates. As an
example, in the Tennessee area, specific hydrometeorological reports that
address the orographic effects of the Appalachian Mountains should be
used over generalized estimates that neglect such effects,

In areas not covered by specific National Weather Service reports or
where doubtful estimates are available, transposition and maximization of
major historical storms, D-A-D studies, or storm sequence studies may be
necessary. Procedures in determining the PMP are outlined in many of the
hydrometeorological reports mentioned above.

In some geographic areas the SDF may result from snowmelt runoff or
from the combination of extreme rainfall and snowmelt. Pure snowmelt
hydrographs tend to have characteristic shapes and usually result in floods
of large volume. Methods have been developed for determining snowmelt
hydrographs based on rates of solar radiation. However, historical snow-
melt flood hydrographs from the study basin or similar basins are often the
best guide to hydrograph shapes and can be adjusted on the basis of water
equivalent at the beginning of the melt season.
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Site-Specific Determinations

For many small reservoirs the failure of the dam during a flood of the mag-
nitude of the PMF would not significantly affect damages in downstream
areas because of the devastation that would be produced by the natural
flood. Where the dam already exists, the available spillway capacity is not
adequate to pass the PMF, and it would be difficult or excessively costly to
provide such spillway capacity, a lesser spillway capacity may be justified.
One procedure that has been used is to consider a number of major floods,
less severe than the PMF, that would cause overtopping and failure of the
dam and to determine, by analyses of flood waves that would result from
the respective failures, the maximum general flood in which the dam fail-
ure produces significant additional losses downstream. Such a flood is then
adopted as the design flood for spillway improvements. Of course, this se-
lection of design flood is very much dependent on the level of existing devel-
opments in the area downstream that would be affected by dam failure.
With further development downstream, a larger design flood may be indi-
cated. For this reason, use of this method for selection of an SDF is not well
adapted to the design of a new project.

Credibility of Maximum Flood Estimates

Usually, estimates of probable maximum rainfalls and the attendant PMFs
far exceed any rainfalls and floods experienced in the areas involved. Such
rainfalls and floods are in the class of natural events that are rarely experi-
enced in a person’s lifetime. Perhaps naturally, the adoption of such a stan-
dard for design or evaluation of a project can raise doubts as to the possibil-
ity that such rainfalls can occur or that the criteria are reasonable. Of
course, there is no way to ascertain that probable maximum rainfalls will
ever be experienced over a given area. However, as identified in Appendix
4B, records of major storm rainfalls in the United States show that literally
dozens of storms have produced rainfalls exceeding 50 % of PMP estimates
and a considerable number have almost reached PMP magnitudes. These
data (U.S. Army Corps of Engineers 1982b) show that enough near-PMP
events occur each decade to make consideration of such rainfalls clearly
reasonable.

ANALYSIS TECHNIQUES

Following selection of the basis for the SDF, a number of decisions must be
made relative to the conditions of the reservoir and the drainage basin to
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be assumed to exist antecedent to the design flood and to the methods to be
used in developing the reservoir inflow hydrograph, routing the inflow hy-
drograph through the reservoir storage, and determining the capability of
the project to withstand safely such a hydrologic event. As noted before, if
the PMF is adopted as a design flood, such analyses usually must deal with
phenomena well beyond the range of past experiences in the basin. Often,
hydrologic relationships derived from past experience should be adjusted to
reflect the rainfall and runoff conditions visualized in the PMF. The objec-
tive of the analyses should be to reflect reasonably the probable maximum
flood-producing potential of the basin without illogical pyramiding of im-
probabilities. Guidance for some aspects of those analyses is presented
below.

Providing for Seasonal Variations

Seasonal variations in such basin characteristics as dominant storm types,
vegetative cover, ground moisture, and snowpack can often significantly
affect the runoff-producing capability of a drainage area. Also, seasonal
changes in reservoir operations plans may affect the ability of the project to
withstand major floods. To determine the most critical PMF estimate for
such conditions, the PMP estimate for the dominant storm type of each
season should be used with the most critical basin and project conditions
characteristic of the respective season. This may require consideration of
small-area thunderstorm-type rainfalls as well as large-area cyclonic-type
disturbances.

Placement of PMP Storm Over a Basin

An isohyetal map of PMP amounts may be shifted to any position over the
basin not inconsistent with the meteorologic conditions on which it is
based. Several storm centerings should be considered in order to determine
the most critical condition. In areas where a specific oval-shaped isohyetal
pattern is used to estimate the design storm, placing the storm center near
the downstream end of the drainage area produces the most critical condi-
tion for peak inflow but not for maximum volume.

Distribution of PMP to Basin Subareas

For a number of reasons it is often desirable to subdivide large drainage
areas in computing PMF hydrographs. Such subdivisions may be required
because a number of reservoirs are operational in the basin or to secure
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subareas adaptable to unit hydrograph application. Nonuniformity of
physical or hydrologic conditions in the area also may make subdivision
into areas of fairly uniform characteristics desirable. One method of dis-
tributing PMP values to subareas is to transpose a selected PMP isohyetal
pattern to the drainage area and determine the depth-duration curves for
each area. Another method is to place the most intense rainfall over the
most critical portion of the basin and derive depth-duration curves for suc-
cessively large areas. Precipitation curves are then calculated correspond-
ing to adjacent and mutually exclusive subareas.

Rainfall Time Distribution

To compute the flood hydrograph for the PMP, it is necessary to specify the
time sequence of the precipitation. Usually, the estimate of PMP is derived
by 6-hour increments. These increments should be arranged in a sequence
that will result in a reasonably critical flood hydrograph. Ideally, the PMP
time sequence should be modeled after historically observed storms if such
storms show that major storm rainfalls have a predominant pattern.

When no predominant rainfall pattern is evident from past records or
has not been developed, a number of guides are available for arranging the
rainfall into patterns consistent with the meteorologic processes involved
and that will produce reasonably critical hydrographs. One such guide is as
follows:

1. Group the four heaviest 8-hour increments of the PMP in a 24-hour
sequence, the next highest four increments in a 24-hour sequence, ete.

2. For the maximum 24-hour sequence, arrange the four 6-hour incre-
ments ranked 1, 2, 3, and 4 (maximum to minimum) in the order 4, 2, 1, 3.
Other days may be arranged in similar order.

3. Arrange the 24-hour sequences such that the highest period is near the
center of the storm and the second, third, ete., are distributed in a manner
similar to step 2 above.

4. The 6-hour increments may be further subdivided into 1-hour incre-
ments by determining the incremental differences from a depth-duration
plot (mass curve) of the total PMP storm. The six 1-hour increments ranked
1,2,3,4,5, and 6 (maximum to minimum) should be arranged in the order
of6,4,2,1,3,5.

Typical rainfall distribution patterns applicable in California and the
northwest states are shown in Figure 4-5. In some other parts of the country
the time distribution pattern suggested in the Standard Project Flood De-
terminations (U.S. Army Corps of Engineers, 1965a) is adopted.
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Antecedent Storms

Studies of historical storms in certain regions indicate that it is possible to
have significant rainfalls occurring before or after the major flood-produc-
ing storms. Such meteorological sequences should be considered in studies
involving a PMF estimate in an area where several reservoirs exist. As a
general rule, the critical PMP in a small basin results primarily from ex-
tremely intense small-area storms, whereas in large basins the critical PMP
usually results from a series of less intense large-area storms.

A number of National Weather Service studies cover the time sequencing
of storms. For areas not covered by these studies, it is often considered that
the PMF is preceded 3 to 5 days earlier by a flood that is 40 to 60% of the
principal flood. Assumed antecedent conditions generally provide wet and
saturated ground conditions prior to the occurrence of a PMP.

Antecedent Snowpack and Snowmelt Floods

Flood flows in many parts of the United States frequently depend on the
rate and volume of melting from snow that has accumulated during the
winter months. The volume of water available in such form for flood run-
off depends on the depth, density, and area of snow accumulation. The
rate of melt depends on meteorologic factors, such as temperature, cloudi-
ness, wind movement, humidity, and on basin physiographic factors, such
as elevation, shape, orientation, and type of vegetation. The months in
which the greatest snowmelt occurs will vary from one locality to another
and from one year to another, depending on the geographic location, the
prevailing climate, and meteorologic variations of the season. However, in
most western states, major floods resulting from snowmelt occur between
April 1 and June 30.

Estimates of PMF in areas subject to snow accumulation require the
evaluation of snowmelt as added contributions to runoff. The initial snow-
pack condition is important both from the consideration of snowmelt and
for the storage and delay of liquid water in the snowpack. For the PMP-
plus-snow flood conditions, it may be assumed that sufficient water equiv-
alent exists to provide snowmelt continuously through the storm period
throughout the entire range of elevation. Also, it may be assumed that the
preceding melt and rainfal! have provided drainage channels through the
snowpack and have conditioned it to provide runoff without significant de-
lay; thus, water excesses from rain and snowmelt during the storm period
are immediately available for runoff, To estimate the initial snowpack con-
dition at the beginning of the PMP, records of snow accumulation and wa-
ter content prior to historical floods should be investigated.
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Methods of estimating the probable maximum snowmelt flood, whether the
flood is entirely from thermal action on snow or from a combination of snow-
melt and rain, have been developed by the U.S. Army Corps of Engineers.
Snowmelt evaluation for basins may be accomplished either through the use of
simplified generalized equations, sometimes known as the energy-budget
method, or indirectly through use of snowmelt indexes, also called the degree-
day method. In basin applications for design floods, the former are more appro-
priately used because of the requirement for direct rational evaluation of all
factors affecting snowmelt and extending them to the given design condition.
This involves detailed computations of major scope, but they are justified for the
design of major water control projects. For daily streamflow forecasting uses,
however, a simple snowmelt index is usually adequate when considering the
overall accuracy of forecasts and time limitations in their preparation. The
detailed applications of these methods are described in U.S. Army Corps of
Engineers (1956, 1960, 1962), U.S. Bureau of Reclamation (1966), and U.S.
Weather Bureau (1966a}.

Loss Rates

The absorption capability of a watershed depends on many factors, and its
determination is subject to several uncertainties. However, reasonable esti-
mates of loss rates can be based on detailed seasonal rainfall-runoff studies
performed for past floods within the watershed. These studies should cover
antecedent precipitation conditions, base flow, and the type of soils in the
watershed.

The selection of loss rates is a major consideration in deriving hypotheti-
cal floods because a major portion of the rainfall is lost to interception or
localized ponding and infiltration. The degree of conservatism in the esti-
mate of the peak design flow is subject to the degree of conservatism by
which the loss rates are assumed or applied. The loss rate is often not as
significant in determining the PMF as it is in determining the 100-year
flood. Seasonal variation in minimum loss rates, which should be consid-
ered as representative of the most extreme conditions for the season for the
hypothetical flood, should be applied. Typical values used throughout the
United States are in the range of 0.10 to 1.0 inch initial loss followed by a

" uniform rate of 0.05 to 0.15 inch per hour.

Runoff Models

The hydrologic response characteristics of the watershed to precipitation
are embodied in a mathematical model termed a runoff model. A runoff
model translates precipitation excess over a watershed to its resulting flood
hydrograph. A number of different types of runoff models have been used,
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including computer-based mathermatical models (as discussed under Dam
Break Analyses later in this chapter). A model may be derived from rainfall
and runoff data for historical floods or by use of so-called synthetic proce-
dures based on generalized empirical relationships between a basin’s physi-
cal characteristics and its hydrologic characteristics. When practicable, a
runoff model should be verified by using it to reproduce one or more histor-
ical floods.

It is often necessary to divide a watershed into subareas on the basis of
size, drainage pattern, installed and proposed regulation facilities, vegeta-
tion, soil and cover type, and precipitation characteristics. Runoff models
are often derived for each subarea, and these subarea models are connected
and combined by channel routing.

The unit hydrograph has been found to be a very powerful tool in water-
shed modeling. The unit hydrograph is defined as the hydrograph that rep-
resents a unit volume of runoff (customarily 1 inch) from the study basin
generated during a finite rainfall excess period. Thus, a 1-hour unit graph
is the hydrograph that would be produced by 1 inch of rainfall excess (run-
off} generated in a 1-hour period. Unit hydrograph derivation is discussed
in several hydrology textbooks and publications. Generally, its use should
be limited to drainage areas not exceeding 2,000 square miles.

Unit hydrographs are usually derived in one of two ways depending on
the extent of the data available. In the case of gaged drainage basins, his-
torical flood events are analyzed by separating out the base flow compo-
nent and calculating the depicted surface runoff volume. The event ordi-
nates are then proportionally reduced or increased as appropriate to give a
hydrograph that represents 1 inch of runoff from the basin under the par-
ticular temporal and spatial distribution of the actual storm precipitation.
In the ideal case, several floods resulting from the type of synoptic situation
that has been adjudged the most critical for that particular basin, i.e.,
frontal rainfall, convective rainfall, snowmelt, or a mixed snow/rain event,
are available for separation analysis. These separated hydrographs and the
resulting derived unit hydrographs are then compared with the actual rain-
fall event to establish the time parameter of the appropriate unit hydro-
graphs. An infiltration analysis of the rainfalls and runoff volumes for the
historical floods will often aid in determining the lengths of periods of rain-
fall excess represented by the derived unit hydrographs. After selection of a
unit hydrograph and its time parameters, methods are available to correct
the unit hydrograph to a time basis that is relevant to the PMP increments
and to the basin characteristics.

In the case of ungaged basins the unit hydrograph can be derived from
climatically and geomorphologically similar basins for which data are
available or from various mathematical models. For similar basins the pro-
cedure is the same as that described above. For the situation where there
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are no streamflow data and no appropriately similar basin available, the
mathematical approach permits derivation of a synthetic unit hydrograph
based on the physical aspects of the basin (U.S. Army Corps of Engineers
1959).

Various adjustments have been made to runoff models derived as above
in attempts to make the models more nearly fit the runoff conditions antici-
pated during a PMF. Such refinements have attempted to account for the
expected increase in overland and channel flow velocities during periods of
very high runoff rates, for rain falling directly on a large reservoir surface,
and for the shortened flow distances in the watershed because of a large
reservoir expanse above the dam. These adjustments result in making the
unit hydrograph peak earlier and higher.

By combining critically arranged PMP increments with the adopted run-
off model (with appropriate allowances for base flow and the recession
limbs of antecedent storm hydrographs), a PMF hydrograph for the basin is
obtained. I the runoff model represents the entire watershed, this PMF
hydrograph is considered the inflow hydrograph for the reservoir. If the
watershed has been subdivided, subbasin PMF hydrographs are appropri-
ately routed and combined to obtain such an inflow hydrograph.

Base Flow

The base flow in a river at the beginning of the main hypothetical flood
should be equivalent to the receded flow of any antecedent flood assumed
or considered in the study. In the absence of an assured antecedent flood, as
may be the case for small drainage basins, a reasonable base flow such as
the mean annual flow should be added to the principal flood.

Channel Routing

Outflow hydrographs from each subarea in a watershed above a dam un-
der investigation should be routed through the river channel up to a point
where they can be combined with another subarea hydrograph. This rout-
ing and combining should proceed from the uppermost subarea to the most
downstream area adjacent to the reservoir of the dam under investigation.

This procedure is generally called channel or streamflow routing. For
rainflood or snowmelt flood studies where the rate of flow is not rapid,
hydrologic storage-routing techniques can be used. There are several ge-
neric names for channel routing, but the most commonly used techniques
are the Muskingum method and the Modified-Puls storage-indication
method (U.S. Army Corps of Engineers 1969), or the progressive average-
lagg method (Straddle-Stagger). Both of these methods assume that the
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outflow at the downstream end of a channel reach is a function of the stor-
age between successive water surface profiles in the reach. To allow for the
steeper water surface slopes in rapidly rising streams, the Muskingum
method uses the concept of wedge storage in the reach.

In applying the hydrologic method of routing, care should be taken in
making assumptions for the coefficients used in a specific routing proce-
dure. These assumptions can make a significant degree of change in the
attenuation of the flood peak. If in doubt about the coefficients, it is sug-
gested that these should be derived from historical floods recorded at
streamflow gaging stations with proper allowance for extrapolating the
data to greater floods.

Antecedent Reservoir Level

It is difficult in most cases to estimate the initial reservoir level that is likely
to prevail at the beginning of a SDF, except when the storage space is so
small as to assure frequent filling. If a long period of streamflow records is
available, hypothetical routing studies will provide some index to reservoir
elevation probabilities, but even these computed relations may be greatly
altered in the future if changing conditions result in substantial alterations
in the river or regulation plan.

For projects where the flood control storage space is appreciable, it may
be appropriate to select starting water surface elevations below the top of
flood control storage for routings. The U.S. Army Corps of Engineers’
practice is to assume that 50% of the available flood control storage is
filled at the beginning of the SDF. Conservatively high starting levels
should be estimated on the basis of hydrometeorological conditions reason-
ably characteristic for the region and flood release capability of the project.
Necessary adjustments of reservoir storage capacity due to existing or fu-
ture sediment or other encroachment may be approximated when accurate
determination of deposition is not practical.

In view of the uncertainties involved in estimating initial reservoir levels
that might reasonably be expected to prevail at the beginning of an SDF, it
is common practice, particularly for small and intermediate height dams
with a single low-level outlet, to assume that the reservoir is initially filled
to the “normal full pool level.” This reservoir level should be in accordance
with the operational practice for the season of occurrence of the SDF.

Use of Gated Spillways

Spillway crest gates are frequently used to provide required spillway ca-
pacity and to control the release of spillway discharges. The gates are de-
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signed to operate under controlled conditions during the occurrence of ma-
jor floods. Proper operation of spillway gates for flood control can prevent
downstream flooding that might otherwise occur with a fixed crest spill-
way. Also, the gates must be operated properly to prevent the release of
reservoir discharges larger than those of the natural flood. The gates should
be maintained and tested on a regular basis to assure that they will be fully
operational during the flood season.

For some projects it may be unsafe to assume that regulating gates would
be attended during the occurrence of the SDF. The lag time between in-
tense rainfall and the occurrence of the peak reservoir level could be too
short for the gate operator to operate the gates properly, especially if the
storm occurs at night. In this case gates should be assumed to be in the open
position if they are normally open during the flood season, or closed if they
are normally closed. No credit should be taken for any gate operation in the
SDF routing unless it can be assured that the gates would be operated prop-
erly. Some regulatory agencies require that spillway gates at remote dam
sites be locked in open position during usual heavy precipitation seasons,
particularly if heavy snowfalls may prohibit access.

Use of Low-Level Outlets

Current practice is to assume no credit for water releases through any low-
level outlet in routing the SDF. It is normal practice to assume that these
structures are either clogged or inoperable. Many existing dams, particu-
larly those of low and intermediate heights, have single, relatively small,
low-level outlets that are controlled in some cases by a single gate or valve
that is not operated regularly. These outlets cannot be relied on to be fully
operational during an SDF. Although in some cases flow releases through
power penstocks and turbines have been assumed to occur in the spillway
flood routing, in most cases the power plant is assumed to be inoperational.
For existing dams, consideration may be given to taking credit for power
releases within certain limitations and to full assurance that the power
plant could be operated safely during an SDF.

Reservoir Routing

The computation by which the interrelated effects of the inflow hydro-
graph, reservoir storage, and discharge from the reservoir are evaluated is
called reservoir routing. Generally, such routings assume a level pool
within the reservoir. However, for long, narrow reservoirs some adjustment
for the so-called wedge storage during rapidly rising pool levels may be in
order. The basic tools for such a routing are the reservoir elevation-storage
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curve and the spillway rating curve. The elevation-storage curve is a plot or
table showing accumulated storage volumes versus reservoir stages or wa-
ter surface elevations. The spillway rating curve is a plot or table showing
the discharge capability of the spillway facilities (i.e., outlets, uncontrolled
spillway weirs, spillway gates, etc.) versus reservoir stages or water surface
elevations.

All reservoir routing procedures use variations of the volumetric conser-
vation equation:

I -0 =AS,

where I is reservoir inflow, O is the outflow or discharge, and AS is the
change of storage, all for the same time interval. Usually it is assumed that
outflow will vary linearly through a short routing interval and the equation
is written:

_ (01 + Oy
2

where the subscripts designate instantaneous values of O and §$ at the be-
ginning and end of the routing interval. At any point in a routing computa-
tion, the value of I will be available from the inflow hydrograph and values
of §;, and the corresponding O; will have been determined by the routing
for the previous time interval. Thus the routing for an interval consists of
finding the value of Sy and the corresponding O, that will satisfy the above
equation. This can be done by trial and error, but the solution is more di-
rect if the equation is written:

SO 5, 22
I+<SI B —Sz'l' 9/

By developing curves or tabulations of values of the terms in parentheses, a
routing can be speedily accomplished by either graphical or arithmetic
means.

The results of the routing procedure are a reservoir stage hydrograph
and an outflow hydrograph representing the attenuation of the PMF in-
flow hydrograph by reservoir storage, spillway, and outlet facilities.

Freeboard Allowance

It is common practice to provide an extra height of dam over the computed
maximum reservoir level for the design PMF. This added height, termed
freeboard, is an allowance for waves, wave runup, and wind surge or
pileup of water that could be caused by strong winds over the full reservoir
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surface. The type of dam, its geographical location and directional orienta-
tion, and the synoptic situation producing the PMP are all factors to be
considered in the determination of freeboard allowance.

A major consideration, the synoptic situation, should deal with the tim-
ing of the maximum winds, their orientation and duration that accompany
the study storm. For example, some types of storm systems, such as hurri-
canes, usually have the heavy rain-producing mechanism in the forefront,
followed by the maximum winds. This scenario on certain watersheds
could result in the maximum winds occurring after the PMF has filled the
reservoir.

For assessing freeboard requirements, estimates are needed for the veloc-
ities, directions, and durations of winds that reasonably could occur with
the reservoir at or near full pool. The “fetch,” or maximum over-water dis-
tance adjacent to the dam in the direction of the wind, and depths of the
reservoir also are needed in estimating wind effects. A number of ap-
proaches to computing these wind effects are available in U.S. Army Corps
of Engineers’ reports (1968b, 1976). The results of such computations will
give the wave height and setup and runup elevations for the selected condi-
tions. Common practice for major dams is to add from 3 to 5 feet to the
maximum computed water surface level, including wind effects, to estab-
lish top of dam.

DAM BREAK ANALYSES

Knowledge of the nature and extent of catastrophic flooding and resulting
risk to downstream life and property following collapse of a dam is a criti-
cal step in assessing and improving the safety of existing dams. Disasters
caused by past dam failures and results from the recent Corps of Engineers’
dam inspection program, have focused the attention of the public and fed-
eral and state officials on finding mitigatory measures for unsafe dams, on
emergency action planning and preparedness, and on means for assessing
public safety and predicting probable damage in the event of failure of ex-
isting dams.

To better assess the hazard potential of a dam in a systematic and equita-
ble manner, an analytical approach called dam break analysis should be
used. Dam break analysis serves two primary goals. First, it provides infor-
mation to the engineer about classifying the potential hazard of a dam for
determining recommended spillway capacity. Second, it predicts flood
depths and wave arrival times and identifies areas that could be affected by
flood water should a failure occur. Estimation of downstream flooding
times and identification of flood inundation areas permit rational develop-
ment and implementation of emergency preparedness, warning, and evac-
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uation plans. Such plans, coupled with frequent inspection and conscien-
tious maintenance work, could minimize the loss of life resulting from a
failure.

Many types of dam break models exist. The objective of each is to simu-
late the failure of a dam (i.e., produce a dam failure hydrograph and/or
route the hydrograph downstream). Some modeling procedures can be per-
formed readily by hand, such as the Soil Conservation Service (SCS) TR
#66 Simplified Dam Breach Model and the Uniform Dam Failure Hydro-
graph procedure described by Hagen (1882), while others such as the Na-
tional Weather Service Dam Break Flood Forecasting Computer Model
and the Corps of Engineers HEC-1 Flood Hydrograph Computer Package
are very complex and require computer analysis. In general, the hand-
worked methods represent simplified approaches to a complex phenome-
non. Generally, simplified methods should be applied only to small dams
and in instances where other dams are not involved or where damage to
downstream developments is not significant,

Inventory of Dam Break Models

Several methods and computer moedels for analyzing the likelthood of dam
failure and its potential downstream flooding effect are detailed in the lit-
erature. The decision as to which method to use for a given situation ulti-
mately depends on the judgment of a qualified engineer. However, the
choice usually involves the following considerations:

¢ General availability, acceptance, and documentation of a model or
method.

¢ Capability of the model or method to simulate the conditions, assump-
tions, and uniqueness of a given dam situation.

¢ Resources available to the user in the way of data, finances, and com-
puter facilities for applying the method or model.

¢ Purpose to which the results of the dam break analysis would be ap-
plied. (For example, where approximate downstream impacts resulting
from postulated single dam failures are needed for preliminary planning,
simple handworked methods can be considered first. Conversely, in situa-
tions where detailed flood wave arrival times, depths, and accurate inun-
dation mapping are required, or where complex situations arise from mul-
tiple dams, the user should consider the computer model approach.)

Several factors usually have to be evaluated or assumed whenever dam
failures are postulated. The type of dam failure and mechanism causing
failure require careful consideration, if a realistic breach is to be assumed.
Size and shape of breach, reservoir storage, height of overtopping, and tim-
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ing of breach formation are critical factors in the determination of the dam
tailure hydrograph. Although considerable investigation has been con-
ducted on historical dam failures, there is not enough information to pre-
dict all of the critical parameters with accuracy and consistency. Appendix
4C sets out guidelines used by one organization for assumptions relating to
the breaching of dams. For the areas downstream from small dams the
length of time assumed for breach development after erosion action is un-
der way will significantly affect the estimated flood heights. However, lit-
tle data are available on which to base such assumptions. The material of
which the dam is structured will influence the time for breach development
and estimates of such times should take into account conditions specific to
the site.

The following list of dam break models and modeling procedures are
available, are documented in the literature, and have been widely used and
accepted by both federal and private sector users:

® Soil Conservation Service (1979) TR #66 Simplified Dam Breach
Model. A quick, handworked method for (I} estimating maximum dam
breach discharge from an empirical curve or equation based on historical
dam failurc data for height of dam versus maximum discharge and (2) esti-
mating maximum discharge and stage at selected downstream floodplain
points, utilizing a simplified version of the simultaneous storage routing—
Kinematic routing method (e.g., Attenuation-Kinematic, or Att-Kin
maodel).

s Uniform Procedure for Dam Failure Hydrographs (Hagen 1982)..A
simple, quick, handworked procedure developed by V. K. Hagen of the
U.S. Army Corps of Engineers for computing the critical failure hydro-
graph for all dams regardless of type and condition. This method uses an
envelope curve or equation, based on historical dam failure data, to relate
a “dam factor,” the product of dam height and reservoir storage, to peak
discharge from a postulated dam failure. Since this procedure produces
only a dam failure discharge hydrograph, the user must apply his own
channel routing techniques for determining downstream consequences.

¢ National Weather Service (NWS) Dam Break Flood Forecasting
Model (Fread 1982). A cornputer model analysis consisting of two parts: (1)
simulation of outflow hydrograph due to instantaneous or time-dependent
erosion-type of dam break through an assumed hydraulic weir opening or
orifice breach, while simultaneously considering the effects of the reservoir
storage depletion and the inflow hydrograph via either a storage or hydrau-
lic routing technique and (2) routing the generated outflow hydrograph
through the downstream valley by dynamic hydraulic methed to give flow
time and stage at user-specified cross-section points. This model allows the
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user to specify an inflow design flood hydrograph, select a method of reser-
voir routing, specify geometry and time of breach, specify depth of reser-
voir at time of breach, and specify hydraulic characteristics of downstream
channel. The National Weather Service model has the capability of han-
dling reservoir rim slides, multiple dams (series), bridge effects, and other
complex downstream channel geometry conditions.

o U.S. Army Corps of Engineers HEC-1 Flood Hydrograph Computer
Package. This computer model analysis consists of two parts: (1) evaluation
of the overtopping potential of the dam, by simulation of outflow hydro-
graph due to time-dependent, erosion-type of dam breach through an as-
sumed hydraulic weir opening, while simultaneously considering the ef-
fects of the reservoir storage depletion and the inflow hydrograph via
storage routing technique and (2) estimation of downstream hydraulic-
hydrologic consequences resulting from the assumed failure of the dam.

While the HEC-1 allows the user to specify similar breach and down-
stream conditions as in the NWS model, a major feature of this model al-
lows the user either to specify an inflow design flood hydrograph or to in-
put design precipitation and watershed characteristics for automatically
generating an inflow flood hydrograph.

* Some Other Methods and Models. There are several other methods
available for estimating peak discharge from a postulated dam failure,
ranging from simple handworked methods to sophisticated two-dimen-
sional computer models. Although a brief listing of some of these methods is
provided below, the reader is encouraged to consult with federal agency
experts, consulting engineers, state dam safety engincers, and the technical
literature on the uniqueness, advantages, and limitations of each method
before uvsing any of them:

(a) TAMS Model. Developed by Balloffct for describing the propagation
of a dam collapse wave in a natural channel (1974).

(b) TVA Dam Breaching Program developed by the TV A Flood Control
Branch in 1973. Predicts if a flood overtopped earth embankment will fail
and, if so, the time and rate of failure,

(e} Two-dimensional dam breach wave model developed by Strelkoff in
1978.

{(d} U.S. Army Corps of Engineers” Hydrologic Engineering Center di-
mensionless depth and distance curves, based on Sakkas’s work, in 1950.
Estimates maximum flood depths at downstream points from an instanta-
neous and completely failed dam.

(e) Classic dam break equations for instantaneous {“pull the plug”) and
complete or partial dam failures, developed by Keulegan in 1961. Uses sim-
ple equations and cross-sectional depth-discharge rating curves. User must
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furnish channel routing system to provide data for assessing downstream
flood consequences.

Assessment of Available Dam Break Models

The selection of a method or model for analyzing a postulated dam break
should depend on the type and quality of information that the user desires
for a given dam failure situation. The user should consider the following
three major parts of analyses associated with dam failure for comparing the
relative merits and capabilities of the available procedures:

1. Type of reservoir routing desired for design flood hydrograph (may
also include generation of inflow flood hydrograph).

2. Assumed mode of failure for generation of dam break hydrograph:
instantaneous versus gradual failure; partial versus complete cross-section
failure; orifice versus weir-type failure for embankment dams; type of
breach geometry assumed (rectangular, triangular, trapezoidal); type of
time-dependent erosion model used (for embankment dams) (When does
erosion begin? How long does breach erosion take?).

3. Whether peak failure discharge or estimated failure hydrograph is
needed and the need for and type of downstream channel routing of dam
break hydrograph.

Few comparative analyses of different available procedures and models
have been made. One study conducted at the University of Tennessee com-
pared peak dam failure discharges for two simple handworked methods
(SCS and Classic Equations-Keulegan) and two computer models (NWS
and HEC-1) for a single 36-foot-high embankment subjected to a PMF-
level flood (Tschantz and Majib 1981). The computed peak flows from this
study compared as follows:

Procedure Peak Flow at Dam (cfs)
SCS 71,335
Classic equations 76,000
NWS 85,950
HEC-1 87,000

It should be noted in comparing these results that the first two hand-
worked methods assume instantaneous failure, while the two computer
model applications assume gradual dam breach by erosion. The study also
compared peak flows, stages, and time of peak flows at selected points
downstream from the failed dams. The four methods demonstrated little
{+8%) difference among flood profile depths.

Table 4-4 compares important features and capabilities for seven se-
lected dam break analysis methods,
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MITIGATING INADEQUATE HYDRAULIC CAPACITIES

Earlier sections of this chapter are concerned primarily with one question:
Do a dam and reservoir acting together have the hydraulic capacity to
withstand the adopted design flood? This section considers some of the al-
ternative actions available when the answer to that question is no. In
Chapter 3 the general types of measures available to mitigate deficiencies
of unsafe dams are discussed, and the impacts that may be expected from
use of each type are set out. In other chapters remedial measures for various
types of structural deficiencies are discussed.

It is often said that a dam is unsafe because its spillway has inadequate
capacity. What is usually meant is that the development must be consid-
ered unsafe because the reservoir and spillway acting together are not ca-
pable of controlling the adopted design flood to the extent needed to ensure
the structural integrity of the dam, thus creating potential for dam failure
with uncontrolled release of stored water and serious damages to persons
and properties downstream. It is well to keep in mind that the spillway, the
dam, the reservoir, and the uses being made of the downstream areas are
all part of the danger scenario we usually contemplate when we speak of an
inadequate spillway, for such an overall view of the situation will be help-
ful in deciding on the most feasible mitigation plan.

Each dam with inadequate hydraulic capacity is very much a unique
case. Hence, it is not feasible to set out a list of mitigating measures and
state precisely under what circumstance each should be used. In a specific
situation the feasibility of each type of measure would very much depend
on such aspects as the nature of the site, the type and condition of the devel-
opment, the benefits it produces, the mode of operation, and the technical
and financial resources available to the dam owner. In addition, the poli-
cies of the state dam safety regulatory agency and the legal and moral re-
sponsibilities of the dam owner to those endangered by the project must be
considered.

Types of Mitigating Measures

Since most projects with inadequate hydraulic capacities would be endan-
gered only during very rare flood events, the most feasible mitigation mea-
sures may involve operations or losses that could not be tolerated on a more
frequent basis. The approaches that have been used to meet such problems
can be classed as follows:

¢ Increases in discharge capacity.
* Increases in reservoir storage capacity.
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e Diversions of runoff from the reservoir.

¢ Modification of dams to permit overflow.

* Modification of project operations.

¢ Modifications of use of downstream areas.

* Do nothing or perform minimal repairs. (The dam owner may choose
to do a minimal amount to remedy an “unsafe” structure or “inadequate”
spillway. The reasons for this could be lack of funds, lack of a practical
method for correction due to space limitation, or a combination of many
site-specific circumstances. In arriving at a decision the dam owner must
consider the potential for liability from property damage upstream as well
as downstream, the potential for loss of life, and the moral obligation to
avoid unnecessary hazard to those who might be affected by dam failure.
To make the “do nothing” or “minimal repairs” approach a possible viable
alternative, it is very important that an effective plan be formulated for an
early warning to all who may be affected by a sudden increase in water
level to protect against or at least to minimize the possibility of loss of life
(see the section Emergency Action Planning). The above could also be a
deliberate or designed procedure once the dam owner has determined that
the “failure” of a structure or portion of a structure at a development under
a low flood level may have a minimal incremental effect downstream. On
the other hand, should the owner partially correct a deficiency, he could
compound potential problems downstream.

Increasing Discharge Capacity

This is the most direct approach to solving the problem of inadequate spill-
way capacity, if it is found feasible. Some approaches to providing more
spillway capacity are as follows:

¢ Increasing crest length of ungated spillways.

¢ Lengthening and adding gates to gated spillways.

* Lowering crest of existing spillway. If needed to maintain pools for
project operation, flashboards or gates can be used on the lowered crest.

¢ Constructing a new spillway. This could involve reconstruction of a
section of dam to serve as an auxiliary or emergency spillway or locating a
new spillway in an abutment area or remote from the dam in a low saddle
at the reservoir rim. A new remote saddle spillway could introduce new
problems if it would discharge flood flows into areas or into a stream of
another drainage basin that would not have been affected by such flows
without the new spillway.

¢ Improving the hydraulic efficiency of the existing spillway. At some
projects such measures as removal of land masses projecting into approach
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or retreat channels, removal of debris and deposits from such channels, or
provision of guide walls or improved pier noses will add significantly to the
discharge capacity of the spillway. Often the last two or three spillway bays
on each end of a spillway are less efficient or have less flow capacity than
the other bays. Severe flow angle of approach can cause flow separations
and flow drawdown along the piers of these spillway bays. In some cases
the flow reductions are as much as 20% in each bay. With proper guide
walls or with modified pier noses to guide the incoming flow, uniform flow
distributions across the bay could be achieved. Another benefit could be
the reduction of structural vibration and cavitation erosion.

¢ Providing a fuse plug levee or dike with crest lower than top of main
dam designed to wash out and provide emergency spillway capacity. Fig-
ure 4-6 shows a system proposed by Harza Engineering Company for pro-
viding a fuse plug in an existing dam embankment. Only locations where
the emergency discharge would not endanger the main dam or other im-
portant facilities should be considered for fuse plugs. Stoplogs, flashboards,
or needie beam closures for new spillway structures can provide the same
type of emergency spillway capacity but with better control of the spillway
operation.

Increasing Reservoir Storage Capacities

In some cases it may be feasible to alleviate a problem of inadequate spill-
way capacity at an existing dam by making substantially more reservoir

CHUTE AND FUSE PLUG SPILLWAY DESIGN TYPICAL CROSS SECTIONS

Crest Width

Normal Original Top of Dam

Reservoir Level o —— . / Lowered Crest of Fuse Plug

18" Reinforced

’7‘<
Crest Detail for Dams Congerete Slab
Without Corewalls

Section, Spiillway chute for typical earth dam. Fuse plug not [llustrated to show detait of structurs.

Riprap
Camp Drain Pipe

FIGURE 4-6 Harza Engineering Co. scheme for constructing fuse plug spillways.
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storage available by raising the top of the nonoverflow section of the dam,
thus providing storage above operating pool levels for a major part of the
SDF and reducing spillway capacity requirements. Also, increasing the
height of a dam can effectively increase the flow capacity not only for the
spillway but also for the other flow conveyance structures. Before such
measures can be adopted, it is necessary to check whether the structures
and geology downstream can withstand the additional energy of discharge
without detrimental erosion and whether increase in reservoir stages would
give problems with stability of structures. Also, it is necessary to check
whether raising the structure would increase or create a problem in up-
stream channels or around the reservoir due to the increased water level.
Some means of increasing the effective height of dams are as follows:

* Adding or increasing height of parapet walls on the upstream side of
the dam. On a masonry dam the upstream handrail may be removed and
replaced by a solid concrete parapet of the same height or slightly higher.
On a fill dam a concrete or masonry parapet could be used.

¢ For larger height increases, concrete mass may be required to be
placed on top and on the downstream face of a masonry dam. For embank-
ment sections {ill may be required to be placed on top and downstream face
of fill. To place new mass concrete against old mass concrete, very special
care in design and in construction must be exercised.

* The use of flashboards on top of concrete dam. Flashboards can be
designed to fail when reservoir height rises to a certain level.

* Install inflatable dam similar to the “Faber” type on top of dam. The
Faber is to be inflated by pumping water to fill the Faber tubing under
pressure. This was used effectively for Mangla diversion in Pakistan to tem-
porarily increase diversion water level.

® Increasing height of a concrete dam by adding a concrete cap on top
and installing posttensioned cables, tying old and new structures to the
foundation.

® Steel sheet piles can be driven in certain types of fill dams to increase

height.

Diversions Upstream from Reservoir

At some projects it may be feasible to direct runoff from the reservoir to
mitigate a spillway capacity preblem. Usually such opportunities will be
found only at impoundments in relatively flat terrain or at zelatively small
impoundments. The possible dangers to others and legal implications of
diverting runoff from natural channels should be considered before such a
plan is adopted.
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Modification of Dams to Permit Overflow

As discussed in Chapters 6 and 7, dams can be constructed to withstand
overflow. A masonry dam generally can withstand overflow if the added
hydraulic loading does not endanger the stability of the structure and if the
overflow will not erode the foundation at the toe of the dam or damage
other downstream facilities, such as outlet valves and controls, For an
earth or rockfill dam there is the added problem of erosion of the top and
downstream face of the dam by the overflow. The ability of masonry dams
to resist overturning and sliding forces resulting from high reservoir stages
and overflow can be improved by installation of high-capacity, postten-
sioned ties through the dam into the foundation. Armoring the foundation
area at the toe can improve erosion resistance at this important location.

Considerable guidance is available on designing for overtopping of rock-
fill dams {Curtis and Lawson 1967, Gerodetti 1981, Leps 1973, Olivier
1967, Parlin et al. 1966, Sarkaria 1968, and Wiltkins 1963). Generally, de-
signing an earth dam to permit overtopping should be considered only
where the dam is low and the depth of overtopping would be small and the
duration short. The rate of erosion and subsequent breaching of an earth
dam would very much depend on the depth of overtopping, the geometry
of the top of the dam, and the erosive characteristics of the soil of which the
dam is composed. Thus, the indicated shallow overtopping of an existing
small dam composed of erosion-resistant materials during a short interval
in the passage of an SDF hydrograph may not require remedial action.

Modification of Project Operations

In some instances it may be feasible to modify project operations to sub-
stantially increase the reservoir storage space that would be available to
regulate the design flood. In considering such a plan the effect of the modi-
fied operations on project benefits, the effectiveness of the increased stor-
age in mitigating spillway capacity problems, and the assurance that the
storage would, in fact, be available when needed should be appraised.

Modification of Uses of Downstream Areas

Seldom will it be feasible for the owner of an unsafe dam to reduce the
hazard of dam failure by changing the uses of downstream areas, but this
situation might arise if the dam and the downstream areas have the same
owner. Downstream damage potentials can often be greatly reduced by
just a little forethought in developing the areas. A classic example of the
lack of such forethought involved the building of a new hospital in a nar-
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row mountain valley subject to natural flooding from the river that ran
through the valley. Areas flat enough and extensive enough for either the
hospital or its accompanying parking lot were scarce, but two areas were
available, each of which could accommodate either the hospital or the
parking lot but not both. One was in the low, narrow flood plain of the
river. The other was on a low bluff well above the flood plain. Unfortu-
nately, the developers placed the hospital on the low area and the parking
lot on the bluff. The folly of this selection has been amply demonstrated
during subsequent flocds.
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APPENDIX 4A GENERALIZED ESTIMATES OF PROBABLE
MAXIMUM FLOOD PEAKS

Figures 4A-1 through 4A-6 present generalized estimates of probable maxi-
mum flood (PMF)peak discharges. The maps may be used to determine
PMF peak discharge at a given site with a known drainage area as follows:

1. Locate the site on the 100-square-mile map, Figure 4A-1.

2. Read and record the 100-square-mile PMF peak discharge by
straight-line interpolation between the isolines.

3. Repeat Steps 1 and 2 for 500, 1,000, 5,000, 10,000, and 20,000 square
miles from Figures 4A-2 through 4A-6.

4. Plot the six PMF peak discharges so obtained on logarithmic paper
against drainage area, as shown on Figure 4A-7.

5. Draw a curve through the points. Reasonable extrapolations above
and below the defined curve may be made.

6. Read the PMF peak discharge at the site from the curve at the appro-
priate drainage area.



" 129% 127° 126° 123° 121° 119% 117° 116° 113° 1139 168° 1077 105° 103° 101° 98° 97% 05° 93° §)° 897 §7° @5° B3° @17 79° 7% 35° 73°  71° §9°  67° 65°
) e
40
45° ;f;o 40 | 46°
S| /
40 T 100 60
o 40 -7 .
60 \ 60 140 100 43
do ] - A7 _As0 120
“° 100 Qe
] \__\ \ 100 160
120 ] .
. N
» I = a -
40 ™ ol o
S— \ [ 180 -
f
v i"l 2200 Jar
— ST |- 220 120 -
! —— I 160, ‘
. — 100
" 3 as°®
I} T
— | 11200 e
150 220 p
4 — 200 33°
” 180 el
40 s
3 — I b 80
12063 ne
— i —t
100 -
o 5
= — 80 12"
27° | ——ISOLINE REPRESENTING PEAK FLOW OF | 9
,  PMF IN 1,000 CFS. g 27
NOTE: PMF ISOLINES ON THIS CHAII] AEPHESENT ENVELOPED -
VALUES OF PEAK RUNOFF FROM 100 SOUARE MILE DRAINAGE
257 | AREA UNDER NATURAL AIVER CONDITIONS. ACCORDINGLY, 759
PMF VALUES OBTAINED DO NOT INCLUDE POSSIBLE CONTRIBU —
TIONS TO PEAK FLOW THAT WOULD RESULT FROM
UPSYREAM DAM FAILURES OR OTHER UNNATURAL EVENTS.
T T ns® n3® i wee® awm® 106" 105 m® w8t 9r° 93°  @®  wm®  g° ws® 831° e e 7° BT 73

95°

FIGURE 4A-1 Probable maximum flood (enveloping PMF isolines) for 100 square miles.

STt




1289 127° 125° 1237 a1® 119% 117° 198° 1937 1117 109° 1077 1057 103° 101° 99° 97 95V 093° ¢1° 89° 4I° 85° 83° @1° ¢ 77 5% 71° 71° 69° 67° 65°

911

47 >
~—. N
. 150
45° \ — B
100 200 %o
100
° -
150 ‘
- [~ 100 150 38 -
\
700
1k 150 -
’ e 1 200 350 2865 -
—_— \N — 200 o=
250 — 250 _
x° 20 400 B
\ -
[ 300 450
300
arl ] 3%0 500 -
— 250 -
< 200

///‘ 400

-
as°
500 -
450 — A _
P Y ]
T AR
ar° wiﬁ ] / —
. wsof 7 |} 7 //’ﬁ“ R
. Ay / g/zm‘ g

—— ISDLINE REPRESENTING PEAK FLOW OF \ /Y
PMF IN 1.000 CFS. 4004 / 150
f ;

. L e /]
NOTE: PMF ISOLINES ON THUS CHART REFRESENT ENVELOPED /
VALUES OF PEAK RUNOFF FROM 500-SQUARE MILE DRAINAGE 260
AREA UNDER NATURAL RIVER CONDITIONS. ACCORDINGLY, r
25° |, PMF VALUES OBTAINED DO NOT INCLUDE POSSIBLE CONTRIBU. I
TIONS TO PEAK FLOW THAY WOULD RESULT FROM UPSTREAM \’
DAM FAILURES OR OTHER UNNATURAL EVENTS. 0 — -
1 1 i i A T —pe— T

|

.

2" e i ns® it an® aw® e 1s® 03 1® 99° 9 9s® g93® 91w g s 2 IR U A 730

FIGURE 4A-2 Probable maximum floed (enveloping PMF isolines) for 500 square miles.



128° 127° 125* 123° _121° 118 117° 115° 13® 0% 108 107° 105° 103° 101* 99° 97° 98¢ 93° 21° m°® & a® 83 B1° ¢ 77 s°
4r —
106
as® ul
150 r
4 -~ | A AN
200 P 100! J.‘
250 \J; A'
I~ o= £
o 300 0 -“'
— ) “\\“ 1 ___’
. : =t
39 350) N 300 =-"!f
= 350 ,‘==
400
T St 400 ,"l
450 ‘
See AN
S i
600
33°
N i 75
o
an ~ A
>
2° I B _{ ; [
\ <
—— ISOLINE REPRESENTING PEAK FLOW OF sod /1 ‘
_— PMFIN 1,000 CFS. . ' RS ~ o 250 >
TE: PMF ISOLINES ON THIS CHART REPRESENT ENVELOPED
VALUES OF PEAK RUNOFF FROM 1,000-SOUIARE MILE DRAINAGE 500
o |/ AREA UNDER NATURAL RIVER CONDITIONS, ACCORDINGLY, _
257 - pMF VALUES OBTAINED DO NOT INCLUDE POSSIBLE CONTRIBU. B ol - -
TIONS TO PEAK FLOW THAT WOULD RESULT FAOM UPSTAEAM %
DAM FAILURES OR OTHER UNNATURAL EVENTS. l
A — A i | A § S

73"

ne

69° 87°

2

43¢

33°

5%

pH

1Y N7° 5% 1a® 1n® e 07° 106°  103°  10° g9° 97°

FIGURE 4A-3 Probable maximum flood (enveloping PMF isolines) for 1,000 square miles.

LT



47°

45°

43°

e

2°

77°

26°

120° 127" 125° 123° 121° 118° 117° 115° 113° 111° 108° 107° 105° s03° 101° 98° 97° 96° g@3° ¢1® g §7° Bs® g3® B1° W 7r° 5% 73® n1° ep® 677 es°
] A0
300
200 500,
\
400 ‘ 600
\ \
300 500
P
400
800 500 800
. 800 700
AN 2 200, Yac0
!
] 700 800 1900
P,
/ 75 1
S 800 1200 )
7 900
] /' 1%)00
i v
4 1104,
- i 1000
I 1200
| j A 1. goo
|
/7 e
909 p. ___lsbo
= |SOLINE REPRESENTING PEAK FLOW O K./ / -
PMF IN 1,000 CFS. L A o 500
— s s 1 s . . .
NOTE: PMF ISOLINES ON TH(S CHART REPRESENT ENVELOPED
VALUES OF PEAN RUNOFF FROM 5,000 SOUARE MILE DRAINAGE \ /
AREA UNDER NATURAL RIVER CONIMTIONS. ACCORADINGLY, 00
ﬁ PMF VALUES OBTAINED DO NOT INCLUDE MOSSIBLE CONTRIBU- 7
TIONS TO PEAK FLOW THAT WOULD RESULT FROM UPSTREAM DAM ms
FALLURE OR OTHER UNNATURAL EVENTS. |
i A L i i . L i
121° 118° N7 ts® 13® e 10e® 1077 ws® W03 w01° 9e° 87 9% 83 g1° m° g as® 83® @° m° 7 1 0

FIGURE 4A-4 Prabable maximum flood {enveloping PMT isolines) for 5,000 square miles.

2

0°

3r

we

33%

une

2%°

e

750

811



1200 127428 123 1290 119 1T 150 P N1t 1080 107 106° I 101° 9 97 950 8P $1° B° B RS B 8Y ™ N bod .- o5°
ar / 7 - f_\ i T T ar
/ 7“ — ‘i -
| J -
& N 500 -
~ o 400
@ ~ T e
— 0
—_— T

41" 90

\

N
-~ - )
» -~ N »
/ - 200 o

/ L 1

FL] o o 1 P ol
f T g ; "
—

./ 1200 »°

|‘\f\ // ' .

/’
= [ T =
[' B 400 -
» T —_— / 5 X 200 13
e 1 / 7
L ,_ ] ,% P
- | Q 7 P75
Pral r —— — - A PPE MO ER {SQLIMES REVISEDWULY 150) 137+
- 7 A
T NOTE: PIF ISOI. NES O THIE O ‘H'l RE|
= I “‘:‘u DER DlT UAI( IlE DH ]N 3 e
= ¢s 1 AR N NATURAL IVER H HANS . A
L3l HESE TING REAK FLDW OF PMF IN(1.000 wo FPMF VALUES OBTAINED MNOTINCLUD| FOSEI lE CQN "l
—— — 1000 @UTION TC PEAR FLOW THAT WQULD RESULY FR!
— L WPSTREAM DAM FAILURES OR
e us 1 e 1"» 1nie 109" Llrad 106* e 10%° - e s " L0 » Lrad L o s o m ” w

FIGURE 4A-5 Probable maximum flood (enveloping PMF isolines) for 10,000 square miles.

61T




12T 128t 23 RIP N DT NS NDFE P 1087 107 1050 10 101 99° 97 560 93 91° 8¢ 870 B & g Ei N Lad 78 TF FALEE . 57 |3
- 5 ' ] T = v ”
7 B V L B \
/ i o
1 ‘ —
1 —_
- [ - e
~ - - 700 o’
— 1\ 000
) 1 ) -
/ e
. —
o ==ky100 an
—_
— 1
-l —— 3 »r
// A ~- 1800
amy e A ) . A
~ 4 T 1100 1
. ’
£ \71\ »
i 1200
w e =
800
! 1
EL] . — ’(“‘7 1300 1 b .
- T— 1
Lo — — /4 x
RS- 1400 T\ 7 4
P - —- [ // p— MIO RIYER ISDUINES REVISEDLIULY il | 2
— 100 :4
— 1 / "0
i R S . MoTE: PaF 130UNES ON[THIS CHART RERRE
2 I ey ’ A TUR AL BIVEn COUDTIONE, ACCRRDING Y S ta
AREA U u - 0
NE REPRESENTING HEAK FLDW OF PMF IN/1.000 CFS. m} B et b ,,,ow,c‘] Ay AR ryass 148
— o t BUTIONTTO PEAR FLOW THAT LD REJULT FASM
— T‘——-;; LUFSTREAM DAM FAILLNES OR OFHER
e
L T T T T T ™ T T T T = N O - A

FIGURE 4A-6  Probable maximum flood (enveloping PMF isolines) for 20,000 square miles.

03l



g 1,000 EXIAM'I,LIE:IIIII T T } -
< FOR DRAINAGE AREA OF
T 2,300 SQ. MI. AT LAT. 43°,
9 LONG. 95°, DETERMINE PMF 11 SOLUTION: 1
a PEAK DISCHARGE. ] FOR DRAINAGE AREA OF
v B 2,300 SQ. MI., PMF PEAK =
< A4 400,000 CFS.
a5 L1 TTTTRPOINTS FROM
2 a // FIGURES B.2B.7
22 100
w g -
23
=z
£4 [ o
<
=
w
. |
[«4]
<
m
o
o
* 0

1

10 100 1000 10,000 100,000

DRAINAGE AREA, SQUARE MILES

FIGURE 4A-7 Examples of use of enveloping isolines.

1381



122

SAFETY OF EXISTING DAMS

APPENDIX 4B STORMS EXCEEDING 50% OF ESTIMATED
PROBABLE MAXIMUM PRECIPITATION

Figures 4B-1 through 4B-5 show locations of storms that have exceeded
50% of the estimated probable maximum precipitation (PMP) value for the
indicated durations and sizes of drainage areas. The specific storms are .
identified in Tables 4B-1 and 4B-2.

t
. ———-ng P '
76 ) -
‘\23. !5.21.4 w
N »
,1/ 46
23

FIGURE 4B-1 Observed point rainfalls excecding 50 % of all-scason PMP, United States east of
105th meridian for 10 sguare miles, 6 hours. (Large number is the percentage of the PMP,
small number is storm index; see Table 4B-1,) source: U.S. Army Corps of Engineers (1982b}.
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FIGURE 4B-2  Ohserved point rainfalls exceeding 50 % of all-season PMP, c¢ast of 105th merid-
fan for 200 square miles, 24 hours. (Large number is the percentage of the PMP, small number

is storm index.) source: U.5. Army Corps of Engineers (1982b).

FIGURE 4B-3 Observed point rainfalls exceeding 50% of all-scason PMP, east of 105th merid-
ian for 1,000 square miles, 48 hours. (Large number is the percentage of the PMP, small num-

ber is storm index.) source: U.S. Army Corps of Engineers (1982h).
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FIGURE 4B-4 Observed point rainfalls exceeding 50% of all-season PMP, west of continental
divide for 10 square miles, 6 hours. {Large number is the percentage of the PMP, small num-
ber is storm index.) source: U.S. Army Corps of Engineers (1982h).

FIGURE 4B-5 Observed point rainfalls exceeding 50% of all-season PMP, west of continental
divide for 1,000 square miles and duration between 6 and 72 hours. (Large number is the

percentage of the PMP, small number is storm index.) source: U.S. Army Corps of Engineers
(1982b).



TABLE 4B-1

Identification of Storms Exceeding 50 % PMP, East of 105th Meridian

Storm Center

Index Corps Assignment No.

Storm Date No. (if available} Town State Lat. Long.

7/26/1819 1 — Catskill NY 42°127 73°53°
8/5/1843 2 — Concordville PA 39°53” 75°32’
9/10-13/1878 3 OR 9-19 Jefferson OH 41°45° 80°46"
9/20-24/1882 4 NA1-3 Paterson NJ 40°55" 74°10-
6/13-17/1886 5 LMV 4-27 Alexandria LA 31°19’ 92°33"
6/27-7/11/1899 6 GCM 34 Turnersville TX 30°527 96°32°
8/24-28/1903 7 MR 1-10 Woodburn IA 40°577 93°35°
10/7-11/1903 8 Gl 49 Patersan NJ 40°55° 74°10°
7/18-23/1909 9 UMV 1-11B Ironwood MI 46°27¢ 0°11¢
7/18-23/1909 10 UMYV 1-11A Beaulieu MN 47°21° 95°48"
7/22-23/1911 11 — Swede Home NB 40°22° 96°54"
7/19-24/1912 12 GL 2-29 Merrill WI 45°117 89°41"
7/13-17/1916 13 SA 2-9 Altapass NC 35°33° 82°01’
9/8-10/1921 14 GM 4-12 Taylor TX 30°357 97°18’
10/4-11/1924 15 SA 4-20 New Smyrna FL 29°07/ 80°55°
9/17-19/1926 16 MR 4-24 Boyden 1A 43°12¢ 96°00’
3/11-16/1929 17 UMV 2-20 Elba AL 31°25° 86°047
6/30-7/2/1932 18 CM 5-1 State Fish Hatchery X 30°01" 99°07°
3/16-17/1932 19 — Ripogenus Dam ME 45°53° 69°09°
7/22-27/1933 20 LMV 2-26 Logansport LA 31°58’ 94°00°
4/3-4/1934 21 SW 2-11 Cheyenne OK 359377 99°40°
5/30-31/1935 22 MR 3-28A Cherry Creck cO 39°13¢ 104°32°
5/31/1935 23 GM 5-20 Woodward X 28°20° 98°28"
7/6-10/1935 24 NA 1-27 Hector NY 42°30° 76°53"
9/2-6/1935 25 SA 1-26 Easton MD 38°46° 76°017
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TABLE 4B-1 Identification of Storms Exceeding 50% PMP, East of 105th Meridian (continued)

Storm Center

Index Corps Assipnment No.

Storm Date No. (if available) Town State Lat. Long,

9/14-18/1936 26 GM 3-7 Broome TX 31°47" 100°50°
6/19-20/1939 27 — Snyder X 32°44° 100°55*
7/4-51939 28 — Simpson KY 38°13° 83°22°
8/19/1939 29 NA 2-3 Manahawkin NT 39°497 74°16°
6/3-4/1940 30 MR 4-5 Grant Township NB 42°01" 96°53°
8/6-9/1940 31 LMV 4-24 Miller Island LA 29°45° 92°10’
8/10-17/1940 32 SA 5-19A Keysville VA 37°03" 78°30"
9/1/1940 33 NA 2-4 Ewan NJ 39°42’ 75°12"
9/2-6/1940 34 SW 2-18 Hallet OK 36°15° 96°36°
§/28-31/1941 35 UMV 1-22 Haywood Wi 46°007 91°28°
10/17-22/1941 36 SA 5-6 Trenton FL 29°48° 82057/
7/17-18/1942 37 OR 9-23 Smethport PA 41°50° 78025’
10/11-17/1942 38 SA 1-28A Big Meadows VA 38°31’ 78°28°
5/6-12/1943 39 SW 2-20 Warner OK 35°29° 95°18°
5/12-20/1943 40 SW 2-21 Nr. Mounds OK 35°52° 96°04°
7/27-29/1943 41 GM 5-21 Devers X 30°02’ 94°357
8/4-5/1943 42 OR 3-30 Nr. Glenville WV 38°56° 80°507
6/10-13/1944 43 MR 6-15 Nr. Stanton NB 41°52" 97°03’
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8/12-15/1946
8/12-16/1946

9/26-27/1946
6/23-24/1948
9/3-7/1950

6/23-28/1954
§/17-20/1955

5/15-16/1987
6/14-15/1957
6/23-24/1963
6/13-20/1965
6/24/1966

8/12-13/1966
9/19-24/1967
7/16-17/1968
7/4-5/1969

8/19-20/1969

6/9/1972
6/19-23/1972
7/21-22/1972
9/10-12/1972
10/10-11/1973

44
45

46
47
48
49
50

51
52
53
54
55
56
57
38
59
60

61
62
63
64
65

Cole Camp
Nr. Collinsville

Nr. San Antonio
Nr. Del Rio
Yankeetown
Vie Pierce
Westfield

Hennessey

Nr. E. St. Louis
David City
Holly

Glenullin

Nr. Greely
Fallurrias
Waterloo
Nr. Wooster
Nr. Tyro
Rapid City
Zerbe

Nr. Cushing
Harlan
Enid

MO
IL

TX
TX
FI.
TX
MA

OK
1L

NB
CO
ND

NB
TX
IA
OH
VA
SD
PA
MN
1A
0K

38740
38°407
29°20/
29°227
26°03’
30022’
42°07’
36°027
38937
41°14"
37°43’
47°%1"
41°33’
27°16"
42°30"
40°50°
37749
44°12’
40°37¢
46107
41°437
36°25°

093°13"
89°59”
98°29°
100°377
820497
101°237
72°45°

97°56"

90°24°
97°05”
102923
101°19°
9832’
98°12’
920197
82°00"
79°00’
103°31°
76°317
94°30°
95°157
97°52’

sourck: U.S. Army Corps of Engineers (1982b).
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TABLE 4B-2 Storms with Rainfall Exceeding 50% of PMP, West of
Continental Divide

Storm Center Duration
Index for

Storm Date No. Town State  Lat. Long. 1000 mi?
8/11/1890 1 Palmetto NV 37°27 117°42
8/12/1891 2 Carnpo CA 32°36  116°28
8/28/1898 3 Ft. Mohave AZ 35°03 114°36
10/4-6/1911 4 Gladstone CO 37°53 107°39
12/29/1913-

1/3/1914 5 — CA 39°55 121°25
2/17-22/1914 6 Colby Ranch CA 34°18  118°07
2/20~25/1917 7 — CA 37°35 119°36
9/13/1918 8 Red Bluff CA 40°10 122°14
2/26-3/4/1938 9 CA 34°14 117°11
3/30-4/2/1931 10 — D 46°30 114°50 24
2/268/1932 11 Big Four WA 48°05 121°30
11721/1933 12 Tatoosh Island WA 48°23 124°44
1/20-25/1935 13 — WA 47°30 123°30 i}
1/20-25/1935 14 — WA 47°00 122°06 72
2/4-8/1937 15 Cyamaca Dam CA 33°00  116°35
12/9-12/1937 16 — CA 38°51 122°43
2/27-3/4/1938 17 — AZ 3457 111°44 12
1/19-24/1943 18 — CA 37°35 119°25 18
1/19-24/1943 19 Hoogee's Camp CA 34°13 118°02
1/30-2/3/11945 20 — CA 37°35 119°30
12/27/1945 21 Mt. Tamalpias CA 37°54 122°34
11/13-21/1950 22 — CA 36°30 118°30 24
8/25-30/1951 23 — AZ 34°07 112°21 72
7/18/1855 24 Chiatovich Flat CA 37°44 118°15
8/16/1958 25 Morgan UT 41°03 111°38
9/18/1959 2 Newton CA  40°%2  122°12
6/7-8/1964 27 Nyack Ck. MT 48°30 113°38 12
9/3-7/1970 28 _— uT 37°38 109°04 6
9/3-7/1970 29 — AZ 33°49 110°56 6
6/7/1972 30 Bakersfield CA 35°25  119°03
12/9-12/1973 31 — CA 39°45  121°30 48

source: U.S. Army Corps of Engineers (1982b).
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APPENDIX 4C CUIDELINES FOR BREACH ASSUMPTION

Presented here are guidelines for formulating emergency action plans with
no admission, written or implied, that the structures are a hazard. Addi-
tional criteria for dam break analysis are given for use in a specific com-
puter model. These guidelines are representative of criteria developed by

. an investor-owned utility, which were submitted and accepted by a regula-
tory agency. Prior to any use of these criteria, however, they should be
discussed with the specific regulatory agency with which the dam owner
has to deal.

1. All dams upstream or downstream from a given dam under investi-
gation should be evaluated.

2. If failure of an upstream dam is found to cause or compound the
failure of the dam under consideration, an evaluation shall be made.

3. If the upstream dam belongs to a different owner, efforts should be
made to obtain the necessary information to perform a dam break evalua-
tion.

4. Tf the downstream dam is owned and operated by another regula-
tory agency, the upstream owner should inform the downstream owner of
the result of the upstream dam break evaluation.

5. Evaluation of flood-prone areas resulting from dam breaks should
be made using available U.S. Geological Survey 7.5-minute quadrangle
topographic maps. Cross-section intervals should be limited to 1 mile and a
maximum of 10 miles except within reservoirs. Cross sections should be
taken at or near a development or populated area.

6. Inundation maps shall be prepared for areas where potential flood-
ing from the hypothetical dam break could cause significant hazard to hu-
man habitation.

7. No stability analysis or any type of geologic investigation shall be
performed in connection with the dam break studies. However, results of
earlier studies to satisfy regulatory requirements as to safety of the dam or
dams in question may be used as references.

8. For all dam break analyses where a storm is not in progress, all reser-
voirs shall be assumed to be at normal maximum operating water levels
unless otherwise noted. In so doing, all flashboards shall be assumed in-
stalled and gates in position.

9. For river channel base flow, use mean annual flow. When using the
National Weather Service (NWS) Dam Break Model, it is often necessary to
increase the base flow to an exceedingly high value before the computer
program can run. However, it has been shown that base flows are insignifi-
cant compared to the failure flood waves.
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10. The most likely mode of dam failure need not be the most severe;
only the most severe shall be assumed. Initial failure of gates or other ap-
purtenant features other than the dam shall not be considered because they
will not produce the most critical flows.

11. For dam break analysis with no concurrent storm in progress, no
cause of failure shall be assumed. Dams are considered to fail only to pre-
pare an emergency action plan. Results of the study should not reflect in
any way on the structural integrity of the dam or dams and are not to be
construed as such. All reports and/or inundation maps shall contain such a
qualifying statement.

12. Simultaneous failure of two or more adjacent or in-tandem dams
shall not be considered. However, successive or domino-type failures shall
be considered.

13. When the upper dam fails, and the lower dam is earth or roek, con-
sider the lower dam to fail if it overtops. When the lower dam is concrete
and stability analyses indicate a low factor of safety for overturning or slid-
ing, failure should be assumed, if significant overtopping would occur.

14. When a lower dam is overtopped from an upstream dam failure, all
flashboards and gates shall be assumed to fail.

15. For concrete dams (gravity or arch), assume instantaneocus failure.
When using the NWS Dam Break Model, a time of failure equal to 0.15
hour would be equivalent to instantaneous failure.

16. The shape for an instantaneous failure is similar to the geometry of
the channel at the center line of the dam.

17. Any partial width but full depth failure for concrete gravity dams
may be considered.

18. Complete failure for concrete arch dams is considered. When using
the NWS Dam Break Model, the parabolic shape of the failure breach
should be transformed into an equivalent trapezoidal section.

19. For earth and rockfill dams, assume failure by erosion. The word
erosion should not be construed as a cause of failure but as a rate of failure
dependent on time.

20. The shape of failure breach may either be trapezoidal, parabolic, or
rectangular. For partial instantaneous breach of concrete gravity dams, as-
sume a rectangular shape. For erosion failure, assume a parabolic or trape-
zoidal shape. For complete instantaneous failure, assume a parabolic or
trapezoidal shape,

21. For mixed dams (concrete and embankment), assume failure to pro-
duce the largest but reasonable flow.

22. Final breach shape of embankment dams should be trapezoidal
when the maximum base is equal to the height of the dam. A proportion-
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ately smaller base may be assumed if the geometry of the original river
channel is small compared to the height of the dam.

23. The maximum width of breach may be estimated by dividing the
area of the dam (measured along the axis) by the maximum height of the
dam. It could also be considered equivalent to the most hydraulically effi-
cient section. Dimensions for this efficient section are given in most text-
books on hydraulics (e.g., Chow’s Open Channel Hydraulics).

24. The failure outflow hydrograph may be estimated by flood routing
(hydraulic or hydrologic method) or by the approximate triangle method
supplemented by empirical formulas.

25. To arrive at reasonable dam break mechanics, postulated failures
shall be compared with historical dam failures.

26. All flood routing shall be done with the most practical and economi-
cal procedures. Computer models that simulate the dynamic passage of a
dam break flood through river channels should be used when practical.

27. All flood routing shall be continued downstream until attenuated to
a peak equivalent to the recorded precipitation-caused flood peak. In cer-
tain cases where the historical precipitation-caused flood peaks have
caused damage in the area, contimued routing may be necessary until atten-
uation to a mean annua!l flood peak value.

28. All bridges along the pathway of a dam break flood may be assumed
to have failed prior to the arrival of the flood peak if it is determined that
they will be overtopped. The NWS Dam Break Model can be used to route
through bridges.

29. Flood wave arrival times shall be indicated at points on inundation
maps with significant population.

30. A report documenting all pertinent assumptions, evaluations, and
scenarios in the dam failure analysis shall be prepared for each study.



Geologic and
Seismological Considerations

GENERAL GEOLOGIC CONSIDERATIONS

Defective foundation and reservoir conditions have perhaps been responsi-
ble for a majority of dam failures and accidents (see Chapter 2). This chap-
ter will discuss the major geologic features and rock types that may contrib-
ute to the development of serious conditions at a dam site.

In the 5 billion or so years of the earth’s life, many changes have taken
place in the rocks forming the earth’s crust. These changes are continuing,
The result is a great variety in the type of rock from place to place and also
great differences in the quality of the rock. Engineers and geologists, after
much experience with dam site geology, frequently associate certain defects
with each class of rock. While rocks differ greatly in the kind and size of their
mineral constituents, the broadest general classification of rock is based on
the way in which they are formed: igneous, sedimentary, and metamorphic
rocks. Coincidentally, certain types of defects in dam foundations often seem
to have some correlation with each of these broad classifications.

Rock Classification

Igneous Rocks

Igneous rocks are formed by the solidification of molten rock or lava. If
solidification takes place slowly at great depths in the earth, the rocks are
called plutonic or intrusive rocks and are composed of masses of crystalline
particles. Depending on the relative amounts and sizes of these constitu-

132
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ents, these rocks will have various names, such as granite, diabase, or gab-
bro. When the molten rock is expelled from the interior to the surface of the
earth, it cools quickly, the crystal sizes are generally very small, and the
dissolved gases in the rock expand. These rocks are called volcanic or extru-
sive rocks. These include basalt, rhyolite, obsidian, and pumice.

A common characteristic of plutonic rocks is their large crystal sizes and
the interlocking of grains of different minerals. As the rock cools, it shrinks.
When the internal tensile stresses resulting from this shrinkage become
greater than its strength, the rock cracks and develops a regular pattern of
joints. At the surface, weather processes break the rock down almost com-
pletely into residual soil.

Volcanic rocks have their own special problems. The material may be
ejected explosively in the form of rocks, molten bombs, or small, dust-like
particles or may flow like a dense liquid, such as lava. Deposits of the
ejected material, such as pumice, are apt to be porous, with easy permea-
bility and erodibility to flow of water. A reservoir rim or dam foundation
containing such ejecta might require extensive (and often very difficult)
grouting before a satisfactory reduction of seepage can be achieved. The
rock mass, with large or small open bubbles from expanded gases, tends to
be weak and needs careful study to determine if it has sufficient strength for
heavily loaded structures. Voleanie rock often tends to break down easily
by weathering to leave a weak residue. Each lava flow lasts only a rela-
tively short time. Therefore, a deep deposit of lava may be made up of
many individual flows. Since the surface of each flow tends to deteriorate,
the mass is frequently characterized by interfaces of altered material and
sometimes volcanic ash; these latter materials may be mechanically weak
-and very permeable to water flow. Washing and grouting often improve
such foundation materials. Sometimes the flowing mass cools and hardens
on the surface, and the included gases may escape while the liquid interiors
simply run out and, in either case, can leave a hollow pipe of considerable
size and length. Careful exploration is needed in regions of volcanic deposits
for assurance that reservoir leakage can be held to an acceptable minimum.

Sedimentary Rock

Rock at the earth’s surface is continually being broken down not only by
tectonic forces but also by the process of weathering. Weathering processes
include the freezing of water in cracks accompanied by expansion of the ice
and subsequent fracturing of the rock. Another weathering process is that
of extreme temperature changes that will cause fracturing. The flow of wa-
ter through rock can weaken some minerals and this will leave the remain-
der unsupported, so they are removed easily by wind or water erosion.
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Large-scale weathering processes, such as river erosion or glaciation, not
only will remove large masses of rock by abrasion but may also remove
support from large masses and leave the balance of the rock in a state of
stress that is conducive to fracture and further breakdown. The broken
particles resulting from the weathering process are often transported by
air, ice, water, or gravity and then redeposited. As the modes of deposition
can be extremely variable, there may be considerable differences in the suc-
cessive layers of the deposited or sedimentary material. Hence, sedimen-
tary rocks are often characterized by the great variety in the material in the
successive layers. Much time can elapse between depositional modes, and
this provides opportunity for decomposition of the top surface of the layer.
The result can be a very weak interface between the layers, and this will
require washing and grouting to increase the strength and impermeability.
If the sedimentary deposits are subjected to heat and pressure from overly-
ing material or to cementation from dissolved minerals in water, the layers
may greatly increase in strength.

In addition to the weathering processes, tectonic activities such as earth
movements may cause joints or faults to form in the sedimentary layers.
These discontinuities may be tightly closed, open, or filled with other ma-
terials or minerals that have been transported into the openings.

Many sedimentary rocks take their names from the size of the rock parti-
cles in the deposit. Thus, a rock made up of gravel or larger particles is
called conglomerate (the contained particles are usually rounded or sub-
rounded) or breccia {the contained particles are angular). If sand-size par-
ticles are compressed or cemented into a coherent mass, the result is a sand-
stone; similarly, silt-size particles constitute a siltstone and clay-size
particles result in a claystone or shale. Calcareous mud or sand may be-
come limestone. Deposits of highly carboniferous materials, such as vegeta-
tion, become coal. Any or all of these may be present in successive layers of
a sedimentary rock formation.

In addition to the mud or weak zones between successive layers, sedi-
mentary rocks can have other problems. For example, if the cementing ma-
terial in sandstone or conglomerate is water soluble, it will go into solution
or become very weak when saturated by a reservoir, and the rock may re-
vert to its original form, i.e., a sand or gravel. This action is considered the
cause of the collapse of the St. Franeis Dam in California. The sandy shaley
conglomerate foundation disintegrated under the water action during the
first filling of the reservoir. Some shales that are wet in situ tend to fall
apart to a powder on drying out. These are called air-slaking shales. Lime-
stones and dolomites can be dissolved by the weak natural acid formed by
the combination of water and carbon dioxide in the water. Hence, over a
long time period, water moving through these types of carbonate rocks can
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dissolve out large portions of the rock and result in natural pipes or caverns
(Figure 5-1). The overlying surface may then develop sinkholes and is
called karst. Great care must be taken to grout and otherwise seal off cav-
ernous limestone; otherwise a reservoir founded on this rock will not hold
water. A similar action can occur in rock formations primarily composed of

gypsum.

Metamorphic Rocks

These are formed from other rocks when they are subjected to great heat
and pressure. In igneous rocks, like granite, the mineral grains will be reor-
iented to planar sheetlike forms called gneiss or schist. These may have a
decided plane of weakness parallel to the mineral planes. In sandstone most
of the minerals (except quartz) may disappear, and the quartz grains will
fuse together into a glassy solid called quartzite. Under metamorphic proc-
esses, shale goes through transitional stages to ultimately form a slate. The
latter will have decided cleavage planes, but these often are at angles to the
original bedding of the shale. Limcstone and dolomite when metamor-
phosed become marble,

FIGURE 5-1 Caverns in dolomite foundation of a gravity concrete dam. (Later filled with
concrete to ensure adequate bearing for the dam.)
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Since the process of metamorphism is not uniform, metamorphic rocks
have weak zones due to pressure, heat, or chemical action. These can result
in sheeted areas, gouge seams, or even faults. Weakened areas, when
found, must be removed and replaced with concrete so that the dam will
have a uniformly strong foundation. Jointing in metamorphic rocks will be
formed during the metamorphic processes and will often form irregular-
shaped or wedge-shaped blocks.

ROCK TYPES

There are hundreds, probably thousands, of different varieties of rock that
could be encountered in dam construction. Of course at any one site the
likelihood is that there would be only a few to several rock types. However,
because there are so many possibilities, it is not feasible to list here all the
problems that might develop from every rock type that might be encoun-
tered at a dam. Therefore, only listed are those rock types that most com-
monly might be encountered or those that have been reported as causing
problems at a dam,

Rock Types and Their Performance

Amphibolite: Metamorphic. Dark-colored with little or no quartz. May
have poor weathering resistance. Tends to break along foliations.

Anhydrite: Sedimentary. CaSQ,. Usually white or slightly tinted. Un-
stable in the presence of water and tends to expand when wet, which causes
rapid disintegration of the rock,

Ash: Igneous. Usually noncoherent but may be somewhat cemented or
welded. Light colored to gray. Deteriorates rapidly under water action
and may be subject to considerable settlement because of its low density.
High content of silica. (see Tuff)

Basalt: Tgneous. Dark colored, fine grained. Little or no quartz. Com-
plex chemical formula including Na, Al, Si, O, Ca, Mg, Fe, and K in vary-
ing amounts. May contain small, highly visible pores called vugs, which
may or may not be filled with clay-like material or be interconnected.
However, some basalts do contain continuous tunnels or tubes as a result of
gas flowing through the material during the time of its formation. Basalts
tend to crack into well-defined chunks or blocks during the cooling process.
High cohesion. If fractured, a plucking action can occur when high-velocity
water flows over its surface.

Claystone: Sedimentary. Clay constitutes greater than 25%. May be
massive or stratified. Generally high in quartz. Some shales are classified as
claystones and vice versa. There is no agreement as to the distinction except
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that shale would be expected to have considerable fissility (casy cleavage or
laminations). Coherent but subject to erosion under water and other forms
of weathering action. May disintegrate into fine particles or clay under se-
vere weathering conditions. Where stratified, may be a weakened zone
that would be conducive to slides.

Conglomerate: Sedimentary. Composed of easily visible, generally
rounded fragments or pebbles in a matrix of granular material. Can be
cemented with caleium carbonate, iron oxide, silica, or clay. Depending
on the type of cement, it may be disintegrated easily by weathering agents.

Diabase or Dolerite: Igneous. Dark colored, intrusive. Composed
mainly of labradorite and pyroxene minerals. Little or no quartz. Fine to
medium grained. Visible particles appear to be angular, Can be associated
with cavities or numerous open fissures. Generally high strength. Some-
times called trap rock,

Dolomite: Sedimentary. Composed chiefly of Ca, Mg, and CO 5. White
or tinted. May be crystalline or noncrystalline. Effervesces very slowly in
HCl. Can be associated with a cavernous structure. Relatively high
strength.

Gneiss: Metamorphic. Foliated. Light to dark gray. Less than half of the
minerals may show preferred parallel orientation. Commonly rich in
quartz and feldspar. May contain considerable mica. Those high in mica
may rapidly slake or have easy cleavage,

Granite: Igneous. Primarily composed of quartz and feldspar. May con-
tain some mica. Texture usually from medium to coarse grained. White to
dark gray with occasional red or pink. May be block jointed or sheeted. The
feldspar may disintegrate under weathering and leave a rather granular soil
with some clay admix. Grains may be strongly or poorly interlocked. Fre-
quently becomes a catch-all term for many types of feldspathic, quartzitic
intrusive igneous rocks; thus, test values can have a considerable range.

Gypsum: Sedimentary. CaSQ,. 2H,0. Very soft. White or colorless but
can be tinted. Easily disintegrated by normal weathering processes. Water
action may cause solution channels.

Limestone: Sedimentary. CaCO ;. May have impurities of other miner-
als. White to tinted. Rock composed solely or almost entirely of CaCO,
includes chalk, coquina, and travertine. All effervesce freely with any com-
mon acid. The name always carries a warning that there may be minor or
extensive cavern systems in the formation. Slowly soluble in water with a
low pH. Can deteriorate under high temperatures.

Marl: Sedimentary. Catch-all term describing soft, loose, earthy de-
posits that may be ecoherent or noncoherent. Chiefly clay and CaCQ,.
Gray, but other colors are frequently present. Texture may be extremely
fine or granular. Often easily eroded by water.
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Micaceous Rock: Generally igneous or metamorphic. Any rock contain-
ing easily visible quantities of the sheetlike material called mica. Latter has
a highly complex formula that contains Ca, Mg, Fe, Li, Al, Si, O, H, and
F. Easily split into thin plates. Color ranges from colorless to black. In a
rock mass under shear stresses, it can be expected to be a weak member
owing to a relatively low coefficient of sliding friction.

Pegmatite: Igneous. Very coarse grained with interlocking crystals.
Composition similar to that of granite. High in quartz. Same color varia-
tions as granite, Larger constituents may weather loose from the binding
matrix. More frequently tight interlocking is present and represents a
highly durable rock.

Peridotite: Igneous. Coarse grained. Chiefly olivine with other iron-
magnesium minerals. Dark colored. Mentioned here primarily because it com-
monly alters to serpentine, often a highly undesirable foundation material.

Phyllite: Metamorphic. Intermediate between slate and micaceous
schist. Well-defined thin laminations. Usually biack or dark brown. Can
be split along bedding planes with some difficulty, and split surfaces may
be slick. Resistant to weathering but tends to split or slab when original
crustal stresses on it are relieved by excavation.

Pumice: Igneous. Light colored. Highly porous or vesicular. Generally
composed primarily of silica that has been produced by volcanic eruption.
Very lightweight and abrasive. Stony or earthy texture. Very erodible and
very low strength.

Quartzite: Sedimentary or metamorphic. Resembles a very hard sand-
stone where the quartz grains are tightly cemented with silica. Also may be
a metamorphic rock formed from the recrystallization of sandstone. Usu-
ally colorless. Breaks with irregular fractures across the grains. Very hard.
Highly resistant to weathering forces but on occasion can disintegrate into
granular material.

Sandstone: Sedimentary. Medium grained, composed of rounded or an-
gular fragments. Cementing material may be silt, clay, iron oxide, silica,
or CaCO,. White, red, yellow, brown, or gray. May be friable, i.e., when
rubbed by the fingers grains easily detach themselves. Can be well-defined
bedding or very massive. Rate of disintegration depends on type of cement-
ing material and weathering forces. May have a relatively high porosity
and be considered a reservoir rock for water or oil.

Schist: Metamorphic. Well-develaped foliation generally in thin parallel
plates that may show considerable distortion. Usually high in mica. Can be
very competent as an engineering material but is frequently separated eas-
ily along the foliations or planes of schistosity. Can be subject to plucking
action under high-velocity water. Because of the strong forces that develop
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the inherent foliation, it is possible there will be shear planes between the
laminations; if so, it will be a dangerous rock in slopes and tunnels.

Serpentine: Igneous or metamarphic. Complex formula with Mg, Fe, Si,
O, and H. Usually easily recognized because of its very greasy or soapy
appearance or feel. Can be granular or fibrous. Often green or greenish
yellow or greenish gray. May have a vein-like appearance. Generally a sec-
ondary mineral but can be found in thick beds. Always to be regarded with
caution because of its tendency to disintegrate into very incompetent mate-
rial under normal weathering action. Also, can have very low shear
strength.

Shale: Sedimentary. Extremely fine grained, composed mainly of clay-
size particles but may occasionally contain silt or sand sizes. Characterized
by its laminar or fissile structure. Easily cleavable. May be soft and easily
scratched with a fingernail but can also be quite hard. Tends to slake rap-
idly when dried and then put into water. Can range from relatively light
colors to black. Usually has a low shear strength and is to be regarded with
caution when encountered in engineering works. Frequently regarded as a
borderline material between soil and rock. Can disintegrate to a clayey
mass. (See also the section Residual Soils.)

Siltstone: Sedimentary. Generally hard and coherent. Tends to be mas-
sive rather than laminated. Gritty feel. At least two-thirds of the constitu-
ents will be silt size. Depending on the type of cement, may disintegrate
rapidly into silty deposits. Not expected to have high durability when used
as a rock fill,

Slate: Metamorphic. No visible grains. Composed of clay-size particles.
Will cleave into very hard, relatively thin plates. However, fissility occurs
along planes that may not be parallel to the original bedding that is visible
in the material. Very dark colored. Very durable but can break into large
slabs in open slopes.

Tuff: Igneous or sedimentary. Usually a product of volcanic eruption.
May have relatively low density or, if the individual silica grains are
welded together, a high density. Depending on the cement, may be easily
eroded or very resistant to erosion. Gray to yellow in color. Usually low
density.

General Comments on Rock Types

The physical properties of rock are extremely variable, even for one type of
rock. This is illustrated in Table 5-1. For example, it can be seen in this
table that the unconfined compressive strength of a “granite” can vary be-
tween 2,600 psi and 48,200 psi. One reason for these wide variations is the



TABLE 5-1 Strengths of Rocks

i1

Unconfined Compressive Strength

(% 100 psi) Modulus of Elasticity (X 1,000,000 psi)  Specific Gravity

No. No. No.
Rock Type Average Minimum Maximum Tests Average Minimum Maximum Tests Average Minimum Maximum Tests
Amphibolite 22.08 3.60 40.7 14 13.93 9.80 16.30 9 2.91 2.71 3.08 14
Anhydrite — — — — 4.43 1.86 9.32 8 2.90 1.86 3,48 20
Basalt 16.3 0.6 55.6 195 6.07 1.58 13.39 75 2.59 1.91 2.99 195
Claystone — — — — — — — —_ 2.67 2.52 2.78 13
Conglomerate  32.8 15.3 47.8 7 1,89 6.75 13.83 6 2,72 2.66 2.81 9
Diabase 33.0 6.0 51.8 15 8.35 6.20 10.5 2 2,73 2.49 2,88 6
Dolomite 14.0 4.2 52.0 62 6,72 2.76 14.74 12 2.62 2.12 2.93 59
Gneiss 19.4 5.2 42.4 103 9.76 6.60 13.8 35 2.76 2.54 3.09 107
Granite 23.28 2.6 48.2 140 9.23 3.00 11.77 49 2.65 2.59 2.77 141
Limestone 10.9 0.2 37.8 211 5.03 0.51 11.05 62 2.40 1.21 4.41 246
Marl 7.5 5.5 9.6 2 5.90 — — 1 2.79 2.78 2.80 2
Pegmatite 31.09 21.1 41.2 9 11.48 11.00 12.00 5 2.68 2.66 2.70 9
Phyllite — — — — — 1.09* 1.407 ? 2,74 2.18 3.34 7
Pumice 4.44 + 1.97* and 3.29 + 1.39" 41 — — — — — — — -
Quartzite 42.4 3.7 91.2 25 9.13 1.00 13.60 8 2.82 2.53 - 4.07 22
Sandstone 9.1 0.3 47.6 255 0.93 0.12 9.74 199 2.32 1.86 3.26 292
Schist 7.3 1.0 23.5 16 5.25 1.20 9.40 15 2.80 2.47 3.20 66
Shale 9.8 0.1 33.5 67 2.56 0.01 7.50 30 2.59 1.38 2.86 76
Siltstone 15.7 0.5 45.8 14 5.49 0.10 12.59 10 2.67 2.21 2.77 27
Slate 22.3 14.2 30.4 6 — — — — 2,78 2.71 2,93 6
Tutf 20.7 3.0 45.5 6 6.54 0.58 12,50 2 1.85 1.37 2.78 10

*From Touloukian et al. (1981).
source: Judd {1969, 1971).
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inaccuracy of the description or “naming” of the rock, which points to the
lack of an acceptable engineering classification system for rock. For exam-
ple, if accurate petrographic descriptions are not obtained, the rock may be
inaccurately categorized as basalt, trap rock, or granite. For this reason it is
desirable to determine the mode of deposition of the rock; this may provide
clues to the expected performance in engineering works. For example, if
the rock is a member of a flow of molten rock on the surface or at shallow
depths, attention should be directed at the possibility of gas caverns or ex-
tensive cooling fractures being present. Similarly, if the rock has been de-
posited in water, such as many sedimentary rocks, the possibility exists that
such rocks will be susceptible to severe erosion under the weathering action
of wind, temperature changes, or water,

Ancther clue to predicting rock performance is to determine the geologic
age of the material. This certainly is not a precise predictor but can assist
when the age along with other information on the rock origin is known.
For example, if the rock is relatively young, i.e., formed in the Cenozoic
Era, it might be expected that the material would have a relatively poor
coherence and tend to be highly erodible. Of course this is not always true,
but it is one possible indicator. On the other hand, if the rock is extremely
old, for example of the Precambrian Age, the rock might well be very dura-
ble and hard and a good-performing structural material. Obviocusly age by
itself is not a good eriterion because of the long period of time in which
rocks have developed, e.g., between the Precambrian and the Cenozoic
there is a period of over 500 million years.

The properties noted in the above descriptions of various rock types are
summarized in Tables 5-2 and 5-3. Table 5-2 correlates the easily visible
surface defects or evidence of rock behavior to the possible cause for this
behavior. Table 5-3 compares the rock type with the defects that may occur
and that are easily visible by surface examination. Table 5-3 can be used in
two different ways: (1) if the rock name or type is known, the expected
defects can be identified from the table and (2) if certain defects are ob-
served, it may be possible to identify the rock type associated with the de-
fect. It must be recognized, however, that the defects noted are only those
that more commonly occur, because almost any of the so-called surface de-
fects may develop from any rock type.

GEOLOGIC STRUCTURE

Rock Foundation Defects

Some of the potential defects in a rock foundation that will result from geo-
logic structure are faults, joints, shear zones, and bedding and foliation



TABLE 5-2 Major Cause of Defect

Freeze-Thaw

and Other

Temperature Stress Water Water
Defect Changes Relief Solubility Consolidation Pressure Lubrication
Block loosening X X X X
Cracking X X X
Disintegration (granular) X
Seepage (clear) X
Seepage (mmuddy)
Settlement X
Slabbing X X X
Slides X X X
Softening X X

Piping

(44!



TABLE 5-3 Surface Defects

Block
Loosening Cracking

Disintegration
(granular)

Leakage
(clear)

Leakage
(muddy)

Settlement

Softening

Anhydrite
Ash, volcanic
Basalt
Claystone
Conglomerate
Diabase
Dolomite
Gneiss
Granite
Gypsum
Limestone
Marl
Micaceous rack
Pegmatite
Peridotite
Pumice
Quartzite
Sandstone
Schist
Scrpentine
Shale
Siltstone
Slate

Tuff

X X
X X
X
X X
X
X
X
X
X
X
X
X X

X

X

P

4

X

X

L

X

X

X

Slabbing Slides  Foliation
X
X X
X
X
X X
X X
X X X
X
X X
X X
X X X
X
X

54!
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planes. Faults result from a rupture in rock formations and are caused by
high-magnitude tectonic forces. Joints can be formed as a result of tensile
forces that develop from cooling of the liquid rock or from a weathering
process, as described in the section General Geologic Considerations. The
differentiation between faults and joints is that when portions of a forma-
tion move with respect to each other the discontinuity so produced is
termed a fault. If there is a discontinuity but no movement has occurred,
the break would be called a joint or fracture. Shear zones merely are an-
other term for a faulted area in the crust. They generally have appreciable
thickness or width and contain considerable ground-up rock derived from
the parent rocks on both sides of the shear zone. Occasionally they also
contain secondary material that has been transported into the zone by
means of water. Foliation is a result of parallel arrangement of platy min-
erals and is common in metamorphic rocks such as schist and slate, Separa-
tions between bedding planes are a type of joint primarily associated with
sedimentary rock. The term fracture can refer to a joint or a fault but al-
ways denotes a discontinuity in the rock mass. Water percolating through
fractures can alter the mineral of the adjacent rock and in some cases actu-
ally dissolve portions of it. The result can be a weak, altered material. As
previously noted, the fracture may be open, closed, or filled with some type
of secondary material. Usually the secondary material is weaker than the
surrounding rock, although occasionally there may be a high percentage of
silica that actually welds the fractures together to form a rock mass that
may have strength equivalent to the original unbroken mass. Joints gener-
ally tend to be more continuous and more open near the surface and to
close with increasing depth. Regardless of whether the fractures are filled,
it is necessary to reduce their permeability by washing and then grouting
with a cementitious or resinous material. Continuous joints and fractures
should always be of concern as they can result in instability in slopes adja-
cent to a dam or in the reservoir or downstream from the dam.

Faulting, jointing, and shear zones in carbonate rocks may contribute to
the development of karstic conditions. Clay material along such disconti-
nuities may be washed away with increased head and/or the surging action
common to a hydroelectric project. One such example is the Logan Martin
Dam on the Coose River in Alabama. The rock foundation is dolomite with
isolated beds of limestone and scattered masses of chert. (Chert is an amor-
phous or eryptocrystalline sedimentary rock comprised primarily of siliea,
with lesser amounts of quartz.) The rock is highly jointed and cavernous.
Although the bedrock was extensively grouted during construction, under-
seepage developed soon after reservoir impoundment. Upstream sinkholes
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and downstream boils developed and persisted through periods of remedial
grouting during the 18 years of operation. Seepage has been monitored by
stream flow measurements downstream of the dam every spring and fall of
this operating period. The reservoir was filled in 1964 and by the spring of
1977, stream flow measurements downstream of the dam had increased to
675 cfs. The seepage has been slightly reduced in recent years by multirow
grouting of the dam foundation and by filling upstream sinkholes with
cherty residuum. As a second level of defense, a trench drain and rock bol-
ster have been constructed along a critical section downstream of the toe of
the dam.

Failures Due to Geologic Defeets

Waco Dam

Structural defects have been responsible for numerous dam failures and ac-
cidents. For example, in 1961 a 1,500-foot slide occurred in the Waco Dam
in Texas during construction. The earth embankment was as much as 13
feet below finished grade when the slide oceurred. The dam was founded
on three formations of clay shales that had varying strengths. This com-
plexity in the foundation was due in part to faults. According to Beene
(1967), the foundation failure resulted from a combination of depositional
sequence and geologic structure disturbance. The weaker clay shale that
failed was sandwiched between two stronger shales. Movement along
closely spaced nonparallel faults caused shearing stresses in the weaker
shale. The presence of a relatively pervious contact along a fault between
the weak shale and the stronger shale permitted widespread distribution of
uplift pressure, Figure 5-2 shows profile and embankment sections. Figure
5-3 shows pore-pressure contours in the weak shale after the slide. Beene
concluded that influence of a joint system on the development and distribu-
tion of pore pressure in a clay shale cannot be predicted by laboratory tests;
therefore, the embankment must be instrumented for movement and pore
pressure.

Baldwin Hills Dam

Another failure resulting from foundation faults was that of Baldwin Hills
Reservoir in California in 1963. This occurred some 12 years after the dam
had gone into operation, The asphalt lining for the reservoir was founded
on thinly bedded and poorly consolidated sands and silty sands. There were
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numerous known faults in the foundation. Because of this, special attention
was paid to the design of the dam and the reservoir was highly instru-
mented. According to the State Engineering Board of Inquiry (Jansen et al.
1967), slow movements occurred on these faults with progressively increas-
ing displacement. This ruptured the asphalt lining and allowed water un-
der pressure to enter the faults and pipe out (remove) the filling material in
the faults. This erosion proceeded very rapidly and undermined the dam
with its subsequent complete failure. The long-term movement and devel-
opment of these stresses appear to have been caused primarily by subsi-
dence, and the latter had been observed for many years in this area (Leps
1972). Figure 5-4 shows a view of the dam after failure.
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FIGURE 5-4 Baldwin Hills Reservoir after faiture.

Teton Dam

Open joints in the foundation need careful consideration in design. The
tailure at Teton Dam in 1976 in Idaho may in part have been caused by the
existence of open joints in the foundation. According to the Independent
Panel to Review the Cause of Teton Dam Failure (1976), the voleanic rock
in the foundation was highly permeable and moderately to intensely
jointed. The foundation was grouted during construction, but the grout
curtain was not sufficiently effective, and there were open joints in the up-
stream and downstream faces of the right abutment key trench; these pro-
vided conduits for ingress and egress of water during reservoir filling. The
independent panel considered the placement of highly erodible soil (the
core of the dam) adjacent to the heavily jointed rock a major factor contrib-
uting to the failure.

Malpasset Dam

Often it may be the combination of deficiencies in the foundation that
causes a failure or an incident. One such case was the Malpasset Dam fail-
ure in France in 1959. According to Bellier (1976), this was the first total
failure in the history of arch dams. The failure was a result of foliation
dipping downstream, arch stress parallel with the foliation, and a fault
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plunging beneath the dam that created a watertight floor. Bellier stated
that as the arch stress increased on the left abutment there was a reduction
in permeability with a subsequent increase in uplift pressure that eventu-
ally caused rupture of the dam. Figure 5-5 shows the relationship between
the geologic structure and the arch. This case history strengthens the re-
quirement for using piczometers in rock abutments and foundations of arch
dams as a positive monitoring device.

Intersection Horizontal Section at El. 65.00M
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Relations between the geological structure and the arch. The horizontal section shows
that the arch is in line with the foliation on the left abutment. Note how the foliation is
relative to the ground surface. Conditions on the right abutment were very different,

The carresponding vertical sections cleariy show the difference between the two
abutments, in particular the zane compressed by the arch thrust in the left bank (Section
BB). This zone could extend to great depth on account of the foliation,

FIGURE 5-5 Malpasset Dam. source: Bellier (1976).
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Uniontown Cofferdam

It also is important to understand the structural geology of foundations for
temporary structures associated with dams, such as cofferdams, which are
used during initial construction or in such subsequent modifications as add-
ing a powerhouse to an existing dam. Cofferdam failures can cause loss of
life to downstream inhabitants and construction personnel and/or appre-
ciable property damage. A cofferdam failure during construction of the
Uniontown locks and dam on the Ohio River in 1971 may in part have been
the result of faults in the foundation (Thomas et al. 1975). The cofferdam
was completed 10 days before the failure, and the dam foundation area
had been dewatered. The failure was a translational slide along a coal and
underclay stratum approzimately 16 feet below the top of rock. The proba-
ble cause of failure was excessive pore pressure in the underclay and coal. A
fault beneath one of the cofferdam’s cells appears to have provided a likely
avenue of communication to water outside of the cofferdam. Intense fault-
ing in the area contributed to the reduction in strength of the sedimentary
rock.

SOILS

The vast majority of dams are embankment dams composed of soils. Some
concrete gravity dams may be in contact with soils at some portions of their
foundations, particularly the abutments.

A thorough understanding of the condition of an existing dam requires
detailed knowledge of the types of soils in the embankment and founda-
tion, their spatial distribution, and their physical characteristics (moisture
content, strength, permeability, and presence of discontinuities affecting
permeability and strength). For most existing dams, soils data from precon-
struction site exploration and testing, design, or construction are not avail-
able; therefore, this extremely important information must be cautiously in-
ferred by visual site inspection and limited sampling and testing. Such
inferred conclusions must be made in conjunction with an understanding of
the geologic setting along with experience with similar soils and structures.

This section presents some very generalized information on soils. It also
offers suggestions on how to obtain, from published information, more site-
specific understanding of the nature and characteristics of the soils in, be-
neath, and around a particular dam. This approach can reduce the cost of
drilling and testing and is essential for reliable interpretation of drilling
and test data. It is emphasized that study of generalized information is no
substitute for exploring and testing the soils in and under the specific dam.
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Discussion of basic soil mechanices is not ineluded in this section. For that
information the reader is referred to texts, geotechnical engincering consul-
tants, and sections of this book dealing with stability and seepage analyses.

Soil Classification

Classification of soils (dividing them into systems or groups having similar
characteristics) may be done in many different ways depending on the par-
ticular characteristics of interest. For example, geologic classifications tend
to be focused on origin and mappability. Pedologic classifications have
been developed by soil scientists with primary emphasis on agricultural
qualities of the soils, with mappability being an important factor here, too.
Engineering classification systems place emphasis on physical characteris-
tics most pertinent to the particular engineering utilization at hand. Engi-
neers, pedologists, and geologists have become increasingly aware that soil
data and maps developed by cach of these disciplines can be very useful to
others when properly interpreted. A common denominator is that most
classification systems include textural descriptions based, at least in part,
on the relative abundance of different grain sizes composing the soil.

The following discussions outline the most commonly used soil classifications.

Textural Classification

A textural classification defines quantitatively the percentages of particles
of various grain sizes in a soil sample. Although there are some differences
among engineers, soil scientists, and geologists on the specific grain diame-
ters defining boulders, cobbles, gravcls, sand, silts, and (cspecially) clays,
overall the differences are minor. By making appropriate sieve separation
tests, a soil may be defined as, for example, 60% sand, 30 % silt, and 10%
clay; a more complete analysis of grain sizes can be usefully expressed on a
graph (grain-size chart) showing the percentage of soils in each diameter.
Engineering grain-size definitions along with a grain-size chart are shown
in Figure 5-6; the figure includes some typical grain-size curves illustrating
different degrees of uniformity of soil grain sizes.

Descriptive Classification

Descriptive classifications simply identify the main constituent, with less
abundant or less important constituents’ names being used as adjectives.
For example, a soil containing mostly sand but including some silt and a
little clay might be defined descriptively as a slightly clayey, silty sand.
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FIGURE 5-6  Grain size chart and ASTM-ASCE grain size scale. source: Sowers (1979).

Generalized terms relating to density, consistency, moisture content, color,
and origin are usually included in the description as the first modifying
terms. Mixtures of sand, silt, and clay are often termed loam, particularly
by soil scientists. Definitions of various loams are shown in Figure 5-7.

Engineering Classification

Several engineering soil classification systems are in use. The most common
and appropriate one for dam engineering is the Unified Soil Classification
System (USCS 1975). It is based on grain-size distribution and, for finer
grained soils, on plasticity. Figure 5-8 shows the USCS soil classes and their
definitions, and Figure 5-9 shows generalized engineering characteristics of
each USCS soil class. This generalized information can be helpful in infer-
ring information about an existing dam when used in conjunction with
pedological and geclogic maps and information, as discussed in the follow-
ing sections.

Pedological Classification

The most detailed pedological classifications focus on the agricultural char-
acteristics of surface and near surface soils. The basic unit of classification
is termed a soil series, and series are classified into progressively larger and
inclusive families, subgroups, great groups, suborders, and orders. Any
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FIGURE 5-7  Soil triangle of the basic soil textural classes. source: U.S. Bureau of Reclamation
(1974).
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FIGURE 5-8 Unified soil classification, including identification and description. source: U.S.

particular soil series has specific visual, physical, and agricultural charac-
teristics that can be recognized from place to place, usually within a local-
ized geographic region. Over 10,000 soil series have been identified in the
United States. Soil series are the basic mapping unit of agricultural soil sci-
entists. All of the United States has been mapped by soil scientists at some
scale, and within the last few decades many areas have been mapped in
detail at scales of 1 inch = 2,000 feet or larger. In many areas the Unified
Soil Classification of each soil series (and horizons within each series) has
been determined, and many soil series have been subjected to other engi-
neering tests to determine general engineering characteristics.

It is emphasized that agricultural soils maps, particularly the more mod-
ern ones where correlations have been made between soil series and engi-
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neering tests, can be very helplul in inferring generalized engineering char-
acteristics at an existing dam. Furthermore, the text accompanying the soil
map may include references to actual engineering performance of the soils
in the vicinity of the dam. These may help in understanding a suspected or

known deficiency in the dam, its foundation, or the reservoir rim.

Geologic Classifications

Soils may be classified as to their origin or mode of deposition. The broadest
divisions are (a) residual soils, derived by in-place chemical and physical
decomposition (weathering) of parent rock of soil materials and (b) trans-
ported soils, redistributed from their original or other site of deposition by
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Important Engineering Properties

organic soils

Typical Names Shear Compres-
of Soil Groups Permea- Strength sibility
bility When When
Group When Compacted | Compacted
Symbals| Compacted |and and
Saturated Saturated
Well-graded gravels, gravel- i
sand mixtures, little or GW Pervious Excellant Negligible
no fines
Poorly graded gravels,
gravel-sand mixtures, GP Very pervious Good Negligible
little or no fines
Sitty gravels, poorly Semipervious -
g_radet_i gravel-sand- GM to impervious Good Negligible
silt mixtures
Clayey gravels, poorly
graded gravel-sand- GC impervious Good to fair| Very low
clay mixtures
Well-graded sands,
gravelly sands, little SwW Pervious Excellent Negligible
or no fines
Poarly graded sands,
aravelly sands, little sp Pervious Good Very low
or no fines
Silty sands, poorly Sarmni :
- pervious
gr_aded sand-silt M to impervious Good Low
mixtures
Clayey sands, poorly
graded sand-clay sC impervious Good to fair Low
mixtures
Inorganic silts and very
f!ne sands, rock_flour, ML Semlper\ugus Fair Medium
silty or clayey fine sands to Impervious
with slight plasticity
inorganic clays of low to
medium plasticity, cL impervious Fair Medium
gravelly clays, sandy clays
silty clays, lean clays
Crganic silts and organic Semi .
silt.clays of low oL te’?"p”“'_‘w’ Paor Medium
plasticity 0 impervious
Inorganic silts, micaceous
or diatomaceaus fine Semipervious . .
sandy or silty soils, MH 10 impervious Fair to poor High
elastic silts
Inarganic clays of high . .
plasticity, fat clays CH Impervious Poor High
Organic clays of medium H | . High
1o high plasticity o] mpervious Poor igl
Peat and ather highly PT _ _ -

FIGURE 5-9  Soil performance in or under dams. source: U.S.
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Rolled E i
- oundations
. Earthfill Dams
Workabitity
asa Homo-
Consttuction| geneous Resistance |Seepage | Seepage Requirements for Seepage Control
Material Embank-| Core | Shell | to tmportant [ Not
ment Piping Important | permanent Reservoir | Floodwater Retarding
Control only within
Excellent _ _ 1 Good . 1 Positive cutoff volume acceptable
or blanket plus pressure relief
if required
Control only within
_ _ Positive cuteff volume accepiable
Gaod - 2 Good 3 or blanket plus pressure relief
if required
Good 2 4 - Poor 1 4 Core trench to none None
Good 1 1 = Good 2 & None None
i Gantrol only within
3 i Positive cutoff or volume aceeptable
Excetlent - - |f Fair - 2 upstream blanket and plus pressure relief
gravelly toe drains or wells if required
. Control only within
Fai - - ?f Fair - 5 Positive ct:]t]uffkor g volume accepiable
arr o peor upstream blaniet an plus pressure relief
gravelly toe drains or wells if required
Eair 2 5 | Poorto 3 7 Upstream blanket and ?:g:::/‘z’:{%‘::]‘g’:r'
very poor toe drains or wells ous seepage piping
Good 3 2 - Good 4 8 None None
1 Positive cutoff or Sufficient control
Fair 6 6 - oor to 6 9 upstream blanket and to prevent danger-
very poor toe drains or wells Qus seepage piping
Good to fair 5 3 - Good ] 10 None None
to fair
Fair 8 8 - Good 7 11 None None
to poor
Good
Poor g 9 - to poor 8 12 None None
Poor 7 7 - Excellent 9 13 None None
Poor 1 | 10 | — | Good 10 14 None None
10 poor

Bureau of Reclamation (1974) and U.S. Department of Agriculture (1975).
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water, gravity, wind, or ice and deposited in water or on land. The regional
distribution of these soils in the United States is shown in Figure 5-10.

Discussed below are brief discussions of the major subdivisions of these
two broad groups, along with examples of their implications for assessing
and improving the safety of existing dams.

Implications for Existing Dams

Residual Soils

The nature of residual soils is determined by a wide array of complex vari-
ahles, including the parent materials’ mineralogy, texture, and structure;
climate; rate of surface erosion; topography; location of groundwater ta-
ble; and types of vegetation. All of these factors change over time, and since
most residual soils require tens of thousands to hundreds of thousands of
years for their development in any significant thickness, they have been
subjected to a wide range of cach of these variables. Also, because of these
many variables, residual soils may be erratic laterally and vertically on a
specific site.

A mature residual soil profile has the following generalized stratigraphy:

A-Horizon. A layer at the surface containing organic litter. It is typi-
cally relatively sandy, the clays having been removed by rainwater seeping
down through the layer, It is normally only a few inches thick and is grada-
tional down into the:

B-Horizon. A relatively clayey layer, the clays having evolved from
chemical weathering of feldspars, micas, and other silicate minerals.
Weathering has destroyed evidence of the parent materials” structure (such
as layering and joints) and the soil has its own “new” texture and structure.
This horizon may vary in thickness from a few inches to several feet and is
gradational downward into the:

C-Horizon. An intermediate zone between relatively unweathered
parent materials and the highly weathered B-horizon. The structure of the
parent material is present to some degree (increasingly so with depth), but
the mineral grains of the parent material are partially weathered, breaking
or loosening the intergranular cohesion of the parent materials. This hori-
zon is gradational downward into unweathered materials and may be
inches to tens of feet in thickness.

The parent materials of residual soils may be rocks of igneous, mctamor-
phic, or sedimentary origin; residual soil profiles may be developed on un-
consolidated sediments {transported soils}. Since most transported soils are
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relatively young, residual soils developed on them usually are thin; excep-
tions do exist.

Large regions of the United States are underlain by residual soils devel-
oped on metamorphie, igneous, and sedimentary rocks, and a vast number
of existing dams are composed of and founded on residual soils. Some broad
generalizations can be made about implications of residual soils for existing
dams, recognizing that many exceptions exist, These generalizations are as
follows:

¢ The upper soils (B-horizon) are usually more clayey and less permea-
ble than the deeper (C-horizon) soils. Even within the C-horizon, wide
ranges in permcability may exist, depending on the variability of the par-
ent materials. Borrow pits for embankment materials may be developed to
use sclectively the less permeable soils for a foundation cutoff trench and
for dam core materials and the more permeable soils for building the outer
zones of the embankment. However, in many existing dams the proper zo-
nation was reversed during construction, placing less permeable soils in the
outer part of the slope. This creates a downstream seepage barrier that
raises the phreatic surface in the dam and increases uplift pressures. This
may create an unstable embankment subject to structural or seepage fail-
ure. Another common problem is horizontal interlayering of less permeable
and more permeable soils during construction. This problem is found most
often where large or multiple borrow pits were developed for embankment
materials and earth-moving equipment was extracting soils from different
depths somewhat simultaneously. Such horizontal layering of more and
less permeable soils within the embankment can produce unsafe seepage
pressures in the embankment, leading to structural or seepage failure.

* Relict joints, foliation or bedding planes, and faults in the C-horizon
soils in a dam foundation usually control the quantities and preferential
directions of seepage in the residual-soil foundation mass. Concentrated
seepage along these relict structures, particularly near the outer toe of the
dam, can develop into foundation piping. Furthermore, relict structures in
the foundation residual soils may create zones of weakness subject to struc-
tural failure. When this is a problem, it usually develops during or scon
after construction. Thus, this should be a consideration for analysis of foun-
dation stability under earthquake loading of existing dams.

* Residual soils developed from erystalline (igneous and metamorphic)
rocks may contain platy minerals, such as micas, that have important ef-
fects on the engineering characteristics of the soil, both in-place and re-
molded (in the embankment). One of the more important and dramatic
effects of platy minerals in the soil is their tendency to rotate during com-
paction into horizontal positions, giving the embankment soils a higher
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FIGURE 5-10  Surface deposits in the United States, except Alaska and Hawaii. These are the parent materials of the agriculturalist’s soils: most are

late Pleistocene or Holocene, and ages overlap, source: Hunt (1974).
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horizontal permeability compared with their vertical permeability. In
most applications this is an undesirable characteristic and can lead to seri-
ous defects in the dam from both structural and seepage standpoints. When
residual soil is formed from granitic rocks, the result can be a very granular
material resembling sand. Such deposits, sometimes referred to as “DG”
(decayed granite) have attained thicknesses of 1,500 feet. They can be very
unstable when excavations are made inte them; also, they are usually very
pervious.

. » Shales normally produce a clayey residuum, the nature of which var-
ies widely depending on the mineralogy of the particular shale formation
and many other variables. Though in the United States some shales have
weathered to relatively stable soils suitable for dam construction and foun-
dations when properly placed, some of the most treacherous soils in the
nation are shale residuum and partially weathered shales, particularly
those shales and soils containing significant amounts of sodium-montmoril-
lonite clays. Among the most notable shales yielding problem soils are the
widespread Pierre formation, Bearpaw formation, some other Cretaceous
shales of the mid-continent and western regions, and some of the carbonif-
erous shales in the mid-continent and Appalachian regions. Where these
and similar problem shale soils exist, they are often suitable only for dam
core construction due to their high-plasticity, swelling, and cracking char-
acteristics and their sensitivity. However, they may have been incorpo-
rated in construction of existing homogeneous embankments and this can
become a problem.

Another problem with many C-horizon soils developed from shale is re-
lict planes of weakness in the soils (bedding and joints). A related problem
is the tendency of these soils to break into cobble-to-gravel-sized blocks dur-
ing excavation; these materials can degrade (by swelling and slaking) in the
embankment and under or around spillways and other appurtenant struc-
tures, causing serious defects.

¢ Residual soils developed on relatively soluble rocks, such as carbon-
ates, may contain cavities or natural “pipes” resulting from raveling of soil
into cavities in the underlying rocks. These soil cavities may be open or
filled with a wide variety of secondary residual and transported soils. This
is obviously a serious foundation defect. A related characteristic is that the
rock/residuum contact is often extremely irregular, thus causing large vari-
ations in soil thickness under the dam. Some of these soils are relatively
compressible, and the resulting differential settlement of the dam can cre-
ate cracks that may lead to structural or seepage instability. Some weath-
ered limestone forms laterite, usually a reddish and very clayey soil. This
soil often is erratic in its properties but is usually impervious and can be
unstable in excavated slopes.
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® Residuum derived from sandstones and conglomerates often has char-
acteristics somewhat similar to those derived from some crystalline rocks.
Permeability tends to increase with depth and may create foundation seep-
age deficiencies, especially where the original rocks contained few fine-
grained minerals. Some sandstones contain significant amounts of carbon-
ates, and their residuum and solubility may create problems similar to
those outlined above for the carbonate soils.

Transported Soils

Any soil that has been moved from its site of origin and redeposited is in this
broad group of soils. If the soil is deposited in a stable environment it even-
tually becomes indurated, forming a sedimentary rock. Some of the deeper
sediments along the continental margins (Coastal Plains) and in some other
areas are at least partially lithified or indurated, and there is no consensus
as to whether these materials should be called soils or rocks. However, for
the purposes of assessing and improving the safety of existing dams, most of
the transported soils of interest are relatively unconsolidated or loose surfi-
cial deposits of somewhat recent origin. The following discussions outline
the major categories and some of their possible implications for existing
dams.

Alluvial (Fluvial) Soils.  Soils transported by streams and deposited in the
streambed or adjacent floodplain are called alluvial soils or alluvium. They
are almost universally present at dam sites. Alluvial soils may vary in thick-
ness from a few inches to hundreds of feet and may vary in composition
from large boulders to clays. Most commaonly they are composed of gravels,
sands, silts, and clays that have been sorted (in varying degrees) into dis-
continuous layers and lenses with wide ranges in horizontal permeability.
They commonly are poorly consolidated (soft or loose), weak and com-
pressible, often wet, and may contain layered or dispersed organic mate-
rial. Removal of alluvial soils under at least the core of the embankment
and often the entire embankment is usnally required before dam construc-
tion to ensure structural and seepage stability,

Many existing dams have defects resulting from improper use of alluvial
soils in the embankment or inadequate treatment of an alluvial foundation.
Problems have developed where contractors have minimized excavation of
a cutoff trench or an embankment foundation or have used alluvium in the
future reservoir area as borrow for embankment construction. As discussed
in another section of this report, the Bearwallow Dam failure was at least
partly caused by placing organic alluvium in the embankment. Also, this
stripping of what may have been an impervious layer over the reservoir can
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result in high seepage losses, such as occurred at Helena Valley Dam in
Montana (Figure 5-11),

Excessive seepage through permeable alluvial layers in the foundation is
a common defect of existing dams. Although this can be precluded by
proper cutoff trench construction, inadequate dewatering during construc-
tion can lead to a “messy” cutoff trench that does not adequately penetrate
highly permeable layers. For example, a public water supply dam in North
Carolina nearly failed from foundation piping due to an inadequate seep-
age cutoff in its alluvial foundation. An attempt had been made to con-
struct a slurry wall cutoff before construction; the slurry trench was exca-
vated by a dragline, and it failed to penetrate completely a gravel layer at
the base of the alluvium. After the dam was completed and the reservoir
was filled, seepage through the alluvial gravels caused severe boils and pip-
ing at the dam’s toe. This required immediate draining of the reservoir to
prevent failure of the dam.

Problems with alluvial foundation soils are not limited to those dams
that had no preconstruction subsurface investigations. Some investigators
fail to fully appreciate the erratic geometry of the layers, pods, and lenses
composing most alluvial deposits. Furthermore, even with the most dili-
gent site investigation, highly permeable or weak and compressible layers
may be undiscovered.

FIGURE 5-11  Erosion caused by seepage through floor of Helena Valley Reservoir.
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Some existing embankment dams are composed, at least in part, of allu-
vial soils that would be acceptable if they had been properly placed instead
of the more and less permeable soils being segregated into horizontal layers
in the embankment. Drilling and sampling normally would be required to
discover this defect.

Gravity-Transported Soils. There are two common types of gravity-
transported soils: (1) colluvium and (2) talus, plus a special class {3) land-
slide materials.

1. Colluvium. Soils (and rock fragments in a soil mass) that have been
transported downslope on hillsides by mass wasting and gravitational creep
are colluvial soils. In addition to gravity, their movement is aided by ice
heave, tree roots, animal burrows (including worms), and water. They are
evidenced by bent tree trunks, hummocky or irregular slopes, landslide
scars, or heterogeneous soil mixtures (lack of a mature weathering profile).
In some cases the transition from residual soils to colluvium is exhibited in
natural or man-made excavations by relict structural planes bent downhill
and grading upward into a jumbled mass. Natural rates of movement of
these materials are probably on the order of a few inches per year maxi-
mum, more typically a few inches over several hundred years. Thickness
varies from a few inches to over 100 feet, and the composition varies widely
from region to region. Despite local and regional variability of colluvium,
all colluvial soils have one thing in common: they are inherently unstable
and are likely to develop into landslides; relatively rapid movement of large
masses can be triggered by minor man-made changes in topography, load-
ing, or drainage as well as by natural events, such as heavy rainfall, snow-
melt, or earthquakes. Colluvium is particularly hazardous to existing dams
where landsliding may impact the reservoir, spillways, or other appurte-
nant structures. Furthermore, it must be ensured that portions of the dam
or associated structures are not founded on colluvium in a state of creep.

8. Talus. Also sometimes called scree or rubble, talus is an accumula-
tion of rock debris at the base of a steep slope. It is classically developed at
the foot of mountains in relatively arid or cold regions where mechanical
weathering of exposed rock slopes outstrips chemical weathering and soil
formation. Talus has many of the same characteristics as colluvium, and
talus deposits often creep, forming a “rock glacier” in valleys. Particularly
treacherous for unwitting dam builders are creeping talus deposits that are
masked by a surficial deposit of more recent soils. Defects at sites of some
existing dams may include talus foundations and damaging talus slides.

3. Landslide materials. Relatively large masscs of otherwise intact soils
beneath or around a dam and its reservoir may in fact have been displaced
from their site of origin by landsliding. Old landslide blocks normally come
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to rest at a state of marginal equilibrium and are subject to renewed maove-
ment when subjected to very minor changes in the environment. This may
have very serious implications {or existing dams, similar to the problems
outlined above for colluvial and talus deposits. For example, special pre-
cautions had to be taken to protect the Oahe Dam on the Missouri River in
South Dakota from landslides; the reservoir and associated highways and
bridges are still being seriously affected by old landslides that were reacti-
vated by the impoundment and by construction activities (Gardner and
Allan 1979; see also Chapter 9 on reservoir problems). This instability
results from high percentages of expansive clay (montmorillonite) both
within the shale bedrock and between the shale layers.

Aeolian Soils. The most common aeolian (wind deposited) soils are loess
and dunes.

Large areas in the central and western United States are covered with
loess, which is a wind-deposited silt. Among the most notable areas are the
Mississippi and Missouri river valleys and tributary areas where some loess
deposits are tens of feet thick. Other areas covered by significant loess de-
posits include the High Plains, some of the Basin and Range valleys, the
Snake River Plain, and the Columbia Plateau (palouse soil).

From an engineering point of view, loess deposits are characterized by
their erodibility and by their tendency to collapse or subside drastically
when wetted and under a structural loading. The sensitivity of loess is due
to its high vertical permeability, angular grains, and weak cementation be-
tween grains. Subsidence of loess in their foundation ean produce serious
differential scttlement in cxisting dams and their appurtenant structures.
Where loess has been used in constructing embankments, the sensitivity
may have been eliminated by remolding and compaction, but the embank-
ment soils still may be relatively weak.

Though not nearly as widespread as loess in the United States, dunes are
common in some of the western regions. Some older (Pleistocene) dunes
may be covered by residual or other soils, and their presence may not be
obvious. Loosely compacted, relatively clean sands in dunes are subject to
liquefaction and seepage problems where they are present in the founda-
tions of existing dams.

Glacial Deposits. Glacial soils produced and deposited by Pleistocene
continental ice sheets are prevalent in the northern United States. Much
less common are soils associated with alpine (mountain) glaciers, but they
are very important at many dam sites in the Rocky Mountains, Sierra Ne-
vada, and some of the other higher western mountains. “Glacial soils” is an
extremely broad term and is used to include all forms of glacial drift, in-
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cluding soils moved and mixed by the large ice masses and then deposited
by meltwaters (e.g., outwash plains, kames, eskers) as well as unstratified
till (including moraines) deposited more directly by glaciers. Very impor-
tant glacially related soils from an engineering standpoint are glaciolacus-
trine (lake) and glaciomarine deposits. In addition to wide variations in the
origin and nature of glacial soils, the thickness of glacial deposits varies
from a few inches to several hundreds of feet.

Because of such wide variations, few generalizations on the implications
of glacial soils for existing dams can be made. Particularly likely to create
dam defects are loose, permeable unconsolidated drift and sensitive gla-
ciomarine soils in the dam foundation or in the reservoir margin. With this
simple word of caution the reader is referred to detailed published geologic
and soils maps that may be available for the locality of a particular dam.
For more general background on glacial soils and their engineering impli-
cations, excellent information can be found in Legget (1961) and Krynine
and Judd (1957).

Dispersive Clays

Of particular importance for some existing dams are clay deposits that dis-
perse {deflocculate, disaggregate) rapidly in water; they may be either re-
sidual or transported in origin and are discussed here as a special class. A
few dam failures and many accidents or near-failures have been attributed
to these soils.

Problems with dispersive clays include surface erosion, and particularly
unusual gully erosion in natural slopes, cut slopes and embankments. Ero-
sion along shrinkage cracks in embankments sometimes produces tunneling
and jugging, common terms applied to piping and sinkhole development.
In 1973, 20 dams in Mississippi were discovered to have unusually severe
erosion problems from this cause, after a period of heavy rainfall following
a dry period.

Probably even more important is the susceptibility of dispersive clays to
piping at the seepage exits of the embankment, particularly where cracks
(even minute cracks) provide avenues for concentrated seepage and dis-
persed clay removal. Piping failure of the dam can develop rapidly under
these conditions.

An excellent treatise on dispersive clays is that by Sherard and Decker
(1977). It is a collection of 32 research papers. Some of the conclusions of
the editors are paraphrased as follows:

¢ Limited data indicate that dispersive soils are most commonly found
as alluvium, lacustrine, slope wash, or weathered loessial deposits. How-
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ever, they have been found in residual soils developed from igneous, meta-
morphic, and sedimentary deposits. According to Sherard and Decker: “It
must be anticipated that they could be found anywhere.”

¢ A simple [ield test is the Emerson Crumb test, conducted by dropping
a small ball of soil into a container of water and observing the relative
speed of dispersion. However, although field tests may serve as indicators,
none is absolutely conclusive in identifying highly dispersive soils.

¢ To determine the presence of dispersive clays, four tests should be per-
formed: (1) the Pinhole test, (2) tests of dissolved salts in pore water (Na/
total dissolved salts ratio), {3) SCS dispersion test, and (4) the Emerson
Crumb test. No single one of these tests is always conclusive.

¢ There must be some exit of concentrated leakage (such as cracks) for
piping to develop in dispersive clays.

¢ Piping can be prevented by installing a filter containing significant
amounts of fine sand. Another method is to treat the upper first foot of the
embankment with caleium (such as lime or gypsum).

* Erosion of the upstream face can be prevented by lime treatment or a
protective blanket of nondispersive soil.

Sources of Geologic and Pedological Soils Maps

Geologic maps covering the dam and surrounding areas may be obtained
through the State Geological Surveys. These agencies have maps developed
by their own staff, who are knowledgeable of other geologic maps that may
be available from the U.S. Geological Survey, universities, and elsewhere.
Agricultural soils survey maps may be obtained from the local Soil and
Water Conservation District, the U.S. Department of Agriculture Soil
Conservation Service, or the local Agricultural Extension Agent.

EARTHQUAKE CONSIDERATIONS

In any rock formation, high strains within the crust may induce stresses
higher than the strength of the rock. This can result in a sudden release of
stored energy that causes a fracture (fault) that may extend over a consider-
able area. For example, the 1906 San Francisco earthquake produced a
break over 300 miles long. The energy from such a sudden rupture spreads
out in all directions with decreasing ground motion at increasing distance
from the break. Major earthquakes seem to occur where they have hap-
pened before. However, it is possible to have an earthquake almost any-
where. Hence, from studies of past earthquakes a given region can be iden-
tified as having a high or low probability of earthquake, such as is shown in
Figures 5-12 and 5-13.
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At any location on the earth’s surface remote from the actual source or
epicenter of an earthquake, energy is felt as a series of shocks in all direc-
tions. From seismometers installed at various locations, a record of these
shocks can be obtained in terms of the acceleration, usually expressed as a
fractional equivalent of the acceleration of gravity, e.g., 0.20 acceleration
due to gravity. The shocks can be expected to vary in intensity with time in
an irregular manner. The greatest accelerations usually are in a horizontal
direction, and, because of the inertia effect, a horizontal shear force is set
up at the base of the dam and then successively upward throughout the
dam as it responds to the shear force at the base. However, it is acknowl-
edged that in some major events the vertical acceleration has exceeded the
horizontal (Kerr 1980). If the dam is moving toward the rcservoir the force
exerted on the surface of the dam by the water is momentarily increased
because of the inertia of the water. Conversely, when the dam moves away
from the reservoir this hydrodynamic force tends to decrease the water
pressure. Thus the effect of the earthquake in the dam is twofold: the body
force due to the inertia of the dam and the hydrodynamic force caused by
the interaction of the dam and reservoir.

Ground Motion Analyses

To obtain data essential for estimating the performance of a dam during an
earthquake, it is necessary to adopt a methodical approach, as is shown in
Figure 5-14.

Determination of ground motions at a dam site requires estimates to be
made of the following: (1) magnitude and epicenter of earthquakes that
are expected to affect the site and (2) the ground motion that can be pro-
duced by the estimated earthquakes. Obtaining such information will re-
quire a detailed study of seismological records for the region in combina-
tion with a study of the regional geology and the immediate site geclogy.
The regional studies should be on the area within a 200-mile radius of the
dam. A first step is to determine the seismic zone within which the dam is
located {see Figures 5-12 and 3-13).

A commonly used method of measuring and expressing ground motion
involves the following four steps:

1. modified mercalli intensity (see Table 5-4),

2. individual ground motion parameters (maximum acceleration and ve-
locity, predominant period of the wave, and duration of the strong shaking},

3. response spectra, and

4. accelerograms.
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Intensity data can be developed by interviewing people that live within
the 200-mile radius. From them it is necessary to obtain descriptions of any
damage to structures, any earthquake movements they felt while living in
the region, and displacement or damage that these movements may have
caused to objects within residences or other buildings.

Acceleration is one of the ground motion parameters and has an approxi-
mate relationship to magnitude and intensity (Table 5-4). Generally accel-
eration does not indicate the frequency or the duration of the shaking.
Therefore, it is necessary to consider acceleration period and duration in
order to describe acceleration. Numerous methods have been proposed for
this purpose. The objective is, in terms of acceleration, to identify the maxi-
mum credible earthquake (MCE) and the operating basis earthquake
(OBE). Both the MCE and the OBE are considered in the design and evalu-
ation of dams. The latter is some fraction of the MCE, perhaps one-half.
The OBE may be selected on a probabilistic basis from regional and local
geology and seismology studies as being likely to occur during the life of the
project. Generally, it is at least as large as earthquakes that have occurred
in the seismotectonic provinee in which the site is located. Under the MCE
the dam, if correctly designed, would suffer a small amount of damage,
but there would be no release of reservoir water. Under the OBE there
should be no permanent damage, and the dam should be able to resume
operation with a minimum of delay after the earthquake. A first estimate
of maximum acceleration can be obtained from the USGS Open File Re-
port 76-416. A more precise determination of the maximum acceleration to
be expected at a given locality requires the combined consideration of the
following:

1. the earthquake record for the region,

2. the length and the depth of all major faults,

3. whether the foundation material is rock or soil, and
4. the distance of the dam site from the faults.

After this information has been obtained, it is necessary to make three inde-
pendent determinations to estimate the effect of an earthquake on a spe-
cific dam:

1. the amount of earthquake foree,
2. the maximum stresses in the dam, and
3. the material strength required to resist these stresses.

These determinations can be accomplished in two steps: (1) a Phase I
analysis that uses a serics of empirical parameters in a pseudo-static linear
analysis (this gives a comparatively quick approximation of behavior ex-
pressed as maximum stresses or safety factors) and (2) a Phase II analysis
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TABLE 5-4 Approximate Relationships:
Earthquake Intensity, Acceleration, and
Magnitude

Modified Mercalli Intensity Scale

T Not felt. Marginal and long-period effects of large
earthquakes.

II Felt by persons al rest, on upper floors, or favor-
ably placed.

ITI Felt indoors. Hanging objects swing. Vibration
like passing of light trucks. Duration estimated.

May not be recognized as an earthquake.

IV Hanging objects swing. Vibration like passing of
heavy trucks. Standing motor cars rock. Win- 001
dows, dishes, doors rattle. Glasses clink. In upper
range of IV, wooden walls and frame crack.

V Felt outdoors; direction estimated. Sleepers wak-
encd. Liquids disturbed. Doors swing. Shutters,
pictures move. Pendulum clocks stop, start,
change rate.

VI Felt by all. Many frightened and run outdoors.
Persons walk unsteadily. Windows, dishes, glass-
ware broken. Books off shelves, Pictures off walls.
Furniture moved or overturned. Weak plaster
and adobe crack. Small bells ring.

VI Difficult to stand. Naticed by drivers of motor
cars. Fall of plaster, loose bricks, tiles, etc. Some
cracks in masonry. Waves on ponds; water tur-
bid. Small slides, caving of sand or gravel banks,
Large bells ring. Concrete irrigation ditches dam-
aged.

VHI Steering of motor cars affected. Damage to ma-
sonry; some partial collapse. Twisting, fall of
chimneys, monuments, elevated tanks. Frame
houses moved if not bolted down. Branches bro-
ken. Changes in springs and wells. Cracks in wet
ground and on steep slopes.

IX General panic. Weak masonry destroyed, good
masonry seriously damaged. Frame structures, if
not bolted, shift off foundations. Frames racked.
Serious damagg to reservoirs. Underground pipes
broken. Ground cracked, sand and mud ejected,
carthquake fountains, sand craters,

X Most masonry and frame structures destroyed
with their foundations. Serious damage to em-
bankments. Large landslides. Water thrown on
banks of canals, rivers, lakes, etc. Rails bent 1.0q
slightly.

XI Rails bent greatly. Underground pipelines com-
pletely out of service.

XII Damage nearly total. Large rock masses dis-
placed. Lines of sight and level distorted. Objects
thrown into the air.
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that will focus on questionable details and determine maximum stresses
more accurately. For most dams the Phase I analysis should be sufficient.
In borderline cases the Phase II analysis may be required.

As previously noted, there are numerous methods for estimating ground
motion values for magnitude and distance from a fault. A system that has
been used frequently by the U.S. Bureau of Reclamation is based on work
by Schnabel and Seed (1972). The relationship between acceleration and
fault location is demonstrated by the curves in Figure 5-15.

Because of the complex nature of earthquake-induced ground motion
and its interaction with structures, the concept of response spectrum has
been developed. This is a plot of the maximum values of acceleration, ve-
locity, and displacement that will be experienced by a family of single-
degree-of-freedom systems subjected to a time-history of ground motion.
Maximum values of the parameters are expressed as a function of the natu-
ral period in damping of the system. The responsc spectrum for a given
earthquake can be estimated directly if the magnitude and distance or the
maximum ground acceleration, velocity, and displacement are known. Tt is

0.7 X
. \\x
\\\\\\
: D A SNAN

] 2 4 3 10 20 40 80 100
Distance from Causative Foult —miles

FIGURE 5-15  Avcrage values of maximum accelerations in rock. source: Schnabel and Seed
(1872) and Boggs et al. {1972),
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also possible to estimate the response spectrum indirectly from scaled accel-
erograms. If only intensity data are available, an estimate must be made of
the magnitude and distance of an earthquake that would produce the pre-
dicted site intensity. In these determinations the selected accelerogram rec-
ords should be compatible with ground motions expected from the design
earthquake. The accelerograms can be obtained from historical records,
from artificially generated accelerograms, or from specialists in this type of
analysis. In all cases the records should be evaluated by specialists in the
field of earthquake engineering. The first step in determining ground mo-
tion is to locate the most recently available map. Estimates of the MCE and
OBE from these maps are indicated in Table 5-5.

Magnitude estimates can be made directly from instrument and intensity
data and surface faulting. Indirect estimates can be developed from the site
intensity and acceleration relationships (plus an attenuation factor) that
determine the epicentral intensity. The design accelerograms are obtained
by selecting real or synthetic accelerograms that can be adjusted to approx-
imate the peak acceleration. Response spectra from design accelerograms
must be similar to the design response spectra. Thus, several design accel-
erograms should be used for the analysis of any structure. Behavior of earth
embankments and mechanical equipment depends not only on the magni-
tude of the seismic event but also on its duration. This means that the de-
sign and condition of the structures must be considered along with the re-
sponse spectrum. A typical response spectrum is shown in Figure 5-16,
which compares the natural period of the earthquake with the maximum
acceleration.

The earthquake magnitude can be correlated in a general way with the
length of rupture along a fault. Generally, the greater the rupture length
the larger will be the earthquake magnitude. Figure 5-17 depicts such rela-
tionships for a number of specific earthquakes and faults. (Each number on
the figure refers to a specific fault and associated earthquake.) As can be
seen on this figure, there is considerable scatter to the data; this indicates
that expert knowledge is required to extrapolate this type of information

TABLE 5-5 Earthquake Acceleration

Region MCE OBE

0 Og Og

1 0lg 0.05¢
2 02¢g 01lg
3 D4¢g 0.2¢g

NOTE: g = acceleration due to gravity.
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FIGURE 5-16  Linear plot of response spectra. source: Boggs et al. (1972).

for any specific dam site. A detailed evaluation of the relationship between
faults and earthquake magnitude is given in Slemmons (1977).

Analysis.  The analysis of the behavior of a dam under the selected ground
motions requires considerable experience and specialization. Generally
speaking there are two methods used: (1) the quasi-static method wherein
the behavior of the dam is studied under the action of the reservoir-water
forces that are induced by an earthquake and (2) the dynamic analysis that
considers both maximum horizontal and vertical accelerations and the fre-
quency components. The second method requires a morc complex and
costly analysis that would be used only where the cost and type of structure
would justify it. The objective of such analyses is to determine the dam
response to different types of earthquake loadings. For example, in an arch
dam, major consideration is given to the various movements of the rings
and cantilevers that counstitute an arch dam; for a gravity dam, attention
also must be given to the shearing forces within the dam or along its base.
For a concrete dam the forces are applied in upstream, downstream, and
vertical directions in a mode that will preduce stress everywhere in the
structure and the maxima of these stresses are collected for study. For earth
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FIGURE 5-17 Relationship of earthquake magnitude to length of surface rupture along the
main fault zone. source: Slemmons {1977).

dams the choice of method is more involved, and the reader is referred to
the detailed discussions presented in Seed (1979) and Seed (1983) for a pre-
sentation of the latest state-of-the-art approaches.

The above information and procedures are relevant to the Phase I analy-
sis. In the Phase IT analysis a much more detailed study of dam behavior
must be made. For example, the following information is needed:
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1. Location of all active or capable faults in the vicinity.

2. The length and typical depth of each fault.

3. The product of the values in step 2 to find the energy released from
the fault.

4. The attenuated energy received at the dam site (the perpendicular
distance from the dam site to the fault is used).

5. The MCE, which will be the maximum of any of the energies deter-
mined in step 4.

6. The OBE, which can be estimated at one-half MCE,

The duration of strong shaking can be estimated from empirical data,
such asshown in Figure 5-18. The shaking duration is generally assumed to
continue so long as faulting is occurring.

Attenuation is the relationship between the amount of energy produced
at the source (hypocenter) of the earthquake and the amount of energy
available at some specific distance from this source. It is usually expressed
as an attenuation factor, which is the acceleration at a site divided by the
acceleration at the epicenter. Several approaches have been used, and the
relatively wide range of these results is indicated in Figure 5-19. Generally,
the empirical studies indicate that the range can be from a rapid attenua-
tion in the first 20 miles to a more gradual attenuation at greater distances
from the epicenter. At large epicentral distances the attenuation factors

1750
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FIGURE 5-18 Duration of strong shaking. source: Boggs et al. (1872},
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FIGURE. 5-19  Attenuation factor versus distance. source: Boggs et al. (1972).

may vary by several magnitudes. This means that engineering judgment
must be used to consider the effects of focal depth, unusual geologic struc-
ture, unequal distribution of energy radiation with direction from the epi-
center, ete.

To determine the possible frequency of earthquake occurrence at a site it
is necessary to use probability methods; the input data are obtained from
existing earthquake records. There is some agreement (Boggs et al. 1972}
that there is a definable relationship between earthquake magnitude and
frequency of occurrence, such as:

logN =a - bM
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where N equals the number of earthquakes, M equals magnitude, and a
and b are constants established by observations.
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Concrete and Masonry Dams

GRAVITY DAMS

Gravity dams (see Figure 6-1) are the most common of the concrete and
masonry types and the simplest type to design and build. A gravity dam
depends on its weight to withstand the forces imposed on it. It generally is
constructed of unreinforced blocks of concrete with flexible seals in the
joints between the blocks. The most common types of failure are overturn-
ing or sliding on the foundation.

The foundation for a gravity dam must be capable of resisting the ap-
plied forces without overstressing of the dam or its foundation. The hori-
zontal forces on the dam tend to make it slide in a downstream direction,
which results in horizontal stresses at the base of the dam. These in turn
may try to induce shear failure in the concrete at the base or along the
concrete-rock contact or within the rock foundation. Uplift forces, in com-
bination with other loads, tend to overturn the dam, which in turn may
cause crushing of the rock along the toe of the dam.

There are a number of older dams in existence constructed of rock and
cement or concrete masonry. These generally have been relatively small
and are usually of some form of gravity-type configuration. Their greatest
weakness generally lies in the tendency for the masonry or cement between
blocks to deteriorate with resultant leakage, deformation, and general
disintegration.

183
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FICURE 6-1 Gravity dum. source: Courtesy, U.S. Bureau of Reclamation.

Buttress Dams

This is a form of gravity (see Figure 6-2) dam so far as the force distribution
is concerned. It consists of a sloping slab of concrete that rests on vertical
buttresses. Because of its shape there are high unit loads underneath the
buttresses; thus, the foundation must not undergo unacceptable settlement

or shearing.

In addition to the factors mentioned for gravity dams, particular atten-
tion must be paid to the quality and performance of the concrete in the face
slab. Because of its relative thinness it cannot withstand excessive deterio-
ration, pitting, or spalling that will decrease the strength of the slab and
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increase its potential for seepage through the concrete. The buttresses also
must be designed to withstand overturning forces, If their footings are too
small, the resulting high unit loads can induce crushing in the rock.

Because of their shape, buttress dams usually do not require extensive, if
any, drainage systems, and drainage galleries within the dam would not be
feasible.

Arch Dams

Arch dams (see Figure 6-3) are relatively thin compared with gravity dams.
The forces imposed on such a dam are, for the most part, carried into the
abutments, and the foundation is required only to carry the weight of the
structure. The shape of the dam may resemble a portion of a circle, an

_.-—-Flat-slab or Ambursen deck

_-Transition section or corbel

f w----Single - woll buffress--r—h-g
0
X lw-----4ps-— - Struts or braces

I
|
I
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ELEVATION

FLAT-SLAB OR AMBURSEN TYPE

FIGURE 6-2 Simple buttress dam. source: Courtesy, U.S. Bureau of Reclamation.
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FIGURE 6-3 Plan, profile, and section of a symmetrical arch dam. source: Courtesy, U.S.
Bureau of Reclamation.

ellipse, or some combination thereof. The dam usually is constructed of a
series of relatively thin blocks that are keyed together (see Figure 6-4). The
construction joints that result may be grouted during or after construction
or left open. In the latter case it is expected they will close under the reser-
voir load. Occasionally, flexible seals may be installed in the vertical joints
between the blocks.

Because of the translation of imposed forces inta the abutments, the de-
sign must consider the amount of deformation (modulus of deformation)
that will occur in the abutments when the various loads are imposed on the
dam. If the deformation exceeds design criteria, tension cracking can occur
in the concrete. (See the section Abutment or Foundation Deformation.)
Because the design is predicated on the flexibility of an arch, it is generally
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desirable that the modulus of elasticity of the rock abutments be less than
that of the dam concrete.

Although controversial, some designs do consider the possibility of up-
lift. Thus, there may be drainage galleries and their appurtenant drain
holes within the dam; drainage galleries and drain holes are generally in-
stalled in the abutments.

Paossible failure modes in an arch dam are overturning, excessive abut-
ment movement causing tension cracks in the concrete and subsequent rup-
ture of the dam, mass movement of the abutments causing dam failure or
disruptive stresses in the dam, and excessive uplift in the foundation that
causes movement of rock blocks in the foundation and/or overturning of
the dam.

Arch-Gravity Dams

In arch-gravity dams imposed loads are carried partially by the foundation
and partially by the abutments. These dams are of block construction and
have a cross section that has a mass somewhere between that of an arch and

FIGURE 6-4 Concrete arch dam under construction; shows keys between blocks.
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that of a gravity dam. The comments made earlier for arch and gravity
dams are applicable to this type of structure, too.

Miscellaneous Types.

Various combinations of the types of dams described above may be de-
signed for unique site situations. These include multiple arch (see Figure
6-5), multiple dome, compound arch, and gravity-buttress. The type of
dam indicates the mode of distribution of the forces imposed on it,

COMMON DEFECTS AND REMEDIES

The following discussions are intended, first, to emphasize the defects and
remedies that generally could be relevant to any type of concrete dam and,
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second, to indicate those remedies that are applicable primarily to a spe-
cific type of dam. A summary of the discussions is presented in a matrix
format in Table 6-1.

Abutments

Joints, Fractures, Faults, and Shear Zones

The orientation of major discontinuities in abutments is critical in relation
to the distribution of stresses from an arch dam but not as critical for a
gravity structure. For an arch dam the main consideration is whether the
direction of such discontinuities is parallel to or closely parallel to the direc-
tions of thrust from an arch (see Figure 6-6). If so, movements can occur
that would result in weakening or possible loss of large blocks in the abut-
ment. For a gravity dam the potential for sliding may be greatest when the
foundation rock has horizontal bedding, particularly where combined
with slick bedding planes. Consideration also must be given to a zone
within the foundation rock that is peculiarly susceptible to the develop-
ment of unacceptable uplift forces.

The presence and behavior of large faults or shear zones in those abut-
ment areas within the zone of stress influence of the structure is of potential
concern, Mass abutment movement may occur because percolation of wa-
ter through these zones or water-softening of the rock material may reduce
the shearing strength or cause consolidation of the rock. If at the upstream
side of the dam the zone is more pervious than at the downstream side,
uplift or pressure buildup can occur.

Seepage or Leakage

Seepage developing in the abutments for any type of concrete dam can pro-
duce a critical condition. It usually is associated with fractures or shear
zones. Of particular note is whether such seepage at the outlet is clear or
contains silt or rock fragments. If the water is cloudy, silty, or muddy the
water fllow may be eroding the rock material itself or washing out clay or
other impervious material that has been in the rock cracks. Continuation of
this process (piping) can weaken the overall strength of the abutment or
can produce increasingly large channels for water flow. If left untreated,
the openings can enlarge sufficiently to cause abutment collapse or major
movement of the abutment with the creation of unacceptable stresses in the
body of the arch. Clear water leakage may be of concern if the quantity
represents an unacceptable loss of reservoir storage, or the water may lubri-
cate rock surfaces or reduce the strength of the rock element or discontinui-
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TABLE 6-1 Evaluation Matrix of Masonry Dams

Indicator

Possible Causes

Possible Effects

Potential Remedial
Measures (listed roughly in
order of recommended
action)

(A) Concrete
(gencral)
Cracking
{shallow}
Crazing
Spalling

(B) Concrete
{local}
Spalling
and

Freeze-thaw cyeling
Reactivity

Sulfate attach
Leaching

Aging

Stress
concentrations

cracking lreeze-thaw action

Differential
movement

Accelerated
deterioration
Reduction of
allowable stresses
Reduction of
effective section
Inereased stresses
Loss of weight
Increased leakage

Progressive
deterioration
Increase leakage
Loss of section
Stress
concentrations

Determine conerete

qualitics by testing.

Coring

Petrographic

Density

Sonic {geophysical}

Porosity and
permeability

Impact

Modulus of elasticity

Determine loss of section
and weight.

Perform stress/stability
analysis.

Protect (seal) surfaces from
exposure and water.
Coatings
Gunite
Concrete
Steel

Remove and replace
affected sections if cost-
effective and if moisture
can be kept out.

Remove (in extreme cases
only).

Conduct survey and
establish movement
monitoring system.

Install pins, monuments,
or other devices to
accurately measure
opening and closing of
joints.

Determine quality of
deteriorated concrete
similarly to (A).

Remove and repair
deteriorated sections.

Proteet other surfaces with
coatings or cover.
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TABLE 6-1 Evaluation Matrix of Masonry Dams (continued)

Indicator

Possible Causes

Possible Effects

Potential Remedial
Measures (listed roughly in
order of recommended
action)

{C) Concrete
Deep
crack-
ing

(D) Leakage
Moist or
wet
surfaces
on
concrete

(£} Leakage
Concen-
trated
through
concrete

Excessive loading

Overstress

Uplift

Shrinkage (usually
occurs early in
life)

Expansion

Foundation
movement

Seismic activity

Loss of strength

Concrete creep

Cracks

Deteriorated
concerete

Porous concrete

Cracks

Differential
movement

Open joints

High uplift

Leaking pipes and
conduits

Plugged drains

Increased leakage
Accelerated
deterioration
Progressive cracking
Stress redistribution
Increased stresses
Reduced stability
Differential
movement

Increased rate of
deterioration

Ieaching

Loss of weight

Loss of strength

Increased leakage

Loss of concrete
matrix

Loss of structural
integrity

Increased uplift

Determine depth/extent of
cracking.

Sonic testing

Coring

Interior inspection, from
galleries if present

Seal or grout cracks.
Evaluate short- and long-
term effects.

Assess effects on stresses
and stress
redistribution.

Assess potential for
leakage and
consequent results.

Determine cause.

Check for movement.

Perform loading
analysis.

Perform stress analysis.

Perform stability
analysis.

Fhliminate cause if feasible.
Increase drainage.
Seal upstream face.

Review to determine if
causes relating to (A)
apply and pursue same
remedial measures.

Determine depth and
extent of cracks and see
(C} for possible remedial
measures.

Map location of all leaks.

Monitor quantities and
relate to reservoir
elevation and other
potential influencing
conditions.

Determine path of water if
possible.
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TABLE 6-1 Evaluation Matrix of Masonry Dams (continued)

Indicator

Possible Causes

Possible Effects

Potential Remedial
Measures (listed roughly in
order of recommended
action)

{F) Leakage
Through
concrete
(notice-
able
change)

(G) Leakage
Foun-
dation
and
abut-
ments

Erosion or
cavitation of
concrete

Leaching

Self-sealing of
cracks
Plugged drains
Broken drains
Differential
movement
Concrete failure

Foundation
deterioration
Inadequate drains
Opening of joints,
seams, shears,

ete,
Movement

Increased uplift
Loss of concrete
Stress redistribution

Foundation
weakening with
potential failure

Piping through
foundation

Increased uplift

Loss of stability

Differential
movement of
dam

Loss of revenue/
water

Loss of storage

Detail inspection
Dye tests

Check condition of pipes,
conduits, drains, etc.
and repair if necessary.

Assess short- and long-term
consequences.

After determining source,
try to plug or seal the
crack or opening al
upstream side.

Determine basic cause,
e.g., movement, stress
conditions, and correct.

Pursue essentialty same
measures as for (E}.
Improve drainage.

Map location of all peaks.

Observe vegetation or
other signs of moisture.
Infrared tilm a
possibility

Pursuc measures similar to
(E)

Specifically assess hazards
associated with slides,
piping, or sloughing.

Seal source of leakage with
impervious membrane.

Seal with sand-cement,
chemical grout, or other
cutoff.

Pravide controlled
drainage system.

Add free-draining stability
material on downstream
side.
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TABLE 6-1 Evaluation Matrix of Masonry Dams (continued)

Indicator

Possible Causes

Possible Effcets

Potential Remedial
Measures (listed roughly in
order of recommended
action)

{H) Movement

(I) Development
of offsets

(]} Erosion and
loss of
foundation at
toe or at
outlets and
spillway

Foundation
settlement or
heave

Abutment
movement

Seismic activity

Overtopping

Excessive loading or
uplift

Concrete expansion
due to chemical
action

Foundation
movement
Differential
movement
Seismic activity
Unforeseen loads
Inadequate channel
capacity
Channelization of
water (spills or
stream flow)
Lack of protection
Overtopping

Increased leakage
Inoperable
appurtenances
Severe cracking
Stress redistribution
Reduction in
stability
Anomalous changes
in section or plan

Increased cracking
and spalling

Increased leaks

Binding of gates
and operators

Undermining

Loss of stability

Complete failure of
appurtenances

Establish survey control
system,

Monuments for
horizontal control—
some must be
sufficiently far from
dam to be cut of
influence zone,

Monuments for vertical
control,

Pins, monuments,
plates, gages, ete.,
across joints.

Inspect after each seismic
event.

Establish photographic
record.

Check for changes in
leakage.

Isolate whether cause is in
foundation/agbutment or
dam,

Review loadings.

Analyze foundation or
abutment similarly to
embankment dam.

Remedial measures are
highly dependent on
results of above.

Same measures as for (H).

Channel uncontrolled
flows.

Improve drainage with
pipes, lined ditches, etc.

Protect eroded area with
concrete, gunite, rock or
gabions as appropriate,
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TABLE 6-1 Evaluation Matrix of Masonry Dams (continued)

Indicator

Possible Causes

Possible Effects

Potential Remedial
Measures (listed roughly in
order of recommended
action)

{K) Inoperability
of gates and
valves

{L} Reservoir
slides

{M) Siltation

Poor energy
dissipation

Poor foundation

Piping or leakage

Poor drainage

Normal weathering

Failed parts

Corrosion

Build-up of mineral
deposits

Blockages

Debris

Silt deposits

Ice

Differential
movements

Unstable geology
Saturation

High runoff
Sloughing

Geology

Normal or
abnormal inflow

Cultivation
upstream

Vegetation removal

Inability to operate
Reduced capacity of
spillways/outlets

Inereased
probability of
overtopping

Sudden high waves
with resultant
overtopping

Siltation

Blockage of outlcts
and spillways

Increased loading

Reduction of
reservoir capacity

Increased loads

Reduced stability

Plugging of outlets

Reduction of
reservoir capacity

Rock boit blocky or slabby
rock,

Increase spillway capacity
to prevent overtopping.

Control spills and provide
proper energy
dissipation.

Inspects operating parts
and repair or replace.
If capacity to release water
is inhibited, consider
temporary change in

reservoir operations.

Methodically and
systematically determine
cause.

Provide corrosion
protection.

If ice is problem, provide
barriers or aeration, sec
P).

If due to silt, debris, or
other blockage, remove
that cause.

Provide log booms, debris
barriers, trash racks or
other facility to alleviate
blockage.

Determine potential for
waves and damage to
dam,

Stabilize slides (see
Chapter 7).

Modify reservoir
operation.

Dredge reservair (usually
economic only for small
reservoirs).

Provide upstream siltation
ponds.

Increase upstream
vegetation.
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TABLE §-1 Evaluation Matrix of Masonry Dams (continued)

Potential Remedial
Mcasures (listed roughly in
order of recommended

Indicator Possible Causes Possible Effects action)

Review loading and dam
stability and correct.
Prestressed hold-downs.
Remaove only silt close to

dam (temporary
measure).

Increase sluicing (will
usually affect only area
clase to outlet).

{N) Debris Floods Plugging of Regularly remove debris
Logging spillways from reservoir.
Vegetation Plugging of outlets  Provide log/debris boomn.
Damage to trash Provide sluicing gate or
racks and chute to dispose of
equipment material over the dam.

Simplity spillway
arrangement so debris
can be passed without
plugging.

(O) High waves Wind Overtopping Increase freeboard to
Reservoir slides Damage to prevent overtopping.
equipment Protect equipment against

(P} Ice Cold weather

Undermining of

banks

Accelerated
deterioration

Blockage of
spillways and
otlets

Damage to piping
and equipment

Misoperation of
gates

Damage to trash
racks

Parapet damage

Increased loading

high water.

Design parapcet wall to
deflect waves back to
Ieservoir,

Provide emergeney spill to
skim off high water,
Treat potential slides (see

Chapter 7).

Operate reserveir to keep
ice at level where
damage will be
minimal.

Keep spillway gates open.

Simplily spillway so ice
.can pass without
restriction.

Provide aeration near
operating equipment.

Review loadings on dam
resulting from ice and
assure dam can tolerate.
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FIGURE 6-6 Relation of geologic structure to arch thrust.

ties in the rock system. Clear or muddy water may indicate the develop-

ment of uplift forees in the abutment that were not contemplated in the

design of the dam. (See the section Uplift.) The Malpasset Dam failure in

France (International Committee on Large Dams 1973) is an example of

failure due to foundation water pressures and lubrication {see Figure 5-5).
Various methods of leakage control have been used.

¢ Channelizing the seepage flow so increased head does not develop as a
result of erosion.

e Installation of sand filters in the flow channels at the point of egress to
prevent piping.

* Grouting with cement or other sealing materials to provide a barrier
to the flow. Such barriers should be created near the upstream face of the
dam, not downstream from the line of intersection between the dam axis
and the abutment because it could result in unacceptable uplift in the dam
or the abutment.

* Sealing the entrances to such cracks. Sealing materials would include
bitumens, epoxies or other resins, cement grout, bentonite, concrete, and
impervious soil blankets.

Abutment or Foundation Deformation

This is particularly critical for an arch dam because excessive deformation
can produce unacceptable tensile stresses. Its effect may appear as tension
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cracks in the concrete or as high tensile stress measurements if instruments
are installed in the extrados of the arch. In addition, the closing and possi-
ble crushing of faces of discontinitities, such as joints and fractures, might
be observable. Also, there may be anomalous decreases in abutment seep-
age rates as the result of the closure of openings in the rock mass; such de-
creases may cause undesirable uplift pressures.

Unusual movements in the rock mass of the abutment may result in loos-
ening of large blocks or possible slides of both upstream and downstream
abutments of the dam. In a gravity structure, incipient sliding motion may
develop at the contact between the concrete and the rock. The evidence for
this might be a zone of freshly exposed rock observable on the upstream
face of the contact. Particularly critical are the slopes adjacent to spillways;
slide blockage of an intake, chute, or spillway basin could be disastrous if it
occurs during the operation of a spillway.

In the case of an arch dam care must be taken to ensure that stresses
developing from the dam have a sufficient mass of stable rock available to
accept such stresses without undesirable displacements occurring in the
rock mass. That is, there must be no topographic reentries immediately
downstream from and within the influence of the abutment thrust area (see
Figure 6-7). If such reentries occur, the possibility exists that the entire
abutment mass may move in a downstream direction. The major area for
the acceptance of thrust from an arch is often within an acute triangle that
has its apex at the concrete-rock contact; the internal angle is about 15°,
and the river side of the triangle is parallel to the thalweg of the river
valley.

In examining abutment areas consideration must be given to the fact
that minimum safety may exist in the upper part of double curvature
arches because the upper parts of valley walls are generally looser than the
lower walls and earthquakes would induce stronger reactions in the upper
area of both the dam and its abutments.

Drainage galleries in the abutments should be examined carefully to de-
termine if all drains are open and operating or whether some have been
plugged by mineral deposits and/or silt. Pressure gages on drains should
indicate if excessive uplift forces are developing.

Abutment deformation can be recognized by fresh cracks in the rock sur-
tace, blocks falling from abutments, or displacement of vegetation. Re-
cording instruments or surface survey markers may be installed in the abut-
ment whereby both vertical and horizontal movement may be detected.
Cracks in the dam concrete where it joins the rock also may be evidence of
deformation. (It should be noted that such cracking or crushing may also
be caused by excessive deformation of the arch caused by something other
than abutment movement.)
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FIGURE 6-7 Favorable topography for arch dams (A and B}; un-
favorable topography-unshaded parts of arrows indicate part of
thrust that is daylighting {C and D).

Deformation may be caused by reservoir load, earthquake forces, arch
dam thrust, unfavorable orientation of the cracks in the rock with respect
to the load directions imposed by the dam or reservoir, large ranges of tem-
perature, freczing and thawing of water within the cracks in the rock, soft-
ening of the contact surfaces between rock blocks caused by water or other
weathering forces, an abutment mass insufficient to withstand the overall
thrust forces from the arch dam, presence of shear or fault zones that were
not contemplated in the design, or excessive uplift forces.

Any unforeseen movement in the abutment will induce stresses in an
arch dam or buttress that may not have been considered in its design. Loos-
ened blocks can endanger any structures in their potential fall path. If suf-
ficient rock falls into the channel below the dam, it can cause blockage of
the outlets to waterways. Rock falls into the reservoir immediately up-
stream from the dam may interfere with operation of outlets, penstocks, or
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spillways. Rock falling onto the dam can endanger personnel and damage
the concrete and roadways or other structures on top of the dam.

Motion of the abutment can cause leakage with a potential for lubrica-
tion or pressure buildup and ultimately can cause complete failure of the
dam. If ancillary structures are located on the abutment (or within it), the
rock movement can interfere with their operation and/or cause damage to
them.

Remedies are highly dependent on the cause of the deformation or rock
falls. Possibilities include any one or combination of the following:

* Deep rock anchors or rock bolts to tie together and strengthen the
abutment and reduce or prevent further deformation.

» Horizontal or vertical concrete beams across the rock mass and an-
chored by rock bolts. Such anchors can be tensioned and grouted in or ten-
sioned by future movement of the rock mass.

¢ Iftherockfalls arc caused by abutment deformation and the deforma-
tion cannot be reduced, some relief can be achieved by extensive scaling of
the abutment (removal of potentially loose blocks). If continuous loosening
of blocks is expected, it may be desirable to build diverter walls. These are
massive concrete walls located such that any loose rock falling from above
will hit the wall and be diverted away from critical structures below the
wall. This system was used successfully at Kortes Dam in Wyoming.

» If water is the causative agent, elimination of the flow of water into
the abutment is needed.

¢ Extensive grouting to improve the modulus of deformation of the rock
mass.

¢ Placing of buttressing rock, cancrete, or gabions.

Abutments are particularly susceptible to damage by earthquake forces.
As previously noted, generally the upper part of valley walls are loaser than
the lower part of the walls; thus, earthquakes can induce much stronger
reactions in the upper portion of the abutments.

One California owner of a concrete gravity dam with a suspect abut-
ment has used a number of measures to monitor and stabilize an abutment
including regrading part of the abutment (upstream) and installing hori-
zontal drains and inclinometers, installing drains under the dam to reduce
uplift, and construction of concrete crib-wall backfilled with rock just
downstream of the abutment. Stabilizing rock placed against the dam in
the vicinity of the abutment and an elaborate survey control system and
inclinometers have been installed. The foundation also has been heavily
cement grouted. Other effective stabilizing measures are erosion control,
rock bolting, deep anchorage, chemical grouting, installation of galleries
and piles or other reinforcing members, and resloping of abutments. Con-
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siderable experience in grouting, both cement and chemical, is recorded in
the ASCE (1982).

Uplift

Any estimate of uplift should be based on the current effectiveness of the
foundation drainage system, as indicated by measurements, the quality of
maintenance, and other influencing features, such as the possible presence
of a silt layer on the reservoir floor that is more impervious than the rock
foundation.

The existence of a reliable foundation drainage system might justify re-
laxation of the design criterion published by several federal dam building
agencies to the effect that full reservoir pressure should be assumed under
the portion of the dam base not in compression. That criterion was origi-
nally adopted without the support of substantiating field measurements
and without regard to specific characteristics of dam and foundation.
However, it was considered appropriate for incorporation into conserva-
tive design criteria for new dams. Agencies promulgating such design crite-
ria intend them to be guides to uniformly safe design rather than restric-
tions on the designer and intend to permit variations wherever warranted.
Thus, it is only reasonable that the evaluation of existing dams consider the
influence of actual site features and characteristics.

In a recent stability evaluation for an overtopping flood condition (Clay-
tor Dam, New River, Virginia), an effective foundation drainage system
was considered as warranting deviation from the assumption of full reser-
voir pressure under any portion of the dam base not in compression. Papers
describing the Claytor Dam studies were presented by representatives of
the American Electric Power Service Corporation on October 28, 1982, at
the annual ASCE Convention in New Orleans. A supporting paper (Good-
man et al. 1982) was presented. Essentially, the studies found that the
foundation drains would continue to function under loading conditions
causing a lack of compression on a portion of the base and would preclude a
buildup of uplift to full reservoir pressure under the dam.

Experience at the U.S. Army Corps of Engineers’ Dworshak Dam on the
North Fork of the Clearwater River, Idaho, attests to the effectiveness of
drains in reducing hydrostatic pressures in narrow cracks. During and
shortly after reservoir filling, vertical cracks striking upstream-down-
stream occurred in the center of 9 monoliths of the concrete gravity struc-
ture. They extended from the base of dam to heights ranging to almost 400
feet and propagated downstream past the drainage gallery. Drain holes
(1.5 inches in diameter) were drilled into the cracks from the galleries and
angled to intersect the cracks at 5-foot vertical intervals along a line about
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30 feet from the upstream face. These drain holes successfully reduced hy-
drostatic pressures in the cracks, resulting in the reduction of crack widths
and arresting of the downstream propagation of the cracks.

Costly remedial measures might be avoided where foundation drainage,
either existing or added, can be relied on to preclude the buildup of uplift
pressures to full reservoir magnitudes in narrow cracks of the size compara-
ble to those created by structure rotation under the increased flood loading.
In such cases uplift can be represented by a linear distribution from tailwa-
ter pressure at the toe to tailwater pressure plus a percentage of the differ-
ence between the headwater and tailwater pressures at the line of drains
and thence to headwater pressure at the heel of structure. The percentage
of the difference factor that determines the uplift at the drains should be
based on pressure measurements that can be obtained during normal pool
levels.

'Generally, the most effective and economical solution to reduction of
uplift forces is the installation of drains. Where they already exist, their
monitoring and maintenance are essential. Regular drain flow ohserva-
tions must be part of any surveillance program. Accumulation of deposits
in the drains is monitored by periadic probing to determine location and
characteristics of the obstructing material. When uplift is steadily increas-
ing or when seepage flows have decreased substantially, the need for clean-
ing drains or drilling new ones is indicated. When drains become so ob-
structed as to impair their function, and the deposits are relatively soft,
they can be cleaned by washing. However, this is often only a temporary
remedy. A better solution is to redrill the old drain or to drill new drains
(Abraham and Lundin 1976). Where drains do not exist or are inadequate,
new ones can often be drilled into the foundation from existing galleries or
from the downstream face. At the California dam referred to earlier, some
old drains leading to a gallery were cleaned, new drains were drilled from
the gallery into the foundation, the drains under the spillway bucket were
cleaned, and new drains were drilled at a flat angle underneath the spill-
way bucket.

Concrete Quality

For existing dams a great deal can be learned about concrete guality by
visual observation. Surfaces subject to rapidly flowing water, such as spill-
ways or outlet chutes, must be examined carefully. Silty or sandy water can
erode concrete. Water moving rapidly past abrupt surface changes creates
regions of negative pressure which may cause cavitation erosion as evi-
denced by increasingly deep holes in the concrete. Vibration also can result
from pressure fluctuations and high-velocity impingement. Where small
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amounts of material have been removed, simple repairs have been made at
some dams with a very smoocth epoxy coating. Large repairs have needed
extra strong concrete, such as fiber-reinforced concrete. Steel plates have in
some cases been installed on cavitated surfaces. Also, cavitation erosion of-
ten can be prevented by the introduction, under the water flow, of air
through slots or other openings.

Where strength is a question, nondestructive tests, such as the rebound
hammer or sonic velocity measurements, are only qualitative. The most
accurate evaluation of strength can be made by extracting cores of a diame-
ter two to three times the size of the largest particles in the concrete. These
can be tested for compressive and tensile strength, for modulus of elasticity
and Poisson’s ratio, and for density. All of these properties are needed for
any analysis of the behavior of a dam.

Careful attention should be paid to the appearance of weathered con-
crete surfaces. Pattern cracking may denote either drying shrinkage or, in
extreme cases, alkali-aggregate reaction. Heavy surface scaling may indi-
cate freeze-thaw effects or insufficient cement and, consequently, low
strength,

Experience with Deterioration at Drum Afterbay Dam

The story of Drum Afterbay Dam is a good example of the detection and
investigation of a dam with deteriorating concrete. Built in 1924, this dam
was a thin arch structure, 95 feet high, situated at elevation 3,200 feet on
the western slope of the Sierra Nevada Mountains in California. Aggregate
for the concrete was crushed from the rock (schist) at the dam site, which
turned out to be an unfortunate decision. Twenty vears after construction
the downstream face showed visible signs of deterioration due to frost
action, with particularly noticeable deterioration in the horizontal joints
between lifts. At that time some repairs were made by chipping out poor
concrete and filling with gunite, After another 20 years it was apparent
that a more thorough investigation should be made to pinpoint the causes
of the worsening deterioration. This later study found, in addition to
freeze-thaw action, visible signs of a possible alkali-aggregate reaction. At
this time a more elaborate study was made, utilizing 6-inch and NX cores
and sonic velocity measurements. From the cores, measurements were
made of strength, modulus of elasticity, Poisson’s ratio, density and ther-
mal diffusivity; also, a careful petrographic examination was made. Corre-
lations between pulse velocity measurements and strength were used to tar-
get the areas of generally deteriorated concrete, which by this time had
reached strengths as low as 1,400 psi. The petrographic examinations
showed that the principal culprit was pyrites in the aggregate, which in
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combination with the lime from the hydrating cement set up new com-
pounds of low strength. After this the prognosis for the concrete was more
of the same or worse. The dam was deteriorating at an accelerating rate,
and the decision was made to replace the dam entirely (Pirtz et al. 1970).

Experience with Synthetic Materials for Concrete Repairs

The strength and exceptional adhesive ability of certain synthetic materials
have led to their application in repairing concrete both for surface treat-
ment and for injection to seal cracks. Resins with low sensitivity to water
have been used as bonding agents between old and new concrete. Epoxy-
based and polyester-based resins have been widely used for facing on dams
and other hydraulic structures. Epoxy-based resins of appropriate mix have
been found to be more effective on damp concrete than polyester-based
resins. The viscosity of resins used for injection can be varied from pump-
able mortar to very thin grout. Careful workmanship is required to ensure
Yasting protection by resins.

The Southern California Edison Company has made effective use of syn-
thetics in sealing concrete surfaces. For example, the upstream face of Rush
Meadows Dam, a concrete arch at high elevation in the Sierra Nevada, was
coated in 1977 with a layer of gunite covered by two coats of polysulfide.
The first layer of polysulfide was thin, placed over a primer, and was fol-
lowed by a thicker final layer. The treated face effected a substantial re-
duction in seepage and has shown no signs of distress, neither peeling nor
general deterioration. Edison has made such applications on other dams
with comparable success. Pacific Gas and Electric Company also has used
similar technigues successfully.

Repair of concrete by injection of synthetics has a less extensive record
but holds promise in special cases. At the Corbara Dam in Italy an experi-
mental attempt was made to seal cracks in buttresses (due to thermal
shrinkage) by application of epoxy resins. Remedial work was done in the
winter to ensure the widest opening of the cracks, The work entailed drill-
ing, chemical washing of cracks, blowing with air, placing small copper
pipes to drain and control grouting, superficial mortaring, and grouting at
about 60 to 70 psi. Some of the work was done by flowing warm air into the
crack prior to the injection. Several difficulties were incurred at some
cracks, such as only partial penetration due to excessive viscosity or inade-
quate adhesion because of moisture or unfavorable temperature. However,
there was an appreciable improvement in shear strength along the cracks
sufficiently treated with the resin.

For internal remedy of general finc cracking in concrete structures, the
potential for success can be enhanced by injection of resins into boreholes,
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with careful temperature control, drying with hot air, and proper venting
(Vallino and Forgano 1982).

Experience with Steel-Fiber Concrete

Where concrete is subjected to high impact or erosion or cavitation, jm-
provement can be cbtained by removing damaged material and replacing
it with a mix containing randomtly distributed steel fibers. This was success-
fully accomplished by the U.S. Army Corps of Engineers at Dworshak
Dam in Idaho in the stilling basin and at a sluice. The fibrous concrete had
a low water/cement ratio and a high cement factor and was placed in the
more deeply damaged areas. Some surfaces were polymerized to improve
durability. Fibrous concrete was used similarly for remedial work on the
stilling basin at Libby Dam in Montana. Additionally, certain areas of
floor slabs in the stilling basin were polymerized. Shallower repairs at
Dwaorshak were done with epoxy mortar but did not prove satisfactory;
most of it failed after a rather short period of service. Nonetheless, in other
projects with less demanding service conditions, epxoy mortar has provided
effective repair.

STABILITY ANALYSES

Concrete and masonry dams must interact with the rock foundation to
withstand loads from the weight of the structure, forces from volume
change due to temperature, internal water pressures (uplift), external wa-
ter pressures, backfill, silt, ice, earthquake forces, and equipment (see Fig-
ure 6-8). Uplift pressures used in stability analyses should be compatible
with drainage provisions and uplift measurements if available. Dams
should be capable of resisting all appropriate load combinations and have
adequate strength and stability with acceptable factors of safety. The fac-
tors of safety recommended for various loading combinations are given in
U.S. Bureau of Reclamation (1976, 1977).

The foundation has a significant influence in the stability evaluation of
masonry structures. It must have adequate strength to support the heavy
loads of the structure without excessive displacement. In addition, it must
function as the water barrier with adequate provisions for drainage and
relief of uplift. It should also be as free as practicable of such weaknesses as
extensive weathering, faults, jointing, and clay seams. The existence of
such defects at existing dams should be evaluated carefully to determine if
they require treatment.

Gravity dams can be analyzed by the gravity method, trial-load twist
analysis, or the beam and cantilever method, depending on the configura-
tion of the dam, the continuity between the blocks, and the degree of re-
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FIGURE 6-8 Expected loads on a concrete dam.

finement required. The gravity method is the most common and is applica-
ble when the vertical joints between individual monoliths are not keyed or
grouted. Trial-load twist analysis and the beam and cantilever method are
appropriate when the monolith joints are keyed and grouted; however, the
gravity method can be used in this situation for an approximate or prelimi-
nary analysis. Descriptions of these methods, together with safety factors
and allowable stresses, can be found in U.S. Army Corps of Engineers
(1958-1960) and U.S. Bureau of Reclamation (1976).

Arch dams are usually analyzed by the independent arch theory (limited
to relatively small structures or analyses preliminary to more refined meth-
ods) or by trial-load methods. Both two- and three-dimensional finite ele-
ment methods of analysis are available and can be used to perform trial-
load analysis or other stress-determination methods. Details of some
methods, with appropriate safety factors and allowable stresses, can be
found in U.S. Bureau of Reclamation (1977).

Flood Loading

The evaluation of stability of gravity dams during a spillway design flood is
necessary in deciding whether modifications, such as added spilling capac-
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ity or strengthening measures, should be accomplished. In most existing
dams a probable maximum flood would overtop the dam. However, con-
crete gravity dams on firm rock foundations are inherently resistant to
overtopping flows provided stability against overturning and sliding are
ensured and that the groin and foundation downstream of the dam are ca-
pable of resisting erosion and disintegration resulting from impingement of
the overtopping water.

An analysis to determine stability during great floods should be based on
conservative estimates of headwater and tailwater elevations, The analysis
must consider site-specific conditions, such as quality of materials in the
dam and auxiliary structures, foundation permeability and competence,
and overturning. However, extensive damage to the structural components
may be acceptable in certain cases for this extreme event. In addition to
estimates of headwater and tailwater elevations, it is necessary to estimate
the possible increase in the uplift loading on the structure.

Seismic Loading

Ground Motions

The ground motions to be used in an analysis of the seismic load conditions
are discussed in Chapter 3.

Concrete Dam Response

The way in which a dam responds to an earthquake is complex and varies
with the type of dam and its foundation. For example, at a concrete dam
on a rock foundation the earthquake motion is first felt at the foundation as
rapidly changing motions in all directions, and many motions per second.
Usually the horizontal accelerations are stronger than the vertical compo-
nents of the motion, but all are present. The vertical acceleration adds to or
subtracts from the weight of the dam. The dam responds by deforming
elastically and developing stress. For a given seismic record methods now
exist for determining these stresses and deformations.

The computed stresses developed by the earthquake are compared with
the strength of concrete cores obtained from the dam. In the latter circum-
stance an allowance must be made for the rapidity of loading and the lin-
earity of the analysis. Fresh cores must be used in these strength tests.

Some concrete dams have been damaged by earthquakes; others have
been left untouched. For example, Koyna Dam, a conerete gravity dam in
India, suffered a number of major cracks near the top after the Koyna
earthquake in 1967 (Chopra and Chakrabarti 1973). However, these



Concrete and Masonry Dams 207

cracks are confined mainly to horizontal construction joints. For safety the
dam was later buttressed with additional concrete. On the other hand, Pa-
coima Dam, a concrete arch dam in California, sitting practically on the
epicenter of the San Fernando earthquake in 1971, was undamaged from a
shock measured at over 1.2 acceleration due to gravity on one abutment.
[The recording at the abutment may be of questionable validity. However,
peak horizontal acceleration at the dam base may have been on the order of
0.75 acceleration due to gravity (Seed et al. 1973)].

Methodology

Most existing concrete dams in potentially seismic zones were designed for
seismic loads by using equivalent static forces. These forces were obtained
by multiplying dam weight by a seismic coefficient. It is generally agreed
that this method is adequate for structures located in seismic zones below 3
(see Figures 5-12 and 5-13). In zones 3 and 4, or in other locations where
the proximity to active faults warrants, a dynamic analysis should be made
using, at a minimum, a response spectrum analysis. A time history analysis
should be made where stress variations with time are critical. Descriptions
of these methods can be found in Chopra and Chakrabarti (1973), Chopra
and Corns (1979}, U.S. Army Corps of Engineers (1958-1960), and U.S.
Bureau of Reclamation (19786).

IMPROVING STABILITY

General Measures

An existing gravity dam that has questionable resistance against sliding or
overturning may be improved in various ways, depending on the suspected
cause of instability. If excessive uplift is a problem, foundation drainage
can be improved by cleaning drains and/or adding more drains. Increased
positive resistance has been accomplished by stressed tendons anchored in
the foundation rock, addition of concrete mass, construction of concrete
buttresses, or placing a buttressing embankment against the downstream
face.

Buttress and Multiple-Arch Dams

Slab and buttress and multiple-arch dams built 50 to 70 years ago were
designed on principles that may not meet modern standards. Many of these
structures have been modified to overcome questionable stability, espe-
cially in resistance to lateral loading, such as earthquake acceleration, In
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some cases the strength of the concrete also has been found to be low.
Cracks in various elements have indicated serious overstressing, even under
normal loading. The arches forming the faces of some old multiple-arch
dams have small central angles, so that the arches impose considerable
thrust on the buttresses normal to their center lines. Such forces must be
resisted partly by the adjoining arches if the buttresses are insufficiently
braced. Some dams of this type originally had no steel reinforcement in the
buttresses. In such cases eracking has typically been observed to extend di-
agonally downward from the upstream to the downstream face, being
open at the juncture with the arches but terminating in hairline cracks at
the downstream extremity, suggesting a slight rotational movement of the
buttress about its toe. Micrometer gage readings have generally not shown
appreciable movement at such cracks after their initial formation.

Stability analyses of slender buttressed concrete dams with minimal rein-
forcement and bracing have disclosed typically that, even with relatively
low seismic accelerations, the buttresses could be unstable. These weak-
nesses can be overcome by reinforeing the buttresses in various ways. Suc-
cessful methods of strengthening include posttensioning the buttresses and
constructing bracing members between them. The addition of shear walls
in alternate panels or bays has in some cases provided effective lateral resis-
tance. Shear keys have typically been provided at the joints, and bolts have
been extended through the buttresses, with large bearing plates on the back
side to distribute the bolt load on the old concrete. Horizontal beams bolted
between buttresses also have served effectively. A basic requisite is that the
connections between bracing elements and buttresses be detailed in such a
way that lateral loads are transferred safely. Otherwise, the struts might be
of less benefit than intended.

In an investigation of buttressed concrete dams in California, concrete
strengths in some of these structures were found to average less than 2,000
psi. For example, the compressive strength of concrete cylinders taken from
one old multiple-arch dam averaged 1,889 psi and varied from 1,225 psi to
3,185 psi. This wide variation was attributed primarily to deficiencies in
quality control during construction. No evidence of alkali-aggregate reac-
tion was found. Where such chemical activity has been involved, even
broader ranges of strength have been observed, with the minimum being
less than one-fourth the maximum in some cases. In such cases the principal
emphasis must be on the low-strength zones of the dam. A complete deter-
mination of structural adequacy necessitates data on the whole strength
envelope, including both the range and distribution of values. Lack of uni-
formity of strength may induce excessive stress concentrations in low-
strength areas, particularly if the weak zones are large. A concrete dam
may have the capability to bridge across defects of limited extent.
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Rollcrete

The threshold of a new technology was recently crossed by design and con-
struction of Willow Creek Dam in Oregon, by the U.S. Army Corps of En-
gineers. This dam is made entirely of roller-compacted concrete, which is
essentially a well-graded gravel {ill containing cement. Other dams of this
type are in the design phase. The costs of concrete placement and construe-
tion time are reduced substantially by using this method. Rollcrete differs
from soil cement in several important respects, primarily related to the
mix, although both are placed in layers and are compacted by rollers. The
cement content of soil cement may range as high as 18% by weight. In
contrast, the cement content of rollerete may be between 2.5 and 7% by
weight. Compared with regular concrete, rollcrete requires less cement to
attain equal strength, and its mix demands less strict processing and grada-
tion. Compaction ensures denser concrete. The promise of this new tech-
nology may be greatest in construction of large new structures, where the
potential economies of scale are obvious. However, it would appear to offer
advantages also in remedial work on existing dams. For example, it would
have useful applications where mass concrete sections have to be enlarged
or where spillways and other channels need to be extended.

Experience at Condit Dam

The 125-foot-high Condit Dam in the State of Washington was rehabili-
tated in 1972 by improved drainage facilities and by installation of steel
anchors (deSousa 1973). This concrete gravity structure, 60 years old at
that time, had been determined to have a marginal factor of safety under
normal loading conditions and to have inadequate resistance to extreme
loadings by flood or earthquake. The concrete was in satisfactory condi-
tion, but the drains were only partially effective. Nearly full uplift pressure
occurred at the midpoint of the dam base. In one phase of the remedial
program a series of new drain holes was drilled radially from two sluice
pipes that pass through the dam at low level. This reduced the uplift pres-
sure from a maximum of 383 psi to less than 8 psi. Concrete cores recovered
from the drilling had test strengths varying from 2,760 psi to 6,690 psi,
with an average of 4,470 psi.

Under extreme loading the dam would have been stressed in tension at
the heel up to unacceptable levels. Therefore, as an additional remedial
measure, steel anchors were installed to limit tension to 20 psi. Twenty-two
posttensioned anchors were installed in the dam, and 3 were placed in the
spillway foundation. The anchors varied in length from 50 to 100 feet and,
each was loaded to about 300 kips. The typical depth of embedment in the
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basaltic foundation was 23 feet. Other corrective work at the Condit Dam
included pumping of 470 cubic yards of concrete into a fissure under the
spillway structure and drilling six drain holes radially upward from the
diversion tunnel to the base of the dam.

Experiences at Spaulding Dams

Three separate concrete dams form Pacific Gas and Electric Co.’s Lake
Spaulding in California. The main dam is a 276-foot-high arch-gravity
dam. Dam 2 (the main spillway dam) is a 42-foot-high gated gravity struc-
ture. Dam 3 is a 91-foot-high gravity buttress dam. All three dams were
built between 1912 and 1919, and the concrete had deteriorated signifi-
cantly. The investigations and improvements to these dams illustrate some
varied economical solutions to different problems.

Investigation of the concrete in the main dam included determination of
concrete strength, density, modulus of elasticity, and overall quality as de-
termined by sonic velocity testing. Coring was done to determine depth of
cracks and deterioration as well as the bond between lifts. Chemical analy-
ses of reservoir and leakage water were made. Recording thermometers
were instailed in the dam to determine seasonal concrete temperatures.
Stress/strain gages were applied to the surfaces to record these values for
comparison to water loading and temperatures.

Stress analyses were conducted using both two- and three-dimensional
finite element methods of analysis. Various input parameters for concrete
and foundation properties were used. For dams 2 and 3 conventional static
stability analyses were made. Dam 3 was found to be marginally stable.
Dam 2 was stable for existing loads but required anchors to accommodate
loads resulting from increased flood loading.

The main dam was improved by constructing a 12-inch-thick reinforced
concrete membrane over most of the upstream face after the old deterio-
rated concrete was removed. Vertical drains were placed between new and
old concrete at the vertical joints. This membrane reduced leakage and
prevented further deterioration of old concrete. The dam crest was raised
slightly to increase the spillway capacity at dam 2. At floods greater than
the 1:500-year occurrence level the main dam will overtop, so protection
for downstream appurtenances was provided.

Two radial gates were added at dam 2 to increase spillway capacity.
Posttensioned anchors were installed to improve stability under the in-
creased water level conditions. An epoxy coating was applied to the con-
crete to prevent further deterioration.

Dam 3 was partially reconstructed with a trippable flashboard type
spillway at its lower end. In its higher reaches, where overtopping could
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not be tolerated, the crest was raised slightly. A reinforced concrete mem-
brane was constructed on the entire upstream face, and rockfill was placed
against both upstream and downstream sides for part of their height, in
order to increase stability.

This is an example of a fully integrated approach to resolve deteriora-
tion, stability, and spillway capacity problems.
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7

Embankment Dams

TYPES OF DAMS AND FOUNDATIONS

Embankment-type dams have been classified in a number of different
ways, but various authorities have not always been in agreement on termi-
nology. Classification generally recognizes (1) the predominant material
comprising the embankment, either earth or rock; (2) the method by which
the materials were placed in the embankment; and (3} the geometric con-
figuration or internal zoning of the cross-section. A classification modifier
is often included to denote the purpose or use of the dam, such as diversion
dam, storage dam, coffer dam, tailings dam, afterbay dam, ete.

A formal, rigid classification is less important than an understanding of
the performance characteristics and purposes of the zones and components
forming the total dam.

Embankment dams are constructed of natural materials obtained from
borrows and quarries and from waste materials obtained from mining and
milling operations. The two primary types are the earthfill dam, an em-
bankment dam in which more than one-half of the total volume is formed
by compacted or sluiced fine-grained material, and the rockfill dam in
which more than one-half of the total volume is formed by compacted or
dumped pervious natural or quarried stone.

Earthfill Dams
Homogeneous Earthfill Dams

Homogenous earthfill dams are composed of materials having essentially
the same physical properties throughout the cross-section. Modern homo-

213
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geneous dams usually incorporate some form of drainage zones or other
elements for controlling internal saturation and seepage forces; however,
mary smalil older dams do not have these provisions. Rock toes, horizontal
blanket drains, vertical and inclined chimney drains, line drains, and fin-
ger drains or a combination of these various forms have been used for these
purposes. The drainage facilities are composed of pervious sand, gravel, or
rock fragments separated from direct contact with the main body of the
dam by properly graded filter zones to prevent migration of fine-grained
soils into the drain elements and to reduce rapidly the hydraulic gradient of
the seepage flow.

Hydraulic Fill Dams

Hydraulic fill dams are constructed of materials that are conveyed into
their final position in the dam by suspension in flowing water. Originally
this sluicing was assumed to sort out and deposit the coarser materials near
the faces of the dam and the finer materials near the center of the cross-
section. With few exceptions, dams of this type have not been constructed
in the United States since about 1940 mainly because the development of
large, efficient earth-moving machines has made other types of embank-
ment dams more economical and because the seepage and structural per-
formance of these other types are more predictable (Jansen ct al. 1976).
The experience record during the period 1920-1940 demonstrates the unre-
liability of the theory of idealized grading and sorting into pervious shells
and impervious cores and the propensity for failurc during construction.
The vulnerability of hydraulic fill dams to accidents and failures from
long-duration seismic ground motions was vividly demonstrated during the
1971 San Fernando, California, earthquake. Consequently, many old hy-
draulie fill dams in California have either been replaced or extremely mod-
ified and strengthened. Others, after site-specific investigations, have been
declared safe and are in service. Hydraulic fill dams and earthquakes are
not confined to California. Although they are no longer favored in the
United States, a substantial number of hydraulic fill dams are in service in
the United States and require surveillance and safety evaluation {Leps et al.

1978).

Zoned Earthfill Dams

Zoned earthfill dams are composed of an impervious zone or core of fine-
grained soils located within the interior of the cross-section and supported
by outer zones or shells of more pervious sand, gravel, cobbles, or rock frag-
ments, Transition zones of intermediate permeability are frequently in-
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cluded between the core and the shells for economic utilization of all mate-
rials that must be excavated for the project and to prevent intermingling or
transport of materials at the zone interfaces,

Various configurations and positions of the core zone have been used.
The zone may be centered on the dam axis with positive slopes or it may
have a vertical or overhanging downstream slope. The selection of the vari-
ous shapes is controlled by the properties and quantities of the available
construction materials and the stability and scepage control objectives of
the design.

Diaphragm Earth Dams

Diaphragm earth dams consist of a pervious or semipervious embankment
together with an impermeable barrier formed by a thin membrane or wall.
The diaphragm may be positioned in the embankment aleng the axis or on
the upstream face of the embankment. The stability of the dam is supplied
by the mass of the embankment, and the water retention capability is sup-
plied by the diaphragm. Cement concrete, asphaltic concrete, and steel
plate have been used for diaphragms.

Stonewall-Earth Dams

Stonewall-earth dams are composed of rubble-masonry walls and an earth
filling. This type of dam is generally quite 0ld—100 or more years—and of
modest height. Some have only a downstream wall, in which case the up-
stream face of the earth filling is sloped. Others have both an upstream and
a downstream wall that retains the interposed filling. The exposed surfaces
of the walls are usually vertical or near vertical. The filled surfaces are
sornetimes battered or sloped. The walls are usually dry rubble but may
occasionally be mortared.

Rockfill Dams

Faced Rockfill Dams

Faced rockfill dams consist of a pervious rock embankment with an imper-
meable membrane on the upstream face. The rock mass provides stability
and the membrane, or facing, retains the water. Older faced rockfill dams
were constructed by dumping the rock in relatively high lifts or tips. Some-
times the rock was sluiced in an attempt to reduce settlement by washing
the rock fines and spalls into the interstices of the mass and creating direct
contact between the larger blocks of rock. An upstream narrow zone of
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derrick-placed stone was commonly used to create a uniform surface to
support the facing and to reduce the amount of movement and distress in
the facing.

Since about 1960 the construction procedures for faced rockfill dams
have been improved considerably, through the efforts of J. B. Cooke and
others, resulting in less embankment settlement and less darmage to the fac-
ing. A large percentage of the rock is placed and compacted in horizontal
lifts. A special zone of selected small-size rock is used to support the face.
The main body of the embankment is zoned with the rock sizes in the zones
increasing toward the downstream face. All but the zones of larger-sized
rock are compacted by vibratory rollers or rubber-tired compactors. The
largest-size rock is usually dumped in lifts of moderate height.

The facings consist of reinforced portland cement concrete, asphaltic
concrete, reinforced or unreinforced gunite or shoterete, and timber, Dif-
ferent thicknesses, joint details, and spacing for concrete facings have been
developed over the years.

Newer dams of this type have been constructed with thinner slabs, re-
duced amount of reinforcement, minimum joint spacing, and closed verti-
cal construction joints. Horizontal joints have been limited to those re-
quired for construction purposes. A zone of compacted fine-grained soil has
been placed over the lower elevations of the facing when the dam site is V-
shaped or where there is an inner gorge (Davis and Sorenson 1969).

Impervious Core Rockfill Dams

Impervious core rockfill dams consist of an interior impervious zone or ele-
ment supported by zones of dumped or compacted rock. The interior ele-
ment controls the retention of the water and is usually a compacted imper-
vious soil protected by filter or thin transition zones. A few old dams have
thin vertical concrete core walls located on the central dam axis. Depend-
ing on the position and configuration of the core, these dams are usually
classified as central core, inclined core, or sloping core rockfills, and each
has its own stability, seepage control, construction advantages, and site
compatibility characteristics.

The compesition and construction of the filter and transition zones are
especially eritical in this type of dam because of the relative thinness of the
core and the magnitude of the hydraulic gradient.

Rockfilled Crib Dams

Rockfilled erib dams consist of a framework of interlocked timbers or con-
crete prismatic bars that confine rock blocks and fragments. The water fac-
ing and overpour surfaces are usually timber fastened to the crib members.
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Construction of this type of dam was common around the turn of the cen-
tury, and some were later modified by the construction of concrete super-
structures. The stability characteristics of a crib dam resemble those of a
conerete gravity section; however, it is listed here because of its rock com-
position. Timber crib dams are sometimes constructed for diversion pur-
poses.

Foundations

Embankment dams can be constructed on foundations that would be un-
suitable for concrete dams. The foundation requirements for earthfill dams
are less stringent than those for rockfill dams (Engineering Foundation
1974). Foundations for embankment dams must provide stable support un-
der all conditions of saturation and loading without undergoing excessive
deformation or settlement. The foundation must also provide sufficient re-
sistance to leakage where excessive loss of water would be uneconomic.

Foundations are extremely variable in their geologic, topographical,
strength, and water retention characteristics. Each is unique and is an inte-
gral part of a dam. During design and construction the foundation charac-
teristics can be modified and improved by such treatments as excavation,
shaping, curtain and consolidation grouting, blanketing, densification, in-
stallation of sheet piling, prewetting, etc. These various forms of treatment
are primarily for the purposes of (1) strengthening, (2) safely controlling
seepage and leakage, and (3} limiting the influence of the foundation on
embankment deformations. However, for an existing dam one can only
evaluate the effectiveness of the treatment from the construction record
and observable performance.

Based on strength and resistance to seepage and Ieakage, foundations can
be typified as (1) rock, (2) sand and gravel, and (3) silt and clay or a combi-
nation thereof, Earthfill dams have been adapted to all three of these types
of foundations. Types 2 and 3 have generally been determined unsuitable
for faced rockfill dams. Type 3 has been determined unsuitable for imper-
vious core rockfill dams without extensive foundation excavation and treat-
ment.

The foundation types have been treated in a variety of ways depending
on the designers’ versatility and objectives and the type and configuration
of the dam. The foundations of many existing dams will not have received
any special treatment and present safety concerns. Where treatment was
afforded, it varies under the different zones of the dam, depending on the
intended functions of the zones and the foundation type.

Foundations have been treated for seepage control by (1) earth back-
filled cutotfs, (2) concrete or sheet piling cutoff walls, (3} slurry walls, (4)
grout curtains, (5) vertical drains, (6) relief wells, and (7) impervious earth
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blankets or a combination of these methods (Wilson and Marsal 1979).
Foundations have been treated for strengthening by (1) excavating weak
materials and formations; (2) consolidation grouting; (3) prewetting col-
lapsible soils; (4) installing vertical drains to accelerate consolidation and
accompanying strength gain during embankment placement; and (5) to a
limited extent, vibratory densification. Foundations containing saturated,
fine, cohesionless sand of low density are suspect, especially in regions of
higher seismicity, because of the tendency of the sand to collapse and lig-
uefy during long-duration ground shaking from earthquakes. Many foun-
dations of this type have probably received no treatment for such a condi-
tion.

DEFECTS AND REMEDIES

It has been emphasized that dam failures are usually caused by a complex
chain of events that involves one or more defects and that failure can be
averted by properly identifying and remedying the defects. For embank-
ment dams the major nonhydraulic defects causing failure ultimately in-
volve slope or foundation structural instability and/or slope or foundation
seepage instability. Closely associated defects are excessive settlement,
slope erosion, malfunctioning drains, problems at the abutment or founda-
tion/embankment interface, and/or excessive vegetation and rodent activ-
ity.

Equally important threats to the overall structural or seepage stability of
the dam are defects in appurtenant structures, such as spillways and con-
duits, and associated outlet works, such as gates, hoists, and valves.

The following sections include discussions of common defects that can
cause partial or total failure of the dam, indicators of these defects, possible
causes of each defect, effects on the dam, methods of investigating the de-
fects, and potential remedial measures, with brief examples of actual appli-
cations on existing dams. Table 7-1 is an evaluation matrix for embank-
ment dars that briefly summarizes these discussions.

In applying these and other remedies the complex interrelationships be-
tween the dam and its foundation, appurtenant structures, and reservoir
margin must be considered. Furthermore, extreme caution must be exer-
cised to avoid creating a new defect in the process of remedying an existing
one.

Slope and Foundation Instability

Instability of embankment dams or their foundations may occur as a result
of (1) extended periods of high reservoir level that result in high pore pres-
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sures within the embankment, (2) rapid drawdown of the reservoir from a
high level, (3) earthquake shaking, or (4) deterioration of effectiveness of
drains and other factors. Each of these conditions deserves careful atten-
tion when dam safety is evaluated.

Unless an embankment shows signs of instability or high pore pressures
during normal operations, there is no way to determine by inspection
whether it will be stable under the above described loading conditions.
Evaluating the stability of an embankment for such conditions requires de-
termination of the strengths of the embankment and foundation materials
and comparison of these strengths with the stresses that result from the
loading.

Failures of dams due to extended periods of seepage at high pool have
occurred in at least one large dam and in a number of smaller dams. If a
dam is found to be unstable for steady seepage at high pool level, the most
common remedy is to install drains, relief wells, or other seepage control
measures to reduce the magnitudes of the pore pressures within the em-
bankment and/or its foundation.

Rapid drawdown has caused instability in the upstream slopes of many
dams, including Pilarcitos Dam and San Luis Dam in California and many
others. Rapid drawdown slides in embankments ordinarily do not have any
significant potential for loss of impoundment, because they usually involve
sliding at a depth of only a few feet in the upstream slope and do not extend
through the top of the dam. In the case of San Luis Dam, however, the
sliding was considerably deeper, extending into a layer of highly plastic
clay in the foundation. Although the slide at San Luis Dam did not extend
through the top, deep-seated failures of this type do have a potential for
deing so, and this possibility needs to be considercd when stability during
drawdown is evaluated. Stability during drawdown can be improved by
flattening the upstream slope or by adding a layer of free-draining material
to blanket the upstream slope.

Earthquakes have caused instability and complete failures in dams built
of loose, cohesionless (sandy or silty) soils and dams built on foundations
containing such soils, which can “liquefy” or lose all strength under cyclic
loading. Examples include Sheffield Dam and Lower San Fernando Dam
in California. Sheffield Dam failed completely as a result of liquefaction of
loose sands in the foundation, and the entire reservoir was released. Lower
San Fernando Dam suffered a deep-seated upstream slide that extended
through the top of the dam and lowered the top to within about 3 feet of
reservoir level. The reservoir was lowered as quickly as possible, and com-
plete failure was avoided by a narrow margin.

Usually when a dam is found to be unsafe during an earthquake because
of a liquefiable foundation, the remedy is to build another, more stable



TABLE 7-1 Evaluation Matrix of Embankment Dams

Defect Possible Indicators

Possible Causes

Effects

Potential Remedial Measures

(A) Embankment Slumps on
mass embankment face
movernent Longitudinal cracks
(slope failure)  Arcuate cracks
Hummaocky (irregular)
slope
Bulge in slope
Sag in crest
Bent tree trunks
Misaligned guard rails

or similar structures

{B) Embankment Seepage carrying soil
excessive fines

Inadequate strength

Slopes too steep

Phreatic surface too high

Cracking due to differential
settiement

Earthquake

Rapid drawdown of reservoir
or tailwater

Large trees on dam
overturned

Spillway or surfucc drainage
discharge eroding
embankment

Temporary saturation due to
rain storms, snowmelt, or
high tailwater

Decaying organic material in
embankment

Lack of appropriate internal
drainage

Possible massive
failure of dam
Damage to spillway
or outlet works,
resulting in dam

failure

Dam failure by
internal erosion

Detcrmine specific cause(s) by

test borings, strength tests, and
piezometers. Based on test
results, design appropriate
remedies. Some alternatives
are:
Free-draining downstream
buttress
Flatten slopes
Lower the phreatic surface
(upstream barrier,
internal slurry wall or
membrane cutoff,
grouting)
Remove and replace weak
soils
Control surface erosion with
riprap or other means
Realign-relocate appurtenant
structures as required
Permanent partial reduction
in pool level

In some cases total draining and
breaching are required for
safety or are more economical

Distinguishing unsafe sespage
from normal seepage requires

Hedd



seepa; ge

Sinkholes on
embankment face

Boils

Concentrated seepage

Unusual wetness on
embankment slope

Unusually soft or quick
embankment slope

Marsh-type vegetation
on embankment
slope

Inadequate core or cutoff

Inappropriate embankment
material

Layering of relatively
permeable zones in
embankment

Inadequate compaction

Clogging of drains or filters

Burrows caused by muskrats,
beavers, groundhogs, {oxes,
moles, chipmunks

Surface erosion gullies
intersecting seepage zone

Temporary saturation due to
rain storms, snowmelt

Seepage into, out of, or along
cenduits and drains

Structural failure
due to uplift of
embankment or
appurtenant
structures

Loss of storage

considerable judgment.
Amount of change in the rate
of seepage is an important
factor. May require installation
of piezometers to help
determine seriousness. Highly
concentrated seepage or
evidence of internal erosion or
mass movement definitely
requires treatment. If it
appears that seepage line is
high enough to threaten mass
stability, consider steps under
mass movement above. If mass
movement is not indicated, a
filtered drain in the area(s) of
concern is usually most
eppropriate. Other
alternatives:

Upstream seepage barrier
(blanket)

Install seepage cutoff
beneath crest, such as
slurry wall, thin
membrane wall, grouting

Filtered relief wells

Fill gullies with filtered
drain, riprap, prevent
further erosion

Remove trees, replace soil

Trap and remove animals

In some cases total draining
and breaching is the most
cconomieal safe action
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TABLE 7-1 Evaluation Matrix of Embankment Dams (continued)

Defect

Possible Indicators

Possible Causes

Lifeots

Potential Remedial Measures

(C) Foundation
movement

(D) Foundation
excessive
seepage

(E) Unprotected

slopes

Heave of foundation
near embankment
toe

Sinkholes

Transverse or
longitudinal cracks
in embankment

Sags in dam crest

Scepage carrying soil
fincs

Sinkholes

Boils at toe and
downstream

Concentrated seepage

Unusually soft or quick
ground

Obvious visual
indicators

Consolidation settlement

Collapse of cavities (limestone
terrane)

Shear failure (usually occurs
during construction and
thus is usually not a
problem with existing
dams)

Liguefaction

Earthquake

Inadequate cutoff

(Re)opening of cavitics
(limestone terranc)

Cracks duc to differential
settlement

Fractures in foundation rock
or soils

Undersized material

Disintegrating riprap

Surface not properly graded

Obstructed or improperly
located surface drain
outfalls

Embankment
failure due to loss
of support,
eracking, piping,
mass movement

Misalignment of
appurtenant
structures

Cracking of
appurtenant
structures

Loss of freeboard
(storage) due to
sags in crest

Embankment
failurc due to
internal erosion
in foundation,
loss of support,
collapse

Loss of storage

Deep gullying

Beached upstream
slope

Reduced cross
section can cause
structural or
seepage failure

Increase embankment mass with
free-draining massive
downstream addition
{subsurface data needed for
optimal safe design}

Regrade crest

Realign appurtenant structures

Repair appurtenant structures

Sce measures for embankment
seepage (above)

Downstream filtered drain trench
or relief wells

Upstream blanket

Grouting

Slurry wall or membrane

Permanent reduction in reservoir
pool level

Place or augment riprap

Backfill and regrade surface

Place granular downstream slope
protection

Realign and extend discharge of
spillway and surface drains as
required

(4



(F) Spillways
F1. Erosion of
spillway

F2. Uplift

F3. Undermin-
ing

F4. Concrete
components;
cracking,
displacement,
overstressing
instability

Obvious visual
indicators

Vertical separation
along joints

Cracking of slabs

Cracking of walls

Lateral movement or
tilting of walls

May be difficult to
detect

Seepage/soil losses at
toe of spillway

Core holes and pressure
tests

Sonic tests

Sometimes reflected by
slab misalignment,
cracking (due to loss
of support}, cavities

Obvious visual
indications

Also, see section on
masonry dams

Inappropriate materials (soils)
Too [requently used spillway
Improper design section in

spillway or stilling basin
Lack of maintenance

Inadequate or improperly
designed underdrainage

Piping under spillway slab
duc tv inadequate or
improperly designed
underdrainage

See Chapter 6

Failure of spillway,
then
embankment

Failure of spillway,
then
embankment

Failurce of spillway,
then
embankment

Failure of spillway,
then
embankment

Failure of gate piers

Reduced spillway
capacity

Reduce frequency of use by
providing other spillway/
storage capacity

Riprap spillway

Vegetate spillway

Pave spillway (with
underdrainage)

Provide appropriate energy
dissipator

Provide relief drains

Provide underdrains

Grout existing voids

Seal cracks

Seal joints

Provide filtered underdrains
Replace spillway

Sec Chapter 6
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TABLE 7-1 Evaluation Matrix of Embankment Dams (continued)
Defect Possible Indicators Possible Causes Effects Potential Remedial Measures
F5. Obstruction  Ohvious visual Lack of log booms or trash Overtopping of dam  Establish maintenance/inspection

(G) Spillways and
outlets
G1. Faulty
gates and
hoists

G2, Obstruction

G3. Inacocessible
gate
controls

indicators

Normally, gates and

hoists are operated to
test working order

Visual inspection for

corrosion and to
ensure that all
components are
present and in good
order

Obvious visual

indicators

Obvious visual

indicators

racks
Improper sizing
Unanticipated trash burden

Settlement
Corrosion

Initial misalignment
Vandalism

Inadequate trash rack, log
booms

Collapse (see above possible
causes}

Vandalism

Poor design

Bridge overload

Pier displacement from earth
loads

Unstable gate tower

Inundated or blocked roads

or spillway walls
Damage to spillway
structures

Loss of control of
spillway release

Could result in
inability to drain
reservoir to
prevent structural
or seepage failure

Could result in
overtopping
failure

Loss of outlet
capacity could
result in
overtopping
failure of dam
{see ahove effects)

Loss of control of
reservoir releases

Loss of control of
spillway releases

program
Trash racks and log booms
Modify sizing
Remove source of obstructing
material

Realign and replace as necessary
Provide protection against
tampering and vandalism

Establish maintenance/inspection
program
Trash racks, log booms

Replace or strengthen structural
component

Counteract earth load

Convert dry tower to wet tower

Provide alternate access
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G4. Project
insecurity
from
tampering
and
vandalism

(H) Outlet works
H1. Leaking
conduit

Obvious visual
indicators

Rocks in stilling basin

Missing or damaged
control stem wheels,
cte.

Visual inspection or
water leaks into pipe

Visual inspection for
soil deposits in pipe

TV inspection for
above if pipe not
accessible to direct
inspection

Sinkholes in
embankment surface
Qver or near
alignment of conduit

Discharge temperature/
chemistry
measurements (rarely
conclusive)

Pipe thickness
measurements
(ultrasonic)

Lack of barriers
Infrequent site visitations by
owner

Misaligned pipe due to
settlement or poor
placement

Inappropriate connections

Improper bedding

Improper backfill compaction

Corrosion of pipe

Electrolytic loss of pipe metal

Erosion of conduit

Uplift of drop inlet

Vibration (water impact or
water hammer)

Downstream control only

Structural damage
Interference with

flow

Inoperable controls

could preclude
emergency
spillway releases
or opening
bottom drain,
resulting in dam
failure

Piping of

embankment soil,
may result in
sudden and
complete failure
of dam

Loss of storage
Loss of conduit

Security fences

Intrusion alarms

Periodic site visits

Putting locks on emergency
controls usually not advisable

Sleeve conduit and grout annulus

Grout entire conduit and provide
new outlet

Grout outside perimeter of
conduit

Move control gate to upstream
end to depressurize

For eroding pipe, remove source
of eroding material and/or
pave bottom of pipe

Provide additicnal anchorage if
needed to resist uplift

Modify hydraulically to eliminate
vibration

Provide cathodic protection

GTo




TABLE 7-1 Evaluation Matrix of Embankment Dams (continued)

Defect Possible Indicators Possible Causes Effects Potential Remedial Measures
H2. Piping May be difficult to Inadequate compaction of Possible sudden and ~ Install filtered drain around
along detect backfill complete failure outlet of conduit
conduit Seepage/soil deposits at  Improper bedding of dam Grout outside perimeter of

(Iy Reservoir margin
I1. Mass
movement
(landslides)

12. Seepage from
margin of
reservoir

downstream end of
pipe

Sinkholes in
embankment surface
Qver or near
alignment of conduit

Deformation of conduit
due to loss of soil
support

Voids between pipe
and soil at outlet

Indications of cracking,
creep, distortion of
reservoir margin

Loss of storage

Emergence of seepage
downstream of
reservoir

Leaks in conduit {see above
possible causes)

Complex array of possible

geologic factors
Earthquake triggering
Rainfall triggering
Reservoir rise

Complex array of possible
geologic factors

Loss of storage
Loss of conduit

Obstruction of emer-
gency spillway

Damage to outlet
works

Wave damage to dam

" In severe cases,

damage
{movement) of
embankment
Loss of storage
In rare cases, failure
of reservoir
margin by piping

conduit if significant loss of
embankment soil is thought to
have occurred

Provide cathodic protection

Removal of unstable material

Rock bolting

Buttresses

Other classical landslide
treatment techniques

Blanket on reservoir bottom

In rare cases, grouting

In rare cases, provide filtered
drain to prevent piping

wotE: This table considers only the major nonhydraulic considerations for existing embankment dams. It is not meant to be comprehensive, Also,
thin snsaslon fntacvalabinnchine hakiurnon the amhonbmant faundatinn anmurtenant cbrnctnrae and recervoir maroin miiet he kent in mind.
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dam downstream, abandoning the original embankment. If an embank-
ment itself is potentially unstable during an earthquake, it may be re-
placed, as was the case with Upper San Leandro Dam (Gordon et al. 1973},
or it may be possible to strengthen the dam with a buttress fill, as was done
for San Pablo and Henshaw dams. In the case of Henshaw Dam in southern
California, the reservoir level was lowered and a reinforced rockfill em-
bankment was constructed to buttress the downstream slope of the dam
and to retard outflow from the reservoir in case the old dam failed. A foun-
dation that contains loose liquefiable soils may be densified by deep com-
paction techniques, such as vibroflotation, compaction piles, or heavy
tamping, or it may be excavated and replaced. Drainage to reduce lique-
faction susceptibility has been considered in some cases.

Dams built of cohesive soils on stable foundations have been found to
perform quite well during earthquakes, and they pose a much smaller haz-
ard than do dams constructed of or founded on loocse, liquefiable, cohesion-
less soils (Seed et al. 1977}. Even though they may remain stable during an
earthquake, cohesive soil embankments may suffer permanent deforma-
tions as a consequence of earthquake shaking, which may take the form of
bulging of the slopes, bodily movement of the dam, and possibly settlement
of the top.

Causes of Slope Instability During Operation

Once an embankment dam has been constructed to full height and has been
stable for a period of time, there are (at least) three conditions that may
result in subsequent instability:

1. Rapid drawdown of the reservoir may result in instability of the up-
stream slope. There are no reported cases where this type of failure led to
loss of impoundment.

2. High reservoir levels for extended periods may result in high pore
pressures in the embankment and its foundation and in instability in the
downstream slope. One such case has been reported where this type of fail-
ure led to loss of impoundment, although the failure might also have been
due to seepage erosion and piping (ASCE/USCOLD 1975).

3. Earthquakes subject the embankment to transient forces and may
also result in loss of strength in loose cohesionless soils.

Methods of Assessing Stability of Existing Dams

The fact that a dam has been subjected to the most severe conditions (draw-
down, sustained high reservoir level, or earthquake) expected during its life
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without suffering failure or accident is the strongest possible indicator of its
ability to withstand similar conditions in the future. Even then, a careful
examination of the dam, searching for signs of actual or incipient instabil-
ity, is an absolutely essential part of any evaluation of stability for an exist-
ing dam.

If a dam has not been subjected to the most severe conditions expected,
evaluation of its safety requires collection of data to estimate the strength
properties of the embankment and the water pressures to be expected in the
embankment during the event.

These data can be obtained through examination of as-built drawings,
construction records, and test results for record samples, if available, com-
bined with field explorations, field tests, and laboratory tests. Existing pi-
ezometer records can be evaluated and new piezometers installed if neces-
sary to obtain needed information. In a case where investigations indicate
that design assumptions were conservative or correct with regard to
strength and pore pressures, additional stability analyses are not necessary.
If the investigations indicate lower strength or higher pore pressure than
used in design analyses, additional analyses will be needed to determine if
the stability of the embankment will be adequate. Analyses used to deter-
mine the stability of embankment dams are discussed in the Stability Anal-
yses section.

Remedies

Some earthfill dams were constructed with unreinforced concrete face lin-
ings under the assumption that the embankment was much more pervious
than the lining and would thus result in a low phreatic surface in the em-
bankment. These linings have cracked and admitted water in sufficient
quantities into the embankment so that the raised phreatic surface reduces
the embankment stability unacceptably. The design concept is no longer
accepted as valid.

In some cases the stability has been restored to the desired degree by in-
stalling a filter and drain blanket beneath a new portland cement or as-
phaltic concrete lining so that seepage through the lining no longer satu-
rates the embankment. In another case a terminal storage reservoir was
completely lined with a compacted impervious clay lining, which was pro-
tected from weathering by a 3-inch asphaltic concrete covering. The im-
pervious earth lining was used as protection against seepage losses and in-
stability in the geologic formations comprising the reservoir bowl. The
purpose of the asphaltic covering was to preserve water quality and to aid
in periodic cleaning of the reservoir. Large areas of the lining failed by
sliding due to reservoir drawdown. The slide material was removed and a
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system of line drains and toe collector drains installed in the formation. The
system was drained through an existing drain outfall serving the upstream
impervious zone of the earthfill dam. The clay blanket and asphaltic cover-
ing were then replaced.

Excessive Settlement

Settlement due to consolidation or compression of embankment and foun-
dation soils usually continues at a slowly decreasing rate after construction
of an embankment, and this action may lower the top below its design ele-
vation. Such a condition can be detected readily by level surveys of the dam
crest or by settlement observations. Usually dams are constructed with ex-
cess freeboard or “camber,” in order that some amount of settlement may
occur without lowering the top below design level. If excessive settlement
occurs and the top is too low, it can be raised by adding fill or a concrete
parapet wall to the top of the dam,

In extreme cases the foundation soils may be so weak and compressible
that it is not possible to raise the top to the desired level simply by adding
fill, because the embankment would be unstable. This was the case at Mo-
hicanville Dike No. 2 (appurtenant to Mohicanville Dam in Ohio), which
was constructed on soft peat and clay and had been about 12 feet below its
design level for many years. Methods considered to raise the dike to design
elevation were (1) stage construction to raise the embankment slowly,
while the foundation soils gained strength through consolidation; (2) con-
struction of a concrete parapet wall atop the dike, together with a concrete
diaphragm wall cutoff; and (3) use of geofabrie reinforcing in the embank-
ment to permit construction of a less massive dike imposing smaller loads
on the foundation, together with an upstream seepage cutoff.

Transverse vertical cracks in homogenous earthfill dams have resulted
from differential settlement caused by foundation profile irregularities and
by consolidation upon saturation of the embankment or of a granular foun-
dation. Nonplastic soils placed at below-optimum water content are espe-
cially vulnerable because they are brittle and highly erodible.

One successful remedy has been the placement of a flexible, impervious
asphaltic membrane on the upstream face together with a shallow trench
at the upstream edge of the dam crest backfilled with a compacted mixture
of soil and bentonite. The back{illed trench serves to intercept the wider,
more defined cracks that are usually confined to shallow depths, while the
membrane serves to seal off any narrow or incipient cracks that might ex-
tend more deeply. The embankment face is shallowly stripped, rolled, and
bladed. A heavy asphaltic impregnated hemp mesh is anchored and a
sprayed asphaltic emulsion is applied, followed by a thin sand coating and
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a second penetration coat of sprayed asphalt. A 2-foot normal thickness
protective blanket of finc-grained soil is then placed over the membrane
commencing at the bottom of the slope.

Older dumped rockfill dams have characteristically settled relatively
large amounts, especially from the initial application of the water load
during first filling. Where the facing is reinforced concrete, this settlement
has often cracked the slabs, closed and spalled the central vertical joints
and the horizontal joints, torn waterstops, and opened the terminal verti-
cal joints and any perimetric joints. This disruption of the facing has usu-
ally been most severe in the lower elevations and has resulted in leakage
that in some instances has been very large (hundreds of second-feet). Fortu-
nately, this type of embankment dam is very resistant to large leakage flows
as long as the foundation is nonerodible.

Where therce is concern for safety or economic loss of water or where
circumstances are psychologically disturbing, the leakage can be reduced
and controlled by placing a compacted berm of a well-graded clay-silt-
sand-gravel mixture on the facing to an intermediate height. Tf the reser-
voir cannot be taken out of service, a gravel-clay-bentonite slurry can be
deposited under water on the face with a wheeled enclosed skip cart. The
skip cart travels on the face and is remotely opened when at the discharge
position. The conventional tremie method is suitable when the required
volume of the mixture is smaller.

Slope Erosion

Embankment dams, particularly if they are relatively old or did not have
proper slope protection measures incorporated into their original construc-
tion, are subject to slope deterioration from erosion of both their upstream
and downstream faces. Such erosion does not necessarily lead to cata-
strophic dam failure or even a major safety problem. However, if it con-
tinues to occur and corrective measures are not taken, serious consequences
could develop because the embankment cross section would continue to be
reduced, often at the most critical elevations. As noted in Chapter 5, the
potential for rapid erosion of dispersive clays calls for special care in investi-
gation where the presence of such clays is a possibility.

The erosional problems most commonly encountered are those created
by wave action on the upstream dam slope and by improperly controlled
runoff {rom precipitation on the dam top and/or downstream slope. Areas
of contact between the embankment and abutments and the embankment
and appurtenant structures are especially vulnerable. However, if the pub-
lic has access to a particular site for recreation purposes, crosion of both
upstream and downstream slopes and the dam crest can be aggravated by
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repeated foot or vehicular traffic, causing rutting and loosening of soils,
which become susceptible to further erosion during suceeeding runoff from
rainfall or snowmelt.

Downstream slope erosion is readily recognizable at any given time in
the form of shallow or deep gullying caused by runoff concentrations on the
slope or at the embankment-abutment contact. On the other hand, up-
stream slope erosion may or may not be readily recognizable, depending on
the level of the reservoir as related to the eroded area. Improperly pro-
tected upstream slopes can erode rapidly and severely from periods of
heavy wave action, but it is possible that such erosion could temporarily go
undetected, particularly if the reservoir is rising, until the water level later
drops to expose the damaged area. This latter type of erosion usually results
in combined “benching” and oversteepening of portions of the upstream
slope and could lead to more serious slope instability if not corrected in
time.

Remedies

Upstream slopes severely benched by erosion can be restored by removal
of loose surface materials, slope grading, and replacement with compacted
fill. A cushion or bedding layer of properly graded sand and gravel or small
rock is then placed on the restored slope and covered with a layer of sound,
durable riprap (graded rockfill), properly sized and dimensioned to suit the
wave conditions expected to be encountered.

As a substitute for large, graded rockfill, which may not be readily avail-
able in the proper size and soundness, commercially available gabions or
slope protection mattresses can be placed on the embankment face and
filled with smaller rock to provide equivalent protection. If erosion of the
underlying embankment is a concern, a suitable geotextile filter fabric can
first be placed on the slope to prevent migration of the fine soil particles
from beneath the gabions.

The general characteristics and uses of geotextiles and allied products are
briefly described in the section Seepage and Piping. Fabric forms have been
successfully used for erosion-controlling revetments on embankment, exca-
vated, or natural slopes instead of the more expensive or unavailable con-
ventional rock riprap (Lamberton 1980).

The revetments are made with a two-layer fabric woven together at tie
points to form a quilt-like envelope. The tie points can be spaced on grids
from 5 to 10 inches on centers to create “pillows” analogous to stone of
different sizes. An open weave is used at the tie points to join the layers
together and to form weep holes for relieving hydrostatic pressure behind
the revetmeént.



232 SAFETY OF EXISTING DAMS

The revetment is installed by first anchoring the upper edge in a trench
along the top of the slope with mortar injected into the end of the fabric
envelope. The fabric is then rolled down the slope and pumped full of mor-
tar, expanding the envelope into a pattern of individual nodules or pillows.
The mortar may be either a sand-cement or a pea gravel-sand-cement mix.

Although the upper layer of fabric may be gradually degraded by ultra-
violet radiation and abraded by erosion, the lower layer is bonded to the
mortar and provides both a filter to retain the underlying soil and flexible
tensile reinforcement to help hold the mortar pillows in position. For some
subsoil conditions a {ilter layer may be required below the fabric.

Other common means of upstream slope protection in areas where rock-
fill is not readily available are asphalt or portland cement concrete and soil
cement. Each type of protection requires its own unique design and bed-
ding conditions. In some smaller less important storage structures, under
certain conditions of reservoir size, operating conditions, dam face slope,
and protection from prevailing winds, grass slope vegetation has been used
as a relatively inexpensive erosion protection measure. However, this latter
means must be viewed as a less reliable long-term approach and would nor-
mally require more frequent maintenance. Other, less common and usu-
ally more expensive means of upstream slope protection, such as commer-
cially manufactured liner fabrics or sheeting, are also available and are
certainly worth considering under the proper site conditions and environ-
ment. Pacific Gas and Electric Co. has had good experience with a number
of installations of a gunite membrane. This is also highly effective as a ro-
dent inhibitor,

Downstream slope erosion, in the form of gullying, can be repaired and
its recurrence prevented by excavating the eroded areas to provide working
room, refilling and compacting the eroded and excavated areas (placement
of impervious materials over large areas on the downstream slope should be
avoided), then placing a protective layer of angular rock or stream gravels
and cobbles on the slope. Often, vegetative slope protection, in coordina-
tion with proper slope drainage, will provide a relatively inexpensive
means of slope protection. A system of concrete- or asphalt-lined surface
drains, either preformed or cast in place, can be installed on narrow berms
and used in conjunction with a protective cover of planted grasses to pro-
vide the required level of protection. Maintenance, in the form of initial
watering and periodic mowing, is often necessary with this type of slope
cover.

The means of erosion protection discussed above for both upstream and
downstream embankment slopes can be used equally as effectively on na-
tive soil slopes adjacent to the dam embankment if erosion of such slopes
threatens to undermine the dam embankment or create a more serious
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slope stability problem related to the dam abutment or associated hydrau-
lic structures.

Any surface erosion that seems to be resulting from water seeping
through the dam embankment or abutment may be indicative of a much
more serious dam stability problem and should be quickly and thoroughly
checked by a qualified engineer to determine the need for further study and
remedial action.

Seepage and Piping

All dams, regardless of type, leak to one degree or another. Seepage may
be through the foundation or the embankment, along the foundation-
embankment interface, or in any combination of those paths. The seepage
volumes may be substantial or barely noticeable. The water may be trans-
porting suspended or dissolved solids. In some cases the seepage may be
entirely harmless; in others, it may be extremely serious and immediate
treatment becomes imperative.

Whether such leakage can or will lead to serious stability problems or
will require expensive repairs depends on many factors, some of which may
be related to the original embankment design {for example, inadequate
seepage cutoff measures) and some of which may be related to other fac-
tors, such as undetected foundation conditions or improper construction
procedures or control. Whatever the cause, a developing seepage problem
is often quite evident from visual inspection and/or changes in piezometer
readings (if such devices have been installed in the dam) and, if not given
proper, timely attention, can lead to serious and expensive problems or
even catastrophic failure of the dam.

Where treatment is necessary, in the interest of safety, various remedies
are available. The choice of remedy is controlled by many factors, includ-
ing the quantity, path, pattern, and gradient of the seepage flow; the con-
figuration of the dam; its zoning; the characteristics of the foundation for-
mations and geologic structure; the engineering properties of the materials
composing the embankment; the foundation treatment and materials
placement procedures during construction; and the financial feasibility of
comparative costs,

It is not possible and, in many instances, is undesirable to stop the seep-
age completely. Instead, the objective is to control the forces and actions of
the water that would otherwise adversely affect the stability and integrity
of the dam-foundation unit. The major forces and actions are softening,
saturating, solutioning, pressuring, internal erosion, and transporting.
These factors may occur in various combinations to produce abnormal con-
ditions not contemplated in the design of the structure and which cannot be
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adequately resisted. For example, saturation and pressure may reduce the
strength of the materials in an embankment zone sufficiently to cause a
slide. Or solutioning and transporting may remove materials from a foun-
dation formation, causing its collapse and disruption of the embankment.

Almost all of these forces and actions are created in some way by the
hydraulic gradient of the water as it travels into, through, and out of the
dam and foundation. Accordingly, the fundamental achievement of a rem-
edy must be the control of the hydraulic gradient within tolerable limits.

The hydraulic gradient can be controlled by barriers of low permeabil-
ity, adjacent zones of increasing permeability in the direction of flow,
lengthened travel paths that increase friction losses, and forced flow
through anisotropic foundation formations in the direction of lesser perme-
ability, All the remedies for seepage employ one or more of these tech-
nigues.

Piping, a form of internal embankment erosion, is caused by the progres-
sive movement of soil particles from unprotected exits due to uncontrolled
seepage emerging from an abutment or embankment slope. Piping occur-
rences are a very common cause of dam failures. Areas around and adja-
cent to conduits arc particularly susceptible to piping because of the diffi-
culty in properly compacting fill arcund these conduits.

A near-failure of Daggs Dam in Arizona in 1973 was attributed to a long-
term piping problem associated with a damaged low-level outlet conduit.
Repairs included the removal and replacement of the damaged conduit
and surrounding embankment material as well as other measures to im-
prove the dam’s performance. Piping problems have also developed at
dams with many years of satisfactory performance due to solution of solu-
ble materials, such as gypsum or limestone, within the dam foundation,
Similar problems in both embankments and foundations have resulted
from animal burrows and rotted tree roots.

Embankment eracking due to differential settlement can also provide
paths for uncontrolled seepage and progressive internal erosion. In fact,
abnormal seepage through either the dam or foundation, from whatever
cause, even if it does not cause a piping problem, can lead to high hydro-
static uplift pressures or unanticipated uplift pressure distributions. These
pressures can, in turn, lead to the formation of boils and springs in, or
downstream, of the dam. Also, through the reduction of shearing resis-
tance, these excessive hydrostatic pressures can cause the failure of slopes
and abutments. Pervious foundation seams, adversely oriented bedding
planes, and open-jointed foundation rock can all provide paths for uncon-
trolled seepage. If the scepage path is through erodible material or disper-
sive clays, rapid failure can develop from a small initial seep.
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How can seepage problems with potential serious consequences be
placed under satisfactory control? There are a number of remedial mea-
sures available for such problems, depending on the nature and location of
the seepage and on how rapidly the situation is recognized and given the
attention it deserves. Examples of successful remedial measures for these
more common defects are given below. It must be recognized, however,
that in each specific case the details will differ and that remedial construc-
tion must be adapted to the actual conditions.

Embankment Seepage Corrective Measures

Treatment for control of hydraulic gradients in the embankment varies
with the type of dam. The need for such treatment is rare for rockfill dams
because of the mass and high permeability of the downstream zones and
resistance to turbulent flows. The treatment for zoned earthfill dams will
usually be limited to added zones of higher permeability at the downstream
face because the impervious zones are buried and unreachable, although
the addition of barriers of low permeability within the upper elevations of
an existing impervious zone may sometimes be feasible.

Seepage through so-called homogeneous earth dams, where permeabil-
ity is relatively high or where leakage may concentrate through anomalous
regions or transverse cracks, can be controlled by treatment either, or both,
upstream or downstream. Upstream treatment may consist of placing a
compacted, more impervious zone on the stripped upstream face of the ex-
isting dam. The reservoir must be emptied. If the presence of the impervi-
ous blanket on the upstream slope presents a stability problem during reser-
voir drawdown, the slope can be flattened by adding a pervious zone
surmounting the added impervious zone. If the reservoir cannot be emp-
tied, in some cases a layer of bentonite pellets placed underwater may be
effective.

If the defect includes excessive seepage through the foundation or along
the interface with the dam (often the result of inadequate foundation prep-
aration originally), the new impervious zone can be extended in the form of
a cutoff trench or a slurry trench excavated in the bedrock formation across
the valley section and into the abutments along the upstream toe of the
dam or in the form of an upstream blanket. Time must be allowed for accu-
mulated silt deposits to dry unless excavating by dragline is possible. Partial
cutoffs in stratified alluvial formations can reduce the hydraulic gradient
by foreing the flow across the strata in the direction of lesser permeability.

If seepage emerges uncontrolled along the toe or over the lower portion
of the downstream face, a berm or mildly sloping zone of sand and gravel
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or cobbles and rock fragments may be added to that face. The grading of
the materials positioned immediately against the dam and abutments must
be much more pervious than the material upstream and must also prevent
movement (piping) of fines from the dam or foundation. If pervious mate-
rial of the requisite grading is scarce or costly, the main body of the added
mass can be comprised of other types of materials, if they are enveloped by
pervious materials at all interfaces. The effect of the berm on the stability
of the downstream slope must be considered. While it will normally en-
hance stability, it may not.

If the seepage is largely concentrated along the toe or groins, a drain pipe
of clay tile, sewer tile, ashestos-bonded corrugated metal pipe (CMP), or
PVC pipe, successively enveloped by gravel and by sand or filter fabric,
can be installed in a trench excavated into the foundation along the toe of
the dam. If the drain can be safely installed on an alignment upstream of
the toe, it will be more effective, especially for slope stability.

Transverse cracking in homogeneous dams can be repaired if the caus-
ative forces have stabilized or have attenuated with time. One method was
discussed above. When the cracks are limited to the higher elevations in a
dam, as they usually are, a narrow trench can be excavated from the top of
the dam and backfilled with impervious plastic soils. The reservoir may
have to be drawn down or even emptied during repair. The strength of the
backfill materials must be adequate; otherwise a critical failure plane may
be induced by the back{illed trench. Reinforced plastic fabrics, anchored
or buried along their perimeters and placed on a smooth prepared surface
on the upstream slope and covered by a protective element, can also be
considered.

Excessive leakage caused by disruption of the concrete face elements of a
rockfill dam can be reduced or eliminated by selective removal and re-
placement of damaged panels, if the waterstops from adjacent panels are
serviceable. If the embankment is still settling at a significant rate, the re-
pair process will have to be repeated several times. The damaged panels
can be covered with courses of redwood tongue and groove planking for
increased flexibility during the active settlement period. Anchored butyl
rubber sheets have been used successfully on the surface of the panels to
waterstop the panel joints.

A leaky rockfill dam can be modified to include an inclined earth core by
using the existing dam for the downstream shell and constructing transition
zones, filter zones, impervious zones, and shell elements upstream, The op-
portunity for improved control of foundation seepage, if necessary, is avail-
able in such an alteration.

The upper sections of embankments that are riddled with tree roots or
rodent holes can be restored by complete removal of the infested portions
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and by replacement with compacted fill securely bonded to the unaffected
portions.

Foundation Seepage Corrective Measures

Seepage through foundations can be controlled by grouting, blanketing,
new cutoffs, drainage, and pressure relief wells. Usually the exact nature of
the problem will have to be investigated and defined before the most ap-
propriate means of treatment can be identified. Possible remedies follow.

* A grout curtain can be installed beneath the impervious zone of an
embankment dam by drilling through the dam. Care must be used to avoid
hydraulic fracturing of susceptible fills with the drilling fluid. Injection of
grout between the foundation surface and the base of the embankment
should be done carefully. Different techniques are available. Portland ce-
ment, bentonite, and chemical grout mixes are the three most common
types for seepage cutoff applications.

® An impervious blanket of compacted earth or a commercially avail-
able liner can be placed on the floor of the reservoir. The blanket must be
joined to the impervious element of the dam and to the abutments and
must terminate in a satisfactory manner.

¢ The construction of a new cutoff and an impervious facing was de-
scribed earlier in this chapter. A new cutoff can also be formed in alluvial
deposits with a sturry wall. The wall must be joined to the impervious ele-
ment of the dam. A horizontal impervious zone (blanket) can sometimes be
used. Driven sheet piling cutoffs have been used with limited success.

* Embankment toe drains and drain blankets also were described ear-
lier. The toe drain or part of the blanket drain can also be installed at depth
in the foundation for dual service.

* Pressure relief wells or trenches backfilled with drain rock and filter
material can be drilled or excavated along or beyond the toe of an embank-
ment dam to control the escape gradients of seepage flowing through the
foundation.

¢ In rock abutment formations, both grouting and drainage curtains
can be formed by holes drilled from tunnels or galleries.

Use of Synthetic Fabrics

Geotextiles, or synthetic fabrics, are gaining acceptance in various kinds of
construction. These materials may be manufactured from fiberglass, ny-
lon, polyester, polyethylene, polypropylene, or polyvinylchloride and may
be woven or nonwoven. Some are available either reinforced or nonrein-
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forced for different exposurc and installation or service requirements. The
predominant polymers used in civil works are polyester and polypropylene
(Koerner and Welsh 1980; Timblin and Frobel 1982).

Although not strictly meeting the definition of a geotextile, closely allied
products composed of similar synthetic materials have been developed and
are being used for impermeability and for surface protection. Impermea-
bility prevents saturation and uneconomic water loss by controlling seep-
age and leakage. Surface protection provides erosion control on slopes and
bed and bank protection in water conveying channels. These products are
the impervious flexible membrane liners and fabric forms manufactured
from synthetics, including polyvinylchloride (PV C), chlorinated polyethyl-
ene (CPE), and chlorosulfonated polvethylene (CSP). Some are available
either reinforced or nonreinforced for different exposure and installation or
service requirements.

Current purposes served by geotextiles in construction are (1) filtering,
(2) drainage, (3) separation of dissimilar materials or zones, and {4) rein-
forcement. Filtration arrests the movement of finer soil particles from a
protected layer or zone of soil of lesser permeability to one of greater per-
meability. Drainage promotes the controlled passage of water in the plane
of the geotextile either vertically, horizontally, or inclined to an outfall or
drain line. Separation prevents the intermixing of adjacent layers or zones
of materials of dissimilar grain sizes. Reinforcement helps stabilize a fill or
embankment by supplying tensile strength to the mass.

In the improvement of existing dams, these fabrics have a potential for
drainage and filter protection that has yet to be developed fully. They can
be used as a boundary membrane beneath riprap or gabions to avoid wash-
ing of the underlying embankment or natural slope.

In many cases drainage of some kind will be found to be the solution of a
deficiency at an earthfill. Sands and gravels have been used commonly to
create the necessary filters and drains. Such materials may be in short sup-
ply and/or may require expensive washing and screening. Geotextiles may
offer some benefits in such cases. Although for various reasons they may not
be acceptable as complete substitutes for natural materials, their potential
for cost saving can be considered. Since their overall record of performance
worldwide is relatively short, the ability of the fabrics to endure and to
retain their capabilities for a long time is not yet known. However, espe-
cially in remedial work on existing dams, where they may not have to be
buried deeply and irretrievably, geotextiles may have suitable applica-
tions.

From the descriptions of the functions of geotextiles and these allied
products it can be seen that they can have applications in the correction of
defects in existing dams and their foundations. Following are two exam-
ples.
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1. In 1979 a low earthfill dam located in Martin County, Florida, used
as a cooling water reservoir, failed from water seepage through the founda-
tion (see Figure 7-1). This foundation defect was corrected by an upstream
bentonite slurry wall and by a downstream geotextile drainage system. The
slurry wall was formed in a 14-foot-deep trench, 12 inches wide, joined to
the impervious dam by an impervious blanket. The drainage system was
constructed by first trimming back the downstream face and excavating a
trapezoidal trench into the foundation along the toe of the steepened slope.

A layer of sand was spread over the trench surfaces and part way up the
slope and was covered with a layer of filter fabric. A 12-inch layer of gravel
was spread on the fabric, and a 12-inch perforated bituminous pipe was
placed in the trench and covered with additional gravel. A second layer of
fabric was placed over the gravel on the slope and in the trench. The entire
drain system was then covered with compacted fill to a new, flatter down-
stream slope. The 12-inch drain pipe is connected to a series of round con-
crete sumps that collect drain flows for discharge by a float-controlled
pump system (Civil Engineering-ASCE 1981).

This example demonstrates the application of several remedial measures
for seepage control both in a foundation and in an embankment—the
slurry wall and the connecting impervious blanket upstream; the inclined
embankment drain and foundation trench downstream. Two basic func-
tions of geotextiles are also demonstrated-—filtration for the fixst layer and
separation for the second layer. Also demonstrated is the increased slope
stability from the flatter, modified slope in addition to that obtained by the
elimination of embankment pore pressures downstream of the inclined
drain.

2. The 11,530 acre-foot upper reservoir at Mt. Elbert Forebay, Colo-
rado, (USCOLD 1981) of a large pumped-storage power facility was cre-
ated by closing the open margins of a topographic depression with a 90-
foot-high earthfill dam and a small dike at the power plant intake-outlet
located directly above the valley in which the power plant is situated.

The reservoir margin on the valley side is a series of lateral moraines in
which there are old landslide scarps. The reservoir bowl was originally
lined with a 5-foot-thick compacted earth blanket. The blanket extends to
an elevation 3 feet above the maximum reservoir water surface, including
the side of the forebay formed by the moraines.

Soon after the first partial filling of the forebay, water levels in the pi-
ezometers and observation wells placed along the valley side began rising
significantly. From a study of the situation it appeared that enough water
might possibly seep through the blanket into the morainal formations and
adversely affect the stability of the valley side.

A flexible membrane liner was installed over the entire 290 acres of the
reservoir bowl. A 45-millimeter, reinforced, chlorinated polyethylene liner
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was used. Riprap and other slope protection material were first removed
from the earth blanket. The top 2 feet of the blanket were excavated and
screened to obtain minus 1-inch material for the membrane subgrade and
earth cover. The reservoir slopes were trimmed to 3:1 or flatter to facilitate
placement of the earth cover over the liner and for stability.

The bedding for the liner was placed and compacted to obtain a smooth
surface with two passes of a pneumatic-tired roller followed by two passes
of a vibratory steel roller. The liner was anchored by planting it in a 1-foot-
wide by 2.5-foot-deep trench at the top of the reservoir side slopes. The
liner was unfolded and positioned manually by work crews. All field seams
were overlapped, chemically cleaned, and then sealed with solvent adhe-
sives. The liner is protected from weathering, vandalism, animal traffic,
and ice action with an 18-inch earth cover. The earth cover is protected
from erosion on the slide slopes by coarse gravel and bedded riprap. It was
unnecessary to line the upstream face of the earthfill dam so the membrane
liner was terminated by planting it in an anchor trench in the dam em-
bankment along the toe of the slope (USCOLD 1981).

Slurry Walls

Excessive seepage in a dam may be remedied by installing a trench or slot
filled with an impervious material along the dam’s axis, working from or
near the top. In some instances it may be desirable and feasible to extend
the seepage barrier into the foundation to remedy foundation seepage
problems.

Caution must be used in employing a slurry wall or membrane for con-
trolling seepage in a dam. The wall obviously must not be placed down-
stream from the centerline, since uplift pressures will increase upstream
from the wall. Furthermore, the wall may introduce a definite plane of
weakness through the dam that could result in structural failure of the
dam, especially if the phreatic surface is not significantly lowered by the
barrier. Another consideration is cracking (and, possibly, significant move-
ment} of the soils along the wall as the transition from at-rest to active earth
pressures occurs during and after wall installation. Cracking of the wall
itself can occur if the backfill is not sufficiently plastic. The reservoir should
be drained prior to wall installation. Embankment and foundation slurry
wall installations must be closely monitored, refilling the reservoir should
be done slowly, and piezometers should be installed to monitor seepage
pressures,

Three basic techniques exist for installing slurry walls,

1. The “trench” method uses a backhoe, dragline, clamshell, or similar
equipment for excavating a relatively wide (1.5- to 2-foot) trench. During
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excavation the trench is kept filled with a bentonite-cement slurry to sup-
port the walls of the trench, so the excavation is done “in the wet.” After
excavation the slurry is left in place to form a relatively impermeable seep-
age barrier. This wall type is relatively simple to construct. Problems can
include difficulties with quality control, controlling depth of excavation,
segregation of materials in the slurry, and the necessity of disposing of exca-
vated materials that may be semiliquid in form (due to mixing with the
slurry).

A variation of the bentonite-filled slurry trench method consists of exca-
vating panels in a bentonite slurry, using piles spaced a few feet apart as
guides for the excavating tools, then tremieing concrete into each panel to
construct a concrete diaphragm wall.

2. The “ditch” method uses a rapid-acting ditching machine that has
multiple rotating buckets (normally 10 to 12 inches wide) that feed the ex-
cavated material onto a conveyor belt for loading and disposal. This
method also employs a bentonite-cement slurry to support the excavating
process and to form the relatively impermeable barrier. Quality control
and disposal problems may be reduced by this method as compared with
the trench method.

3. The “injection” method uses pressure jetting a bentonite-cement or
other impervious slurry through ports in a beam. Multiple contiguous in-
sertions of the jetting beam are made along a line to form a relatively im-
permeable thin membrane. A successful development of this concept uses a
vibrating pile driver and an H-beam with jetting pipes welded inside the
flanges; each insertion of the vibrating and jetting H-beam partially over-
laps the previous insertion to ensure continuity and alignment of the seep-
age cutoff wall. Injection is continuous during insertion and extraction.
Quality control is exercised at the slurry batch plant and by monitoring the
pump pressures during jetting. The width of the membrane is sufficient to
control seepage. Barriers of this type have been installed to depths of over
100 feet, and some have been installed through relatively dense and grav-
elly materials. Where the seepage water is chemically reactive with ben-
tonite-cement (such as storage lagoons for some chemical-processing facili-
ties), chemically resistant slurries have been developed and used. This
technique would not be suitable where large boulders exist or where hard
rock layers have to be penetrated.

Following are several examples of slurry walls in dams.

® Trenching Method

1. Razaza Dam, Iraq. A slurry trench wall was installed in 1969 in this
30-foot-high dam and through about 30 feet of aeolian and fluvial founda-
tion soils to remedy excessive seepage problems. The trench was excavated
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with a kelly mounted hydraulic grab bucket to form a wall about 20 inches
wide, up to 80 feet deep, and 8,200 feet long. The slurry used consisted of
cement (C/W = 0.10), bentonite, and local sands and silts, mixed to a
paste with a water content of about 35 to 40% . After slurry wall installa-
tion and reservoir refilling, piezometers indicated a 90% seepage head loss
across the slurry wall (Japan Dam Foundation 1977).

Other examples of successful remedial use of bentonite-cement slurry
trenches are at the Eberlaste Dam, Austria; Kranji Dam, Singapore; La-
guna Dam and others in Mexico (Japan Dam Foundation 1977).

2. Wolf Creek Dam, Kentucky. Construction was completed in 1951 on
the 259-foot-high, 3,940-foot-long homogeneous earth embankment por-
tion of this dam (flanking a concrete gravity overflow section). The founda-
tion includes up to 40 feet of alluvial soils overlying limestone. In 1967
muddy seepage discharge and sinkholes developed, caused by piping of
cavity-filling soils in the limestone foundation and collapse of overlying fill.
In 1968-1970 a remedial limestone grouting program beneath a 250-foot-
long section adjacent to the concrete gravity section was successful in treat-
ing that immediate area, but it was decided that a positive cutoff in the
foundation was needed for an additional 2,000 feet beneath the embank-
ment section. A 2-foot wide, 260-foot-deep concrete panel wall was in-
stalled by a modified slurry trench technique. The lower 100 feet of the
wall had to penetrate cavernous limestone. The wall was constructed by
sinking steel casings on 4.5-foot centers, excavating between the casings in
panels using a specially designed clamshell bucket working in a bentonite
slurry mix, then tremieing portland cement concrete (3/4-inch maximum
aggregate size, 6- to 8-inch slump, 3,000 psi compressive strength) inte the
panels. A sequence of five stepped casing sizes (26 to 51 inches) had to be
used because of the depth and rock conditions. Rock excavation was ac-
complished with percussion chisels, expandable biconcave chisels, and
clamshell buckets (USCOLD Newsletier 1977).

This remedial work was completed in 1979 and is reported to be per-
forming satisfactorily (Fetzer 1979).

Similar concrete panel construction is being done at the Walter F.
George Dam in Alabama, Clemson Lower Diversion Dam in South Caro-
lina, and at other locations. At the Clemson project, panels 20 feet long and
up to 85 feet deep are being employed to intercept seepage in alluvial sands
and gravel deposits in the foundation. At the Walter F. George dam the
panels are extended up to 100 feet deep, into pervious limestones underly-
ing the dam.

¢ Martin County Power Plant Cooling Pond Dike, Florida. A piping
failure of a portion of this 20-mile-long dam in 1979 was caused by exces-
sive foundation seepage. Remedial work included installation of a 10-inch-
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wide bentonite-cement partial cutoff by using a rapid ditching machine to
excavate a slurry wall about 20 mileslong. The slurry ditch was installed at
the upstream toe of the dike, 14 feet into permeable foundation sands,
down to a porous shell layer, and was tied into an upstream blanket. The
slurry ditch is thought to be effective in reducing foundation seepage prob-
lems.

® Martin-Marietta Sodyeco Chemical Plant Waste Lagoon Dike, North
Carolina. A 3- to 6-inch-wide vibrated beam bentonite-cement slurry wall
about 2,500 feet long was installed to depths of 25 feet through permeable
alluvial foundation sands and gravels to intercept anticipated foundation
seepage. The vibrating beam also penetrated underlying residual mica-
ceous sandy silts having standard penetration resistances of 20 to over 100
blows per foot. Penetration refusal depths for the jetting vibrating beam
closely corresponded to power auger refusal depths of the site investigation
test borings. At the time of this report, insufficient head has been put on
this wall to determine the effectiveness of the cutoft.

Vibrated beam slurry walls have been put in numerous dam foundations
in the United States and in Europe, prior to dam construction, with good
performance. At chemical waste lagoons near Romulus, Michigan, and
Richmond, California, chemically resistant asphaltic slurry walls have
been successfully instaltled using this technique.

Repair of Timber Facings

A number of older rockfill dams were originally faced with tongue and
grooved dimensioned lumber secured on timber sleepers set in vertical
chases in the upstream slope of the rockfill that was usually hand or derrick
placed. These facings gradually rotted or sometimes were quickly de-
stroyed by fire when the reservoir stages were low,

The water retention capability has been restored by removal of any fac-
ing remnants, except the sleepers, followed by the application of a thin (3
to 4 inches) gunite membrane facing. The membrane is reinforced for tem-
perature with steel mesh or by an orthogonal system of reinforeing bars.
The membrane is locally thickened and more heavily reinforced as a beam
horizontally across the sleeper locations. The membrane is joined to the
existing concrete of the foundation cutoff by shooting the gunite into the
cleaned-out grooves in which the original timber facing had been installed.
If the existing foundation cutoff is unservicable or ineffective, a new cutoff
stab doweled to bedrock might be feasible.

Of course the reservoir must be fully emptied or locally cofferdammed to
expose the lowest elevations of the top of the cutoff. If the reservoir stage
can be suitably controlled for the inflows anticipated during the selected
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construction season, the facing remnants can be removed and the new fac-
ing installed by working from barges or rafts floating on the falling and
rising reservoir stages.

Because the embankment has already undergone most of the time-
dependent settlement due to its own weight and the settlement from ini-
tial water-load application, any residual settlement will be very small.
Consequently, the facing will not be significantly stressed except by tem-
perature and possibly earthquake.

Several dams in California owned by the Pacific Gas and Electric Com-
pany and by the Nevada Irrigation District have been successfully restored
in this manner and are serving satisfactorily many years later, one for as
long as 52 years.

Overtopping

In the engineering of permanent embankment dams, overtopping has been
strictly avoided, for sound reasons., While the advantages of earthfills are
well known, their vulnerability to erosion unless properly safeguarded is
basic. There is also ample record of the dislodging of rockfills subjected to
overspill. An almost inviolable rule in the design of these structures has
been to keep them free of superimposed conveyance structures, whether
they be spillways, fish ladders, or pipelines. Any such facility that would
obscure the embankment from inspection or conceal underlying adverse
conditions has been regarded as objectionable.

These rules are well founded, and any deviation from them should not be
taken lightly. However, confronted with the current reality of numerous
dams of this type that are inadequately protected from flood damage and
considering the insufficiency of funds for immediate full-scale increase in
spillway capacity by traditional methods, the engineer may be obligated to
weigh the merits of passing water over the embankment, at least as a tem-
porary expedient.

Remedial Measures

Various ways have been proposed to protect embankments during overtop-
ping. Principal among these have been either armoring or reinforcing the
embankment. Also, the use and/or contribution of parapets have been pro-
posed to prevent the overtopping.

Protective Armor. Pravidets and Slissky (1981) have discussed the com-
parative effectiveness of riprap, packed edge-to-edge concrete cubes, and
precast reinforced concrete slabs. Their work on a test spillway chute at the
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Dnieper power station and their experience at a full-scale facility at the
Dnijester power development have demonstrated that important cost sav-
ings are obtainable by installation of precast slabs. These are reinforced
wedge-shaped concrete members with drain holes, laid on the slope in shin-
gle fashion.

The Dnieper test section was 46 feet wide and 118 feet long, installed in
the spillway at the dam on a 6.5:1 slope. Dimensions of an individual slab
or panel were 9.8 by 6.6 by 2.3 feet. Tests reportedly were conducted with
a drop of 115 feet, unit discharge of about 640 cfs per foot of crest, and
mean velocities as high as 75 feet per second. At the Dniester project the
crest and downstream face of an embankment cofferdam 23 feet high and
820 feet long were covered with concrete slabs fastened together, each of
these having dimensions of about 33 feet by 15 feet by 20 inches thick. This
overflow facility was reported to have passed flood peaks with unit dis-
charges as high as 140 cfs per foot. Both of these structures performed with-
out significant problems.

The stability of this protective armor is enhanced by its multistepped
profile and the favorable hydrodynamic pressure on the concrete surface.
The drain holes and an underlying filter drain contribute substantially to
stability and seepage control. A stepped toe is provided at the toe of the
overflow structure for erosion protection and to ensure proper entry of the
jet into the tailwater, with an unsubmerged hydraulic jump.

Advocates of this method of embankment protection believe that it is
amenable to construction under a range of site and weather conditions,
The slabs can be repaired readily.

Reinforcement. The experience already accumulated in the steel rein-
forcement of rockfill diversion dams shows the way to possible applications
to other embankment barriers. Certainly, even in the case of compara-
tively resistant rockfills, extreme care must be exercised in designing for
overtopping. Most critical is the protection of the downstream slope and
especially its toe, which will be exposed to the potentially destructive veloc-
ities of both surface and seepage flow. In projects where the effectiveness of
reinforced rockfill diversion dams has been demonstrated, essential ele-
ments have been (1) a membrane or zone to ensure relative impermeabil-
ity, (2) safeguards for erosion protection of the top of dam and the upper
part of the upstream slope, (3) containment of the rockfill on the down-
stream slope, and {4) anchorage of the steel reinforcement to prevent burst-
ing of the contained fill by seepage pressures.

Various designs have heen adopted for such reinforcement. The most
successful are those that provide complete enclosure of the surface rockfill
units by steel mesh that is deeply anchored in the dam, commonly by hori-
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zontal steel bars tied to anchor plates. Side anchorage into the abutment is
also important. The gabions, or gabion-like elements, may be of large size
and may therefore require internal rib-bars and tie-bars to maintain the
geometry of the steel-mesh cage. In some cases, also, lean concrete has been
placed in the toe of each armoring unit for shape retention. The rock mate-
rial enclosed in the cage may have a range of gradations {e.g., 3 to 6 inches)
depending on what is produced by rock excavations at the site. Obviously,
the confined stones must be large enough so that they will not be washed
through the mesh. The use of roller-compacted concrete might also be a
solution.

Parapets. Although, in the most widely accepted practice, papapets on
embankment dams are not intended to have water stored against them,
such encroachment has happened on many projects and has in some cases
become an approved part of the operating regimen during extreme floods.
The addition of parapets and the changes in their purpose over a period of
years may be part of the evolution of a project as conditions and demands
change. Among the important changes may be the updating of hydrologic
data or the development or application of different techniques for hydro-
logic analysis since the project was placed into operation.

Parapets originally designed as ornamental features or for residual free-
board may have only marginal structural eapability. This could inelude (1)
comparatively thin, sometimes dry masonry, walls with only a modest
layer of mortar added to the upstream face; (2} thin gunite walls placed on
steel mesh against a single vertical form; or (3) timber walls. Any of these
must be analyzed carefully for structural adequacy against the surcharge
water load. This may not be easy if knowledge is incomplete regarding the
parapet’s materials and details, including bonding, anchorage, reinforce-
ment, and tying to the adjoining structural elements. Not infrequently
strengthening is found to be necessary.

The importance of a competent parapet cannot be overemphasized if it is
depended upon to support stored water, even temporarily, and if the top
and downstream slope of the embankment are vulnerable to erosion.

Malfunctioning Drains

Adequate embankment and foundation drainage is one of the most impor-
tant aspects of maintaining a stable embankment dam. If a proper, well-
functioning drainage system is originally incorporated into an embank-
ment dam, it is quite possible that this system will continue to perform
adequately throughout the entire service life of the structure. However, it
is also possible that a drainage system that performed satisfactorily during
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the early life of a dam may become plugged or broken, or otherwise mal-
function, thereby creating excessive uplift {internal hydrostatic pressures)
within the dam and foundation. Tt is also possible that an outward appear-
ance of drain malfunetion can be created not by changes in the drains
themselves but by deterioration of the dam embankment or foundation,
permitting increased seepage that the drainage system was not designed to
handle. On the other hand, silt deposits in the reservoir may reduce the
seepage appearing at foundation drain outlets. It is extremely important,
therefore, that any situation that appears to involve a deterioration of
drainage capacity be thoroughly evaluated by an experienced engineer be-
fore corrective measures are defined and implemented.

One excellent means of inexpensively providing information that can be
highly useful for diagnosing a potentially deteriorating drainage system is
to channel to one or two locations and regularly measure visible seepage
flows emerging from the dam toe area and any installed drains. This should
be done over as wide a range in reservoir levels as possible, so that a rela-
tionship can be established between reservoir level and anticipated drain-
age flow rate. Any significant changes in the flows defined by this relation-
ship may be cause for further investigation. Drain water samples can also
be taken for chemical testing if it is suspected that chemical or bacterial
reactions are involved in changing drain flows. If flow reductions are
found to be oceurring, backflushing of the drains can sometimes alleviate
the problem. If flow increases are occurring, the water chemistry testing
might indicate foundation solution activity.

Other corrective measures for malfunctioning drains or inadequate
drainage can assume a number of forms. Excessive uplift resulting from
inadequate control of seepage can be reduced to acceptable levels. If there
are foundation drains and formed drains in the dam that have become
plugged with chemical deposits, they can sometimes be reamed and their
effectiveness restored if they are accessible from drain galleries or from the
top of the dam. New foundation drains, both vertical and horizontal, can
be drilled. If water losses are excessive, the foundation can be regrouted
from galleries, if they exist, or from the top of the dam, but usually the
more effective way to reduce uplift is by the addition of drairage.

Foundation-Embankment Interface

The foundation-embankment interface is a critical area from the principal
standpoints of both overall stability and seepage prevention and control. A
poor bond between embankment and foundation can lead to piping by cre-
ating a favored seepage path along the contact. Improper or incomplete
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treatment of foundation joints and fractures, alone or coupled with an in-
adequate filter relationship between the embankment and the joints, can
also lead to embankment piping and eventual collapse from internal ero-
sion. Inadequate stripping of loose or otherwise undesirable foundation
materials can create a weak plane along which major embankment insta-
bility could occur.

Where one or more grout curtains are constructed beneath a dam, it is
imperative that continuity of the impervious dam zone and the grout cur-
tain be maintained. This cannot be achieved without proper treatment of
the foundation-embankment interface.

Once a dam embankment is constructed, it is obviously rather difficult,
and sometimes impossible, to correct construction deficiencies along the
foundation-embankment interface without first removing the embank-
ment material from the problem area. As discussed earlier, problems such
as incomplete treatment of foundation fractures and joints can sometimes
be remedied by grouting through the dam embankment if the deficient
areas are discovered and their extent defined, and they can be corrected
before a major failure occurs.

The physical features of a defect at the foundation-embankment inter-
face usually are not directly observable because they are hidden by the
dam. The presence of the defect characteristics must, therefore, be de-
duced from indireet as well as direct evidence, obtained instrumentally or
from drilling cores and logs and a study of visual manifestations, such as
dissolved solids in seepage water or movements in the dam itself. For this
type of problem, evaluation by an experienced engineer is essential, but
even if the problem is properly defined, the cost of its solution may be very
high.

Trees and Brush

Trees and brush are frequently allowed to grow on the slopes and tops of
embankment dams. These forms of vegetation should be removed, espe-
cially for small dams, for the following reasons:

¢ Potential for loss of freeboard and breaching if trees on the top are
blown over during high-water conditions.

¢ Potential dangerous loss of dam cross section if trees on or near the
slopes are blown over.

® Potential initiation of leakage by piping if trees die and root systems
rot to become channels for flow.

® Obstruction of visibility and access to hamper observation and main-
tenance of embankments.
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Each of these potential problems is considered in the following paragraphs
and recommended general criteria for removal are included.

As a general rule, trees and brush should be removed from, and their
growth prevented on, dam and dike embankments. Vegetation on slopes
should consist of grass and should be cut at least annually so that there can
be effective monitoring for animal burrows and seepage. Trees and brush
adjacent to embankment slopes should be cut back at least far enough to
permit such observation and to allow access to the toes of the slopes by
maintenance equipment.

Tree root systems will vary with soil type and groundwater conditions.
The following general comments, subject to further consideration at each
site, are offered for general guidance:

* Root systems of usual tree types do not grow into the zone of satura-
tion, i.e., below the steady-state phreatic surface. One result is that trees in
swamp areas are shallow rooted and easily blown over.

¢ The spread of root systems is generally comparable to the spread of the
branches but will vary with tree type and soil conditions.

¢ Root system penetration tends to be as follows:

Pine: typical mat depth of 1 to 2 feet, maximum of 2.5 to 3 feet.

Softwoods: generally shallow rooted.

Oak: both deep and shallow rooted, typically 2 to 5 feet maximum
mat depth (in glacial till likely to be 1 to 3 feet, more typical in loose-to-
medium-compact, fine sand).

Maple: 10 to 20% shallower than oak, typically 1 to 2.5 feet for major
part of mat.

Ash: relatively deep rooted but less dense mat than oak.

Birch: relatively shallow rooted, typically 1 to 2 feet maximum mat.

Criteria for removal of individual trees and stumps should also consider
the potential for damage due to the root systems. Living or dead trees
whose uprooted root systems could endanger a dam or dike should be cut.
This would include trees that could damage upstream slope protection
and trees on a crest where uprooting could leave less than a 10- or 12-foot
width of undamaged embankment. Trees on or near a downstream slope
should be removed if their root systems can penetrate significantly into
the minimum necessary embankment cross section.

Stump and major root removal should also be based on potential for
damage, Major root systems in the top of the dam or within a minimum
embankment section offer some potential for embankment damage by de-
cay and should probably be removed. However, the decay will generally be
to humus rather than to a void. There is some possibility of inside root de-
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cay with attendant potential for water flow, more so with hardwoods, and
it would be prudent to remove major roots that traverse the top of a dam.
Stumps and root systems that are not in eritieal locations can be left to rot in
place unless removal is necessary for slope grading. The soil will gradually
close in.

In connection with tree work on dam and dike embankments, the fol-
lowing additional comments are offered:

¢ The integrity of trees that remain in place should be considered—their
root systems may be damaged by adjacent work, or they may be more ex-
posed to wind.

¢ Cutting shallow roots to limit growth will not work without a barrier.
Cutting will stimulate additional growth.

¢ Vegetation must be reestablished in work areas to protect embank-
ments fI'OITl erosiorn.

* Backfill material after stump or root removal should have characteris-
tics similar to the embankment material at that location.

Rodents and Other Burrowing Animals

The burrowing of holes in earthfill dams by rodents is a widespread main-
tenance problem. This problem is known or suspected to have caused sev-
eral failures of small dams. The animals that have caused the most prob-
lems are beavers, muskrats, groundhogs, foxes, and moles. Beavers and
muskrats cause the largest problem because they operate below the water
level. They sometimes burrow holes below the water from the lakeside all
the way through the dam.

Frequent visual inspections of the earthfill embankment should be made
to detect the presence of animals or the holes they have made. If the pres-
ence of these animals is detected in the vicinity of the dam area, the animals
should be eradicated by either trapping, shooting, or with poison. If they
have made holes that are carrying or could carry water through the dam,
these holes should be immediately repaired by excavating and recompac-
tion or by filling with a thick slurry grout.

STABILITY ANALYSES

The stability of an embankment dam, in conjunction with its foundation,
must be evaluated from a number of different standpoints, as can be appre-
ciated from the preceding discussions concerning the many potential de-
fects that can create unstable conditions within the structure-foundation
system. Among the various methods of stability analyses available to the
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engineer is the conventional analysis of slope stability, which, although it is
a valuable tool in the assessment of embankment adequacy, must be per-
formed and used with experienced judgment or it can produce completely
misleading results that could lead to erroneous, even disastrous, conclu-
sions regarding the safety of a dam. This is true because, as with most other
types of numerical analysis, the final results are only as valid as the data
used as input to the computations.

In the case of earth dams and their foundations, the input data them-
selves are often subject to fairly wide ranges of interpretation simply be-
cause the engineer is working with native materials that have been altered
in varying degrees by the forces of nature.

Especially in the case of the analysis of stability of existing embankment
dams, the exploration, sampling, laboratory testing, and materials proper-
ties evaluation program always has physical and economic constraints that
limit the extent of knowledge that can be gained about the important phys-
ical properties of any given structure. For this reason the physical proper-
ties data that must be input to a numerical stability analysis are always
subject to varying uncertainties that must be put in their proper perspective
for each individual case. It is in this critical area that experience, as well as
engineering judgment, are critical to the performance of the numerical
analysis and evaluation of results. Even when the results of an analysis ap-
pear favorable, they cannot be viewed in a vacuum but must be integrated
with all the other information available on the safety of the particular
structure, thus becoming an important part, but still only a part, of the
overall stability evaluation.

Methods of Slope Stability Analysis

Various methods of slope and foundation stability analyses are available.
The more common ones are two-dimensional and are based on limiting
equilibrium. These analyses are known by a variety of titles, including slip
circle, Swedish circle, Fellenius method, method of slices, and sliding
block. There are differences in assumptions and force resolutions in the dif-
ferent methods. When forces representing earthquake effects are included,
the analysis is often termed pseudostatic.

An analysis is made by assuming some form and location of failure sur-
face, such as a circular arc, compound curved surface, or a series of con-
nected plane surfaces. The configuration and positioning of the surface de-
pend on the kind of embankment dam, the internal zoning, and the
foundation’s geologic structure. For example, connected plane surfaces are
often used for an inclined or sloping core rockfill dam. Also, the trial failure
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surfaces are positioned judgmentally to pass through weaker or more
highly stressed regions. Thus, a plane surface may be positioned in a con-
fined fluvial foundation susceptible to high pore pressure. The most eritical
surface is defined as the one having the least computed factor of safety. The
factor of safety is considered to be the ratio of forces or moments resisting
the movement of the mass above the surface being considered to the forces
or moments tending to cause movements. Both embankment slopes are an-
alyzed for the specific service conditions expected.

Allied analyses are used during stability studies to determine seepage
patterns and amounts, pore pressures, uplift forces, hydraulic gradients,
and escape gradients in the embankment zones and the foundation by the
application of the principles of flow through porous media and the graphi-
cal or mathematical modeling of flow nets (Cedergren 1967).

It is beyond the scope of this report to present the details of the many
numerical methods available to analyze the stability of an embankment
dam foundation system. These methods are discussed in great detail, with
examples, in university textbooks for fundamentals; professional engineer-
ing society publications, such as the journals of the American Society of
Civil Engineers, which consider practical, specific applications; and design
manuals, monographs, handbooks, and standards of federal and state
agencies engaged in the design of earth dams, such as the U.S. Army Corps
of Engineers and the U.S. Bureau of Reclamation, The reader is referred to
the references in this chapter for details of the subjects discussed in the fol-
lowing sections.

Leading Conditions

Dams that have been stable for a period of time may become unstable
when subjected to more severe loading conditions. Conditions that should
be considered in the stability analyses of dams are listed in Table 7-2. These
include {1} steady seepage with the highest pool level that may persist for a
significant period, (2) rapid drawdown from normal pool to lower pool
elevations, and (3) earthquake loading conditions. Tf a dam has not been
subjected to the most severe loading conditions expected, its safety can be
evaluated by measuring the strengths of the materials of which it is built
and by performing analyses to compare these strengths to the stresses in the
dam.

For modern dams, where factors of safety as shown in Table 7-2 were
evaluated during design, sufficient information may already be available
such that only a review is needed to establish the adequacy of the embank-
ment and its foundation. As-built drawings, construction records, tests and
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TABLE 7-2 Loading Conditions, Required Factors of Safety, and Shear
Strength for Evaluations for Embankment Dams

Required Factor ~ Shear Strength for

Case Loading Condition of Safety* Evaluation?
1 Steady scepage at high poot level 1.5 S strength
2 Rapid drawdown from pool level 1.2 Minimum composite of
Rand S
3 Earthquake reservoir at high pool 1.0 R tests with cyclic
for downstream slope; reservoir loading during shear

at intermediate pool for
upstream slope

“Ratio of available shear strength to shear stress, required for stable equilibrium.
bTerminolagy from U.S. Army Corps of Engineers. R = total stress shear strength from con-
solidated-undrained shear tests; S = effective stress shear strength from drained or consoli-
dated undrained shear tests.

source: U.S. Army Corps of Engineers,

record samples, and performance records of piezometric levels and move-
ments can be used to confirm or refute the suitability of design assumptions
and evaluations.

For older dams, where factors of safety as shown in Table 7-2 have not
been calculated, evaluating safety will require collecting data to estimate
the strength properties of the embankment and the pore pressures within it,
and performing stability analyses.

Steady Seepage Conditions

The highest reservoir level that may persist over a significant period of time
constitutes the most severe conditions of steady seepage, resulting in the
lowest factor of safety for the downstream slope. A knowledge of water
pressures within the various zones in a dam and its foundation is essential
for a stability analysis. Field data may be obtained from observation wells
and piezometers, as described in Chapter 10. Thereafter, pore water pres-
sure throughout the embankment can be predicted from seepage analyses,
providing the information needed for an effective stress analysis of slope
stability.

Rapid Drawdown Condition

Rapid drawdown subjects the upstream slopes of dams to severe loading by
quickly reducing the stabilizing effect of the water acting against the slope
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without significant reduction of the pore water pressures within the soils
forming the upstream embankment. Rapid drawdown slides oceur in soils
of low permeability, which do not drain freely. Generally, they are shal-
low slides within the upstream slope that pose no significant threat of loss of
impoundment. In some cases (notably the slide at San Luis Dam) rapid
drawdown slides extend into the foundation, and such deeper slides may
pose a hazard for loss of impoundment if the slide cuts through the top of
the dam,

‘Earthquake Condition

Earthquake accelerations impose forces on embankments and their foun-
dations; these forces are superimposed on the static forces. As a result, em-
bankment dams may suffer a number of kinds of damage during earth-
quakes. According to Seed et al. (1977), these include disruption by fault
movement, loss of freeboard owing to fault movement, slope failurcs in-
duced by ground shaking, liquefaction of the foundation or embankment
material, loss of freeboard due to slope failures, loss of freeboard owing to
compaction of embankment materials, sliding of the dam on weak founda-
tion soils or rock, piping through cracks induced by shaking, overtopping
by earthquake-generated waves in the reservoir, and overtopping by waves
caused by earthquake-induced landslides or rockfalls into the reservoir.
The type of damage is highly dependent on the type of soil acted on by the
earthquake forces. For example, embankment fill material that contains
significant amounts of clay is able to withstand short-lived increases in load
without a catastrophic failure; however, such embankments may suffer
some slumping and permanent deformation. Cohesionless soils that are sat-
urated may suffer dramatic loss of shearing resistance when subjected to
cyclic loading. In the extreme case, saturated cohesionless materials may
assume the properties of a dense viscous liquid. This liquefied state may
persist for several minutes under the earthquake motion and cause the em-
bankment fill and/or the foundation to flow as a liquid. The most severe
failures of embankment dams during earthquakes have occurred as a result
of this liquefacticn of loose sandy soils.

To evaluate the possible effects of earthquakes on embankment dams,
two possibilities must be considered: (1) the fault motion in the foundation
can disrupt the embankment or cause loss of freeboard and (2) there may be
some form of damage caused by the ground shaking. In the first case the
dam must be able to absorb cracks and shears without suffering damaging
piping or erosion; it must have an adequate amount of freeboard prior to
the earthquake; and the dam designer must accurately estimate the poten-
tial magnitude, location, and direction of the fault movement during the
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earthquake. The second effect can be sliding within the embankment or
the foundation material, settlement due to compaction of the soil materi-
als, and cracking and/or subsequent erosion of the embankment materials.
To survive this type of earthquake motion the dam must be designed with
adequate density of soils, the construction process must have had adequate
quality control, and finally the intensity of the earthquake shaking must
have been properly estimated by the designer. Experience with embank-
ment dams during earthquakes has shown a marked difference in perfor-
mance dependent on the type of material of which the dam is built and the
quality of construction. The performance of nearly 150 dams during earth-
quakes has shown that hydraulic-fill dams and dams built on loose materi-
als frequently suffered severe damage. On the other hand, dams built of
clay soils on stable foundations performed very well, although many were
subjected to very strong shaking (Seed et al. 1977).

Shear Strength Evaluation

Soil strengths for stability analyses are most often evaluated through labo-
ratory triaxial or direct shear tests. To provide useful information, the tests
must be performed under conditions corresponding to those in the field
{drained or undrained, static or eyclic loading), and the samples must be
representative of the soils in the field with respect to density and water
content.

For most cohesive soils it is possible to obtain “undisturbed” samples for
testing that retain essentially the same properties as in the field. It is possi-
ble to sample cohesionless soils only by very expensive and elaborate proce-
dures requiring highly sophisticated equipment and procedures, and it is
common to estimate the in situ relative densities of such soils based on the
results of static or dynamic penetration tests. The shearing resistance of co-
hesionless soils may be evaluated by performing laboratory tests on samples
compacted to the in situ relative density, by correlations between shearing
resistance and relative density for similar soils, or by large-scale field direct
shear tests.

Large triaxial shear testing equipment developed in the past 30 years has
enabled more accurate determination of strengths of rockfills. Friction an-
gles vary widely, depending on characteristics of the rock in the fill, Con-
fining pressure is an important parameter (Leps 1970).

Seismic Analyses

Pseudostatic methods of analysis, in which dynamic earthquake loads are
represented by static loads, can be used to assess the stability of dams built
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of cohesive soils on stable foundations (Makdisi and Seed 1977). Pseudo-
static analyses do not provide a suitable means for evaluating stability of
dams built of or built on loose cohesionless materials, because they do not
provide a means for including the potential these materials have for
strength loss under cyclic loading. To evaluate the stability of loose cohe-
sionless materials, more realistic dynamic analyses should be used, in con-
junction with special laboratory tests to evaluate soil strength under cy-
clic loading.

Although they generally perform well during earthquakes, dams of co-
hesive soils on stable foundations may suffer some permanent deforma-
tion and loss of freeboard due to earthquake shaking. These deformations
may be estimated using a simplified procedure suggested by Makdisi and
Seed (1977), or they may be analyzed in greater detail through dynamic
finite element analyses of embankment and foundation response to seis-
mic loading.

Factors of Safety

Typical factors of safety for the loading conditions discussed previously are
shown in Table 7-2. These are the minimum values required for dams un-
der the jurisdiction of the U.S. Army Corps of Engineers and thus represent
standards of practice that find wide application, even though they may not
be universally accepted by all agencies and for all circumstances.
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Appurtenant Structures

INTRODUCTION

Appurtenant structures are other structures around a dam that are neces-
sary to the operation of the dam project. These include spillways, outlet
works, power plants, penstocks, gates, valves, trash racks, diversion works,
and switchyards. Generally, these are smaller structures than the dam, but
they can be of considerable importance to the project because they control
the flow of water and power.

Incidents of failure or near-failure of all types of dams that were attrib-
uted to defects in the appurtenant structures have been well documented in
the literature. Often, the defects in appurtenant structures, when identi-
fied in the early stages, can be corrected by taking preventive maintenance
measures without endangering the integrity of the dam. In cases where
more extensive repair work is required, it may be necessary to lower the
reservoir level to provide a sufficient factor of safety during repairs. In ex-
treme instances, defects in appurtenant structures can be of such magni-
tude that they lead to complete failure and subsequent abandonment of the
dam.

This chapter describes some problems common to appurtenant struc-
tures, together with suggested solutions, Table 8-1 summarizes defects,
causes, effects, and remedies.

DEFECTIVE SPILLWAYS

The main appurtenant structure of a dam is usually the spillway. The pri-
mary defect most often indicated is inadequate discharge capacity. Inade-

259
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TABLE 8-1 Evaluation Matrix of Appurtenant Structures

Type of Defect Causes Effects Remedies
Defective Insufficient Overtopping” Reevaluate spillway
spillways analysis Erosion or capacity using present-
washout on day hydrologic
downstream techniques
side

Obstruction to
spillways and
outlet works

Defective gates
and hoists

Design crror

New criteria
established

Major or
unpredicted
events

Excess trash?
burden

Mechanical
breakdown

Inadequate gate
seals

Cavitation
around gate
guides

Erosion along and
around spillway
chute

Breach

Overtopping

Erasion

Damage to trash
racks

Upsets normal
operation
characteristics of
dam

Vibrations

Fatigue cracking

Damage to gate
frames and
operating shaft

Use watershed model
simulation and
prototype studies in
destgn

Institute major repairs:
Increase spillway

eapacity
Construction of

auxiliary or

emergency

Alternate methods:?
Revise reservoir

operating procedures
Restrict reservoir
utilization )
Require attendance of
dam personnel during
flood events
Establish well-defined
emergency procedures

Install log booms or trash
racks based on use of
reservoir, anticipated
trash burden, etc.

Perform maintenance as
required to remove
excess trash buildup

Perform regular
maintenance on
mechanical equipment

Check bottom gate seals
for damage

Provide for sharp clean
flow breakoff

Repair cavitated areas®
with steel liners; check
that all gate frames are
securely mounted
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TABLE 8-1 Evaluation Matrix of Appurtenant Structures (continued)

Type of Defect Causes Effects Remedies
Differential Gates becoming Repair foundation
foundation inoperable
settlement Gate frames crack
Trash and debris ~ Vibration Install trash racks
Trash can knock
gates from frames
Galvanic Corrode moveable Provide cathodic
corrosion and/ parts; makes protection
or mineral gates inoperable Exercise gate to prevent
deposits formation of deposits
Poor design and/  Vibration Revise operating
or inadequale procedures
operational
procedures
Unbalanced flow Provide adequate air vents
{can cause other
problems to
occur, such as
buekling of steel
liners and
concrete erosion)
Defective Surface Cavitation erosion Grinding surface to
conduits irregularities Piping smoothness that will

(offset joints,
voids,
transverse
grooves,
roughness)

Sealing in
conduit

Unsymmetrical
flow

Settlement of
foundations

Corrosion

Unsteady flow
conditions

Structural
vibrations

Cavitation

Frasion in stilling
basins

Joint separation

Structural eracking

Piping

Piping of embank-
ment material
through holes

prevent cavitation
crosion

Air vents at irregularities

Require close construction
tolerances

Provide aeration grooves to
draw air into flowing
waler

Perform prototype studies
and madify

Adequate air vents

Repair concrete

Install guide vanes

Balfle blocks at terminal
structure

Adequate air vents

Stabilize foundations

Replace joint collars

Replace joint seals

Replace or repair conduit
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TABLE 8-1 Evaluation Matrix of Appurtenant Structures (continued)

Type of Defect Causes Effects Remedies
Defective Inadequate Uncontrolled Investigate and modify
drainage design scepage Install new or improve
system Improper Piping existing drain field
installation Boils Provide relief wells
Reduce reservoir pool level
Inadequate filter  Saturated conditions  Improve filter layer
layer Seepage of fines
from foundation
Mineral Clogging Ream drains, Drill
* deposition supplemental drains
Erosion Inadequate Fluctuating positive  Increase thickness of
design of to negative or concrete slabs

spillways and
stilling basins

Structural cracks
in concrete
slabs of
spillways and
stilling basins

Unsymmetrical
operation of
outlet gates

uplift pressures
can develop on
spillways and
stilling basins
(can cause
cracking of
concrcte slabs in
stilling basins and
subsequent
removal of
embankment
material); this
fluctuation of
pressire can
demolish a
spillway or
stilling basin
Water seepage
through slab and
eroding of
embankment
materials
Development of
voids under slab
Loss of slab support
Breakup of slab

Unsymmetrical
loading of
spillway

Scour actions in
discharge area

Impose tailwater elevation
that will force hydraulic
jump

Provide floor drain
openings in locations to
avoid subjecting them to
fluctuating pressures

Pressure grout cracks in
slabh
Replace with thicker slab

Evaluate effectiveness of
energy dissipators and
replace if necessary

Fill voids under concrete
slabs

Anchor invert

Operate gates
symmetrically

Repair with erosion
resistant aggregate and
high-strength concrete
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TABLE 8-1 Evaluation Matrix of Appurtenant Structures {continued)

Type of Defect Causes Effects Remedies
Excessive Abrasion and Repair with special
discharges cavitation erosion concretes and steel
Abrasive objects of concrete in plates
in stilling spillway and Line dissipators with steel
basin {rocks, stilling basins plates
construction

debris, etc.)
Damage to chute Install rip-rap
blocks and energy
dissipators
Breakup of slabs
and destruction
of spillway

“Overtopping is more critical on carth or rockfilled dams, Conerete dams can stand g limited
amourt of overtopping.

bLarge trash, such as logs, ete., can damage spillways, stilling basins, and energy-dissipating
blocks as it is carried over the spillway.

“New techniques for repair: polymer-impregnated conercte has been used to repair eavitation
in conerete tunncls and stilling basins.

4New technique for repair: for spillway repair, rollerete has been used as an alternative repair
method.

quate capacity can lead to overtopping of the dam, which is particularly
critical in earth or rockfill dams because overtopping can cause failure. In
the evaluation of older dams a determination of inadequate spillway ca-
pacity is generally the result of new criteria and updated hydrological pro-
cedures and records rather than design or construction faults.

The subjects of spillway design floods; the ability of the spillway and
reservoir acting together to control safely the design flood; and the general
types of mitigating measures where that ability is lacking are discussed at
length in Chapter 4. Some of the specific defects and poor hydraulic behav-
ior that have been observed and remedies that have been used are discussed
below.

Siphon spillways have been constructed at a few earthfill dams, usually
as towers or imbedded risers in combination with the outlet works conduit.
In some instances subsequent performance has demonstrated that the dis-
charge capacity is much less than what was theoretically predicted. Where
topography permits, a supplemental open channel spillway can be con-
structed beyond one end of the dam with the control elevation above that
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of the siphon. Vegetated linings may suffice depending on the frequency
and duration of discharge in excess of that which can be handled by the
siphon spillway (Cortright 1970).

Some spillway stilling basins originally constructed with the basin invert
elevation incorrectly set in relation to tailwater and the conjugate depth of
design discharge have been destroyed or severely damaged. It is sometimes
possible to terminate the spillway discharge channel as a bucket at an ele-
vation above tailwater. The bucket is supported on a foundation level at or
below the expected depth of the eroding plunge basin. The support can be
provided by cast-in-place piling in drilled or cased holes in granular forma-
tions or by a reinforced concrete substructure on a hard rock formation.

Nonsuperelevated horizontal curves have been built in spillway dis-
charge channels where flow velocity is supercritical. As a result, flows have
overtopped the outer wall with consequent erosion and structural damage.
It may be possible to raise the outer wall and accept the transverse slope of
the water surface provided the erratic wave pattern created is safely con-
tained beyond the curve. In one instance the curved portion of the channel
was compartmented with several vertical walls so that the outer rise in the
transversely sloping water surface was diminished sufficiently for contain-
ment within the available freeboard.

Spillways with converging training walls are often susceptible to having
an actual capacity less than theoretical. This is caused by water piling up
along the converging walls and overtopping, often with serious results. Hy-
draulic model testing is often the optimum and only effective way of deter-
mining actual capacity.

In recent vears diversion facilities during construction of some rockfill
dams (both impervious core and faced) have included crest and down-
stream face reinforeing. Floods have been successfully passed over the top
and down the slope of the uncompleted embankment with minimal dam-
age. This suggests the possibility of a less costly way of increasing the spill-
ing capability at an existing rockfill dam where the spillway capacity is too
small, In some cases such treatment would be a temporary betterment until
a permanent solution could be financed. In other cases the treatment might
be justifiably considered permanent, for example, where the required spill-
ing capability was expected to operate rarely, if ever, during the project
life.

A decision to adopt this remedy would depend on full consideration of
the quality and size of the rock in the top and face layers of the dam, the
character of the foundation rock along the toe, a limiting dam height, the
length of dam to be so treated, anticipated depth and duration of overtop-
ping, river channel characteristics immediately downstream, and a nearby
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source of additional rock (original abutment or downstream quarries,
perhaps).

The face reinforcing commonly consists of a heavy square steel mesh re-
tained by an orthogonal pattern of spaced horizontal and sloping reinforc-
ing bars. The bar network is retained against the face with bent anchor
bars embedded in the rock mass. The horizontal and sloping bars are an-
chored to bedrock along the toe. During original eonstruction the anchor
bars are embedded as the rock lifts are being placed. At an existing dam the
embedment would have to be made in a sliver fill of rock placed against the
existing face.

Spillway capacities can be increased by constructing vertical concrete
parapet walls on the tops of dam embankments. This can be feasible both
for rockfill and earthfill dams. Usually the parapet wall is considered to
provide residual freeboard only and the effective head on the spillway is
thus measured from dam top elevation (Cortright 1970).

OBSTRUCTIONS IN SPILLWAYS AND OUTLETS

In conjunction with spillway capacity, obstructions in the spillways and
outlet works also can affect the stability and desired operating characteris-
tics of dams. These obstructions can be caused by faulty design, structural
defects, excessive reservoir trash burden, siltation, landsliding, or a combi-
nation of these factors. One documented incident that illustrates the results
of obstructions occurred at the Nacimiento Dam near Bradley, California
(ASCE/USCOLD 1975). After several intense storms the high-level outlet
slide gate clogged with trash and failed.

Where trash racks are used, their proper design and placement plus reg-
ularly scheduled maintenance and cleaning of debris from the racks can
help prevent such incidents. The design of trash racks generally must con-
sider such factors as the intended use of the reservoir (recreation, water
supply, flood, etc.), types of gates, and maintenance requirements (U.S.
Bureau of Reclamation 1974). Where log booms are used to prevent ob-
structions to spillways and intakes, accumulated debris should be continu-
ously removed and inspection made for damaged, corroded, or inadequate
log booms.

A frequent deficiency in the outlet works of embankment dams relates to
the elevation at which the intake structure was placed when originally con-
structed. If inadequate dead storage capacity was provided, the intake
structure may be in danger of becoming obstructed by a mixture of water-
logged trash, sediment, and debris. Loss of withdrawal capability is of
great concern when a more serious dam defect appears. Permanently sub-
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merged outlet gates in particular can be a problem because they are diffi-
cult to inspect or to maintain. They are assumed to function until sometime
when they no longer do so. By then it may be too late to take corrective
measures short of emergency measures.

Where it is still possible to empty the reservoir, a vertical freestanding
riser or possibly a sloping riser laid on the abutment or possibly the face of
the dam can be constructed to a new and higher intake elevation. The exist-
ing gate control can be set at the new entrance to the structure, or it may be
desirable to modify the type of control at the same time. Vertical risers or
stub towers have been successfully installed on several dams owned by the
Santa Clara Valley Water District in California.

Where the reservoir cannot be drained and where extensive work by div-
ers is impractical, a prefabricated riser can be added underwater. By mak-
ing the riser watertight and by fitting it with connections for hoses through
which ballast water or compressed air can be pumped, it is possible to tip
up and position the riser vertically over the existing intake structure. A bot-
tom end cover temporarily held in position by bolts and clamps is removed
after the riser is in the vertical position and then blown off by compressed
air. With the bottom cover off, the riser can be made to rise or sink by
adding or releasing compressed air. The riser can then be joined to the ex-
isting intake structure and totally flooded. The top cover can then be re-
moved, and a prefabricated trash rack arrangement can be installed by
divers. This remedy was successfully made at Santa Felicia Dam in Califor-
nia by the United Water Conservation District (Bengry and Caltrider
1978).

DEFECTIVE CONDUITS

Surface irregularities such as offset joints, voids, and roughness create tur-
bulence within a conduit, which can cause cavitation, leakage, and piping.
Crinding surfaces to a smooth finish, applying a smooth coat of epoxy, and
providing air vents and/or aeration grooves to draw air into the flowing
water are some solutions for turbulence problems.

Sealing or the transition from a free surface flow to full pipe flow in hori-
zontal or inclined conduits can result in structural vibrations because of
unsteady flow conditions and in an undesirable variation of the water flow
(ASCE 1978). Sealing can be mitigated by providing adequate air vents in
the conduit. In any case it is a condition to avoid through adequate design
of the conduit and the use of prototype studies,

Unsymmetric flow conditions through conduits caused by bends or irreg-
ular gate operation can result in cavitation in the conduit and erosion in the
stilling basin. Guide vanes installed in the conduit and adequate air vents
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can help streamline the flow. Baffle blocks and energy dissipators at the
terminal structure can help control erosion.

Settlement of conduit foundations can cause joint separation and struc-
tural cracking that can lead to leaking and piping. In such cases the foun-
dations need to be stabilized and joint collars and seals repaired or re-
placed. In corroded metal conduits, embankment material can be piped
through the corroded holes and may require total lining/grouting or re-
placement of the conduit.

Bare metal conduits are frequently found in and beneath embankment
dams especially in smaller, older, privately owned dams storing water for
farm use and recreation. The conduits consist of welded or riveted steel or
corrugated metal pipe. The transverse joints are welded, riveted, banded,
or even slip-jointed. Bell and spigot cast iron pipe have been used. The con-
duits were installed by bedding them either on embankment or granular
foundation surfaces and surrounding them with the materials of the overly-
ing embankment zones. Little or no compaction was achieved beneath the
overhanging portions of the pipe sections. The overlying embankments
themselves may not have been placed with controlled moisture and com-
paction procedures. The outlet discharge is often controlled only by down-
stream gates or valves, and the conduits are subjected to full reservoir head
when the outlet is closed.

The steel pipes are corroded by electrolysis and/or chemical action exter-
nally and are pitted internally. The rivets are no longer in intimate contact
with the surrounding plate material. The banded joints are loose and
rusted. Slip joints and bell and spigot joints have been opened by the base
spreading forces of the embankment.

These defects are reason for great concern and have caused a number of
dam failures. An outlet conduit is subjected to full hydrostatic reservoir
pressure when closed downstream and transmits that pressure directly to
all portions of the embankment and foundation along its entire length. The
conduit is subjected to the lesser pressure of the hydraulic grade line when
flowing. If the point of free discharge is far beyond the downstream end of
the conduit the pressure can approach reservoir head. Any leakage under
pressure from the conduit into the surrounding embankment or foundation
can cause failure by internal erosion.

The existence of the defect can be determined by physical examination
and reference to any reliable construction records. The deterioration of the
conduit interior can be examined by closed-circuit television if the conduit
is too small for entry. Inspectors can be pulled on wheeled dollies through
dewatered conduits as small as 30 inches in diameter. Precautions should
be taken to provide adequate air supply to the inspectors. [.eakage appear-
ing about the periphery of the conduit at the downstream face may have its
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source in the conduit. Temperature and chemical comparisons of the water
may verify that source. By varying downstream gate settings, correspond-
ing changes in the leakage rate may help identify the source.

If the conduit is of sufficient diameter and its full discharge capacity is
not needed, a smaller-diameter pipe can be inserted and centered in the
conduit, the annular space bulkheaded at both ends, and the space pressure
filled with a sand-cement mixture. If the existing gate or valve was installed
on the downstream end, it should be relocated to the upstream end of the
conduit {Cortright 1970),

Conduits can be taken out of service by filling them with a sand-cement
mixture under pressure. A drain and filter system can be installed around
the exterior of the conduit near the downstream end to protect the embank-
ment against piping from any leakage that may tend to flow along the exte-
rior surfaces of the conduit. If drawdown limitations allow, a new, shorter
outlet works can be constructed and founded on an abutment by removal
and replacement of a portion of the embankment.

Although not favored as a permanent solution, an interim siphon outlet
can be installed over the top of the dam until a permanent gravity-flow
outlet works can be financed. If downstream releases are not required and
the project has no other defects, the defective outlet can be taken out of
service as described earlier and its replacement deferred temporarily until
it can be financed.

DEFECTIVE GATES AND HOiISTS

Defective gates and hoists, especially those under high head, can cause un-
expected problems and threaten dam stability when malfunctions occur.
Being mechanical devices, these gates and hoists are subject to breakdown.
Generally, two types of gates can be found on dams, depending on the de-
sign: (1) spillway gates used to control flow releases over the spillway if
reservoir storage above the spillway crest is desired and (2) gates that func-
tion as regulating and guard gates in conduits.

One major problem that can occur with gates is induced vibrations from
hydraulic forees during opening and closing. The problem has been most
acute with radial gates on spillways. In Japan in 1967 (Journal of Fluids
Engineering 1977), oscillations due to fluid-induced structural loadings
caused the collapse of a radial gate. This resulted in a sudden rise in the
water level downstream, with a subsequent loss of human lives. In the
United States it was reported that vibrations on spillway gates on the
Arkansas River were severe enough to cause fatigue cracks (ASCE 1972).
An investigation determined that to eliminate the vibrations a sharp, clean
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flow break-off point was required. Soft rubber seals should not be used on
the bottom of the gates. They should be rubber bar seals rigidly attached.

Differential foundation settlement of the gate structure can crack gate
frames or skew the frames, so that the gates become inoperable. Cavitation
erosion of concrete around gate frames can weaken the supports and cause
subsequent failures. Cavitated areas can be repaired by using steel plates.

Gate operation can be stopped by formation of ice in the guideways or
by reservoir ice. Galvanic action and/or mineral deposits can corrode mov-
able parts on gates, rendering them inoperable. Cathodic protection and
regular exercising of gates can help prevent formation of deposits and elim-
inate the problem. If trash racks are damaged or not provided, large trash
and debris also can knock gates from frames.

Poor gate design and/or inadequate operational procedures can cause vi-
bration and unbalanced flow. An unbalanced flow condition can lead to
other problems such as cavitation and abrasive erosion and damage to gate
frames. In such cases a revision of operating procedures may be all that is
required to solve the problem. Providing adequate air ventilation behind
the gate also will help mitigate such problems. Basic hydraulic design
guides and criteria have been established by the U.S. Army Corps of Engi-
neers and U.S. Bureau of Reclamation (ASCE 1973).

Other problems related to gate structures have been caused by down-
slope movement of riprap due to frost action/creep, causing the gate struc-
ture to tilt or crack. Where service bridges are used to gain access to the
gate structure, any movement of the gate structure or any displacement of
the bridge support foundation may induce stress or buckling of the strue-
tural elements of the bridge.

DEFECTIVE DRAINAGE SYSTEMS

Defective drainage systems are often a source of problems. Clogged or
plugged drains can lead to saturated conditions and create uplift pressures
on spillways. Inadequate filter systems also can cause saturated conditions
and allow piping of fines from the foundation. When such conditions occur
the problems can be temporarily lessened by a reduction of the reservoir
pool level. Long-term solutions can include providing a new design with an
improved drain field or installation of new field and/or relief wells.

EROSION

Erosion in and around dams is sometimes associated with defective appur-
tenant structures, Erosion can play a dual role in that it can be both the
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cause and the effect of defects and, if left untreated, can lead to dam fail-
ure. Erosion is far more evident with spillways and stilling basins because
the tremendous foree of moving water makes the effects of erosion highly
visible,

An inadequate spillway or stilling basin design can lead to erosion with
subsequent undermining of the dam itself. If uplift pressures on the spill-
way are not adequately controlled, the fluctuating positive to negative
pressure can lead to cracking of the concrete slabs and removal of founda-
tion materials (ASCE 1972). Structural cracks in spillways and stilling ba-
sins or poorly constructed joints allow seepage through the slab; this can
cause piping of embankment material with a subsequent loss of slab sup-
port. If corrective measures are not taken, complete breakup of the slabs
may result,

Unsymmetrical operation of outlet gates and unsymmetrical loading of
the spillway can result in scouring action in the discharge area. Excessive
discharges due to major storm events likewise can cause abrasion, erosion,
and cavitation of concrete on spillways and in stilling basins. Chute blocks
and energy dissipators can be damaged. Remedial measures for erosion vary
extensively depending on the size of the dam and severity of the erosion.

Corrective action as simple as the placement of riprap in the discharge
area may be all that is required to solve minor problems. For more complex
problems a redesign and reconstruction of the spillway and stilling basin
may be necessary. In cases where uplift pressures are determined to be the
cause of erosion, slab thickness can be increased or rock anchors used to tie
down the slabs to underlying rock. In addition, spillway and floor drains
can be installed to relieve the excess pressure. Voids under spillway and
stilling basin slabs need to be filled and the cracks grouted. In such grout-
ing, carc must be exercised to avoid having grout fill underlying filters and
uplift the slab. If slabs are to be replaced, the use of erosion resistant aggre-
gate and high-strength concrete is advantageous. Eroded concrete slabs
and energy dissipators can be repaired and strengthened by use of steel
plates. Nonstructural solutions to erosion can include better reservoir man-
agement through the controlled releases of water.

EARTHQUAKES

After an earthquake it is essential that appurtenant structures continuc to
function in order to keep water and power flow under control. The uncon-
trolled water flow could result in damage to all or part of the dam and the
surrounding terrain. The location of these structures is significant in engi-
neering studies because much more shearing'energy may be transmitted to
the base of one of these structures if it is located on a ridge than if it were
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located on firm, level ground. Likewise, its foundation may indicate the
susceptibility to damage of the structure, e.g., a structure on alluvium may
suffer considerably more damage than one located on bedrock.

Frecstanding structures, such as intake towers, tend to magnify ground
motions. If they are submerged in the reservoir, the motion of such a tower
causes a certain mass of the lake to move with it. This increases the appar-
ent mass of the structure and, consequently, its response to the earthquake.

For all these reasons the appurtenant structures must be studied for their
response to earthquake. They must be structurally stable, i.c., the earth-
quake-induced stresses in the concrete and steel must be within acceptable
limits, Also a check must be made to see if the machinery will continue to
function at the conclusion of the seismic incident.
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Reservoir Problems

INTRODUCTION

The need to extend dam safety investigation to include the reservoir rim
was dramatically illustrated by the 1963 landslide on the valley wall of the
Vaiont Reservoir in Italy (Kiersch 1964). In that case the wave caused by
the slide of rock (some 200 million cubic meters) into the reservoir over-
topped the dam by about 125 meters. Although the dam withstood the im-
pact with only minor damage, the wave continued downstream into the
town of Longarone killing an estimated 2,000 people. This chapter dis-
cusses the reservoir problems of slope instability, induced earthquake, ex-
cessive seepage, backwater flooding, and ice.

SLOPE INSTABILITY

Slides

Of concern to dam safety is the possible movement of large masses of rock or
soil into the reservoir. The Vaiont reservoir slide is a spectacular and cata-
strophic example (see Figure 9-1). These movements can be initiated by
changes in the piezometric conditions within the mass as a result of reservoir
loading, saturation of soil and weak rock materials with a resulting lowering
of the internal coefficient of friction, erosion and subsequent undercutting of
large earth masses by wave action and reservoir operations (raising and low-
ering), earthquake stresses on potentially unstable masses of earth, or in-
- creased erosion as a result of the removal of protective vegetation.

272
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FIGURE 9-1 Vaiont reservoir slide (aerial view), source: Courtesy, L. Mueller.

Major concerns from reservoir bank instabilities are (1) the sudden release
of large masses of material may generate reservoir waves that overtop the
dam; (2) large masses dropping or slowly sliding into a reservoir severely re-
duce reservoir capacity; and (3) highways, railroads, or developed land adja-
cent to the reservoir may be undercut or displaced by such movements.

Sedimentation

Slides can increase sedimentation in the reservoir. Another consideration is
that the reservoir water may cause adverse chemical or mechanical altera-
tion of the materials composing the reservoir banks. This would result in
increased erosion and possible landslides. Increases in the siltation of a res-
ervoir, whether from slide materials or normal sedimentation processes,
can reduce the reservoir capacity to store floods. As a result overtopping
can occur if such reduced storage capacity has not been considered in the
dam and spillway design. Sedimentation also can block or inhibit flow
through low-level gates and emergency outlets.

In stability analyses of conerete dams, consideration must be given to the
expected silt load on the structure. An approximation of this load can be
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obtained by including a fluid pressure of 85 pef for the horizontal pressure
from the silt and 120 pef for the vertical pressure.

Bank Storage

Another possible undesirable situation could result from high-volume bank
storage. The latter occurs when the rock or soil in the reservoir is cavernous
or highly permeable. If such storage occurs and a reservoir is lowered rap-
idly, the drainage to the reservoir from the reservoir bank may be too slow
to allow rapid dissipation of pore pressure within the rock or soil mass. This
can produce instability in these masses. '

INDUCED EARTHQUAKES

There is a question of whether a reservoir may induce earthquakes. To
date, there is no universally accepted proof that this can oceur, but it is a
possibility that should be given consideration. The causative factors still are
uncertain, e.g., the weight of the reservoir may increase stresses at epicen-
tral depths sufficiently to trigger fault activity (there is little to support this
thesis), the downward movement of reservoir water may increase hydro-
static pressures in the rock masses (this increase presumably would increase
pressure on a fault plane that may be under a critical state of strain), or the
addition of water to a critically stressed fault plane may decrease the shear
friction values of the fault sufficiently to trigger an earthquake. A recent
study (Meade 1982) indicates that the possibility of reservoir-induced
earthquakes is very limited and probably should not be considered except
for extremely large and deep reservoirs.

EXCESSIVE SEEPAGE

Excessive seepage through sinkholes, rock formation, or any pervious soil
formation is a principal type of defect in reservoirs. The effect of this defect
is normally obvious in that the reservoir will lose water. Reservoir leakage
of this nature would not be expected to cause any loss of basin integrity or
catastrophic release of storage, except where it might occur in the immedi-
ate proximity of the dam or thin natural barriers around the periphery of
the reservoir. Seepage rates can be estimated by keeping a log of water lev-
els, rainfall, and spillway discharges and then calculating total inflow and
total water removal, including evaporation and transpiration. The differ-
ence should be seepage.

After it is determined that there is excess seepage, the problem is to find
where and how the water is escaping. By keeping a log of water levels and
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rainfall, one may sometimes obtain a good indication of the elevation at
which the excessive seepage is occurring. For example, if a reservoir rises
rapidly to a certain elevation but rises slowly after reaching that elevation,
this may be a good indicator of excessive seepage at that elevation. Exces-
sive seepage locations can sometimes be detected by visual inspection. It is
better to make a visual inspection on a clear, calm day by walking around
the rim looking for a vortex, any movement in the water surface, or differ-
ences in the turbidity. These visunal inspections should especially be made
during the initial filling of any new reservoir. If visual inspection fails to
identify the problem, a qualified geotechnical firm probably should be em-
ployed to investigate and recommend a solution. A reservoir that leaks over
a large area probably cannot be sealed economically.

Excessive seepage may be corrected by using one or more of the follow-
ing corrective measures:

» Grouting.

Installation of a layer of clay or impervious soil over the problem area.
Use of bentonite.

Mixing soda ash with the pervious soil in the problem area.

Use of liquid chemical soil sealants.

Installation of a polyvinylchloride (PVC) liner.

Which corrective measure should be used can only be decided after one
haslocated and quantified the seepage loss and learned all that practicably
can be learned about the surrounding soil and rock formations. Core drill-
ing may be used in the localized problem area to learn more about the way
the water is leaving the reservoir and to help in planning the corrective
program.

BACKWATER FLOODING

Any dam and reservoir owner should own all of the land that would be
flooded in the event of a maximum flood or should have the permission of
the other land owner(s) involved to {lood their land.

ICE

The development of an ice layer on a reservoir surface can cause structural
damage and produce maintenance difficulties. The main damage is com-
monly from the impact of ice against thin-walled structures such as para-
pets on masonry dams. Vertical and horizontal motion of ice against a
structure (because of reservoir operations or deep waves) can induce high
thrusts and cause considerable damage to concrete. Freezing and thawing
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of the ice also can damage structures, particularly if poor drainage allows
such action underneath or behind concrete slabs and walls.

Ice can adhere to structures, and, when reservoirs are raised or lowered,
there can be a concurrent drag of the ice upon the structure. This drag
force can induce uplift or increase compression loads on such structures as
intake gates and trash racks. There are many cases of such damage. lce
around intake gates and/or towers can impede the passage of water into the
intake and interfere with the operation of gates and valves.

Ice problems adjacent to intake gates and valves have been mitigated by
the continuous introduction of compressed air bubbles along the water side
of the structure, This inhibits formation of ice directly on metal or concrete
structures. The establishment of minimum operating levels above such fa-
cilities also is a possible solution.

During a thaw the floating ice can block intake areas or be driven by
wind against man-made structures with resultant damage. In general,
thermal expansion and wind loads are the major cause of structural dam-
age from ice. Ice can also block spillway control structures, particularly
gated ones, thereby reducing the spillway capacity, raising the water level,
or resulting in a sudden water surge when the ice finally breaks loose.

A number of empirical formulas have been proposed for calculating ice
loads on a dam. Parameters to consider are the slope of the upstream face
and the slope and roughness of the valley walls. In addition, wind blowing

A 2.8 F/hr. temp. rise
{na bank restraint)

B 8.4 F/hr. temp. rise
{no bank restraint}

C 2.8 F/hr. temp. rise
{bank restraint)

D 8.4 F/hr. temp. rise
{bank restraint)

05—

ICE THICKNESS {m)

0 1 ] J
0 10 20 30

ICE PRESSURE (tons/meters}

FIGURE 9-2 Ice pressure versus ice thickness. source: Thomas (1976).



Reservoir Problems 277

down a reservoir can increase ice loading by 4 to 5 tons per meter on an
exposed face. One study showed that, theoretically, thrusts on the order of
7.5 to 30 tons per meter were possible under North American climatic con-
ditions, and in Canada a figure of 15 tons per meter is commonly used. At
one time Norway used 45 tons per meter but now has decreased this to 5
tons per meter for dams with sloping upstream faces. Some tests by the U.S.
Bureau of Reclamation near Denver, Colorado, indicated the highest
thrusts were in the range of 20 to 30 tons per meter, depending on ice tem-
perature. The latter is important because the rate of temperature rise and
its duration can determine the pressure likely to be exerted. Figure 9-2
compares ice pressure with ice thickness and considers whether the reser-
voir banks act as a restraint. It was developed in Japan in 1970 (Thomas
1976).
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Instrumentation

INTRODUCTION

The safety of an existing dam can be improved and its life lengthened by a
carefully planned and implemented surveillance program. A key part of
such a program is a visual examination of the structure, the reservoir, and
the appurtenant works (as discussed in Chapter 2}. However, surveillance
must be more than visual observations. Settlements may go undetected
without proper measurements of the dam. Comparison of seepage quanti-
ties from one inspection to another and over the years is difficult by visual
observation and estimation, There are also conditions within a dam that
cannot be seen but that can be measured by instrumentation. Thus, even
for a simple structure, some type of instrumentation may be needed to im-
prove and supplement the visual examination.

The purpose of instrumentation in an existing dam is to furnish data to
determine if the completed structure is functioning as intended and “to
provide a continuing surveillance of the structure to warn of any develop-
ments which endanger its safety” (ICOLD 1969).

The means and methods available to monitor geotechnical phenomena
that can lead to a dam failure extend over a wide spectrum of instrumenta-
tion devices, consisting of very simple to very complex ones. The program
for dam safety instrumentation requires detailed design that is consistent
with all other project components; it must be based on prevailing geotech-
nical conditions of the dam and impoundment site and on the hydrologic
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and hydraulic factors prevalent both before and after the project was in
operation.

A proposal for instrumentation for monitoring potential deficiencies at
existing dams must take into account the threat to life or property that the
project presents. The extent and nature of the instrumentation depends on
the complexity of the dam, the size of the impoundment, and the potential
for loss of life and property damage downstream. The program should in-
corporate instrumentation and evaluation methods that are as simple and
straightforward as the location for installation and monitoring will allow.
The owner{s) must make a definite commitment to a continuing monitor-
ing program because any installation of instrumentation devices s wasted
without a continuing program.

A primary factor of any system is the involvement of qualified personnel
at all times, especially during the installation of instrumentation devices.
The preparation of comprehensive installation reports is a necessary ad-
junct to future data evaluation.

While instrumentation can be tied to automatic warning systems, the
experience of the committee indicates that no computer or automatic
warning system can replace engineering judgment. Instrumentation data
must be carefully reviewed periodically by an engineer experienced in the
field.

This chapter discusses general deficiencies that may be noted or sus-
pected during an examination of the dam and describes the instrumenta-
tion that will monitor a deficiency. Increased knowledge of the potential
deficiency through such monitoring may provide sufficient data to deter-
mine the cause and prescribe the necessary treatment. Table 10-1 summa-
rizes the deficiencies and the instrumentation to monitor that deficiency.
Various types of instrumentation and their manufacturers or suppliers are
listed, and methods of installation are discussed. After the instrumentation
is in place, the data collection and analysis provide the owner and engincer
with the information to define the problem more clearly. This will be dis-
cussed in the section Data Collection and Analysis.

MONITORING OF CONCRETE AND MASONRY DAMS

Concrete and masonry dams must be inspected and monitored on a contin-
uous basis, following a carefully planned monitoring program. To aid in
these inspections and in the analysis of the condition of the dam, a number
of monitoring methods and devices arc uscd. Where these devices are in-
stalled, they should be maintained in good condition, and the data ob-
tained should be regularly recorded and evaluated. Changes in the magni-
tude of the measurements recorded are the significant factors to be



TABLE 10-1 Causes of Deficient Behavior, Means of Detection

Means of Detection,
Measurement and Observations

Causes of Deficient
Behavior

Movements
Angular
Displacements
Horizontal
Displacements
Uplift and
Pore Pressure
Measurements
Rainfall

Displacements
Seismic

Direct
Observations
Relative
Vertical

Measurements

Flows

Turbidity

Sound

Investigations

Crack and Joint
Measurements

Causes of Deficient
Behavior

Concrete and Masonry Dams
Due to foundation
Due to concrete
Due to unforeseen
action? X X X X X X
Due to structural
behavior of arch and
multiple arch dams X X X X
Due to structural
hehavior of gravity
and buttress dams X X X X

B
>
4
b

08¢



Due to maintenance” X
Earth and Rockfill Dams

Due to foundation X X X X X X
Due to embankment

materials® X X
Due to unforeseen

actions® X X X
Due to structural

behavior® X X X X X X
Due to maintenance” X

Reservoirs

Slope sliding X X X X
Movement of rock

blocks X X X X
Permeability X X

X

X

20r actions of exceptional magnitude, such as uplift, earthquakes, external or internal temperature variation, moisture variation, freezing, and

thawing.

bIncludes periodic inspections, cleaning of drains, control of seepage, deterioration of instrumentation, maintenance of slope protection, burrow-

ing animals.
‘Includes method of construction; excludes filters and drains.
Includes filters and drains,

source: ICOLD (1981).
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observed and evaluated by a trained obscrver. However, the devices must
be properly maintained to ensure that the readings and measurements ob-
tained are appropriate.

Drainage Systems

In many concrete and masonry dams a foundation drajnage system is in-
stalled to reduce uplift pressures on the dam. These systems are usually in-
stalled during construction but can be installed or supplemented at any
time. They consist of holes drilled through the base of the dam into the
foundation and may contain pipes where the foundation formation will not
remain open. Also, monolith joint drains and face drains are commonly
installed to intercept secpage along monolith and lift joints. It is very im-
portant to maintain the drain in usable condition; drains should be cleaned
and periodically checked to maintain free flow conditions.

Water levels in or flow from the individual drains should be routinely
measured. The flows from all drains or groups of drains should be collected
and measured at weir installations. The water should be checked for chem-
ical and suspended sediment content to aid in evaluation of solution or cro-
sion that may be taking place. The elevation of the reservoir and tailwater
elevations should be recorded at the time of drainage measurements so that
relationships between these parameters can be developed.

Seepage and Leakage

Seepage and leakage from the abutments, foundation, and joints or cracks
in a dam should be collected and measured on a routine basis. It is impor-
tant to review such flows for changes in magnitude and material, both dis-
solved and suspended, transported by these flows. Increases in these items
are early warning indicators of potential problems. Weirs and venturi
flumes with upstream stilling basins are frequently used to measure seepage
and leakage. Flow measurements in the downstream discharge channels
can add information on the amount of seepage and leakage that is not ob-
served at surface leaks or seeps. On critical and or remote structures it is
sometimes desirable to telemeter the flow information to another location.

Uplift Pressures

Uplift pressures in the foundation and in the dam should be measured rou-
tinely as indicators of stability or instability. Changes in pressure should be
looked for; increases may result in instability. Uplift pressures are mea-
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sured by piezometers inserted in holes drilled into the foundation of the
dam, In some cases foundation drainage holes can serve as piezometers if
packers are inserted temporarily in the top of the drain hole. Packers can
also be used within the holes with connected gages to isolate the interval in
which the measurement of water pressure is desired. Observations of the
reservoir and tailwater elevations should be recorded when uplift pressures
are measured.

Movements

Movement of concrete and masonry dams and their abutments can be ex-
pected during and after construction. These movements will occur as the
reservoir is filled and may periodically eycle as it is emptied and filled dur-
ing succeeding seasons. Small movements are of little concern, but in-
creases in the magnitude of the movement or direction of movement should
be immediately evaluated as to their potentially adverse impact on the
structure.

Movements arc measured by surveying the location of monuments lo-
cated at various points on or adjacent to the dam. The benchmark or start-
ing location for surveys should be located outside of the influence of the
dam or reservoir if possible. Special measurement techniques may be used
where very precise measurements are desired.

Measurements of the locations of the monuments should be such that
changes in vertical, horizontal (both longitudinal and transverse to the dam
axis), and angular locations arc measured. The number of monuments sur-
veyed depends on the size and type of the structure. The locations are tailored
to the structure and might include locations to measure movement betwcen
blocks, displacement at joints and cracks, deflections of various parts of the
structure, settlement of the foundation, and movement of the abutments.

The locations of the monuments should be recorded at relatively short
intervals in the initial years of the lifc of the structure and lcss frequently as
the satisfactory history of the dam lengthens., They should be more fre-
quent if any tendency toward weakness or unsatisfactory performance is
indicated. The data collected should be carefully recorded and should in-
clude observations on the relative water levels in the reservoir and down-
strearn. The records accumulated should be plotted to provide graphic dis-
plays of the locations of the monuments and displacements between
monuments. Computers can be used to create and display three-dimen-
sional time-lapse sequences of the structure. This allows the normal sea-
sonal movement cycles to be differentiated from changes that may be indi-
cators of potential problems.
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Deterioration

Routine visual inspection of concrete and masonry dams can be of great
value in determining the integrity of the structure. Descriptions of concrete
conditions should conform with the appendix to “Guide for Making a Con-
dition Survey of Concrete in Service” {American Concrete Institute 1968).
Comparative photographs can aid the trained observer in distinguishing
changes that might otherwise be more difficult to identify. Where deterio-
ration of concrete, mortar, or masonry appears to be taking place, cores
and samples can be taken and tested in the laboratory to provide absolute
strength values. A routine schedule of nondestructive testing, such as ultra-
sonic velocity measurements, can be useful in determining trends of
changes in strength. These types of tests should be carried out whenever
deterioration appears or is suspected to be taking place.

Seismic Instrument Program

A seismic instrument program is an essential part of evaluating existing
dams in areas of high potential for seismic activity. Devices to measure
ground motions and dam response can facilitate rational design decisions
for repair and strengthening of a structure if damage has occurred as a
result of an earthquake. These records are also desirable to compare the
performance of the structure with design expectations and to estimate the
structure’s performance during other, larger shocks. However, the type of
seismic instrument installation, or whether there even should be one, de-
pends on the size and location of the dam. Such installations are desirable
on larger structures, dams of unique design, and dams with large down-
stream hazard potential,

MONITORING OF EMBANKMENT DAMS

A visual examination by a trained professional of an embankment dam is a
reliable way to detect potential malfunctions or deteriorations of a struc-
ture. Surveillance can be aided by devices that measure seepage and leak-
age through and around the embankment, movements of the embankment
and foundation, and water levels and pressures within the embankment
and the foundation. Adequate records of such measurement devices, along
with the visual observations, should be maintained. To be effective, these
records should be continuous and periodically reviewed by a professional
engineer versed in the design and vulnerability of embankment structures.
These reviewers should be able to distinguish the important indieators from
the unimportant. A tendency toward change in behavior of the dam should
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signal a need for further review and analyses. The record review must focus
on the anomalies as opposed to the norm. Obviously this requires a continu-
ous data base reflecting measurements made and records kept over a period
of time.

Seepage and Leakage

Seepage and leakage through the embankment, abutments, or foundation
can be measured by various types of weirs. It is important to be able to
check changes in amounts of seepage or leakage and in the material trans-
ported by these flows. Water from seeps can be collected by various drain
structures into a weir box and measured by flow over the weir. The weir
box would serve as a settling basin for some materials that may be carried
from the embankment or abutment. Therefore, the weir box should be
watched for deposition of materials. When measuring the flow at the weir
plate the water should be observed for turbidity and changes in color, and
samples should be taken for analyses of dissolved minerals if the abutment
or foundation contains soluble solids. Springs and stream flow downstream
of the embankment should be periodically monitored since changes in flow
could indicate that piping or solution may be taking place.

Movements

Considerable movement of embankment dams can be anticipated during
and immediately after construction. Much of the movement may be attrib-
uted to foundation settlement under the loading of the embankment. The
embankment will also move as the reservoir is {illed for the first time and
may periodically cycle movements as the reservoir is emptied and filled in
succeeding seasons. Movements are determined by periodic measurements of
monuments placed in or on the structure and abutments during construction
or located on the structure and the abutments after construction. For existing
dams monumentation to measure movements is usually limited to the crest
and downstream slopes. The monuments usually consist of steel rods or sur-
veyor’s markers imbedded in concrete placed in excavations on the embank-
ment and abutments. Differences in elevation and location of the monu-
ments are measured by transit and level surveys of the monuments.
Measurements of the locations of the monuments on the surface of the
embankment should be such that changes in hoth vertical and horizontal
locations are measured. The measurements should be reduced to graphical
displays of changes in vertical location, changes in longitudinal location
along the axis of the embankment, and changes in horizontal location
transverse to the axis of the embankment (upstream and downstream). Re-
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lationships to the water surface elevation in the reservoir at the time of
measurement of the monuments are important and should be recorded
along with the monument location data. Whencver possible the monu-
ments should be tied to a benchmark that is outside the influence of the
dam and reservoir. Monuments should be located such that they are not
damaged by normal traffic or operations.

The number of monuments used depends on the size of the structure.
The interval between measurements would depend on the history of the
embankment. The interval should be relatively short during the initial
years of the embankment life and may be cxtended as the satisfactory his-
tory of the embankment lengthens. If the structure shows any tendency
toward weakness or unsatisfactory performance, the time interval between
measurements should be shortened appropriately to provide analytic data
that can warn of impending problems. '

Inclinometers can be used to measure internal movements within em-
bankments, in abutments, and in the reservoir rim. An inclinometer is a
vertical tube placed in the embankment after construction. An electronic
device is lowered within the inclinometer tube to detect any change in the
location of the tube since the last measurement. The tubc has vertical fur-
rows or ridges that control the location of the pendulum device used to
detect movement. The use of an inclinometer can give a continuous record
of movement from the surface to the bottom of the inclinometer allowing
differentials to be calculated at any elevation. This information has been
useful in plotting the movements of slide masses and can provide valuable
information on movements within embankment dams. They are not cheap
to install and are relatively expensive to monitor. Therefore their use in
existing embankments may be limited to the more important structures and
to those with ohvious deficiencies.

Another device to measure movement is the extensometer. It is generally
used to measure strain in rock masses but can also be used in soil. The best
use of an extensometer is to study relaxation or movement in rock excava-
tions, such as tunnels or mines. The extensometer assembly can be sensed
either mechanically or electrically.

Piezometric Pressures

A primary indicator of the performance of an embankment is the water
pressure distribution within the structure and its foundation. Water pres-
sures in the embankments are measured by piezometers. There are basi-
cally three types of piezometers in common usage: (1) a hydraulic piezome-
ter in which the water pressure is obtained directly by measuring the
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elevation of water standing in a pipe or vertical tube, (2) an electronic pi-
ezometer in which the water pressure deflects a calibrated membrane and
the deflection is measured electronically to give the water pressure, and (3)
a gas pressure unit in which the water pressure is measured by balancing it
with a pressurized gas in a calibrated unit. The electronic and gas piezome-
ters are usually installed during construction of the embankment, whereas
the standpipe type can be installed at any time and is commeonly used on
cxisting struclures.

One of the simplest piezometers is a performance type installed vertically
in the embankment. These may be driven or augered into place or installed
in holes drilled specifically for the purpose. Care should be taken during
drilling to prevent hydraulic fracturing within the embankment. If there is
a chance that embankment material might move through the perforations
in the piezometer tube, a graded filter should be placed around the piezom-
eter pipe in the drilled hole, and the annular space above the piezometer
tip location should be backfilled with material of low permeability. The
surface area around the piezometer should be sealed to prevent the entry of
surface water along the casing. There are many variations of hydraulic pi-
ezometer units designed for special applications and to provide various lev-
els of accuracy and easc of measurement.

Piezometers should be installed in an embankment structure so that the
location of the free water surface or phreatic line can be determined. The
line of piezometers would be perpendicular to the longitudinal axis of the
embankment. In large structures there may be several lines of piezometers,
while in smaller struetures and existing dams perhaps one line would be
adequate. The time interval between measurements of the water levels or
pressures in piezometers depends on the age and condition of the structure.
More frequent measurements are appropriate for relatively new structures
and those with apparent or suspected delects. The elevation of the water
surface in the reservoir and other conditions should be noted at the time of
measurement of water levels and pressures in piezometers. If the piezome-
ter is of the vertical standpipe type it should be kept capped at all times
when measurements are not being made in order to prevent entry of mate-
rial that would render future measurements impossible.

RESERVOIR RIM

The construction of a dam and the subsequent impoundment cause more
interference with natural conditions than do almost any other works of the
civil engineer (Legget 1967). The groundwater level along the reservoir
valley will be directly affected by the rise in water level, generally for a
considerable distance away from the actual shore line of the reservoir. Ma-
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terials in the sphere of influence of the reservoir water may fail to retain
their former stability and landslides may result. Leakage from the reservoir
is another potential source of trouble.

In the publication General Considerations on Reservoir Instrumenta-
tion, by the Committee on Measurements (ICOLD 1969), Komie discusses
several consequences of altering natural groundwater regime relative to the
reservoir rim. Seepage into adjoining basins is a potential problem, seepage
from solid waste disposal reservoirs can cause deterioration of the regional
groundwater, and seepage may contribute to local subsidence. Precon-
struction and postconstruction hydrogeologic studies and instrumentation
are recommended. The instrumentation can primarily be done by install-
ing and monitoring observation wells, weirs, and piezometers. Komie sug-
gests that postconstruction monitoring should be continued for several
cycles of reservoir operation to document cyclic changes. Periodic obser-
vation of natural springs and comparison of pre- and postreservoir water
temperature are also often helpful. Figures 10-1 through 10-4 are typical
instrumentation installations from Komie’s paper.

Instability of reservoir slopes caused by saturation of overburden or up-
lift water pressure in bedrock is a potential danger. Tockstein (USCOLD
1979/1981) states that whenever the in situ conditions of an area are dis-
turbed by the impoundment of a reservoir a potential for ground move-
ments is created along the reservoir slopes and the slopes adjacent to, but
outside of, the reservoir rim. The damage potential can be reduced by iden-
tifying existing and potential landslide areas, monitoring these areas, and
implementing a preplanned course of action in the event that excessive
movement of an unstable area is imminent.

In planning a monitoring program it is necessary to remember that a
landslide will oecur when the driving forces exceed the resisting forces.
Thus, the parameters that affect or measure these forces on a given slope
should be identified. The parameters most commonly used are pore water
pressure and displacement, both at the surface and at various depths
within the slope, which indicate if the resisting forces are being exceeded
and at what location. By correlating changes in these parameters with each
other and with external influences on the slope, the cause of the movement
can be identified and appropriate remedial action initiated. A systematic
approach to planning a monitoring program is presented by Dunnicliff
(1981). Tt is important that both the person installing the instruments and
the person making the readings and maintaining the instruments under-
stand the purpose of the instrumentation. The reduced data must be re-
viewed periodically by a professional engineer or engineering geologist
with expertise in slope stability, Another excellent reference on instrumen-
tation to monitor ground movements relative to slope instability is by
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Wilson (1970). Figure 10-5 is an example of slope instrumentation and data
plots from Wilson’s paper.

INDUCED SEISMICITY

As discussed in Chapter 9, controversy exists over whether there is a sig-
nificant increase in seismic activity associated with impoundment of some
large reservoirs. Increased instrumentation for new and old projects can
assist in solving this controversy.

Bolt and Hudson (1975) discuss the need for seismic instrumentation and
recommend the minimum instrumentation for recording basic earthquake
data. They recommend that where there may be potential for determining
if earthquakes are induced from reservoir loading a network of seismo-
graphs should be in operation prior to impounding the reservoir. They rec-
ommend simple and reliable instruments. The seismographs should be
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spread in azimuth around the reservoir with the interstation distance not
greater than 30 kilometers or less than 5 kilometers. The instruments are
best located on bedrock outerop and should be remote from construction
activities, quarries, and streams. For seismographic characteristics, Bolt
and Hudson recommend two alternative schemes that will meet the mini-
mum requirement and that have been field tested. One system uses porta-
ble seismometers and visual recording units; the network stations are not
connected. The second system telemeters the signals from individual seis-
mometers to a central recording room, often using commercial telephone
lines. This system is morc expensive but has the advantage of recording at
one central location. The operation of either system does not require an
instrumentation specialist or seismologist.

Another excellent paper on reservoir-induced seismicity is by Sharma
and Raphael (USCOLD 1979/1981). They stress that instrumentation to
study local reservoir-induced seismicity must be installed prior to reservoir
filling to establish the extent to which local seismicity is a consequence of
the reservoir or part of a more general seismic pattern. These authors dis-
cuss objectives of seismic instrumentation, type of measurements, instru-
ments, schedule for making measurements and data analysis.

TYPES OF INSTRUMENTS

The need and purpose for instrumentation was described earlier in this
chapter. This section describes various types of instruments which may be
used to monitor dams. Table 10-1 compares causes of deficient behavior
with the types of measurcments or obscrvations used to monitor that be-
havior. A brief inventory of the instruments and the factors measured and
monitored is listed in Table 10-2.

Table 10-3 lists the various commercially available instrument types
with the name of the manufacturer. The information on addresses of the
U.S. or Canadian suppliers was current at the time of preparation of the
report by Dunnicliff (1981). Installation of instruments presupposes the ob-
servation (measurements), reduction, and evaluation of the data. In a later
section of this chapter, Monitoring of Concrete Dams, a proposed observa-
tion schedule is provided, including tables on the frequency of readings (see
Tables 10-4 and 10-5). These data are described fully in U.S. Bureau of
Reclamation (1974).

The procurement and timely evaluation of instrumentation data are pri-
mary prerequisites for determining the conditions of dams. The physical
conditions existing at the dam should be observed and noted when making
observations, Such information supplements periodic inspections. In some
instances, such as where dams arc not readily accessible, data acquisition
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TABLE 10-2 Inventory of Geotechnical Instruments

Phenomena Measure

Instrument

Suppliers” Numbers
Reler to Table 10-3

Pore water and ground
measirement

Earth pressure
measurements

Deformation
measurements;
horizontal and vertical

Internal deformation,
rotational and tilting

Load and strain
measurement: Surface
installation or embedded

Temperature measurement

Seepage

Piezometer, closed system and
open system, observation
wells

Earth pressure cells, wholly
embedded in soil; at contact
plane between soil and
structure

Survey equipment transits
theodoloites, electronic
distance measurement
equipments (EDME), and
levels

Extensometers, inclinomcters,
tiltmeters

Strain meters
Load cells
Concrete stress cells

Temperature sensors

Weirs, flow meters, and
flumes

3,6,8, 11,186, 18, 22, 25,
29, 30, 31, 32, 36, 37,
41, 42, 44, 45, 49, 50,
53

6, 16, 18, 19, 27, 36, 42,
44, 49, 50

1,6, 9, 16, 18, 19, 22, 23,
24, 26, 27, 28, 29, 33,
35, 36, 41, 42, 43, 44,
45, 46, 47, 48, 49, 50,
53, and numerous others

4,8,9,10, 15, 16, 19, 20,
22, 26, 27, 32, 41, 42,
43, 44, 47, 48, 53

2,5,7,8, 12,13, 14, 15,
16, 18, 19, 22, 26, 27,
32, 33, 38, 39, 40, 44,
45, 47, 48, 49, 51, 52

8, 16, 27, 32, 42, 44, 48,
49, and numecrous others

Local

sourcE: Adapted from Dunnicliff (1981).

by automated means may be appropriate. A method to achieve these pre-
requisites, including automated data evaluation and plotting, is found in a
paper by Lytle (ICOLD 1972).

METHODS OF INSTALLATION

Proposed methods and procedures suggested for installation of the various
instrumentation types are presented in the U.S. Army Corps of Engineers
(1971, 1976, 1980) and U.S. Bureau of Reclamation (1974). A timely rcfer-
ence is Geotechnical Instrumentation for Monitoring Field Performance
(National Research Council 1982). Chapter 5 of that report presents nu-
merous instrumentation types and installation procedures. A caveat is ex-
pressed, however, concerning the application of the recommendations
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TABLE 10-3 Names and Addresses of Manufacturers and North American
Suppliers

b

=
[+ e

14.
15.
16.

17.
18.

19,
20.
21.
22.

23.
4.

23.

26.
7.
28,
28,
30.
3L

32,

33,
34.
35.
36.
37.
38,

— O W01 O Ul LD

. A & S Co., 9 Ferguson Street, Milford, MA 01757

. Ailtech, 19535 E. Walnut Drive, City of Industry, CA 91748

. Apparatus Specialties Co., Box 122, Saddle River, NJ 07458

. Bison Instruments, Inc., 5708 West 36th Street, Minneapolis, MN 55429
. BLH Electronics, 42 Fourth Avenue, Waltham, MA 02254

*Borros Co., Ltd., Box 3063, 5-17103 Solna 3, SWEDEN (NA supplier: Roctest, Ltd.)

. Brewer Engineering Lab., P.O., Box 288, Marion, MA 02738

. Carlson Instruments, 1190-C Dell Avenue, Campbell, CA 95008

. *Coyne et Bellier, 5 Rue d’Heliopolis, 75017 Paris, FRANCE (NA supplier: Roctest, Ltd.)
. Eastman Whipstock, Inc., P.O. Box 14609, Houston, TX 77021

. Enginecring Laboratory Equipment, Inc. (ELE}, 10606 Hempstead, Suite 112, Houston,

TX 77092

. Evergreen Weight, Inc., 15125 Highway 99, Lynnwood, WA 98036
. *Gage Technique, Ltd., P.O. Box 30, Trowbridge, Wilts, England (NA supplicr: Terra-

metrics, Inc.)

Gentran, Inc., 1290 Hammerwood Avenue, Sunnyvale, CA 94086

Geokon, Inc., 7 Central Avenue, West Lebanon, NIT 03784

*Geonor, Grini Molle, P.O. Box 99, Roa, Oslo 7, Norway (NA suppliers: ELE, Roctest
Ltd., Slope Indicator Co., and Terrametrics}

Geotechniques International, Inc., P.O. Box E, Middleton, MA 01949

*Franz Gloetzl, D-7501 Forchheim, Baumesstechnik, West Germany (NA suppliers: Ter-
rametrics, Inc., and Roctest Ltd.)

Hall, Inc., 1050 Northgage Drive, San Rafael, CA 94903

Hamlin, Inc., Lake and Grove Streets, Lake Mills, W1 53551

Hitec Corporation, Nardone Industrial Park, Westford, MA 01886

*Huggenberger AG Zurich, Hohlstrasse 176, CH-8040, Zurich, Switzerland (NA sup-
plier: Slope Indicator Co.)

Hewlett-Packard: contact local office

*Dr. Ing. Heinz Idel, Potthoffs Borde 15, 43 Essen, West Germany (NA supplier: Terra-
metrics, Inc.)

*Ingenjorstirman Geotech AB, Varslevagen 39, S-43600, Askin, Sweden (NA supplier:
Roctest, Ltd.)

*Interfels, Zweigniederlassung, Bentheim, West Germany (NA supplier: Roctest, Ltd.)
Irad Gage, Ltna Road, Lebanon, NH 03766

Kern Instruments, Inc.: contact [ocal office

Keuffel & Esser Co.: contact local office

Landtest Ltd., 43 Baywood Road, Rexdale, Ontario, Canada M9V 3Y8
*Linden-Alimak AB, S-93103 Skelleftea, Sweden (NA supplier: Burcan Industries, 1255
Laird Boulevard, Montreal, Quebec, Canada H3P 2T1)

*H. Maihak, 2000 Hamburg, 30 Scmper Street, Hamburg, West Germany (NA suppliers:
Ampower Corporation, 1 Marine Plaza, North Bergen, NY 07047 and Roctest, Ltd.)
W. H. Mayes & Sons, Ltd., Vansittart Estate, Arthur Road, Windsor, Berkshire, England
Micro-Measurements, Box 306, 38905 Chase Road, Romulus, M1 48174

Walter Nold Company, 24 Birch Road, Natick, MA 01760

Petur Instrument Company, Ine., 11300 25th Avenue NE, Seattle, WA 98125
Piezometer R & D, Inc., 33 Magee Avenue, Stamford, CT 06902

Prewitt Associates, Dawson Building, 1634 N. Broadway, Lexington, KY 40505
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39. Proceq, SA, Riesbachstrasse 57, CH-8034, Zurich 8, Switzerland

40. Remote Systems, Inc., P.O. Box 12914, Pittsburgh, PA 15241

41. Roctest Ltd., 665 Pine, St. Lambert (Montreal}, Quebec, Canada J4P 2P4: also Roctest,
Ine., 7 Pond Strest, Plattshurgh, NY 12901

42, Slope Indicator Co., 3668 Albion Place North, Scattle, WA 98103

43. *Peter Smith Instrumentation Ltd., Gosforth Industrial Estate, Newcastle Upon Tyne
NE3 1XF, Gosforth, England (NA supplier: Roctest, Ltd.)

44. *Soil Instruments, Ltd., Bell Lane, Uckfield, East Sussex, TN22, 10L, England (NA sup-
plier: Solinst Canada, Ltd., 5-2440 Industrial Street, Burlington, Ontario, Canada L7P
1A5)

45, Soiltest, Inc., 2205 Lee Street, Evanston, IL 60202

48, Spectra-Physics, Inc., 1250 W, Middlefield Rd., Mountain View, CA 94042

47. Structural Behavior Engineering Labcratories (SBEL), P.Q. Box 23167, Phoenix, AZ
85063

48, *Telemac, 17 Rue Alfred Roll, 75 Paris 17eme, France (NA Supplier: Roctest, Ltd.)

49, Terrametrics, Inc., 16027 West 5th Avenue, Golden, CO 80401

50. Terra Technology Corporation, 3860 148th Avenue, N.E., Redmond, WA 98052

51. Texas Measurements, Inc., P.O. Box 2618, College Station, TX 77840

52. Transducers, Inc., 14030 Bolsa Lane, Cerritos, CA 90701

53. Westbay Instruments, Ltd., Suite 1B, 265-25th Strest, West Vancouver, British Colum-
bia, Canada V7V 4H9

54. Wild-Heerbrugg Ltd: contact local office

*Contact North American (NA) supplier, not manufacturer.

source: Dunnicliff {1981),

without proper guidance by a competent engineer for an evaluation of the
materials in which the instruments will be installed and the purpose and
period for which monitoring is required.

The following listed chapters from the referenced material cover details
for installation of the instrumentation most basic for monitoring dams:

» U.S. Corps of Engineers Manual, EM 1110-2 1908, Part 1 of 2, 31 Aug
71: Instrumentation of Earth and Rockfill Dams (Groundwater and Pore
Pressure Observations); Chapter 5, Installation, Maintenance of Piezome-
ters, and Observations.

¢ U.S. Corps of Engineers Manual, EM 1110-2-1908, Part 2 of 2, 19
Nov. 76: Instrumentation of Earth and Rockfill Dams (Earth Movement
and Pressure Measuring Devices); Chapter 2, Movement Devices for Em-
bankments and Foundations.

» U.S. Corps of Engineers Manual, EM 1110-2-4300, 15 Sept. 1980: In-
strumentation for Concrete Structures, Chapter 3, Uplift and Leakage,
and Chapter 4, Plumbing Instruments and Tilt Measuring Devices.
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e National Research Council, Geotechnical Instrumentation for Moni-
toring Field Performance, April 1982; Chapter 5, Details of Instrumenta-
tion.

Adding instrumentation to existing dams will require specialized equip-
ment and drilling techniques for boreholes in which the instruments are to be
installed or in fastening to existing structures; therefore, it is recommended
that firms having subsurface exploration experience and expertise should be
obtained for making the installations. During the drilling of boreholes sam-
ples of material and logs of the borings should be obtained. These data will
be of significant value for subsequent data evaluation and prognostication
concerning the ongoing safe operating conditions. The drilling methods and
operation procedures must be specified and carefully monitored to prevent
damage from hydraulic fracturing of earth embankments.

Portable instruments also have been useful for investigation of deficien-
cies at dams. For example, borehole cameras and periscopes have been
used successfully in examining concrete structures and foundations. Televi-
sion cameras have important applications in underwater work, such as in
surveys of conduits and the submerged faces of dams. Sonic devices have
been used effectively to locate leaks in dams. They have been particularly
useful in measuring leakage through the concrete facings of rockfill em-
bankments where disruption of the slab joints or cracks in the panels were
primary sources of leakage. A basic instrument used for this purpose is a
hydrophone, which essentially is a waterproof microphone that can be
lowered on a cable. The test involves the comparison of background sound
intensity with intensity measured in the vieinity of leaks. The mierophone
may be lowered from a boat located over the points of suspected leakage.
Although areas of high sound intensity can be found by using such equip-
ment, the size of the leak does not necessarily correlate with the indicated
intensity. A small leak can produce a high sound level if there is a sharp
disturbance at the entrance. On the other hand, a large leak with a smooth
entrance could produce a much lower reading.

Two effective methods of visual inspection of a dam face involve the em-
ployment of divers and closed-circuit television. Divers can be effective in
water depths up to about 150 feet without very expensive equipment. At
greater depths the long decompression time required for each dive may be-
come prohibitive. An effective way to operate at relatively shallow depths
is to have the diver carry a television camera with him so that leaks can be
viewed by an engineer at the surface or recorded on videotape. When in-
specting with closed-circuit television, a hydrophone and a “pigtail”
mounted on the camera facilitatc location of the leak. The sonic level will
increase and the pigtail will be drawn in the direction of flow as the camera
is moved into the region of higher velocity (Jansen 1968).
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DATA COLLECTION AND ANALYSIS

The reason for installing instruments in dams is to monitor them during
construction and operation. One of the specific applications of measure-
ments is to furnish data to determine if the completed structure will con-
tinue to function as intended. The processing of large masses of raw data
can be efficiently handled by computer methods. The interpretation of the
data requires careful examination of measurements as well as other influ-
encing eflects, such as reservoir operation, air temperature, precipitation,
drain flow and leakage around the structure, contraction joint grouting,
concrete placement schedule, seasonal shutdown during construction, con-
crete testing data, and periodic instrument evaluations. The display of data
should be both tabular and graphical and should be simple and readily un-
derstood. The data should be reviewed periodically by a professional engi-
neer versed in the design, construction, and operation of embankment and/
or concrete dams.

Because of the various types of instrumentation used in the different
kinds of dams, data collection and analysis will be discussed for embank-
ment dams and for concrete gravity and concrete arch dams separately.

Monitering of Embankment Dams

The U.S. Corps of Engineers’ Engineer Manual (1976) discusses collecting,
recording, and analyzing data and makes recommendations on frequency
of reading, recording, and reporting measurements and analysis. Profiles
of piezometric levels in the foundation and contours of pore water pressures
in the embankment and foundation should be made periodically to evalu-
ate the data. Examples of plotting the data arc shown in Figures 10-6 and
10-7. After construction and during reservoir filling, embankment and
foundation piezometers should be read weekly or onee for every 5-foot rise
in the water level. Readings after reservoir filling should be continued on a
quarterly or semiannual basis depending on the dissipation of pore water
pressures. It is also recommended in the Corps” Menual that additional ob-
servations be made at times of varying heads.

The movement measuring devices should be read immediately after in-
stallation, since all subsequent readings will be referred to the initial read-
ing. The field data should be reduced to a reportable form promptly and
prepared in graphical form to evaluate relations and trends. Figure 10-8
shows a typical presentation of vertical and horizontal movement data.

Wilson (1973) states that it is customary to install surface monuments on
the top of a dam after completion and to observe postconstruction settle-
ment for several years. Internal movement instruments should be installed
inside a dam before the embankment is topped out to provide a history of
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FIGURE 10-8 Displacements and settlements of central points at crest. source: U.S. Army
Corps of Fngineers (1971/1976).

deformations. The reading of these instruments should continue for years
to establish performance during operation. Figure 10-9 shows a plot of hor-
izontal displacements versus pool levels at El Infiernillo Dam (Marsal and
de Arellano 1972). The obscrvations of the well-instrumented El Infiernillo
Dam led the authors to conclude that the unexpected behavior that devel-
oped two years after the first filling of the reservoir was the result of the



TABLE 10-4 Frequency of Readings for Earth Dam Instrumentation

Progress Report During Construction

Periodic Report Operation

Frequency of Readings

Frequency of Readings

Piezometer readings {separate gages)
Piezometer readings (master gage)

Porous tube piezometer readings

Internal vertical and horizontal
movement readings (crossarm or
HMD)

Foundation settlement readings
(bascplates)

Measurement points—cumulative
settiement and deflection readings

Measurement points—cumulative
settlement and deflection readings
spillway and outlet works

Measurement points—cumulative
settlement readings-spillway floor
slabs

Construction Shutdown First Year Regular
Twice monthly Monthly Monthly Monthly
Monthly Alternate months Approximately 6 Annually on same

Twice monthly

Complete set of
readings each time a
unit is installed

Complete set of
readings each time
an extension is added

Monthly, if required,
or when dam is
completed

Monthly as portions of
structures are
completed

Monthly as slabs on
structure are
completed

Monthly
Monthly

Monthly

Monthly, if
required

Monthly

Monthly, if
required

months after
completion of dam

Monthly

Complete set
approximately 6
months after dam is
completed

Approximately 8
months after dam is
completed

Approximately 6
months after dam is
completed

Approximately 6
months after
structure is
completed

Approximately 6
months after
strueture is
completed

date as a set of

separate gage

reading
Monthly

Every 2 years

Every 2 years

Every 2 years

Every 2 years

Every 2 years

source: U.S. Bureau of Reclamation (1974).

yoe
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interaction between the core and the rockfill shells and the wetting of the
dry rockfill and that the dam had an acceptable margin of safety.

For earth pressure measuring devices, after a structure is completed, the
pressure cells should be read at least annually to evaluate changes in stress
with time. Data from earth pressure cells should be reduced and time plots
maintained for each cell during and after construction. Analysis of data
should include a comparison of observed earth pressure with earth pressure
assumned for the design of the structure. The U.S. Bureau of Reclamation
(1974) has developed a frequency of readings for earth dam instrumenta-
tion. A copy of this illustration is shown in Table 10-4.

Monitoring of Concrete Dams

The U.S. Bureau of Reclamation (1976, 1977) states that to determine the
manner in which a concrete dam and its foundation behave during con-
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TABLE 10-5 Frequency of Readings for Concrete Dam Instrumentation

Type Reading Frequency

Embedded instrument Seven to 10 days during construction; semimonthly
or monthly afterward. More frequently during
‘periods of reservoir filling or rapid drawdown.

Deflection measuring devices Weekly; closer intervals during periods of special
intercst,
Uplift pressure measurement Monthly, except for initial filling, which should be
a 7- to 10-day interval.
Target deflection and picr net Semiannually during period of minimum and
triangulation measurcments muximum air temperature. Additional
measurements during early stages of reservoir
filling,
Leveling across top of dam and Periodically. More frequently in the early stages of
vicinity operation and less frequently at later stages,

depends on conditions encountered.

sourck: U.S. Bureau of Reclamation (1977).

struction and operation, measurements should be made to obtain data on
strain, temperature, stress, deflection, and deformation of the foundation.
There are two general methods of measurement for obtaining the essential
behavioral information. The first method involves several types of instru-
ments that are embedded in the mass conerete of the structure and on the
features of the dam. The second method involves several types of precise
surveying measurements from targets at various locations on and in the
dam. The suggested schedules for collecting data are shown in Table 10-5.

The planned program for measurements should cover a time period that
will include a full reservoir plus two cycles of reservoir operation, after
which a major portion of the measurement may be suspended. For the re-
maining measurements the interval between successive readings may be
lengthened. The U.S. Corps of Engineers’ Engineering Manual (1980) dis-
cusses instrumentation to measure the structural behavior of concrete grav-
ity dams under five major headings: (1} Carlson-type instruments, {2) up-
lift and leakage, (3) deflection plum line, (4) precise alignment facilities,
and (5) thermocouples. The frequency of collection and evaluation of data
is also discussed in detail for each category.

Some excellent illustrations concerning dam foundation uplift pressure
histories, methods of showing uplift pressure gradients, typical deflection
history, and typical precise alignment marker layout and details can he
found in the U.S. Corps of Engineers’ Engineering Manual (1980).
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Many agencies at various levels of government, utilities, professional orga-
nizations, and other entities have responsibilities and other interests in the
design, construction, and safe operation of dams. Consequently, the no-
menclature that has developed over time by the large number of entities
and for different purposes in association with dams is not always consis-
tent. Inconsistencies range from subtle to contradictory. These differences
in definition have occasionally resulted in confusion—even among profes-
sional engineers involved in dam safety. In fact, the National Research
Council’s Committee on Safety of Nonfederal Dams recommended in its
1982 report* to FEMA that “FEMA, with the help of ICODS, should de-
velop a glossary of common terms for use in dam safety activities.” The
present committee, based on its review of the various sources of nomencla-
ture and the members’ experience, recommends the following glossary of
terms to assist FEMA in implementing this recommendation. This glossary
is based principally on the International Commission on Large Dams
(ICOLD) Technical Dictionary on Dams, 1978. Many of the ICOLD terms
were modified or supplemented to conform more closely to American us-
age. Terms, not found in the ICOLD glossary, were supplied by committee
members. It is noted that all of these terms are not contained in the body of
the present report.

*National Research Council, Committee on Safety of Nonfederal Dams (1982) Safety of Nonfe-
deral Dams: A Review of the Federal Role, National Academy Press, Washington, D.C.
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ABUTMENT That part of the valley side against which the dam is con-
structed. An artificial abutment (see Block) is sometimes constructed, as
a concrete gravity section, to take the thrust of an arch dam where there
is no suitable natural abutment. Right and left abutments are those on
respective sides of an observer when viewed looking downstream.

ACTIVE STOBRAGE The volume of the reservoir that is available for use
either for power generation, irrigation, flood control, or other purposes.
Active storage excludes flood surcharge. It is the reservoir capacity less
inactive and dead storages. The terms useful storage or usable storage or
working storage are sometimes used instead of active storage but are not
recommended.

ADIT Tunnel for exploratory or test purposes; opening in the face of a
dam for access to galleries or operating chambers; or access tunnel to a
tunnel for construction or maintenance purposes.

AFTERBAY DAM (REREGULATING DAM) A dam constructed to reg-
ulate the discharges from an upstream power plant.

AMBURSEN DAM  See Buttress Dam.

ANCHOR BLOCK See Block.

APPURTENANT STRUCTURES Refers to ancillary features of a dam,
such as the outlet, spillway, powerhouse, tunnels, ete.

AQUEDUCT An artificial way of conveying water, i.e., by canal, pipe,
or tunnel; hence the terms connecting aqueduct and diversion agueduct.

ARCH DAM A concrete or masonry dam that is curved in plan so as to
transmit the major part of the water load to the abutments.
arcH cENTERLINE  The locus of all midpoints of the thickness of an arch

section.

ARcH ELEMENT That portion of a dam bounded by two horizontal
planes spaced 1 foot apart.

CANTILEVER ELEMENT That portion of an arch dam that is contained
within the vertical planes normal to the extrados and spaced
1 foot apart at the axis.

CONSTANT ANGLE ARCH DAM  An arch dam in which the angle subtended
by any horizontal section is constant throughout the whole height of
the dam.

CONSTANT RADIUS ARCH DAM  An arch dam in which every horizon-
tal segment or slice of the dam has approximately the same radius of
curvature,

CROWN CANTILEVER That cantilever element located at the point of
maximum depth in the canyon.

DOUBLE CURVATURE ARCH DAM  An arch dam that is curved vertically as
well as horizontally.

FILLET An increasc in thickness of a dam beginning near and extending
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to the abutments of the arches or base of cantilevers. Usually placed at
the downstream face.

LENGTH OF ARCH  The distance along a curve that is concentrie with the
extrados and passes through the midpoint of the arch thickness at the
crown.

LINE OF CENTERS  The loci of centers for circular arcs used to describe a
face of a dam or a portion thereof.

ARCH BUTTRESS DAM  See Buttress Dam.

ARCH GBAVITY DAM See Gravity Dam.

AUXILIARY SPILLWAY  See Spillway.

AXIS OF DAM  The plane or curved surface, arbitrarily chosen by a de-
signer, appearing as a line, in plan or in cross section, to which the hori-
zontal dimensions of the dam can be referred.

BACKWATER CURVE The longitudinal profile of the water surface in
an open channel where the depth of flow has been increased by an ob-
struction such as a weir or dam across the channel, or by an increase in
channel roughness, by a decrease in channel width, or by a flattening of
the bed slope.

BAFFLE BLOCK See Block.

BANK STORAGE (GROUND STORAGE) See Storage.

BASE WIDTH (BASE THICKNESS) The maximum thickness or width of
a dam measured horizontally between upstream and downstream faces
and normal to the axis of the dam but excluding projections for outlets,
ete.

BATTER Angle of inclination from the vertical.

BERM A horizontal step or bench in the sloping profile of an embank-
ment dam.

BLANKET
DRAINAGE BLANKET A drainage layer placed directly over the founda-

tion material.

GROUT BLANKET See Consolidation Grouting.

UPSTREAM BLANKET An impervious layer placed on the reservoir floor
upstream of a dam. In the case of an embankment dam the blanket
may be connected to the impermeable element in the dam.

BLOCK
BAFFLE BLOCK {(IMPACT BLOCK) A block of concrete or concrete and steel

constructed in a channel or stilling basin to dissipate the energy of wa-
ter flowing at high velocity.

CHUTE BLOCK A baffle block constructed in a spillway chute.

THRUST BLOCK (ANCHOR BLOCK) A massive block of concrete built to
withstand a thrust or pull from an arch dam.

BULKHEAD GATE See Gate.
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BUTTRESS DAM A dam consisting of a watertight upstream face sup-
ported at intervals on the downstream side by a series of buttresses. But-
tress dams can take many forms.

ARCH BUTTRESS DAM (CURVED BUTTRESS DAM) A buttress dam that is
curved in plan.

MULTIPLE ARCH DAM A buttress dam the upstream part of which com-
prises a series of arches.

FLAT SLAB DAM (AMBURSEN DAM) (DECK DaM) A buttress dam in which
the upstream part is a relatively thin flat slab usually made of rein-
forced concrete.

SOLID HEAD BUTTRESS DAM A buttress dam in which the upstream end of
each buttress is enlarged to span the gap between buttresses. The
terms round head, diamond head, tee head refer to the shape of the
upstream enlargement.

CELLULAR GRAVITY DAM  See Gravity Dam.

COFFERDAM A temporary structure enclosing all or part of the con-
struction area so that construction can proceed in the dry. A diversion
cotferdam diverts a river into a pipe, channel, or tunnel.

CONCRETE LIFT In concrete work the vertical distance between suc-
cessive horizontal construction joints.

CONDUIT A closed channel to convey the discharge through or under a
dam.

CONSOLIDATION GROUTING (BLANKET GROUTING) Consoli-
dating a layer of the foundation to achieve greater impermeability and/
or strength by injecting grout.

CONSTRUCTION JOINT The interface between two successive plac-
ings or pours of concrete where bond, not permanent, separation is
intended.

CONTACT GROUTING  Filling with cement grout any voids existing at
the contact of two zones of different materials, e.g., between a concrete
tunne! lining and the surrounding rock. The grouting operation is usu-
ally carried out at low pressure.

CORE (IMPERVIOUS CORE) (IMPERVIOUS ZONE) A zone of mate-
rial of low permeability in an embankment dam; hence the terms central
core, inclined core, puddle clay core, and rolled clay core.

CORE WALL A wall built of impervious material, usually of concrete or
asphaltic concrete in the body of an embankment dam to prevent leak-
age. See also Membrane or Diaphragm.

CREST GATE See Gate.

CREST LENGTH The developed length of the top of the dam. This in-
cludes the length of spillway, powerhouse, navigation lock, fish pass,
etc., where these structures form part of the length of the dam. If de-
tached from the dam these structures should not be included.
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CREST OF DAM  The crown of an overflow section of the dam. In the
United States, the term crest of dam is often used when top of dam is
intended. To avoid confusion, the terms erest of spillway and top of dam
should be used for referring to the overflow section and dam proper,
respectively.

CRIB DAM A gravity dam built up of boxes, cribs, crossed timbers, or
gabions and filled with earth or rock.

CULVERT (a) A drain or waterway structure built transversely under a
road, railway, or embankment. A culvert usually comprises a pipe or a
covered channel of box section. (b) A gallery or waterway constructed
through any type of dam, which is normally dry but is used oceasionally
for discharging water; hence the terms scour culvert, drawoff culvert,
and spillway culvert.

CURTAIN
GROUT CURTAIN {GROUT CUTOFF) A barrier produced by injecting grout

into a vertical zone, usually narrow in horizontal width, in the foun-
dation to reduce seepage under a dam.
DRAINAGE CURTAIN See Drainage Wells.

CURVED BUTTRESS DAM (ARCH BUTTRESS DAM) See Buttress
Dam.

CURVED GRAVITY DAM See Gravity Dam.

CUTOFF An impervious construction by means of which seepage is re-
duced or prevented from passing through foundation material.

CUTOFF TRENCH The excavation later to be filled with impervious
material so as to form the cutoff. Sometimes used incorrectly to describe
the cutoff itself.

CUTOFF WALL A wall of impervious material (e.g., concrete, asphal-
tic concrete, steel sheet piling) built into the foundation to reduce seep-
age under the dam,

DAM A barrier built across a watercourse for impounding or diverting
the flow of water.

DEAD STORAGE The storage that lies below the invert of the lowest
outlet and that, therefore, cannot be withdrawn from the reservoir.

DESIGN FLOOD  See Spillway Design Flood.

DIAMOND HEAD BUTTRESS DAM  See Buttress Dam.

DIAPHRAGM See Membrane.

DIKE (LEVEE) A long low embankment. The height is usually less than
4 to 5 meters and the length more than 10 or 15 times the maximum
height. Usually applied to embankments or structures built to protect
land from flooding. If built of conerete or masonry the structure is usu-
ally referred to as a flood wall. Also used to describe embankments that
block areas on the reservoir rim that are lower than the top of the main
dam and that are quite long.
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In the Mississippi River basin, where the old French word levee has sur-
vived, this now applies to flood protecting embankments whose height
can average up to 10 to 15 meters.

DIVERSION CHANNEL, CANAL, OR TUNNEL A waterway used to
divert water from its natural course. The term is generally applied to a
temporary arrangement, e.g., to bypass water round a dam site during
construction. Channel is normally used instead of canal when the water-
way is short. Occasionally the term is applied to a permanent arrange-
ment (diversion canal, diversion tunnel, diversion aqueducts).

DOLOQSSE A precast concrete shape, named after the knucklebone of a
sheep. Dolosses are placed randomly in an interlocking pattern and are
extremely effective in dissipating the energy of waves or flowing water.

DRAINAGE AREA The area that drains naturally to a particular point
on a river.

DRAINAGE LAYER OR BLANKET A layer of pervious malerial in a
dam to relieve pore pressures or to facilitate drainage of the fill.

DRAINAGE WELLS (RELIEF WELLS) Vertical wells or boreholes
usually downstream of impervious cores, grout curtains, or cutoffs, de-
signed to collect and control seepage through or under a dam so as to
reduce uplift pressures under or within a dam. A line of such wells forms
a drainage curtain.

DRAWDOWN The resultant lowering of water surface level due to re-
lease of water from the reservoir.

EARTH DAM OR EARTHFILL DAM See Embankment Dam.

EMBANKMENT Fill material, usually earth or rock, placed with slop-
ing sides.

EMBANKMENT DAM (FILL DAM) Any dam constructed of excavated
natural materials or of industrial waste materials.

EARTH DAM (EARTHFILL DAM) An embankment dam in which more than
50% of the total volume is formed of compacted fine-grained material
obtained from a horrow area.

HOMOGENEOUS EARTHFILL DAM An embankment dam constructed of
similar earth material throughout, except for possible inclusion of in-
ternal drains or drainage blankets. Used to differentiate from a zoned
earthfill dam.

HYDRAULIC FILL DaM An embankment dam constructed of materials,
often dredged, that are conveyed and placed by suspension in flowing
walter.

ROCKFILL DAM An embankment dam in which more than 50% of the
total volume comprises compacted or dumped pervious natural or
crushed rock.

ROLLED FILL DaM  An embankment dam of earth or rock in which the
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material is placed in layers and compacted by using rollers or rolling
equipment.

ZONED EMBANKMENT pAM  An embankment dam the thickness of which
is composed of zones of selected materials having different degrees of
porosity, permeability, and density.

EMERGENCY ACTION PLLAN A predetermined plan of action to be
taken to reduce the potential for property damage and loss of lives in an
area affected by a dam break.

EMERGENCY GATE A standby or reserve gate used only when the nor-
mal means of water control is not available.

EMERGENCY SPILLWAY See Spillway.

ENERGY DISSIPATOR Any device constructed in a waterway to reduce
or destroy the energy of fast-flowing water.

ENERGY DISSIPATING VALVE A generic term used to describe those
regulating valves that are designed to dissipate as much energy as possi-
ble through the valve. Included are Howell-Bunger valves and Hollow
Jet valves.

EPICENTER That point on the earth’s surface that is directly above the
focus of an earthquake.

EXTRADOS The curved upstream surface of an arch dam.

FACE With reference to a structure, the external surface that limits the
structure, e.g., the face of a wall or dam.

FACING With reference to a wall or concrete dam, a coating of a differ-
ent material, masonry or brick, for architectural or protection purposes,
e.g., stonework facing, brickwork facing. With reference to an embank-
ment dam, an impervious coating or face on the upstream slope of the
dam.

FAILURE An incident resulting in the uncontrolled release of water
from an operating dam.

FETCH The straight line distance between a dam and the farthest reser-
voir shore. The fetch is one of the factors used in calculating wave
heights in a reservoir.

FILTER (FILTER ZONE) A band or zone of granular material that is
incorporated in a dam and is graded (cither naturally or by selection) so
as to allow seepage to flow across or down the filter without causing the
migration of material from zones adjacent to the filter,

FINGER DRAINS A series of parallel drains of narrow width (instead of
a continuous drainage blanket) draining to the downstream toe of the
embankment dam.

FIXED CREST WEIR See Weir.

FLASHBOARDS Lengthsof timber, concrete, or steel placed on the crest
of a spillway to raise the rctention water level but that may be quickly
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removed in the event of a flood either by a tripping device or by deliber-
ately designed failure of the flashboards or their supports.

FLAT SLAB DAM  See Buttress Dam.

FLIP BUCKET (SKIJUMP SPILLWAY) The downstream end of a spill-
way shaped such that water flowing at high velocity is deflected upward
in a trajectory away from the end of the spillway.

FLOOD PLAIN An area adjoining a body of water or natural stream
that has been or may be covered by flood water.

FLOOD PLAIN MANAGEMENT A management program to reduce
the consequences of flooding, either by natural runoff or by dam failure,
to properties in a flood plain, both existing and future.

FLOOD ROUTING The determination of the attenuating effect of stor-
age on a flood passing through a valley, channel, or reservoir.

FLOOD STORACE See Storage.

FLOOD SURCHARGE The volume or space in a reservoir between the
controlled retention water level and the maximum water level. Flood
surcharge cannot be retained in the reservoir but will flow over the spill-
way until the controlled retention water level is reached. (The term wet
freeboard for deseribing the depth of flood surcharge is not recom-
mended; see Freeboard.)

FLOOD WALL A concrete wall constructed adjacent to a stream for the
purpose of preventing flooding of property on the landside of the wall;
normally constructed in lieu of or to supplement a levee where the land
required for levee construction is more expensive or not available,

FOCUS (HYPOCENTER) The point within the earth that is the center
of an earthquake and the origin of its elastic waves.

FOUNDATION OF DAM  The natural material on which the dam struc-
ture is placed.

FREEBOARD The vertical distance between a stated water level and the
top of a dam. NET FREEBOARD, DRY FREEROARD, FLOOD FREEBOARD, OI RESID-
UAL FREEROARD is the vertical distance between the estimated maximum
water level and the top of a dam. GROSS FREEBOARD Or TOTAL FREEBOARD i§
the vertical distance between the maximum planned controlled reten-
tion water level and the top of a dam. (That part of the GROSS FREEBOARD
attributable to the depth of flood surcharge is sometimes referred to as
the WET FREEBOARD, but this term is not recommended as it is preferable
that freeboard be stated with reference to the top of a dam.)

FUSE PLUG SPILLWAY See Spillway.

GABION A prefabricated basket of rock within a wire cage that is free
draining and capable of being stacked.

GABION DAM  Name given to a crib dam when built of gabions.
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GALLERY (a) A passageway within the body of a dam or abutment;
hence the terms grouting gallery, inspection gallery, and drainage gal-
lery. (b) A long and rather narrow hall; hence the following terms for a
power plant: valve gallery, transformer gallery, and busbar gallery.

GATE In general, a device in which a leaf or member is moved across the
waterway from an external position to control or stop the flow.
BASCULE GATE See Flap Cate.

BULKHEAD GATE A gate used either for temporary closure of a channel
or conduit before dewatering it for inspection or maintenance or for
closure against flowing water when the head difference is small, e.g.,
for diversion tunnel closure. Although a bulkhead gate is usually
opened and closed under nearly balanced pressures, it nevertheless
may be capable of withstanding a high differential head when in the
closed position.

CREST GATE (SPILLWAY GATE) A gate on the crest of a spillway to control
overflow or reservoir water level,

DRUM GATE A type of spillway gate consisting of a long hollow drum.
The drum may be held in its raised position by the water pressure in a
flotation chamber beneath the drum.

EMERGENCY GATE A standby or reserve gate used only when the normal
means of water control is not available.

FIXED WHEEL GATE (FIXED ROLLER GATE) (FIXED AXLE GATE) A gate having
wheels or rollers mounted on the end posts of the gate. The wheels
bear against rails fixed in side grooves or gate guides.

FLAP GATE A gate hinged along one edge, usually either the top or bot-
tom edge. Examples of bottom-hinged flap gates are tilting gates and
fish belly gates so called from their shape in cross section.

FLOOD GATE A gate to control flood release from a reservoir.

GUARD GATE (GUARD vALVE) Gate or valve that operates fully open or
closed. May function as a secondary device for shutting off the flow of
water in case the primary closure device becomes inoperable. Usually
operated under balanced pressure no-flow conditions, except for clo-
sure in emergencies.

OUTLET GATE A gate controlling the outflow of water from a reservoir,

RADIAL GATE (TAINTER GATE) A gate with a curved upstream plate and
radial arms hinged to piers or other supporting structure.

REGULATING GATE (REGULATING VALVE) A gate or valve that operates un-
der full pressure and flow conditions to throttle and vary the rate of
discharge.

ROLLER DRUM GATE A crest gate for dam spillways comprising a long
horizontal cylinder spanning between piers. The cylinder is fitted
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with a toothed rim at each end and rotates as it is moved up and down
on inclined racks fixed to the piers.

ROLLER GATE (STONEY GATE) A gate for large openings that bears on an
intermediate train of rollers in each gate guide.

SKIMMER GATE A gate at the dam crest whose prime purpose is to control
the release of debris and logs with a limited amount of water. It is
usually a flap or Bascule gate.

SLIDE GATE (SLUICE GATE) A gate that can be opened or closed by sliding
in supporting guides.

GEOPHYSICAL METHODS Methods of studying soil and rock proper-
ties and geologic structure without taking samples.

GRAVITY DAM A dam constructed of concrete and/or masonry that re-
lies on its weight for stability,

ARCH GRAVITY DAM  An arch dam where part of the water thrust is trans-
mitted to the abutments by horizontal thrust and part to the founda-
tion by cantilever action.

CURVED GRAVITY DAM A gravity dam that is curved in plan.

HOLLOW CGRAVITY DAM (CELLULAR GRAVITY DAM) A dam that has the out-
ward appearance of a gravity dam but that is of hollow construction.

GROIN That area along the contact {or intersection) of the face of a dam
with the abutments.

GROSS STORAGE (RESERVOIR CAPACITY) (GROSS CAPACITY OF
RESERVOIR) The gross capacity of a reservoir from the river bed up
to maximum controlled retention water level. It includes active, inac-
tive, and dead storage.

GROUT BLANKET See Blanket.

GROUT CAP A concrete pad or wall constructed Lo facilitate subsequent
pressure grouting of the grout curtain beneath the grout cap.

GROUT CURTAIN See Curtain.

HAZARD A source of danger. In other words, something that has the
potential for creating adverse consequences.

HEADRACE A freeflow tunnel or open channel that conveys water to
the upper end of a penstock; hence the terms headrace tunnel and head-
race canal.

HEADWATER LEVEL The level of the water in the reservoir or in the
headrace at the nearest free surface to the turbine.

HEEL OF DAM The junction of the upstream face of a gravity or arch
dam with the foundation surface. In the case of an embankment dam the
junction is referred to as the upstream toe of the dam.

HEIGHT ABOVE GROUND LEVEL The maximum height from natu-
ral ground surface to the top of a dam.
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HEIGHT ABOVE LOWEST FOUNDATION The maximum height

from the lowest point of the general foundation to the top of a dam.

HYDRAULIC HEIGHT Height to which the water rises behind a dam
and the difference between the lowest point in the original streambed at
the axis of the dam and the maximum controllable water surface.

HYDROGRAPH A graphical representation of discharge, stage, or other
hydraulic property with respect to time for a particular point on a
stream. (At times the term is applied to the phenomenon the graphical
representation describes; hence a flood hydrograph is the passage of a
flood discharge past the observation point.)

IMPERVIOUS CORE See Core.

INACTIVE STORAGE The storage volume of a reservoir measured be-
tween the invert level of the lowest outlet and minimum operating level.

INCLINOMETER (INCLOMETER) An instrument, usually comprising
a metal or plastic tube inserted in a drill hole, and a sensitized monitor
either lowered into the tube or fixed within the tube. This measures at
different points the tube’s inclination to the vertical. By integration, the
lateral position at different levels of the tube may be found relative to a
point, usually the top or bottom of the tube, assumed to be fixed. The
systemn may be adapted to measure settlement.

INTAKE Any structure in a reservoir, dam, or river through which wa-
ter can be drawn into an agqueduct.

INTENSITY SCALE  An arbitrary scale to describe the degree of shaking
at a particular place. The scale is not based on measurement but on a
descriptive scale by an experienced observer. Several scales are used (e.g,
the Modified Mercalli scale, the MSK scale) all with grades indicated by
Roman numerals from T to XIL.

INTERNAL EROSION See Piping.

INTRADOS The curved downstream surface of an arch dam.

INUNDATION MAP A map delineating the area that would be inun-
dated in the event of a dam failure.

LEAKAGE Uncontrolled loss of water by flow through a hole or crack.

LENGTH OF RESERVOIR The distance along the thalweg of the valley
forming the reservoir from the dam to the farthest point where the prin-
cipal river or a tributary enters the reservoir,

LEVEE See Dike.

LINING With reference to a canal, tunnel, shaft, or reservoir, a coating
of asphaltic concrete, reinforced or unreinforced concrcte, shoterete,
rubber or plastic to provide watertightness, prevent erosion, reduce fric-
tion, or support the periphery of the structure. May also refer to the lin-
ing, such as steel or concrete, of an outlet pipe or conduit.
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LIVE STORAGE The sum of active and inactive storage volumes. When
there is no inactive storage, e.g., in some irrigation reservoirs, live stor-
age and active storage describe the same storage that is generally termed
live storage.

LOADING CONDITIONS Events to which the dam is exposed, e.g.,
earthquake, flood, gravity loading.

LOWEST POINT OF FOUNDATION The lowest point of the dam
foundation excluding cutoff trenches less than 10 meters wide and iso-
lated pockets of excavation.

LOW-LEVEL OUTLET (BOTTOM OUTLET) An opening at a low
level from the reservoir generally used for emptying or for scouring sedi-
ment and sometimes also for irrigation releases.

MAGNITUDE (see also RICHTER SCALE) A rating of a given earth-
quake independant of the place of observation. It is calculated from
measurements on seismographs and is properly expressed in ordinary
numbers and decimals based on a logarithmic scale. Each higher num-
ber expresses an amount of earthquake energy that is 10 times greater
than expressed by the preceding lower number, e.g., a magnitude 6
earthquake will have 10 times more energy than a magnitude 5.

MASONRY DAM  Any dam constructed mainly of stone, brick, or con-
crete blocks that may or may not be joined with mortar. A dam having
only a masonry facing should not be referred to as a masonry dam.

MAXIMUM CREDIBLE EARTHQUAKE (MCE) The severest earth-
quake that is believed to be possible at the site on the basis of geologic
and seismological evidence. It is determined by regional and local studies
that include a complete review of all historic earthquake data of events
sufficiently nearby to influence the project, all faults in the area, and
attenuations from causative faults to the site.

MAXIMUM CROSS SECTION OF DAM  Cross section of a dam at the
point where the height of the dam is a maximum.

MAXIMUM WATER LEVEL The maximum water level, including the
flood surcharge the dam is designed to withstand.

MEMBRANE (DIAPHRAGM) A sheet or thin zone or facing made of a
flexible impervious material such as asphaltic concrete, plastic concrete,
steel, wood, copper, plastic, ete. A cutoff wall, or core wall, if thin and
flexible is sometimes referred to as a diaphragm wall or diaphragm.

MINIMUM OPERATING LEVEL The lowest level to which the reser-
voir is drawn down under normal operating conditions. The lower limit
of active storage.

MORNING GLORY SPILLWAY See Spillway.

MULTIPLE ARCH DAM See Buttress Dam.

NAPPE The overfalling stream from a weir or spillway.
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NONOVERFLOW DAM (NONSPILL DAM) A dam or section of dam
that is not designed to be overtopped.

NORMAL WATER LEVEL For a reservoir with a fixed overflow sill it is
the lowest crest level of that sill. For a reservoir the outflow from
which is controlled wholly or partly by movable gates, syphons or by
other means, it is the maximum level at the dam to which water may rise
under normal operating conditions, exclusive of any provision for flood
surcharge.

OGEE SPILLWAY See Spillway.

OPERATING BASIS EARTHQUAKE More moderate than the MCE
and may be selected on a probabilistic basis from regional and local geol-
ogy and seismology studies as being likely to occur during the life of the
project. Generally, it is at least as large as earthquakes that have oc-
curred in the seismotectonic province in which the site is located.

ONE-HUNDRED YEAR (100-YEAR) EXCEEDANCE INTERVAL The
flood magnitude expected to be equalled or exceeded on the average of
once in 100 years. It may also be expressed as an exceedance frequency
with a 1% chance of being exceeded in any given year.

OUTLET An opening through which water can be freely discharged for
a particular purpose from a reservoir.

OVERBURDEN All earth materials that naturally overlie rock.

OVERFLOW DAM (OVERTOPPABLE DAM) A dam designed to be
overtopped.

PARAPET WALIL A solid wall built along the top of a dam for ornament,
for the safety of vehicles and pedestrians, or to prevent overtopping.

PEAK FLOW The maximum instantaneous discharge that occurs during
a flood. It is coincident with the peak of a flood hydrograph.

PENSTOCK A pipeline or pressure shaft leading from the headrace or
reservoir to the turbines.

PERVIOUS ZONE A part of the cross section of an embankment dam
comprising material of high permeability.

PHREATIC SURFACE The free surface of groundwater at atmospheric
pressure.

PIEZOMETER An instrument for measuring pore water pressure within
soil, rock, or concrete.

PIPING The progressive development of internal erosion by seepage, ap-
pearing downstream as a hole or seam discharging water that contains
soil particles.

PLUNGE BASIN (PLUNGE POOL) A natural or sometimes artificially
created pool that dissipates the energy of free-falling water. The basin is
located at a safe distance downstream of the structure from which water
is being released.
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PORE PRESSURE The interstitial pressure of water within a mass of
soil, rock, or concrete.

POWER TUNNEL A tunnel carrying water to a hydropower plant.

PRECAST DAM A dam constructed mainly of large precast concrete
blocks or sections.

PRESSURE CELL An instrument for measuring pressure within a mass
of soil, rock, or concrete or at an interface between one and the other.

PRESSURE RELIEF PIPES Pipes used to relieve uplift or pore water
pressure in a dam foundation or in the dam structure.

PRESTRESSED DAM A dam the stability of which depends in part on
the tension in steel wires, cables, or rods that pass through the dam and
that are anchored into the foundation rock.

PROBABILITY The likelihood of an event occurring,

PROBABLE MAXIMUM FLOOD (PMF) The flood that may be ex-
pected from the most severe combination of critical meteorologic and
hydrologic conditions that are possible in the region.
oNE-HALF PMF  That flood with a peak flow equal to one-half of the

peak flow of a probable maximum flood.

PROBABLE MAXIMUM PRECIPITATION (PMP) The maximum
amount and duration of precipitation that can be expected to occuron a
drainage basin.

PUMPED STORAGE RESERVOIR A reservoir filled entirely or mainly
with water pumped from outside its natural drainage area.

RANDOM FILL  Earth or rockfill the grading of which is not specified and
that is placed without treatment just as it comes from the excavation.
REGULATING DAM A dam impounding a reservoir from which water

is released to regulate the flow in a river.

RELIEF WELLS See Drainage Wells.

REREGULATING DAM See Afterbay Dam.

RESERVOIR (MAN-MADE LAKE) An artificial lake, basin, or tank in
which water can be stored.

RESERVOIR AREA The surface area of a reservoir when filled to con-
trolled retention water level.

RESERVOIR ROUTING The computation by which the interrelated ef-
fects of the inflow hydrograph, reservoir storage, and discharge from the
reservoir are evaluated,

RESERVOIR SURFACE The surface of a reservoir at any level.

RICHTER SCALE A scale proposed by C. F. Richter to describe the
magnitude of an earthquake by measurements made in well-defined
conditions and with a given type of seismograph. The zero of the scale is
fixed arbitrarily to fit the smallest recorded earthquakes. The largest re-
corded earthquake magnitudes are near 8.7 and are the result of observa-
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tions and not an arbitrary upper limit like that of the intensity scale (see
Table 5-4),

RIPRAP A layer of large uncoursed stones, broken rock, or precast blocks
placed in random fashion on the upstream slope of an embankment
dam, on a reservoir shore, or on the sides of a channel as a protection
against wave and ice action. Very large riprap sometimes is referred to as
armoring.

RISK The likelihood of adverse consequences.

RISK ASSESSMENT  As applied to dam safety, the process of identifying
the likelihood and consequences of dam failure to provide the basis for
informed decisions on a course of action.

RISK COST (EXPECTED COST OF FAILURE) The product of the risk
and the monetary consequences of failure.

ROCK ANCHOR A steel rod or cable that is placed in a hole bored into
rock and held in position by grout or a steel wedge. Usually the rock
anchor is more than 6 meters long and is finally prestressed.

ROCK BOLT A steel rod usually less than 6 meters long that is placed in
a hole drilled into rock and held in position by grout or a steel wedge.

ROCKFILL DAM See Embankment Dam.

ROLLCRETE A no-slump concrete that can be hauled in dump trucks,
spread with a bulldozer or grader, and compacted with a vibratory
roller.

ROLLED FILL DAM See Embankment Dam.

ROUND HEAD BUTTRESS DAM  See Buttress Dam.

RUBBLE DAM A masonry dam in which the stones are unshaped or
uncoursed.

SADDLE DAM A subsidiary dam of any type constructed across a saddle
or low point on the perimeter of a reservoir.

SADDLE SPILLWAY See Spillway.

SEEPACE The interstitial movement of water that may take place
through a dam, its foundation, or its abutments.

SEEPAGE COLLAR A projecting collar usually of concrete built around
the outside of a pipe, tunnel, or conduit, under an embankment dam, to
lengthen the seepage path along the outer surface of the conduit.

SEISMIC INTENSITY See Intensity Scale.

SEMIPERVIOUS ZONE See¢ Transition Zone.

SHAFT SPILLWAY See Spillway.

SHARP-CRESTED WEIR See Weir.

SHELL (SHOULDER) The upstream and downstream parts of the cross
section of a zoned embankment dam on each side of the core or core wall;
hence the expressions upstream shoulder and downstream shoulder.

SIDE CHANNEL SPILLWAY See Spillway.
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SILL (a) A submerged structure across a river to control the water level
upstream. (b) The crest of a spillway. (¢) The horizontal gate seating,
made of wood, stone, concrete or metal at the invert of any opening or
gap in a structure. Hence the expressions gate sill and stoplog sill.

SLOPE (a) Side of a hill or a mountain. {b) The inclined face of a cutting or
canal or embankment. (¢) Inclination from the horizontal. In the United
States, measured as the ratio of the number of units of the horizontal
distance to the number of corresponding units of the vertical distance.
Used in English for any inclination. Expressed in percent when the slope
is gentle; in this case also termed gradient.

SLOPE PROTECTION The protection of a slope against wave action or
erosion,

SLUICEWAY See Low-Level Outlet.

SLURRY TRENCH A narrow excavation whose sides are supported by a
slurry made of mud, clay, or cement and mud f{illing the excavation.
Sometimes used to describe the cutoff itself.

SOIL-CEMENT A well-compacted mixture of soil, Portland cement,
and water that produces a hard pavement with more or less permanent
cohesion. Used for road building and slope protection.

SOLID HEAD BUTTRESS DAM  See Buttress Dam.

SPILLWAY A structure over or through which flood flows are dis-
charged. If the flow is controlled by gates, it is considered a controlled
spillway; if the elevation of the spillway crest is the only control, it is
considered an uncontrolled spillway.

AUXILIARY SPILLWAY {EMERGENCY SPILLWAY) A secondary spillway de-
signed to operate only during exceptionally large floods.

FUSE PLUG SPILLWAY A form of auxiliary or emergency spillway com-
prising a low embankment or a natural saddle designed to be over-
topped and erroded away during a very rare and exceptionally large
flood.

MORNING GLORY SPILLWAY See Shaft Spillway.

OGEE SPILLWAY (OGEE SECTION) An overflow weir in which in cross sec-
tion the crest, downstream slope, and bucket have an S or ogee form of
curve. The shape is intended to match the underside of the nappe at its
upper extremities.

PRIMARY SPILLWAY (PRINCIPAL SPILLWAY) The principal or first-used
spillway during flood flows.

SADDLE SPILLWAY A spillway constructed at a low saddle on the perime-
ter of a reservoir.

SERVICE SPILLWAY A principal spillway used to regulate reservoir re-
leases additional to or in lieu of the outlet.
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SHAFT SPILLWAY (MORNING GLORY SPILLWAY) A vertical or inclined shaft
into which flood water spills and then is conducted through, under, or
around a dam by means of a conduit or tunnel. If the upper part of the
shaft is splayed out and terminates in a circular horizontal weir, it is
termed a bellmauth or morning glory spillway.

SIDE CHANNEL SPILLWAY A spillway the crest of which is roughly paral-
lel to the channel immediately downstream of the spillway.

siPHON sPILLWAY A spillway with one or more siphons built at crest
level. This type of spillway is sometimes used for providing automatic
surface-level regulation within narrow limits or when considerable
discharge capacity is necessary within a short period of time,

SPILLWAY CHANNEL (SPILL.WAY TUNNEL)} A channel or tunnel
conveying water from the spillway to the river downstream.

SPILLWAY CHUTE A sloping spillway channel.

SPILLWAY DESIGN FLOOD (SDF) The largest flood that a given proj-
ect is designed to pass safely. The reservoir inflow-discharge hydrograph
used to estimate the spillway discharge capacity requirements and corre-
sponding maximum surcharge elevation in the reservoir.

STILLING BASIN A basin constructed so as to dissipate the energy of
fast-flowing water, e.g., from a spillway or bottom outlet, and to protect
the river bed from erosion.

STOPLOGS Large logs or timbers or steel beams placed on top of each
other with their ends held in guides on each side of a channel or conduit
so as to provide a cheaper or more easily handled means of temporary
closure than a bulkhead gate.

STORAGE The retention of water or delay of runoff either by planned
operation, as in a reservoir, or by temporary filling of overflow areas, as
in the progression of a flood crest through a natural stream channel.

STORAGE RESERVOIR A reservoir that is operated with changing wa-
ter level for the purpose of storing and releasing water.

STRUCTURAL HEIGHT The distance between the lowest point in the
excavated foundation (excluding narrow fault zones) and the top of the
dam.

SUBMERGED WEIR See Weir.

SURCHARGE See Flood Surcharge.

TAILRACE The tunnel, channel, or conduit that conveys the discharge
from the turbine to the river; hence the terms tailrace tunnel and tailrace
canal.

TAILWATER LEVEL The level of water in the tailrace at the nearest
free surface to the turbine or in the discharge channel immediately
downstream of the dam.
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THALWEG The line connecting the deepest or lowest points along the
stream valley. Sometimes referred to as “the third of the stream.”

THRUST BLOCK See Block.

TOE OF DAM The junction of the downstream face of a dam with the
ground surface. Also referred to as downstream toe. For an embankment
dam the junction of the upstream face with ground surface is called the
upstream toe.

TOE WEIGHT Additional material placed at the toe of an embankment
dam to increase its stability.

TOP OF DAM  The elevation of the uppermost surface of a dam, usually
a road or walkway, excluding any parapet wall, railings, etc.

TOP THICKNESS (TOP WIDTH) The thickness or width of a dam at
the level of the top of the dam. In general, the term thickness is used for
gravity and arch dams and width is used for other dams.

TRAINING WALL A wall built to confine or guide the flow of water.

TRANSITION ZONE (SEMIPERVIOUS ZONE) A part of the cross sec-
tion of a zoned embankment dam comprising material whose grading is
of intermediate size between that of an impervious zone and that of a
permeable zone.

TRASH RACK A screen comprising metal or reinforced concrete bars lo-
cated in the waterway at an intake so as to prevent the ingress of floating
or submerged debris.

TRIBAR ' A precast concrete shape consisting essentially of three cylinders
connected by beams. They are placed in interlocking patterns and are
effective for high-energy dissipation.

TUNNEL A long underground excavation usually having a uniform cross
section; hence the terms headrace tunnel, pressure tunnel, collecting
tunnel, diversion tunnel, power tunnel, tailrace tunnel, navigation tun-
nel, access tunnel, scour tunnel, drawoff tunnel, and spillway tunnel.

UNDERSEEPAGE The interstitial movement of water through a foun-
dation.

UPLIFT (a) The upward water pressure in the pores of a material (inter-
stitial pressure) or on the base of a structure. (b) An upward force on a
structure caused by frost heave or wind force.

UPSTREAM BLANKET An impervious laver placed on the reservoir
floor upstream of a dam. In the case of an embankment dam the blanket
may be connected to the impermeable element in the dam.

VALVE In general, a device fitted to a pipeline or orifice in which the
closure member is either rotated or moved transversely or longitudinally
in the waterway so as to control or stop the flow.

GUARD VALVE See Guard Cate.
REGULATING VALVE  See Regulating Gate and Energy-Dissipating Valve.
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VOLUME OF DAM The total space occupied by the materials forming
the dam structure computed between abutments and from the top to the
bottom of a dam. No deduction is made for small openings such as gal-
leries, adits, tunnels, and operating chambers within the dam structure.
Portions of power houses, locks, spillway, etc., may be included only if
they are necessary for the structural stability of the dam.

WATERSHED DIVIDE The divide or boundary between catchment
areas (or drainage areas).

WATERSTOP A strip of metal, rubber, or other material used to prevent
leakage through joints between adjacent sections of concrete.

WAVE WALL A solid wall built along the upstream side at the top of a
dam and designed to reflect waves. ‘

WEIGHTING OF A SLOPE (WEIGHTING BERM) Additional mate-
rial placed on the slope of an embankment.

WEIR A low dam or wall built across a stream to raise the upstream wa-
ter level. Termed fixed-crest weir when uncontrolled. A structure built
across a stream or channel for the purpose of measuring flow. Sometimes
described as measuring weir or gauging weir. Types of weir include
broad-crested weir, sharp-crested weir, drowned weir, and submerged
weir.

ZONED EARTHFILL See Embankment Dam.
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ROBERT B. JANSEN (Chairman) is a consulting civil engineer specializing in
the engineering of dams. He has directed the design, construction, and
dam safety programs for both the California Department of Water Re-
sources and the U.S. Bureau of Reclamation. During 1963-1964 he was
chairman of the California State Engineering Board of Inquiry, which in-
vestigated the failure of the Baldwin Hills Dam. In 1976 he was executive
director for the Independent Panel to investigate the Teton Dam failure in
Idaho. Mr. Jansen holds an M.S.C.E. degree from the University of South-
ern California. He was chairman of the U.S. Committee of the Interna-
tional Commission on Large Dams in 1979-1981. Mr. Jansen is the author
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HARL P. ALDRICH is president and cofounder of the consulting enginecring
tirm of Haley and Aldrich, Inc. He has been in charge of geotechnical engi-
neering investigations for more than 1,000 projects, concentrating on the
design and construction aspects of buildings and earth dams. He received a
Sc.D. degree in civil engineering from the Massachusetts Institute of Tech-
nology and taught undergraduate and graduate courses at MIT in soil me-
chanics, foundations, and seepage and groundwater flow. Dr. Aldrich
chaired the earlier National Research Council study on dam safety that
produced the 1977 report A Review of the U.S. Bureau of Reclamation Pro-
gram on the Safety of Existing Dams.
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ROBERT A. BURKS is chief civil engineer for the Southern California Edison
Company, where he is responsible for all civil engineering performed for
and by the company. He is also responsible for the surveillance of the com-
pany’s 33 major dams. He received a B.E. and a M.S. degree in civil engi-
neering from the University of Southern California and is a registered pro-
fessional engineer in five states. Mr. Burks has worked for the U.S. Army
Corps of Engineers and the California Department of Water Resources. He
is a member of the U.S. Committee on Large Dams.

CLIFFORD J. CORTRIGHT holds a B.S.C.E. degree from North Dakota Staie
University and is a consulting civil engineer specializing in engineering for
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agencies concerning dam safety. He holds a B.S. degree in civil engineering
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Army Corps of Engineers and the U.S. Naval Civil Engineer Corps. In his
career Mr. Doody has held various positions involved in the design of mul-
tipurpose reservoir projects, including concrete dams and tunnels; earth-
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is a registered civil engineer in California, a fellow of the American Society
of Civil Engineers, and a member of the U.S. Committee on Large Dams.

JACOB H. DOUMA has extensive experience in the hydraulic design divisions
of both the U.S. Bureau of Reclamation and the U.S. Army Corps of Engi-
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Douma is a member of the National Academy of Engineering, the Interna-
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JOSEPH J. ELLAM is chief of the Division of Dam Safety of the Pennsylvania
Department of Environmental Resources. He is responsible for administer-
ing the Pennsylvania dam safety program and supervises the review of the
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design and construction of new dams and the inspection program for exist-
ing dams in Pennsylvania. Mr. Ellam received a B.S. degree in civil engi-
neering from the University of Notre Dame and holds an M.S. degree in
government administration. He is a member of the U.S. Committee on
Large Dams and the USCOLD Committee on Maintenance Operation and
Public Safety. He was also a member of the earlier National Research
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Dams.
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DAN R. LAWRENCE received a B.S.C.E. degree from Utah State University
and has had 14 years” experience in state-level dam safety engineering ac-
tivities. He currently serves as chief of the Division of Safety of Dams of the
Arizona Department of Water Resources. Mr. Lawrence is a registered
professional engineer in Arizona, California, and Utah and is a member of
the U.S. Committee on Large Dams.
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ROBERT J. LEVETT has worked for 25 years in the hydraulics and structural
engineering departments of Niagara Mchawk Power Corporation and has
been involved in calculations of maximum and design flood potentials,
spillway capacities, and the stability of structures at various hydro sta-
tions. He holds a B.S. in civil engineering from the Drexel Institute of
Technology.

ARTHUR G. STRASSBURGER is with Pacific Gas and FElectric Company,
where he is presently project manager for the Helms Pumped Storage Proj-
ect. He has 30 years’ experience with Pacific Gas and Electric in the hydro-
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of papers on dam rehabilitation and safety. Mr. Strassburger is a member
of the U.S. Committee on Large Dams Executive Committee and has par-
ticipated in several committees of the National Research Council, ASCE,
EPRI, and EEL. He holds a B.S.C.E. degree from the University of Wis-
consin, Madison.

BRUCE A. TSCHANTZ is a professor of civil engineering at the University of
Tennessee. In 1980, on leave for one year from the university, he was chief
of federal dam safety for FEMA. He holds a Sc.D. degree in civil engineer-
ing from New Mexico State University. From 1977 to 1979, Dr. Tschantz
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principal expertise is in dam safety, flood plain management, and the hy-
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tute of Technology. He holds a Ph.D. degree in civil engineering from MIT
and organized MIT’s Risk and Decisions in Geotechnical Engineering
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pal expertise is in risk analysis of dams and other structures. Dr. Van-
marcke was a committee member on the 1977 National Research Council
study of dam safety. He is the author of Random Fields: Analysis and Syn-
thesis and the editor of The Journal of Structural Sefety.

HOMER B. WILLIS is a consulting engineer in private practice. He holds a
B.S. degree in civil engineering from Ohio University. In over 38 years as
an employee of the U.S. Army Corps of Engineers, he was involved in
many aspects of engineering for dams. In his last assignment with the
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Corps (1973-1979) he directed the technical engineering activities for the
Civil Works program for the development of water resources, including the
nationwide program for inspection of nonfederal dams.

Technical Consultant

CHARLES F. CORNS is a consulting engineer specializing in dam safety and
the structural engineering of all types of water resource projects. He holds a
B.S. degree in civil engineering from Akron University. In January 1977 he
retired from the U.S. Army Corps of Engineers, where he had been the
chief structural engineer for the National Water Resources Development
Program (civil works). Mr. Corns also served as the techniecal consultant for
a previous National Research Council study of dam safety.
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GEORGE L. BUCHANAN is chief of the Civil Engineering and Design Branch
of the Tennessee Valley Authority. His principal work there has been in
design and related areas of Tennessee Valley Authority’s hydroelectric pro-
gram. In addition to being a registered engineer in Tennessee, he is a mem-
ber of the U.S, Committee on Large Dams and serves as Tennessee Valley
Authority’s representative to the Federal Emergency Management Agency/
Interagency Committee on Dam Safety concerned with federal dam safety.
Previously, he was a member of the FCCSET/ICODS group during the
development of federal guidclines for dam safety and was chairman of the
Subcommittee on Site Investigation and Design.

CATALINO B, CECILIO is a senior civil engineer in charge of the hydrologic
engineering group in the Civil Engineering Department of the Pacific Gas
and Electric Company in San Francisco, California. He holds a B.S. degree
in civil engineering and is registered as a professional engineer in the state
of California. His job responsibilities and work experience since 1969 with
Pacific Gas and Electric, which owns some 200 dams, has been in the hy-
draulics and hydrology of dam safety, with principal expertise on design
floods up to and including the probable maximum flood and dam break
analysis. His expertise includes flood plain evaluation and the impact on
the hydrolegic environment of plant construction. He is principal codeve-
loper of the ANS 2.8 American National Standards for Determining Design
Basis Flooding at Power Reactor Sites, first issued in 1976 by the American
National Standard Institute and revised in 1981.
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LLEWELLYN L. CROSS, JR., is the chief hydrolegist for Chas. T. Main, Inc.,
in charge of all hydrometeorological and related work. He has over 30
years of experience in hydrologic and hydrometeorological studies and de-
signs. Mr. Cross holds a B.S. in civil engineering from Tufts University and
is a member of the U.S. Committee on Large Dams and of the USCOLD
Committee on Hydraulics of Spillways. At Chas. T. Main, Inc., he is re-
sponsible for hydrologic studies integral to the determination of spillway
design floods, diversion floods, and reservoir yield studies for hydroelectric
projects in the United States and abroad.
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specialist at North Carolina State University and holds a B.S. degree in civil
engineering from the University of South Carolina and an M.C.E. from
North Carolina State University. As a consultant, he has provided struc-
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struction industry. He is a registered professional engineer in North and
South Carolina.
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participated in studies of the New Melones, Warm Springs, Wolf Creek,
Henshaw, Birch, and Arcadie dams.

LLOYD C. FOWLER is gencral manager and chief engineer at the Goleta Wa-
ter District, Goleta, California. He was with the Santa Clara Valley Water
District for 17 years and supervised the operation and maintenance of §
earth dams, including analyses for seismic stability. Mr. Fowler received
his M.S. in civil engineering and the professional degree of civil enginecr
from the University of California. He has over 30 years’ experience in irri-
gation, hydraulics, flood control, water supply, and river control works.
Presently, he is also president of the Institute for Water Resources of the
American Public Works Association.
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U.S. Army Corps of Engineers. His expertise involves hydraulic design, hy-
drologic engineering, and water control and guality. He received his B.S.
in civil engineering at Montana State University and his M.S. in civil engi-
neering at Catholic University. He is a registered professional engineer,
State of Montana, and a member of USCOLD.

JOSEPH 8. HAUGH is national planning engineer with the U.S. Department
of Agriculture’s Soil Conservation Service. He has worked at the USDA’s
national headquarters since 1973, with groups such as ICODS, and has
served a one-year detail to the Water Resources Council on the develop-
ment of principles and standards for water resource planning. His positions
have encompassed engineering, planning, and design and construction for
the Soil Conservation Service in West Virginia, Wisconsin, Kentucky, and
South Carolina. Mr. Haugh holds a B.S.C.E. from West Virginia Univer-
sity and is a registered professional engineer in South Carolina.

DAVID S. LOUIE is senior associate and chief hydraulic engineer at Harza
Engineering Company in Chicago, Illinois. He has been with Harza since
1950, Since 1967 he has been responsible for quality control of all aspects of
work relating to complex problems in hydromechanics, hydraulic tran-
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Mr. Louie is also the in-house consultant on all major hydraulic problems.
He holds an Se¢.D. in hydraulic engineering from Massachusetts Institute of
Technology.

J. DAVID LYTLE is chief of the Instrumentation and Evaluation Section,
U.S. Army Corps of Engineers, St. Louis district, where he is responsible
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consulting engineer, Dr. McCann has participated in a number of projects
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involving the assessment of risk associated with nuclear power plants and
dams. He has participated in the critical review of probabilistic safety stud-
ies for nuclear power plants in the area of seismic and flood risk analysis.
His current research work involves investigating the attenuation and
sources of variability of strong ground motion.

JEROME M. RAPHAEL is a consulting civil engineer specializing in dams and
is a professor emeritus of civil engineering of the University of California at
Berkeley. Previous to this, he served as a structural engineer on dams with
the U.8. Army Corps of Engineers and with the U.S. Bureau of Reclama-
tion. He holds an $.M. degree from Massachusetts Institute of Technology.
He was an editor of the U.S. Bureau of Reclamation’s Design Manual and is
a member of its panel on criteria for the design of concrete dams. In addi-
tion to consulting on the design and analysis of concrete dams, Mr. Raphael
has worked on problems of structural behavior, concrete technology, and
temperature control. For many years he taught a graduate course on the
design and analysis of concrete dams. He was chairman of the American
Concrete Institute’s Committee on Mass Concrete and of its Committee on
Creep and Shrinkage and is a member of USCOLD’s Committee on Con-
crete and of its Committec on Instrumentation. Mr. Raphael has partici-
pated in a number of investigations on the safety of existing dams to deter-
mine their safety under static and seismic loads and is the author of over
120 publications on the technology of dams.

HARESH SHAH is a professor of structural engineering and the director of the
John A. Blume Earthquake Engineering Center at Stanford University. His
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Licensing of the Federal Energy Regulatory Commission in Washington,
D.C. Mr. Thomas’s responsibilities include planning and coordination of
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technical direction and control of the Inspections Branch in establishing
standards for inspection of licensed hydroelectric projects. He is also re-
sponsible for the overall monitoring of project construction and operation,
with special emphasis on compliance with the Commission’s Dam Safety
Program. Mr. Thomas is FERC’s representative to the Interagency Com-
mittee on Dam Safety. He holds an M.S. in geology from the University of
Arkansas.
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Design at the U.S. Bureau of Reclamation. He holds a B.S. in civil engi-
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ysis of Auburn Dam’s foundation. Mr. Von Thun is a member of the Stan-
ford University advisory board on the risk analysis dam safety study being
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Science’s panel on seismic hazards in the siting of eritical facilities and of
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ates, Consulting Geotechnical Engineers. For 11 years he has heen respon-
sible for the direction and management of the technical activities of the
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sultation, and evaluation in seismic regions of the world. During his 31-
year career in water resources and mine and mill waste disposal engineer-
ing, Mr. Wulff has specialized in the planning, design, evaluation, and
construction aspects of earth dams and mine and mill waste impound-
ments, He previously held a position with the California Department of
Water Resources as their first chief of Earth Dams Design and was directly
in charge of the designs of most major dams of the California State Water
Project, including Oroville Dam, the highest earthfill dam in the world at
the time of its completion in 1967, and some 15 others. Mr. Wulff has been
a member of U.S. Committee on Large Dams since 1966 and has coau-
thored numerous technical articles and papers. He received his B.S. in civil
engineering from the University of Nevada and continued with postgradu-
ate studies in soil mechanics and earthquake engineering at the University
of California at Berkeley and Sacramento State College.
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A

abutments, 189
defects, 218
defined, 308-310
deformation, 196-200
leakage, 189, 166
piping, 13
seepage, 189, 196
sliding, 13, 17
accelerograms, 171, 172 (figure), 176 (see
also earthquakes, acceleration)
aceidents (see dam accidents)
adit, defined, 310
aeolian soils, 160-161 (figure), 166
aerial photography, 23, 68-69
afterbay dam, defined, 310 (see aiso
Drum Afterbay Dam}
age of dam
dam incidents, 4-5, 7 (figure), 18-20
hazard rating criteria, 51 (table)
A-horizon soils, 158
Alabama (see Logan Martin Dam;
Walter F. George Dam)
Alaska (see Granite Creek Damj)
alkali-aggregate reactions, 18-19, 202~
203, 208
alluvial (fluvial) soils, 163-165
Ambursen dam {flat slab dam), 185
(figure), 312 {see also buttress
dams)
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amphibolite, 136
strength, 140 (table}
anchor block {see block)
anhydrite, 136
defects, 143 (table)
strength, 140 (table)
animal damage, 251 (see also rodent
damage)
antecedent reservoir level, 97
Apishapa Dam, Colorado, 76 {figure)
appurtenant structures
corrosion, 19
defects, 260-263 (table)
defined, 259, 310
evaluation matrix, 260~263 (table)
remedial measures, 260~263 (table}
(see also diversion works; gates;
outlet works; spillways; trash
racks)
aqueduct, defined, 310
arch dams, 185-187
abutments, 189
accidents, 12 (table)
defined, 310-311
earthquake loading, 177
extrados, 196~197, 315
failures, 9 (figure), 12 (table)
stability analysis, 205
thrust, 189, 196 {figure), 197
(see also Malpasset Dam, France;
multiple arch dams)
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Arizona (see Daggs Dam)
ash, 136
defects, 143 (table)

asphalt linings, 145, 229-230, 232

asphaltic concrete, 215-216, 228-229

asphaltic sturry walls, 244

Austria (see Eberlaste Dam)

autematic warning systems, dam failure,
279 (see also emergency action
plans)

average exceedance interval (AEI), 53

axis of dam, defined, 311

B

backwater curve, defined, 311
Baldwin Hills Dam, California, 76
(figure), 145, 148 (figure)
bank storage (see storage)
basalt, 136
defects, 143 (table}
strength, 140 (table)
base of dam
flow, 94, 96
width, defined, 311
batter, defined, 311
beam and cautilever method, gravity
dam analysis, 204-205
Bearwallow Dam, 163
bedding planes, 141, 144, 189
bentonite, 229
grout curtain, 237
reservoir seepage correction, 273
slurry, 230, 239, 240 (figure), 242-244
berm
defined, 311
seepage control, 235-236
B-horizon soils, 158-159
blanket
defined, 311
drainage, 311
grouting, 312
impervious zone, 237
upstream, 311
block, defined, 311
Brazil (see Oros Dam)
breccia, 134
Buffalo Creek Dam, West Virginia, 78
{figure)

Index

buttress dams, 185 (figure)
accidents, 12 (table)
defined, 312
failure, 9 (figure}, 12 (table)
{see also Ambursen dam; gravity dams;
multiple arch dam)
buttressing rock, 199

C

California
concrete gravity dam, abutments,
199-201
concrete gravity dam, strengths, 208
risk assessment, index-based proce-
dures, 49
(see also Baldwin Hills Dam; Drum
Afterbay Dam; Hell Hole Dam;
Henshaw Dam; Nacimiento Dam;
Pacoima Dam; Pilacritos Dam;
Rush Meadows Dam; San Fernando
Valley dams; Sun Leandro Dam;
San Luis Dam; San Pablo Dam;
Santa Felicia Dam; Spaulding
Dam, St. Francis Dam)
camber, 58, 229 (see also freeboard)
carbonate rocks, 134-135
Castlewood Dam, Colorado, 76 (figure)
cavitation, 201-202
conduits, 266
gate areas, 269
channel routing, 95-97, 102-103, 104
{table), 105, 196
chert, 145, 147
C-horizon soils, 158-159, 162
civil defense
emergency notification of officials,
36-37
evacuation plans, 37
(see also Defense Civil Preparedness
Ageney)
clay
dispersive, 167, 169
linings, 228-229, 275
claystone, 136-137
defects, 143 (table)
strength, 140 (table)
Claytor Dam, Virginia, 200
Clemson Lower Diversion Dam, South
Carolina, 243
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cofferdams, defined, 312 (see also Union-
town Cofterdam)
colluvial soils, 165-166
Colorado (see Apishapa Dam; Castlewood
Darmn; Mt. Elbert Forebay Reser-
voir; Schaeffer Dam)
concrete
density, 202, 210
lift, defined, 312
linings, 228-229
quality, 201-204
steel-fiber, 204
strength, 202, 206, 210
{see also asphaltic concrete; rollcrete;
shotcrete)
conerete and masonry dams
accidents, 11-12 (tables)
alkali-aggregate reactions, 18-19, 202
203, 208
causes of defects, 190-195 (table), 280-
281 {table)
cracks, 19
deterioration, 201-203
earthquakeloading, 177
earthquakes, 206-207
evaluation matrix, 190-195 (table)
failures, 6-10 (figures), 11-12 (tables)
instrumentation monitoring, 270, 280
281 (table), 282-284, 305, 306
{figure)
remedial measures, 188-189, 190-195
(table)
types, 183-188
(see also arch dams; buttress dams;
gravity dams)
Condit Dam, Washington, 208-210
conduits
corrosion, 267
defective, 218, 261 (table), 266-268
defined, 312
piping, 234
conglonieraterocks, 134, 137
defects, 143 (table}
strength, 140 {table)
consolidation grouting (see blanket,
grouting)
construction
data, 27
faulty, 11-12 {table), 18
materials for emergency repairs, 38
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Corbara Dam, Italy, 203
core, defined, 312
costs
construction/direct, 63, 66 (figure), 69
(table)
risk costs, 45-47, 65, 66 (figure), 69
{table)
total expected, 65, 66 {figure), 69 (Lable)
costs of remedial measures, 55-56
Creager formula, 73-75
crest of dam, defined, 313
crib dams, defined, 313 (see also timber
crib dams)
“crown” effect, 58
crystalline rocks, 159, 162
culvert, defined, 313
curtains (see blanket; drainage wells;
grouting, curtain)
cutoff trench, 163, 235-237
defined, 313

D

Daggs Dam, Arizona, 234
dam accidents
causes, 11-12 (tables)
defined, 11 (tablc)
dam break analyses, 32-33, 100-103, 104
(table), 105, 129131
dam failures
ageof dam, 4-5, 7 (figure), 18-20
chemical action, 19
concrete and masonry dams, 5, 6-10
{figures), 11-12 (tables)
cracking of concrete, 19
defined, 302
deformation, 11-12 (tables), 17
deterioration, 11-12 (tables), 17-18
“domino effect,” 33
earthfilt dams, 5, 6-10 (figures), 14-16
(tables)
flood flow formulas, 75-77
flow erosion, 11-12 (tables)
foundation defects, 6-7 (figures), 11-12
(tables)
gate, 11-12 (tables), 18
height of dam, 5, § (figure), 57
ICOLD surveys, 5, 6-10 (figures),
11-12 (tables), 18
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modes, 7-16 (tables), 17-18, 32-33,
46-47,51-52 ‘
overtopping, 5, 6-7 (figures), 10, 11-12
(tables), 14 {table)
peak discharges, 76 (figure), 78 (figure)
piping and seepage, 5, 6-7 (figures),
11-12 (tables}
probability, 5, 10 (figure)
“triggering” cause, 6-9, 11-12 (tables),
14
typeof dam, 5, 9-10 (figures), [1-12
(kables)
USCOLD surveys, 5-6, 11-12 (tables),
18
Dam Safcty Program {see National Dam
Inspection Act)
dam size classification, 82 (table)
dams
Apishapa Dam, Colorade, 76 (figure)
Baldwin Hills Dam, California, 76
(ligure), 145, 148 (figure)
Bearwallow Dam, 163
Buffalo Creek Dam, West Virginia, 78
(figure)
Castlewood Dam, Colorado, 76 (figure)
Claytor Dam, Virginia, 200
Clemson Lower Diversion Dam, South
Carolina, 243
Condit Dam, Washington, 209-210
Corbara Dam, Ttaly, 203
Duaggs Dam, Arizona, 234
Drum Afterbay Dam, California,
202-203
Dworshak Dam, Idaho, 200-201, 204
Fherlaste Dam, Austria, 243
El Infiernillo Dam, 303, 305 (figure)
Granite Creek Dam, Alaska, 76 (Hgure)
Gwinnett County Dam, Georgia, 33
Hatchtown Dam, Utah, 76 (figure)
Hebgen Dam, Montana, 18
Helena Valley Dam, Montana, 164
{Hgure)
Hell Hole Dam, California, 76 (figure)
Henshaw Dam, California, 227
Indiantown Reservoir, Florida, 239,
240 (figurc)
Island Park Dam, Idaho, 62-65, 66
(figure), 67
Jackson Lake Dam, 60-61, 62-63
(figures)

Index

Johnstown Dam, Pennsylvania, 78
(figure)

KortesDam, Wyoming, 199

Koyna Dam, India, 206-207

Kranji Dam, Singapore, 243

Laguna Dam, Mexico, 243

Laurel Run Dam, Pennsvlvania, 78 {tigure)

Libby Dam, Montana, 204

Little Deer Creek Dam, Utah, 76
(figure)

Logan Martin Dam, Alabama, 145, 147

Malpasset Dam, France, 77,78 (figure),
148, 149 (figurc), 196

Mohicanville Dam, Ohic, 229

Mt. Elbert Forebay Reservoir, Colorado,
239, 241

Nacimiento Dam, California, 265

Oahe Dam, South Dakota, 166

Oros Dam, Brazil, 76 (figure)

Pacoima Dam, California, 207

Pilacritos Dam, California, 219

Razaza Dam, Traq, 242-243

Rush Meadows Dam, California, 203

San Fernando Valley Dam, California,
18, 219

San Leandro Dam, California, 227

San Luis Dam, California, 219, 255

San Pablo Dam, California, 227

Santa Felicia Dam, California, 266

Schaeffer Dam, Colorado, 76 (figure),
78 (figure)

Sheffield Dam, California, 219

Spaulding Dam, California, 210-211

St. Francis Dam, California, 76 (figure),
78 {figure), 134

Swift Dam, Montana, 76 (figure), 78
{figure)

Table Rock Dam, 289 (figure)

Teton Dam, Idaho, 8, 31, 76 (figure),
78 (figure), 148

Two Medicine Dam, Montana, 76
(figure)

Uniontown Cofferdam, Ohio, 150

Vaiont Reservoir/Dam, Italy, 272, 273
(figure)

Waco Dam, Texas, 144-145, 146-147
{figures), 300-301 {figures)

Walter F. George Dam, Alabama, 243

Willow Creek Dam, Montana, 67-68, 69
(table)
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Willow Creck Dain, Oregon, 209
Wolf Creck Dam, Kentucky, 243
data collection and analysis
concrete and masonry dams, 305-306
(table)
embankment dams, 209-301 (figurces),
302, 303 (figure), 304 (table), 305
(frgure)
decision analysis, 41-42
categories of dams, 44-45
criteria confliets, 45
“do nothing” approach, 43, 56
“nonterminal” decisions, 44
“reference alternative,” 43, 56
“terminal” decisions, 44
Defense Civil Preparedness Agency's
National Warning System
INAWAS), 36
detormation
abutments, 196-200
dam incidents, 11-12 (tables), 17
measurements, 295 (table)
{see also modulus of deformation)
degree-day method, snowmelt flood
analysis, 94
design
data, 26-27, 72
standards, 56
deterioration
dam incidents, 11-12 {tables), 17-18
instrumentation monitoring, 284
diabase, 137
defects, 143 (table)
strength, 140 (table)
diaphragm earth dams, 215
dike, defined, 313
discharge capacity, increasing, 106-107,
108 (figure) (see also floods and
flooding, peak discharges)
dispersive clays, 167, 169
“ditch” method, slurry wall construction,
242
diversion works, 259, 310, 314 {sce also
upstream, diversion facilities)
Duieper Power Station, 245-246
Dniester Power Development, 246
dolerite, 137
dolomite, 134, 135 (figure), 137
defects, 143 (table)
strength, 140 (table)
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dolosse, defined, 314
“domino effect” (see dam failures,
“domino effect”)
downstream development, 4, 106107,
110-111
dam design standards, 79--80
flood flow formulas, 77
hazard potential, 28
drainage
areas, delined, 314
blankets, 228-229, 237, 314
galleries, 197, 201
systems, instrumentation monitoring,
282
wells, 13, 237, 314
zomes, 213-214
drains
cleaning, 207
defective, 247--248, 262 (table), 269
finger, 315
toe, 237
{se¢ also trench drains}
drawdown, defined, 314 (see also rapid
drawdown)
Drum Afterbay Darm, California, 202-203
dunes, 160-161 (figure), 166
Dworshak Dam, Idaho, 200-201, 204

E

earthfill dams
causes of defects, 280-281 (table)
defined, 314
diaphragm earthfill dams, 215
displacements, 303 (Iigure}
earthquake loading, 177-178
foundation requirements, 217
homogeneous, 213-214, 235-236, 314
hydraulic fill dams, 214, 314
instrumentation monitoring, 304 (table)
remedial measures, 228-229
stonewall-earth dams, 215
zoned, 214-215, 235, 315
(se¢ also embankment dams)
earthquakes
abutment deformation, 198-199
acceleration, £71, 173, 174 (table), 175
(figure), 176 (table), 177, 255
appurtenant structures, 270-271



344

attenuation, 179, 180 (figure)
concrete and masonry dams, 206-207
dam effects, 173, 175
epicenter, 171, 180 (figure), 315
instability, 11 (table), 18
Koyna, India (1967}, 206-207
loading conditions, 253, 254 (table),
255-256
Madison Valley, Montana (1959}, 18
magnitude, 171, 174-181
maximum credible earthquake {MCE),
173, 176 (table), 179, 320
operating basis earthquake (OBE), 173,
176 (table), 179, 321
reservoir-induced, 177, 274, 289, 294
Richter scale, 309
risk assessment, 54-55
San Fernando Valley, California {1971},
18, 207, 219
San Francisco, California (1906), 169
San Leandro Dam, California, 227
(see also headings beginning with the
word seismic)
Eberlaste Dam, Austria, 243
El Infiernillo Dam, 303, 305 (figure)
embankment-abutment contact, 230-231
embankment dams
accidents, 11 (table)
classification, 213
“erown” effect, 58
defects, 218-219, 220-226 (table), 227
defined, 314-315
drains, 247-248
evaluation matrix, 220-226 (table)
failures, 6-10 {(figures), 11 {table), 14-16
{tables)
flow crosion, 11 {table), 12
foundations, 16 (table), 217-218
instrumentation menitoring, 28(-281
(table), 284-287, 299, 301
(Figures), 302, 303 (figures), 304
(table}, 305 {figure)
leveling the top, 58
overtopping, 14 {tahle), 58, 245
piping and seepage, 12-13, 15-16
(table)
remedial measures, 218, 220-226 {table)
stability analysis, 228, 251-257
structural falures, 16 (table)
types, 213-217

Index

emergency action plans, 35
defined, 315
guidelines, 31-32, 129-131
news releases, 37
notification plans, 36-37, 39
remedial measures, 59-60
time available for response, 35
emergency potential, evaluation, 32-39
emergency repairs, 38
emergency spillway (see spillways)
Emerson Crumb test, dispersive clays, 169
energy-budget method, snowmelt flood
analysis, 94
epicenter, 171, 180 (figure), 207, 315
epoxy
coatings, 196, 201-202, 210, 266
facings, 203
mortar, 204
erosion
appurtenant structures, 269-270
dam defects, causes of, 262-263 (table)
dispersive clays, 167, 169
flow, 11-12 (tables)
toe, 14 (table)
wave action, 13, 14 (table), 230-231
(see also cavitation; headeutting; slope
erosion)
evacuation plans, 37-38
inundation maps, 33
notification of personnel, 39
exceedance interval, defined, 100-year,
84 (table)
(see also average exceedance interval)
extrados, arch dams, 196-197, 315
extrusive rocks, 133

F

Faber inflatable dam, 109
facings
concrete, 228
defined, 315
gunite membrane, 244
rockfill dams, 215-217, 244-245
steel-reinforced, 265
synthetic materials, 203
timber, 216, 244-245
factors of safety, loading conditions, 253,
254 (table), 257
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failures (see dam fatlures)
faults, 141, 144
abutment areas, 189
San Francisco earthquake (1906), 169
(see also earthquakes)
Federal Emergency Management Agency
(FEMA), 2-3, 32
fetch, defined, 315
fibrous conerete (see conetete, steel-fiber)
filters, defined, 315
finite element method, stability analysis,
205, 210
flashboards, 109, 210, 315-316
flat slab dam (see Ambursen dam)
flooding
floed plain management, 60, 316
flood surcharge, defined, 316
flood wall, defined, 316
hydrographs, 90-91, 319
land, permission to flood, 275
loading, 205-206
peak discharges, historical and regional
comparisons, 73, 74 (figure), 75
probability, 53-54
risk assessment, 53-54
routing, defined, 316
snowmelt, 93-94
studies, sources of, 72
U.S. historical records, 53-54 (see also
average exceedance interval;
channel routing; dam failures;
hydrographs; inundation maps;
probable maximum flood; spillway
design flood)
Florida {see Martin County Power Plant
Cooling Pond Dike)
flows
defect detection, means of, 280-281
(table)
erosion, 11-12 (tables)
meters, 295 (table)
flumes, 293 (figure), 295 (table)
fluvial soils (see alluvial soils)
focus (hypocenter), 316
foliation planes, 141, 144
foundation
defined, 316
embankment dams, 217, 219, 222
{table), 227
treatments, 217-218
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foundation-embankment interface, 218,
248-249
foundation failures, 132
earth dams, 16 (table)
leakage, 6-7 (figure), 11-12 (tables)
slides, 13, 16 (table), 17
fracture, defined, 144
France (see Malpasset Dam)
freeboard, 99-100, 229, 249
defined, 316
parapets, 247
freeze-thaw action
abutment deformation, 198
concrete deterioration, 18-19, 202
reservoir damage, 275-277
fuse plug spiltways, 57, 108 (figure), 324

G

gabions, 199, 231, 238, 247, 316
galleries, 199, 317 {see also drainage,
galleries)
gates
defective, 218, 260-262 (table), 268-270
defined, 317-318
failures, 11-12 (tables), 18
(see also spillways)
Georgia (see Gwinnett County Diarm)
geotextiles, 231-232, 237-239, 240
(tigure), 241
glacial soils, 160-161 (figure}, 166-167
gneiss, 137
defects, 143 (table}
strength, 140 (table)
grain size, 152 (figure) {see also soil
classification, textural)
granite, 137
defects, 143 (table)
strength, 140 (table)
Granite Creek Dam, Alaska, 76 {figure)
gravity dams, 183-188
abutments, 189, 199-200
accidents, 12 {table)
beam and cantilever method, 204-205
bedding planes, 189
defined, 318
earthquake loading, 177
failures, 5, 9 (figure), 12 (table)
foundation, 135 (figure)



346

gravity method, 204-205
stability analysis, 204-206
trial-load twist analysis, 204-205
gravity-transported soils, 165-166
groin, defined, 318
ground motion analyses, 171-181
(see also seismie, zones)
grout curtains, 19, 237, 249
grouting, 196, 199-200
blanket, 312
consolidation, 312
contact, 312
curtain, defined, 313
foundation seepage, 237
reservoir seepage, 275
gunite, 202
facings, 216, 244
parapet walls, 247
Gwinnett County Dam, Georgia, 33
gypsum, 135, 137
defects, 143 (table)

H

Hatchtown Dam, Utah, 76 (figure)
hazard, defined, 318
hazard mitigation, 42, 48, 106~110
hazard potential
classification, 4, 31
downstream development, 28
evaluation, 32-33, 35
inundation maps, 33, 34 {figure), 35
headeutting, 67-68 (see also erosion)
headrace, defined, 318
headwater
estimates, 206
level, 318
Hebgen Dam, Montana, 18
heel of dam, 318
height of dam
dam failures, relationship, 5, 8 (figure),
57
defined, 318-319
Helena Valley Dam, Montana, 164
(figure)
Hell Hole Dam, California, 76 (figure)
Henshaw Dam, California, 227
hoists, defective, 260 (table), 268-269

Index

homogeneous earthfill dams, 213-214

defined, 314

seepage control, 235-236

settlement, 229-230

transverse cracking, 235-236
hydraulic fill dams, 214, 314
hydrograph

defined, 319

flood, 90-91, 319

unit, 95-96

I

ice, 275-277
Idaho risk assessment of dams, 49 (see also
Dworshak Dam; Island Park Dam;
Teton Dam)
igneous rocks, 132-133
impervious core rockfill dams, 216~-217
incidents (see dam accidents; dam
failures)
inclinometers, 286, 295 (table), 319
independent arch theory, 205
India (see Koyna Dam)
Indiantown Reservoir, Florida, 239, 240
(figure)
inflow design flood (IDF), 62, 65--66,
65-69
“infection method,” slurry wall construc-
tion, 242
inspeetion programs
frequency, 20-21, 23, 38, 59
informal observations, 20, 23-24
maintenance inspections, 20, 23
need for additional investigations,
29-31
records development, 25
safety site inspections, 28
technical inspections, 20-23
types of inspections, 20
{see also maintenance programs;
monitoring programs; National
Dam Inspection Program)
instrumentation, 278-279
data collection and analysis, 209-301
(Higures), 302, 303 (Hgure), 304
(table), 303 {figure)
geotechnical, 295 (table)
installation methods, 295, 297-298
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manufacturers, 205-297 (tables)
suppliers, 295297 (tables)
types of, 204-295
{see also monitoring programs)
intensity scale, defined, 319 (se¢ also
Mercalli intensity scale)
Interagency Committee on Dam Safety
(ICODS), 32
International Cornmission on Large Dams
(ICOLDY), dam incidents survey,
5, 6-10 (figures), 18
intrados, defined, 319
inundation maps, 33
classification of areas, 33, 35
defined, 319
emergeney action plans, 129
remedial measures, 60
risk assessment, 47
sample, 34 (figurc)
Iraq (see Razaza Dam}
Island Park Dam, Idaho, 62-65, 66
(figure), 67
Ttaly (see Corbara Dam; Vaiont
Reservoir/Dam)

I

Jackson Lake Dam, 60-61, 62-63 (figures)
Johnstown Dam, Pennsylvania, 78 (figure)
joints, 141, 144-145

defect measurements, 280281 {table)

K

karst, 135, 145

Kentucky (see Wolf Creek Dam)
Kortes Dam, Wyoming, 199
Koyna Darn, India, 206-207
Kranji Dam, Singapore, 243

L

Laguna Dam, Mexico, 243
landslides (see slides and sliding)
Laurel Run Dam, Pennsylvania, 78
(Figure)
leakage
abutment, 189, 196
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defined, 319
foundation, 11-12 (tables), 13
instrumentation monitoring, 282, 284
285
{see also piping; scepage)
Libby Dam, Montana, 204
limestone, 134-135, 137
defects, 143 (table)
strength, 140 {table)
linings
asphalt, 145
asphaltic concrete, 228-220
clay, 228-229
concrete, 228-229
defined, 319
membrane, 239, 241
polyvinylchloride (PVC}, 275
vegetated, 264
liquefaction
earthquake loading, 60-61, 62 (figure)
foundation during earthquakes, 55
Little Deer Creek Dam, Utah, 76 (figure)
loading conditions
concrete dams, 205 (figure)
defined, 320
hydrologic load, 46
risk assessment factor, 46-47
safety factors, 204
seismic loading, 46
static reservoir load, 46
loam, 152, 153 (figure}
loess, 160-161 (figure), 166
log booms, 265
Logan Martin Dam, Alabama, 145, 147
loss rates, 94

M

maintenance programs, 24-25 (see also
inspection programs, maintenance
programs)
Malpasset Dam, France, 77, 78 (figure),
148, 149 (figure), 196
maps, sources, 169 {see also inundation
maps)
marble, 135
marl, 137, 160-161 (figure)
defects, 143 (table)
strength, 140 (table)
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Martin County Power Plant Cooling Pond
Dike, Florida, 243-244

Martin-Marietta Sodyeco Chemical Plant
Waste Lagoon Dike, North
Carolina, 244

masonry dams (see concrete and masonry
dams)

maximum credible earthquake (MCE),
173, 176 (table), 179

Mercalli intensity scale, 171, 174 (table)

metamorphic rocks, 135-136

Mexico (see Laguna Dam)

micaceous rock, 138

defects, 143 (table)

micrometer gage readings, 208

Mississippi, dams, erosion problems, 167

Mississippi River Valley, aeolian soils, 166

mitigation measures (see hazard mitigation)

modes of dam failure (see dam failures,
modes)

modulus of deformation, 186, 199

modulus of elasticity, 140 (table), 186-187,
202, 210

Mohicanville Dam, Ohio, 229

monitoring programs, 59

concrete and masenry dams, 270,
280-281 (table), 282-284, 305
(figure), 306 (table)

embankment dams, 280-281 (table),
284-287, 299-301 (figures), 302,
303 (figure), 304 (table), 305 (figure)

instrumentation installation, 295,
297-298

need, 29-30

reservoirs, 280-281 (table), 287-293

(see also inspection programs)

Montana (see Hebgen Dam; Helena Valley
Dam; Libby Dam; Swift Dam; Two
Medicine Dam (Lower); Willow
Creek Dam)

monuments, 283, 285-286, 302

movements

means of detection, 280-281 (tablc)

measurement, 283-286

Mt. Elbert Forebay Reservoir, Colorado,
239, 241

multiple arch dams, 188 (figure)

defined, 312

stability analysis, 207-208

(see also arch dams)

Myer formula, 73-75

Index

N

Nacimiento Dam, California, 265
National Darmn Inspection Act (PL 92-367),
4-5, 20, 44, 48, 81
National Program of Inspection of
Nonfederal Dams, §1-82
National Warning System (NAWAS), 36
National Weather Service (NWS)
dam break models, 102-103, 104 (table),
105, 129-131
storms, 72, 93
North Carolina
dam failure, 164
risk assessment, index-based procedures,
49
(see also Martin-Marietta Sodyeco
Chemical Plant Waste Lagoon
Dike)
notification plans (see cmergency action
plans)
Nuclear Regulatory Commission (NRC)
PMF peak discharges, source, 75

0

Oahe Dam, South Dakota, 166
observation wells, 289 (figure), 295 (table)
Ohio (see Mohicanville Dam)
Chio River (see Uniontown Cofferdam)
operating basis earthquake (OBE), 173,
176 (table), 179, 321
Oregon (see Willow Creek Dam)
QOros Dam, Brazil, 76 (figure)
outlet works, 259
defective, 218, 260 (table)
obstructions, 265-266
siphons, 268
autlets
defined, 321
low-level, 98
overtopping, 245-247
dam failures, 5, 6-7 (figures), 10,
11-12 (tables), 14 (table)
designing for, 106-107, 110
failure score, 49-50
remedial measures, 245
risk assessment, 49-50, 61, 62-63
(figures)
(see also spillways)
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P

Pacific Gas and Electric Company
conerete dams, sealing materials, 203
Spaulding dams, California, 210-211
timber facings repair, 245

Pacoima Dam, California, 207

parapet walls, 109, 229, 247, 265, 321

parshall flume, 293 (figure)

peak flows
defined, 321
maximum peak flows equation, 77, 78

{figure)

pegmatite, 138
defects, 143 {table)
strength, 140 (table)

Pennsylvania, risk assessment of dams, 49

{see also Johnstown Dam; Laurel
Run Dam)

penstock, defined, 321

peridotite, 138
defects, 143 (table)

photographs
construction of dam, 25
damage cost assessments, 68-69
inspection programs, 22-23, 284

phreatic surface, defined, 321

phyllite, 138
strength, 140 (table)

plezometric readings/piezometers, 20-22,

38, 149, 233, 239, 243, 272,
286-288, 295 (table), 299-301
(figures)

defined, 321

frequency of readings, 304 {table}

seepage analysis, 254

Filacritos Dam, California, 219

Pinhole test, for dispersive clays, 169

piping, 233-234, 243-244
dam incidents, 5, 6-7 (figures), 8-9,

11-12 (tables), 15 (table)
defined, 321
embankment dams, 11 (table), 13, 15
(table)
foundation, 11-12 {tables), 15 (table)
(see also leakage; seepage)

plunge basin, defined, 321

plutonic rocks, 132-133

Point Loma landslide, California, 203

(figure)

Poissons ratio, 202
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polymers, 203 (see also geotextiles; synthetic
fabrics)
polysulfide, 203
pore pressures, 218-219, 280-281 (table)
defined, 322
instrumentation, 295 (table)
precipitation (see probable maximum
precipitation}
pressure relief wells {see relief wells)
probable maximum flood (PMF), 68-69
defined, 54, 84 (table), 322
estimates, 89-90, 93
flood risk assessment, 53-54
peak discharges, 75, 76 {figure), 77, 78
{figure), 114-121
snowmelt floods, 93-94
prebable maximum precipitation (PMP)
defined, 322
distribution to basin subareas, 90-91
hydrographs, 91
hydrometeorological reports, 88 (figure)
seasonal variations, 90
storm data, 122-124 (figures), 125-128
(tables)
storms, result of, 93
time distribution, 91
protective armors, 245-246
pseudostatie methods of analysis (see
seismic analysis)
pulse velocity measurements, 202
pumice, 133, 138
defects, 143 (table)
strength, 140 {table}
pyrites, 202-203

Q

quartzite, 135, 138
defects, 143 (table)
strength, 140 (table)

R

radio communication systems, 37
rainfall, measurements, 280281 (table}
(see also probable maximum
precipitation)
rapid drawdown, 218-219, 227
lining failure, 228
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loading condition, 253, 254 (table), 255
slope instability, 227
Razaza Dam, Iraq, 242-243
records of dam, 25, 28-29
recreation areas
emergency notification of users, 37
hazard potential, 33, 35
relief walls (see drainage, wells)
remedial measures
appurtenant structures, 260-263 (table)
embankment dams, 218, 220-226 (table)
initiation, 39
modifications of the dam, 56-57
nonstructural, 55, 59-60
overtopping, 245-247
reservoir seepage, 274-275
slope erosion, 231-233
spillway modifications, 57
status quo alternative, 56
struetural, 55-59
reservoirs
area, 322
causes of defects, 280-281 (table}
defined, 322
failures, 132
indueced earthquakes, 177, 274, 289, 294
instrumentation monitoring, 280-281
(table), 287-288, 289-293 (Figures),
306
level, 97, 227, 321
loading conditions, 46
regulation, 59
routing, 98-99, 104 (table), 105, 322
sedimentation, 273-274
seepage, 274-275
storage capacitics, increasing, 106,
108-109
surface, 322
residual soils, 158-159, 160-161 (figure),
162-163
residuum
clayey, 162
conglomerate, 163
sandstone, 163
resins, 204
epoxy-based, 203
polyester-based, 203
(see also sealing materials)
response spectra, 171, 175-176, 177
(figurey, 207

Index

revetments, 231-232
Richter scale, 322-323
riprap, 13, 19, 231, 238, 241, 245, 269
defined, 323
risers, 266
risk analysis/risk assessment
analytical (probability) approach, 52
case studies
Island Park Dam, Idaho, 62-65, 66
{figure), 67
Jackson Lake Dam, 60-61, 62-63
(figures)
Willow Creek Dam, Montana, 67-68,
69 (table)
defined, 323
carthquakes, 54-55
empirical (historical frequency)
approach, 52
floods, 53-54
formal (quantitative) assessment, 45-46
format, 46-47
index-based (qualitative} procedures, 45,
49-50
judgmental approach, 41-42, 52
methodology, 43-47
models, 47-49
probahilistic approach, 41-43, 532
qualitative approach, 45, 49~50
quantitative approach, 45-46
role in dam safety, 41-43
sereening procedures, 47-49
static loading, 51-52
subjective process, 45
risk costs of dam failure, 46-47, 65, 66
{figure), 68, 69 (table)
defined, 323
rock anchor, 323
rock bolts, 199, 323
rock classification, 132-138
rock strength, 140 (table)
rock types, 136-138
defects, 141, 143 (tables), 144
geologic age, 141
mode of deposition, 141
physical properties, 139, 140 (table), 141,
143 (tables), 144
specific gravity, 140 (table)
rockfill dams
causes of defects, 280-281
defined, 213, 314
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displacements, 303 (figure)
faced, 215-217, 244-245
foundation requirements, 217~218
impervious core, 216-217
seepage control, 235, 236
settlement, 230
steel-reinforcement, 246-.247
timber facings repair, 244245
rockfilled crib dams (see timber crib dams)
rodent damage, 24, 218, 236-237
rollerete, 209, 323
rolled fill dams, defined, 314-315
routing {se¢ channel routing; reservoir
routing)
rubble {see talus)
rubble dam, 323
runoff
diversions, 106-107, 109
models, 94-96
Rush Meadows Dam, California, 203

S

safety evaluation, 25, 30
construction data, 27
design data, 26-27
federal guidelines, 31
maintenance records, 27-28
operating records, 27-28
report of findings, 29
Safety Evaluation of Existing Dams
(SEED)}, 49-50, 51 (table}
San Fernando Valley dams, California, 18,
219
San Leandro Dam, California, 227
San Luis Dam, California, 219, 255
San Pablo Dam, California, 227
sand filters, 196
sandstone, 134-135, 138
defects, 143 (table)
strength, 140 (table)
Santa Felicia Dam, California, 266
scaling, 199, 202
Schaeffer Dam, Colorado, 76 (figure),
78 (figure)
schist, 135, 138-139
defects, 143 (table)
strength, 140 (table)
scree (see talus)
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sealing materials, 196
conduits, 266-267
reservoirs, 275
sedimentary rocks, 133135
sedimentation, 273-274
seepage, 233-237
abutment areas, 189, 196
alluvial soils, 164
concrele dams, 189, 196
dam defects, 218
dam failures, 6-7 (figures), 8-9, 14-16
(table)
defined, 323
embankment dams, 6-7 (figures), 14-16
(table), 235-237
foundation, 217-218, 236-237
hazard rating criteria, 51 {table}
instrumentation, 282, 284-285, 295
(table)
loading condition, 253, 254 (table)
reservoir defect, 274-275
(see also leakage; piping)
seiche, 54
seismic
analyses, 256-257
intensity scale, 171, 174 (table), 319
loading, 46, 54-55, 257
measurements, 280-281 (table), 284
reservoir loading, 274, 289, 294
zones, 51 {table}, 168 (figure), 170
(figure), 171, 172 (figure), 207
seismographs, 289, 294
seismometers, 289, 294
sensitivity analysis, 65-66
serpentine, 139
defects, 143 (table)
settlement
conduit foundations, 267
embankment dams, 218, 229-230
measurements, 303 (figure)
shale, 134, 139
defects, 143 (table)
strength, 140 {table)
shear strength
evaluation, 256
loading condition, 254 (table), 256
shear zones, 141, 144
abutment areas, 189
Sheffield Dam, California, 219
shortcrete, 216
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sill, 324
siltstone, 134, 139
defects, 143 (table)
strength, 140 (table)
Singapore (see Kranji Dam)
siphon spillway (see spillways)
slab-and-buttress dams (see buttress dams)
slate, 139
defects, 143 (table)
strength, 140 {table)
slides and sliding, 262, 263 (figure),

272-273

concrete and masonry dams, 11-12
(tables)

embankment dams, 11 (table), 13, 16
(table), 17

flow slide, 16 (table)
foundation slide, 13, 16 (table), 17
gravity dams, 207-211
landslide materials, 165-166
notification of highway officials, 39
reservoirs, 272, 273 (figure), 285-289
slope, defined, 324
slope erusion
downstream, 231-232
embankment dams, 218
remedial measures, 231-233
slope instability, 218-219, 251-253
causes, 227
reservoirs, 272-274, 288-289
slope protection, 233
damage, 11 (table), 13
defined, 324
upstream, 231-232
vegetative, 232
slurry trench, defined, 324
slurry walls, 237
bentonite, 239, 240 (figure)
“injection” fvibrated beam method, 242
installation, 241-244
“trench” construction method, 242-243
snowmelt floods, 93-94, 96-97
soil classification, 151 :
descriptive, 151-152, 153 (figure)
engineering, 152, 154-157 {figures)
geologic, 151, 160161 (figure), 160
pediologic, 151, 152, 169
textural, 151
Unified Soil Classification System, 152,
154~157 {figures)

Index

Soil Conservation Service (SCS)
dam break models, 101-102, 104 (table),
105
dispersive clay test, 169
flood studies, 72
spillway capacity guidelines, 81-82
soils, 149-163
aeolian, 160161 (figure), 166
A-horizon, 156
alluvial (fluvial), 163-185
B-horizon, 158159
C-horizon, 158-159, 162
classification, 151, 152-157 (figures), 158
cohesive, 227
colluvial, 165-166
glacial, 1680-1861 (figure), 166-167
map sources, 169
survey maps, 169
residual, 158-159, 160-161 (figure),
162-163
tests for dispersive clays, 163
transported, 160-161 (figure), 163-167
sonic velocity measurements, 202, 210,
280-281 (table), 298
South Carolina (see Clemson Lower
Diversion Dam)
South Dakota (see Oahe Dam)
Southern California Edison Company,
concrete dam sealing materials,
203
Spaulding dams, California, 210-211
specific gravity, rock, 140 (table)
spillways
capacity criteria, 77-83, 84 (table)
defective, 260 (table)
defects, 218, 259-265
defined, 324-325
emergency, 57, 67-68
tuse plug type, 57, 108 (figure), 324
inspection programs, 22
modifications, 57
obstructions, 265-266
siphon, 263-264, 325
slide blockage, 197
stilling basins, 264, 325
{see also gates; avertopping)
spillway design flood (SDF), 71, 77-78, 263
defined, 83, 325
envelope curve method, 84-86
frequency-based floods, 84-86
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gravity dams, 205-206
hydrologic evaluation guidelines, 84
(table)
hydrometeorological method, 84-87
site-specific determinations, 85, 87, 89
stability analyses, 205-206
stability analysis
concrete dams, 204-207, 273-274
embahkment dams, 228, 251-257
finite element method, 205, 210
methods, 252-253
sedimentation, 273-274
static loading, risk assessment for dam
failure, 46, 51-52
steel dam failures, 11 (table)
steel reinforcement, 202, 204, 246-247, 265
St. Francis Dam, California, 76 (figure),
78 (figure), 134
stonewall-earth dams, 215
stoplogs, defined, 311
(see also log booms)
storms
antecedent, 93
NWS cstimates, 72
PMP estimates, 122-124 (figures),
125-128 (tables)
stub towers (see risers)
Swift Dam, Montana, 76 (figure), 78
{figure)
synthetic fabrics, 237-239, 240 (figure), 241
synthetic materials, 203-204, 228-231

T

Table Rock Dam, piezometer readings, 209
(tigure)
tailwater level
defined, 325
estimates, 208
talus, 165
TAMS, dam break model, 103, 104 (table)
Tennessee Valley Authority {TVA), dam
break model, 103, 104 (table)
Teton Dam, Idaho, 8, 31, 76 (figure), 78
{figure), 148
Texas (see Waco Dam)
textural classification (see soil classification,
textural)
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thrust {see arch darns, thrust)
timber

facings, 216, 244-245

parapet walls, 247
timber orib dams

deterioration, 19

failures, 6 {table}, 17

rockfilled, 216-217
toe of dam

defined, 326

drains, 13 (table), 237

erosion, 9, 11, 14 (table)

piping, 164

weight, 326
transported soils, 160-161 (figure), 163-167
trash racks, 259, 265-266, 269, 276, 326
tree root damage (see vegetation)
trench, backfilled, 229 (see also cutoff

trench; slurry trench; slurry walls)
trial-load twist analysis, 204-205
“triggering,” cause of failure, 6-7, 8
(tablej, 9, 11-12 (tables)

tuff, 139

defects, 143 (table)

strength, 140 (table)
Two Medicine Dam, Montana, 76 (figure)

U

Unified Soil Classification System, 152,
154-157 (figures)
Uniontown Cotferdam, Ohio, 150
United States Committee on Large Dams
{(USCOLD)
dam and spillway design standards,
79-80
dam incidents survey, 5-6, 11-12 (tables)
uplift pressures, 200-201, 207, 234
concrete and masonry dams, 19
defined, 326
drainage system defects, 269
embankment dams, 247-248
instrumentation monitoring, 282283
measurements, 280-281 (table)
slurry walls, 241
upstream
diversion facilities, 57-58, 109
slope failure, 186 (table)
{see also blanket, upstream)
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U.S. Army Corps of Engineers
dam break maodels
Hagen (uniform procedure), 102, 104
(table)
HEC-1, 103, 104 (table), 105
dam safety inspection guidelines, 81
flood studies, 72
Hydrologic Engineering Center (HEC),
103, 104 (table), 105
risk assessment, index-based procedures,
49-50
spillway capacity guidelines, 81-82
(see also National Dam Inspection Act
(PL 92-367))
U.S. Bureau of Reclamation
flood studies, 72
ground motion analyses, 175 {figure)
loading, safety factors, 204
risk asscssment, 60-61, 62-63 (figurcs)
spillway capacity guidelines, 81-82
(see also Safety Evaluation of Existing
Dams)
Utah (see Hatchtown Dam; Little Deer
Creek Dam)

v

Vaiont Reservoir/Dam, Italy, 272, 273
(figure)
vegetation
grass slope protection, 232
linings, 264
tree and brush damage, 218, 236-237,
246-951
vibration, 201, 268-269

Index

Virginia (see Claytor Dam)
voleanic rocks, 133, 155 (figure)
surface deposits, 155 (figure)

w

Waco Dam, Texas, 144-145, 146-147
{figures), 300-301 (figures)
Walter F'. George Dam, Alabama, 243
warning systems, dam failure {see
emergency action plans; evacuation
plans; Defense Civil Preparedness
Agency)
Washington {(see Condit Dam)
Water Resources Council
Interagency Hydrology Committee, 53
watershed
divide, 327
modeling, 94-95
wave wall, 327
weirs, 288, 292 (figure), 295 (table)
defined, 327
leveling, 58
West Virginia (see Buffalo Creek Dam)
Willow Creek Dam, Montana, 67-68, 69
{table)
Willow Creek Dam, Oregon, 209
Wolf Creek Dam, Kentucky, 243
Wyoming (see Kortes Dam)

Z
zoned earthfill dams, 214-215, 235, 315
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