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ABSTRACT

The need for a national inspection program for dams had been
recognized for many years. On August 8, 1972, the 92nd Congress passed
Public Law 92-367 creating the National Dam Inspection Program. The
act authorized the Secretary of the Army to undertake a national program
of inspection of dams. The Corps of Engineers inspection program, along
with State cooperation, represents significant progress toward reducing
the risks of high hazard non-Federal dam failures.

In order to obtain well defined causes of earth dam failures,
statistical analysis of past earth dam failures was made. A comprehensive
1ist of earth dam failures was collected and listed after Middlebrooks
(1953) and others. The results of this 1ist were analized to determine
the major failure mechanism(s) and to help establish an inspection tool
for earth dams. The most common failure mechanisms appear to be seepage
and embankment sliding.

A survey of existing technology was made in an effort to determine
which type of equipment would best detect seepage and slope stability
and still be within the following guidelines:

1. Inexpensive

2. Portable

3. Ease of Operation

4. Easily Interpreted and Accurate Data.

The selection of the method was done by a process of:

1. Discussion by the project members of each method and its

potential;
viii




2. Personal interviews were conducted with representatives
of various equipment manufacturing companies;
3. Personal interviews were conducted with area consulting
geophysicists;
4. A final discussion of the methods, costs, and results of
the interviews was conducted and a method was selected.
The method selected was the Acoustic Emission Monitoring System.
Acoustic emission is a passive method similar to the geophysical
methods. A metal bar is inserted into suspect areas (areas of known or
suspected deformation). An accelerometer is attached to the metal bar
or waveguide. The accelerometer converts the deformation, "noise",
brought to the surface by the waveguide into an electrical impulse. The
impulse is then filtered to eliminate noise, and amplified. If the
impulse is great enough to cross a preset threshold, (manual or automatic),
a "count" is registered on a digital display. The higher the number of
counts displayed in a given time, greater deformation is occurring.
In order to become familiar with the acoustic emission monitoring
system, field work was initiated. The purpose of the field work was to:
1. Become familiar with setting up the equipment,
2. Become familiar with the different equipment settings to
insure proper technique, and
3. Become familiar with data interpolation.
Field work was done on four dams in southern Idaho with known problems.
The acoustic emission monitoring system appears to meet the guide-
lines set down above. The system appears to be an excellent tool for

monitoring slope stability. Acoustic emission appears as a promising tool

ix



for the detection of seepage and more work is being done in this area as

a continuation of this project.




CHAPTER I
INTRODUCTION

Purpose and Objectives

The purpose of this study is to ascertain the most common mechan-
isms of earth dam failure and to evaluate presently available and non-
available (research stage) technology that may be incorporated into a
state dam inspection program to help insure the safety of the structure
and life and property below.

This purpose may be expressed in terms of these general objectives:

1. Ascertain most probable mechanisms for dam failure by
the compilation of case histories of dam failures and
statistical analysis of the data collected;

2. Determine available and presently non-available technology
suitable for detecting failure mechanisms;

3. Evaluate technology for its primary use, advantages,
disadvantages, availability, and cost; and

4. Select the method(s) that would be most suitable to detect
failure mechanisms and if possible do more detailed research

in an attempt to find its capabilities and limitations.




Scope of Work

To ascertain the most probable mechanisms for dam failure, a two
stage approach is taken. First, a detailed compilation of worldwide
dam failures was undertaken. The method of ascertaining probable failure
mechanisms in dams is confined to failures that are reported in journals,
professional magazines, newspapers and other published sources. This
covers most but not all failures since many small failures in each state
never become known except to those individuals involved directly.

Second, when the list of dam failures is complete, a statistical analysis
of the results to define the most probable failure mechanisms is to be
run.

A search was conducted to identify methods for detecting failure
mechanisms. Letters were written to each of the fifty states, Puerto
Rico, and the Virgin Islands to find if any other states are involved
in a project of this nature or if any state has adopted already any
equipment as an aid to their dam inspection program. A literature
search for descriptions of equipment and methods was conducted and in-
cluded reviewing professional journals, magazines and newspapers.

Research into devices suitable for detecting failure mechanisms
is limited to equipment that is inexpensive, portable, with data that
are interpreted easily, and are available or appear to be available in
the near future. The research is also limited to equipment that could
have a direct application to detection of failure mechanisms. No equip-
ment that requires highly sophisticated techniques or is currently being

developed will be considered but may be mentioned.




History of National Dam Safety Inspection Program

On August 8, 1972, the 92nd Congress, H. R. 15951 passed Public
Law 92-367 creating the National dam inspection program. The act author-
ized the Secretary of the Army to undertake a national program of inspec-
tion of dams.

The Act defines "dam" as any artificial barrier, including appur-
tenant works, which impounds or diverts water and which is twenty-five
feet or more in height or has an impounding capacity at maximum water
storage elevation of fifty acre-feet or more or a minimum of six feet
high and contain fifty acre-feet or more of storage.

The National Program for the inspection of dams is to be carried
out by the Secretary of the Army, acting through the Chief of Engineers
for the purpose of protecting human 1ife and property. Exempted from
the program are:

1. Bureau of Reclamation dams,

2. Tennessee Valley Authority dams,

3. International Boundary and Water Commission dams,

4. Dams Tlicensed under the Federal Power Act,

5. Dams inspected by a state agency which the governor requests
be excluded, and

6. Dams which do not pose any threat to human 1ife or property.

As soon as possible after the inspection of any dam, the result
of the inspection shall be forwarded to the Governor of the state in
which the dam is located. Any hazardous findings will be reported

immediately. The secretary shall provide advice on remedial measures




necessary to mitigate or obviate any hazardous conditions found during
inspection.
The Secretary shall report to Congress the activities under the
Act, which report shall include, but not be limited to:
1. An inventory of all dams located in the United States;
2. A review of each inspection made, the recommendations
furnished to the Governor of the State and information
as to the implementation of such recommendation; and
3. Recommendations for a comprehensive national program for
the inspection of dams and the responsibilities which
should be assumed by Federal, State and local governments

and by public and private interests (Public Law 92-367).

Action Taken After Public Law 92-367

Corps officials stated that they had intended originally to
inspect dams, beginning with a representative sample. In December,
1972, the Undersecretary of the Army requested five million dollars to
initiate a nationwide program for dam inspection. The funding proposal
was rejected by the Office of Management and Budget and no appropriation
request was made thereafter to the Congress to carry out Public
Law 92-367 except for collecting inventory data and preparing recommenda-
tions for a national dam safety program.

In January, 1973, OMB issued a policy statement directing the
Corps to perform an inventory of dams and make recommendations for a
comprehensive national program to inspect and regulate dams for safety

purposes. The OMB policy statement stated further that:




Inspections, to the extent they were made, were to be
accomplished by the concerned States as part of their
normal responsibilities.

The Corps was to develop inspection guidelines to be included in
the national program.

The Department of the Army was to provide advice to the respective
State Governors, upon request, for correcting or eliminating any hazardous
conditions found in their States.

Earlier, in Feburary, 1973, the Corps advised the Senate and
House Subcommittees on Public Works, Committee on Appropriations, that
it did not intend to implement that section of the law which pertained
to actual inspection of non-Federal dams. No appropriations requests
were made to the Congress for such inspections.

On July 24, 1974, the Acting Secretary of the Army, by letter,
advised the Congress of the Corps of Engineers progress in fulfilling
the requirements prescribed by Public Law 92-367. The Acting Secreatry
stated the Corps was (1) compiling an inventory of all dams in the
Nation, (2) surveying Federal and State dam safety inspection programs,
(3) developing guidelines for dam inspections, and (4) formulating recom-
mendations for a national program of dam inspection and safety.

The acting Secretary of the Army also informed the Congress that
while the authorizing legislation provided for the inspection of non-
Federal dams, no inspections had been made and none were planned. The
Acting Secretary said it was believed that the states should perform
the inspection as part of their normal responsibilities.

In June, 1975, the Chief of Engineers submitted to the Secretary

of the Army a five-volume document containing the report "National




Program of Inspection of Dams." This five-volume compilation included
an inventory of dams, recommendations for a national program of dam
safety, responses by State and Federal agencies to a aquestionnaire on
dam supervision, a model law for state supervision of dams, and recom-
mended guidelines for safety inspection of dams. Draft legislation for
a dam safety program was submitted by the Chief of Engineers to the
Assistant Secretary of the Army (Civil Functions) in December, 1975.

In March, 1976, the Secretary of the Army submitted to the Office
of Management and Budget (OMB) the five volumes and draft legislation
and recommended that the Corps' proposed national dam safety program
be implemented. On April 2, 1976, four of the volumes containing the
inventory of dams were released to the Congress, Federal agencies and
states. On November 16, 1976, the draft legislation and the fifth
volume, which contained the Corps' recommendations for a national dam
safety program, were released to the Congress.

Why the National Dam Safety Program Had a Slow Beginning in
Review of Corps of Engineers National Dam Safety Program

In 1976 the O0ffice of the Comptroller General reviewed the Corps
of Engineers procedures and guidelines, records, and reports applicable
to implementation of Public Law 92-367. The Office of Comptroller
General then interviewed Federal and State officials; and reviewed State
legislation concerning dam safety. Also reviewed were various States'
methods of collecting inventory data and obtained State officials' views
on the Corps' proposal for a national program of dam safety and the costs

of initiating the program.



The Office of the Comptroller General found that the national dam
inventory developed by the Corps was both incomplete and based on data
collected using inadequate definitions and procedures. Also most of the
data were not verified.

The Office of Comptroller General stated that since the Corps had
not determined the inventory's accuracy, more assurance should be obtained
as to its accuracy before the Congress decides on a national dam safety
program based on the information contained in the inventory.

The Office of the Comptroller General stated that the Corps of
Engineers report and recommendations for a national dam safety program
as released to Congress on November 16, 1976, was inadequate because it:

Placed primary emphasis on voluntary participation by
the States for non-Federal dams without presenting
adequate information to the Congress as to the cost

to the States or as to how the States could carry out
the program without Federal assistance.

Did not require minimum inspection criteria.

Contained unreliable inventory and cost data.
Recommended primarily an inspection rather than a safety
program and did not present information to the Congress
on safety matters, such as public information programs,
possible revisions in zoning laws, and emergency warning
systems.

Did not provide the Congress with alternatives for

carrying out a dam safety program. (Comptroller
General, 1977)

Carter Administration Review of Dam Problems

Since the failure of Teton Dam in 1976, the Carter administration
has attempted to improve both Federal and non-Federal dam safety for

about 50,000 dams in the United States.



The Carter administration's effort has been directed along three
fronts. These include a review of Federal dam safety procedures, a com-

mitment to private dam safety and institutional reorganization.

Federal Dam Safety Procedures Review

The heads of each Federal department or agency responsible for any
aspect of dam safety were asked to undertake a thorough review and evalua-
tion of their own practices which could affect the safety and integrity
of their dams.

The chairman of the Federal Coordinating Council for Science,
Engineering, and Technology (FCCSET) convened an ad hoc Interagency
Committee to analyze the Federal agencies' practices and procedures and
to provide recommendations for improving Federal dam safety. As a result

of this, on November 15, 1977, the report, Improving Federal Dam Safety

was published by the FCCSET.

The director of the Office of Science and Technology Policy (OSTP)
was established to organize an independent panel of experts for reviewing
both agency practices and the Federal dam safety guidelines proposed by
FCCSET. As a result of this, the OSTP Independent Review Panel published

its report, Federal Dam Safety, on December 6, 1978.

In the first session of the 96th Congress on February 22, 1979,
House of Representatives Bill 2354 and Senate Bill 504 were passed.
Both amended Public Law 92-367. H. R. 2354 authorized the Secretary
of the Army to restore certain hazardous dams to a safe condition.
Senate 540 made provision of Federal assistance to the states for the
development and implementation of effective dam safety programs in order

to protect human life and property.




On June 25, 1979, the document Federal Guidelines for Dam Safety

was published by OSTP and sent to President Carter with a cover letter

from the Director of OSTP reporting the completion of the requested

Federal dam safety review activities and summarizing the nature and

intent of the guidelines.

Recommendations for Improving Federal Dam Safety

Recommendations which emerged from intensive review efforts

included the following:

1.

Implementation of the Proposed Federal Guidelines for

Dam Safety. The guidelines apply to management practices
and procedures for dam safety of all Federal agencies
responsible for planning, design, construction, operation
and maintenance, emergency preparedness, or regulation

of dams.

The guidelines also provided direction for management
of technical activities in (1) site investigation and
design; (2) construction, including quality assurance; and
(3) operation and maintenance, including periodic inspec-
tion and emergency action planning.

Establish Federal Agency or Department Dam Safety Offices.

Each Federal Department or Agency having responsibility for
any aspect of dam safety should have an independent dam
safety office or officer.reporting directly to the head

of the Department or Agency.

Coordinate Federal Dam Safety.

A. General Interagency Needs. The interagency dam safety




coordination established initially under the FCCSET
ad hoc Interagency Committee and guided by the Office
of Science and Technology during the Federal review
process should continue.

B. Establishement of a Federal Dam Safety Coordinating
Office. Previous to and during the process of this
report, no single Federal agency has been charged with
a continuing responsibility to plan and coordinate the
dam safety programs carried out by a number of agencies.

4, Establish Formalized Programs of Periodic Inspection. It

was recommended that each Department or Agency set up a
formalized program of periodic inspection and re-evaluation
of all dams against modern criteria in order to reduce the
potential risk and consequences of Federal dam failures.

5. Initiate Efforts to Define Federal Role in Non-Federal Dam

Safety. Departments and agencies should begin to resolve
the safety-related ambiguities, associated with already-con-
structed and future private dams, which result from Federal

actions (financial and technical).

Non-Federal Dam Safety Activities

The Corps of Engineers' inspection program represents significant
progress toward reducing the risks of high hazard non-Federal dam failures.
Although the States are cooperating in the inspection program and becoming
more accountable, many complex issues remain which need to be addressed
rationally and systematically and solved ultimately as the inspection

program moves forward (Tschantz, 1979).
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CHAPTER II
STATISTICAL ANALYSIS OF EARTH DAM FAILURES

Purpose and Objectives

The purpose of the statistical analysis of earth dam failures is
to obtain well defined causes for such failures. In order to accomplish
this purpose, a 1ist of earth dams which failed was made. (See Appendix 2
for a complete Tist.) The 1ist is modeled after and includes Middlebrooks
(1953) analysis and the U.S.C.0.L.D. dam failures (Lessons, 1975). These
data are to determine the major failure mechanism(s) and to help establish
an inspection tool for earth dams.

An objective of the statistical analysis is to describe the age
distribution for earth dams given various types of failures. If an age
distribution for earth dams can be determined then it will be possible to
predict the probability of failure of each earth dam after T years for

a given type failure condition.

Major Causes of Failure

The cause of failure for each dam is classified into one of the

following twelve general categories.

A - Piping G - Poor construction
B - Overtopping H - Blow out

C - Seepage I - Breach

D - Sliding J - Slope protection
E - Aperature works K - Cracking

F - Settlement L - Earthquake




In an effort to determine which types of failure mechanisms predom-
inate, the data are sorted into percentages of total number of dams in
each category divided by the total number of dams (i.e., % = (dams in
category/total dams) x 100). Table II-1 summarizes the results. Table II-1
indicates that there are five predominate types of failure. These five
types of failures occur so much more frequently than the other failure
types, that most attention will be directed to them. The five most
predominate types of failure are:

1. Piping - The movement of soil particles occurring when the
hydraulic gradient of seepage approaches the critical hydraulic
gradient. May occur at anywhere seepage occurs including
foundation abutments, or along conduits.

2. Overtopping - Occurs when the spillway is blocked or in-
adequate or the basin capacity is exceeded by unusually
heavy rain, melting snow, etc.

3. Seepage - Movement of water through a structure with or
without soil particle movement. May or may not be a prelude
to piping.

4. Sliding - Movement of embankment material along a plane of
failure.

5. Aperature works failure - Improper function of aperature
works may cause overtopping, seepage, piping, or sliding.

Two of these failure mechanisms are somewhat independent of the
age of the dam. For instance, spillway failure due to obstruction can
happen at any time of the 1ife of a dam, as with overtopping. In other

words aperature works and overtopping failures are independent of the

12



Table II-1

Percent of Total Failures in Each Category and in Each Sub-Category *
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* for explanation of sub categories see Appendix III.
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internal structure of the dam. For this reason aperature works and over-

topping failures will be ignored in this study.

Comparison with Middlebrooks Study

Middlebrooks (1953), as forementioned, collected data on earth
dam failures. He also did some limited statistical analysis. Middlebrooks
constructed two tables, one showed calendar year versus the number of
failures in various categories of failure; the second was a table of the
number of years after completion versus the number of failures in various
categories of failure. Using Middlebrooks format, tables II-2 and II-3
show the results of the tabulation of data from this study. There is a
slight variation in tables II-2 and I1I-3 from those of Middlebrooks, in
that seepage and piping have been combined. The results shown are evident.
Table II-3 should be Tooked at with some caution. The increments on the
number of years after completion vary and have a tendency to allow more
data in the same interval of later years than in earlier years (i.e., the
first interval is [0,1) while the third is [5,10) and the fifth interval
is [20,30)).

Statistics

In order to try to fit a distribution to the set of data points,
it is necessary to look at a frequency plot of the number of dams that
fail in a given category after T years old, only the increments will be
constant and the smallest possible. In this case the smallest time
increments are T = 1 year since the date of failure is only known up to the

year. The frequency plots which follow show the number of dams that failed

14




Table II-2

Calendar Year Vs. Number of Dams Failed in Various Categories

Calendar Aperature
Year Piping Overtopping Seepage Sliding Works Misc.
1850-1860 0 0 0 0 0 0
1860-1870 2 0 0 0 0 0
1870-1880 2 0 1 0 1 1
1880-1890 4 2 3 0 2 1
1890-1900 10 7 4 1 3 3
1900-1910 10 18 4 6 1 3
1910-1920 11 13 8 6 4 7
1920-1930 11 11 5 11 7 10
1930-1940 3 7 6 16 4 7
1940-1950 4 5 4 4 3 8
1950-1960 2 3 5 4 ) 10
1960-1970 10 7 24 14 26 25
1970 1 6 9 6 11 11
Table II-3 |
Number of Years After Completion Vs. Number
Dams Failed in Various Categories
No. of Years
After Aperature
Completion Piping Overtopping Seepage Sliding Works Misc.
0,1) 14 4 23 12 6 17
1.5) 28 12 16 14 15 22
5,10) 1 1 8 5 7 8
10,20) 6 7 1 8 10 9
20,30) 0 1 7 5 5 2
30,40) 0 4 4 2 4 ]
40,50) 0 2 1 1 4 2
50,100) 1 3 3 2 10 4

15




versus the number of years old before failure. It should be noted that
these frequency plots are unconditional frequency plots in the sense that
there may be many more dams which are 1 year old than dams that are 56
years old. In this case there is opportunity for more failures in 1 year
after construction rather than in 56 years after construction. What is
needed is a conditional probability function.

One of the questions of prime importance is to determine how long
it would be necessary to monitor earth dams for a certain type of failure.
From Graph II-1, if the average X = ; fi Xi (where fi = number of occurrences
of Xi) is taken the value of X is folnd to be 6.56 years. Yet if the two
failures at 56 years and 116 years are thrown out (outliers) then X = 2,98

F 18.44. Notice that the variance (52) is high indicating

years with S
a spread of the data. The variance is a measure of the dispersion of the
data. The variance is analogous to the moment of inertia of a mass. This
information could be used, for instance, to 1imit the inspection of earth
dams for piping failures to 3 years. The mean and standard deviation for
each type of failure is Tisted below. The standard deviation, S, is just

52 or var. These means and standard deviations include all data points,

no outliers have been thrown out.

Piping X = 6.34 S =17.97
Overtopping X = 15.68 S=17.85
Seepage X =10.38 S = 16.69
Sliding X = 15.75 S = 23.49
Aperature works = X = 20.57 S = 21.63
*Settlement X = 0.00 S= 0.00 (no data)
*Poor construction X = 5.43 S= 5.2]
*Blow out X = 4.25 S= 5.07
*Breach X=15.50 S =13.50
Slope protection X= 6.13 S =12.08
Cracking X= 7.35 S =15.35
Earthquake X = 35.20 S = 15,05

*Not enough data to draw valid conclusions about X and S.
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After considering only the four major categories and assuming that outliers

may be thrown out, the following statistics result:

Piping X = 2.98 S= 4.29
Overtopping X = 15.68 S =17.85
Seepage A= 8.92 S =14.00
S1liding X =12.86 S =17.47

When outliers are ignored and X and S computed, the standard devia-
tion, S, is smaller. This indicates that the data are not spread out very
much and are close to the mean, X. Thus as S gets smaller, the mean, X,
becomes more significant, so that values of X obtained from throwing away
outliers start to become more important. In order to throw away outliers,
one needs to know their probability of occurrence. So a method to deter-
mine the probability of data points occurring must be devised. If the
probability of the data point occurring is small compared with all the
other probabilities of all the other data points then it may be thrown
away, otherwise it must be kept.

This type of information can give far more insight into the time
of failure of each dam than can Graphs I1I-1, II-2, II-3, and II-4. What
is required is a conditional density function on the edge of the dams
so that the number of dams left after T number of years after construction
is taken into account. To do this one needs to 1ook at probabilities of
the following type; P (T > t + At \ T > t) where T is the age of the dam.
This is answering the question, What is the probability that a dam of
age T will last more than t + At years given it has lasted t years. This
type of probability density function can be obtained from empirical esti-
mates. In order to determine empirical estimates of these types of

probabilities it is necessary to have the age distribution of the dams.
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After obtaining the age distributions for dams in certain states which
would yield the most amount of information, the empirical conditional
probability density function can be calculated based on the data that
have been collected. This conditional probability density function would
be the desired result. This density function would give knowledge that
could be used to weight the data of Graphs II-1, II-2, II-3, and II-4

and allow better estimates of X and S.
Summar

The results of this study look very promising. The completion of
the conditional probability density function cannot be completed until a
data tape containing all earth dams in the United States is obtained.
Without these data it is invalid to construct an age distribution for
earth dams and hence construct those conditional probabilities. One
aspect of this study is that it is possible to eliminate the frequency
of inspection of earth dams for certain types of failures after a given
number of years. It is felt that further investigation into the conditional
probability density function will yield stronger, more usable results
than presented here.

The U.S.C.0.L.D. (Lessons, 1975) report also included statistics.
The dam failures are categorized in such a manner that data in this report
could not correlate with U.S.C.0.L.D. data. Some general conclusions from
the U.S.C.0.L.D. study are reprinted here:

The data clearly indicate that properly designed,
constructed, and maintained dams are safe structures.

The percentage of dams constructed in any decade, which
have subsequently failed, has generally declined decade
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by decade; (this agrees with the results of this study),
the greatest decline in this percentage was made after
1930 and has remained below 0.3% for each decade since
1930. However, the reported failures have occurred
anywhere from initial filling phase to after more than
100 years of satisfactory service. Failures caused by
overtopping have been practically eliminated in dams
completed since 1930, however most of these modern

dams have not experienced their maximum reservoir
elevations. (Lessons, 1975)

General Conclusions

Upon inspection of Graphs II-1 through II-4, a general trend
appears. Failure due to piping along foundations, abutments and conduits,
seepage through foundations, abutments and interior embankment and
sliding upstream slope or downstream slope appear to be the predominant
modes of failure in earth dams.

These results then provide a clear definition of what failure
mechanism a chosen piece of equipment must detect. In summary the
equipment chosen for this project must be able to measure seepage and

slope instability with some warning time.
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CHAPTER III

EQUIPMENT SURVEY: METHODS FOR DETECTION
OF FAILURE MECHANISMS

Introduction

The results of the previous chapter indicate that there are twd
major structural failure mechanisms for earth dams, piping and slope sta-
bility. A survey of existing technology was made in an effort to determine
which type of equipment would best detect both types of failure and still
be within the following guidelines:

1. Inexpensive,

2. Portable (1light weight and easily handled),

3. Ease of operation (equipment that does not require a
technician), and

4., Easily interpreted data (results that anyone could
interpret without extensive background knowledge).

This section and Appendix I are the results of this equipment
survey. This section deals with some general types of equipment and
gives general background information on each type. Appendix I 1ists
the method, primary use, advantages, disadvantages, staae of development,

and approximate cost, (these prices are 1978-79 and are minimum prices).

Flow Measurements

Water Balance

The presence of leakage through a dam or reservoir foundation is




often detected by a water balance. A water balance compares the inflow and
outflow of water to the reservoir, after allowing for evaporation and other

losses, and can be evaluated as follows:
ZI=P+S-K-V-0

in which Z = loss of water from the reservoir; P = the inflow of surface and
around water into the reservoir; S = the rainfall on the reservoir area;

K = the change in water contents of the reservoir; V = the evaporation from
the reservoir area; and 0 = the outflow of water from the reservoir.

Under good conditions an error of measurement of about 3% in water
inflow, P, can be anticipated. With a large reservoir area, an error in
evaporation measurement, V, of about + 5 liters/sec/km2 to 10 11ters/sec/km2
can be anticipated. Total seepage through the dam and foundation is mea-
sured at a suitable point in the run-off channel, several hundred meters
from the dam, with outlets closed. Also, one needs to know the natural,
ground-water inflows in the respective section and must estimate with
sufficient accuracy the water flows through the top layers of the valley
bottom along the channel.

Some authors believe a water balance to be extremely rough and
inaccurate and only capable of determining very large leaks exceeding
10% of the whole reservoirs' water discharge. Also, results from the

balance do not locate the actual site of the leakage.

Water Velocity

Near leakage sites in a reservoir, water velocities are high due
to concentrated flow. As a result, sensitive current meters have been

used in an attempt to locate leakage sites.

26



Other current meters which include microrotators, ultrasonic, and
electrothermal devices have also been used successfu]fy to measure flow
velocities. Thermal meters make use of the decrease in temperature of
a heated body (i.e., a resistor) with increasing water velocity circulating
around it. As the temperature of the resistor decreases its resistance
changes. By using graphs of resistance as a function of temperature, the
resistor's temperature in the moving water, near the leakage site, and in
still water is proportional directly to the water velocity.

Water movement caused by leakage is detectable only when flow rates
exceed by two or three times the flow rates due to convection currents
caused by temperature differences, local currents, wind influence, and
other factors in the water. In general, the Tower 1limit of detectable
water velocity is 3 mm/sec. to 5 mm/sec. Any measuring device therefore
should be sensitive in the Tow velocity range and also have a range from

one to two hundred millimeters per second.

Benthonic Water Velocity

Rather than exploring for leakage sites in a reservoir by measuring
the increase in clear water velocity, the velocity of the denser layer of
water containing sediment on the bottom of the reservoir (the benthonic
layer) can be measured. Benthonic refers to the bottom of a body of
standing water. Besides giving the location of the infiltration sites,

these velocity measurements also give the relative flow intensities.

Tracers

A widely used method of detecting seepage paths utilizes some form

of tracer. A tracer may be injected in the water at the point of seepage
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origin and sampling the water at suspected areas of emergence can verify a
seepage path. There are many types of tracer materials each yielding good
results under certain conditions. Some classes of materials that have been
used include dyes, chemicals, suspended particles, dissolved gases, bacteria,
radioactive isotopes and even some naturally occurring parameter unique to

the reservoir water.

Dye and Other Nonradioactive Materials

The movement of water through soil often may be traced by the use of
dyes. Although dyes do not move as rapidly as water through soil, they are
particularly suited for obtaining flow paths. Two general classes of non-
radioactive dyes are fluorescent and nonfluorescent. Fluorescent dyes have
been preferred for measuring water movement between wells and in canals be-
cause they are detectable at Tow concentrations. One of the major disadvan-
tages of fluorescent dyes is that acid soils cause most of them to fade.
Adsorption or absorption is a problem, particularly in clay soils. Many
nonfluorescent dyes do not suffer from this Timitation.

Nonfluorescent dyes are available in various forms, e.g. direct, dis-
perse, acid, and basic. Of these, basic dyes are able to satisfy cation ex-
change sites of the soil and are likely to be poor water tracers. An experi-
mental evaluation of the suitability of the different types of nonfluorescent
dyes found that the direct form was absorbed rather strongly. The most suit-
able dyes and thus the least absorbed by soil, were found to be acid and

disperse dyes.

Radioactive Tracers

As mentioned previously, another method of tracing seepage flow

involves the use of radioactive isotopes. Basically, the disintegration

of unstable isotopes in order to attain a stable nuclear configuration is
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a radioactive process during which nuclear particles or photons of energy,
or both, are emitted. The process of radioactive disintegration or decay
is spontaneous and cannot be influenced by external factors. Radioactives
emitted include alpha, beta, and gamma particles. The utilization of this
technique depends upon the detection of the radiations that radioactive
isotopes emit.

Radiotracers will produce ionization in gases. This means that
the number of positively charged ions and electrons formed in a given
volume of gas is related to the amount of relevant radiation.

The most popular radiotracers are bromine-82 and Iodine-131.
Radiotracers have certain advantages over other tracers because they can
be utilized in the anionic form that reduces the possibility of absorp-
tion and they can be introduced in minute quantities because of the very
high detection sensitivity of the present measuring instruments. One
disadvantage of the radiotracers is the potential health hazard. However,
if strict maximum permissible concentrations are specified, and, if Tike
the tracers mentioned previously, the half-Tives are short, there is only

a short-term environmental contamination.

Temperature Sensing

Circulating water is known to affect the temperature of the soil
or rock through which it flows. Analysis of existing theoretical equations
suggest that ground water flow will also affect the surface soil tempera-
ture. Therefore soil temperatures may be used to delineate small, shallow
ground-water flow systems. The horizontal movement of ground-water in
shallow aquifers has also been shown to affect soil temperatures. The

aquifer acts as a heat sink or source, depending upon the season of the
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year, and the heat is exchanged between the aquifer and the land surface.

The greater the velocity of water movement through a porous medium
and the resulting larger mass movement in the system, the greater the
effect of the fluid movement on the aquifer temperature and thus on the
soil or rock temperature. In shallow flow systems in which the rate of
movement of water is low, only the effect of vertical movement will be
reflected in the soil temperatures.

During the summer months, warm water enters the recharge zone,
moves downward, and warms the soil. As the water moves horizontally, it
comes into equilibrium with the general thermal regime, and as the water
moves upward toward the point of discharge, the soil is cooled. In the
winter, the water entering the system cools the soil, and water at the
discharge point warms it.

The temperature of the soil within the flow system depends on the
velocity of ground water movement, the thermal properties of the materials,
heat gained or lost in the atmosphere, and geothermal heat added to the
system. The measured soil temperatures of the recharge and discharge
areas are functions of the vertical velocity, while the temperatures in
between are functions of the horizontal velocity and the distance of
travel. In general the soil temperature decreases with increasing
horizontal distance between the recharge and discharge zones.

The equipment used generally for temperature sensing consists of a
thermistor at the top of an insulated aluminum tipped probe. The probe is
inserted into the soil and the temperature is read after coming to equi-
librium. At locations where discharge is occurring an increase in soil

temperatures of 0.75° C in clays to 5° C in sands has been monitored.
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Locations where recharge occurs are not reflected generally in the soil
temperature changes; this fact is due probably in part to the intermittent

nature of the recharge events.

Infrared Sensing

Remote sensing at different wave bands of the electromagnetic
spectrum has been used frequently for the evaluation of soil types and
general ground conditions. One of the most useful regions of the spectrum
for a remote sensing, in terms of engineering and agricultural applications,
is the infrared. Infrared is an electromagnetic radiation whose spectrum
band falls between that of the microwave region and visible light, i.e.,

1 HZite .3 X 10]4 HZ. This energy can be reflected from,

from 3 x 10
absorbed by, transmitted, or emitted by objects. Infrared sensing systems
and detection techniques developed in the past few years have made it
possible for infrared radiometry or infrared thermal imaging airbourne
techniques to be used to detect and record temperature differences, at
close range, of less than 0.01° C.

At temperatures above absolute zero (—2730 C) all objects radiate
electromagnetic energy as a result of their atomic and molecular motion.
The amount of emitted radiation increases with the object's absolute tem-
perature and reaches a peak at a certain wavelength. Each object in
nature has its own unique property of reflected, transmitted, absorbed,
or emitted radiation. These properties, once identified, can be used to
distinguish one object from another or obtain information about shape,
size, and other characteristics.

The airborne sensing equipment is flown over the terrain in straight

parallel lines. A scanning device, such as a rotating mirror, scans the
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terrain in continuous strips perpendicular to the line of flight. The
image from the mirror strikes an element sensitive to infrared radiation
and the signal from the sensitive element is electronically amplified and
produces a visual image on a cathode ray tube or by means of a glow tube.
A final photographic record is made of the glow tube or cathode ray tube.
The scanning mirror sweeps an angle on either side of the vertical and an
image is recorded, which for the most part is an oblique view of the
terrain. The photographic tone of an object sensed by the imaging system
is a function primarily of the intensity of the objects infrared radiant
intensity, which depends on the object's emissivity and temperature.

The infrared radiance of soils is dependent upon many factors that
influence their emissivity and temperature. Such factors can be divided
into two general groups, intrinsic and external. The intrinsic factors
are those contained in the soil, namely, specific heat, radiating power,
heat absorption, nature of surface, moisture content, organic matter
content, etc. The external factors consist of the meteorological elements,
chief of which are air temperature, sunshine, barametric pressure, wind
velocity, humidity, precipitation, etc. Each of these general groups
may be subdivided into two parts, one part tending to impact energy to
the soil and thereby raising its emittance and the other part tending to
take away energy from the soil thereby Towering its emittance. These
opposing factors are in operation all of the time, but some predominate
over the others at different seasons of the year or even different time
of the day. In field thermal imagery, an image taken at any time may be
considered the resultant or summation of the effects of these opposing
or contrasting factors.

Controlled experiments have been performed in which all intrinsic
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and external variables were kept constant except for the depth to the

ground-water table and time. These experiments indicated clearly that
differences in depth to ground-water table within the range used in the
experiment (0 to 2 m) were detectable measuring the radiant intensities

given off by the soil surfaces in the 8u to 14u spectral range.

Microwave Sensing

Microwaves are electromagnetic waves that occupy that portion of
the electromagnetic spectrum between shortwave radio waves and infrared

8 uz to 3 x 10"

radiation, i.e., from 2 x 10 HZ. They propagate readily
through dry materials 1ike plastics, ceramics, and wood, but are attenuated
to varying degrees in passing through wet materials. The reason for the
attenuation is that the microwave induced rotation of the water molecule
is a "lossy" process. At relatively high power, this loss is converted
into heat that is the basis of microwave heating and cooking.

The original research and development in the utilization of micro-
waves was performed by the military defense establishment during the 1940's
and 1950's. With the formulation of fundamentals and the growth of a large
microwave equipment and supply industry, it was only natural that the
method should be used to attempt to detect subsurface geotechnical
anomalies. Using pulsed systems, a number of investigators, (see table
III-1) have had reasonable success in locating rock faults, joints, cavities,
and tunnels at depths of hundreds of meters. The systems use generally
monocycle pulses in the frequency range from a few megahertz to about
1GHZ and require only the travel time of the wave to the reflecting layer

and back and the propagation velocity of the wave in the material through

which it is passing to calculate the unknown depth. The method can be
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Table III-1
Current Microwave Research and Development in Geotechnical Applications.

(Koerner et al, 1979).

Investigator Affiliation Status Application area and equipment details
(1) (2) (3) (4)
Cook Teledyne Geotech Available Detection of rock faults, walls, holes, etc.
Dallas, Tex. Pulsed monocycle system with propagation
depths up to 225 m in rock salt. Frequen-
cies in 1 MHz-100 MHz range.
Rubin Calspan Co. Available Close-in detection system, probably pulsed,
Buffalo, N. Y. used to detect Tand mines.
Moffatt, Ohio State University Available Detection of rock faults, joints, cavities,
et al. and Microwave Assoc. and 1ithologic contrasts. Pulsed monocycle
Burlington, Mass. system using orthogonal antennas with
1/2 nsec pulse times for close measurments.
Unterberger Geophysical Survey Available Detection of rock faults, caverns, utilities,
Systems, Inc. strata, and other anomalies. Pulsed repeti-
(GSSI) tion rate of 50 KHz using a single antenna
transceiver in low conductivity soils depths
up to 30 m can be monitored.
Dolphin, Stanford Research Research Detected chambers in dolomite rock mine at
et al. Institute 30 m-40 m beneath ground surface using a
pulsed monocycle system at 16 MHz-50 MHz
with peak power of 0.2 MW.
Rubin, ENSCO, Inc. Research Used GSSI system with modifications to
et al. Springfield, Va. locate a subsurface tunnel, i.e., Washington
Metro where microwaves reflect off heavily
reinforced roof of structure which is
6 m-10 m beneath ground surface. Also
monitored grout flow and effectiveness.
Unterberger Texas A&M University Research Radar (and sonar) probing in salt to locate
tunnels beneath salt floor and fractures in
salt. Depths of up to 1,000 m have been
successfully probed. Sonar is used to
improve probing direction resolution.
Lundien Corps of Engineers Research Detection of single and multiple subsurface
Vicksburg, Miss. layers using a continuous wave microwave
system.
Ellerbruch National Bureau Research Determined coal seam thickness as small as
Standards 19 cm-40 cm thick using continuous wave
microwave in the 0.5 GHz-4.0 GHz region.
E1-Said Cairo University Research Used continuous wave radio waves from
77 KHz-940 KHz to determine water levels in
Egyptian desert. Predicted water at 861 m
which agreed with nearby boring data of
790 m and 875 m.
Koerner, Drexel University Research Continuous microwave system at L-Band
et al. frequencies used to locate ground water,

top of rock and utilities to depths of 4 m.
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classified as a microwave reflection method.

Research is also being done with continuous wave microwave methods
whereby the receiving antennae is monitoring continuously the returning
microwave signals from various subsurface reflecting layers. This results
in a series of constructive and destructive interference patterns when
viewed on an oscilloscope or recorder. From theoretical analyses of the
electromagnetic interference patterns produced as a function of depth to
a reflecting interface, an equation can be developed which requires the
index of refraction of the medium, the angle of incidence, the frequency
of two peaks of the interface pattern, and the number of peaks between

these two frequencies.

| Geophysical Methods

L Geophysical methods of subsurface seepage detection include the
seismic techniques of refraction and reflection and the electrical methods

of resistivity and streaming potential. While seismic techniques can be

ib used to Tocate the water table, electrical prospecting also can give flow
| velocity and rates. Interpreting seismic data, though, is much simpler

‘ than for the electrical results. Dobrin's (1976) text is an excellent

o introduction to any of the geophysical techniques.

Seismic Methods

K Seismic refraction or reflection can be used to Tocate the water
table because of the difference in elastic properties of dry versus wet
soil. Both techniques measure the travel time of a seismic wave, usually

[ a blast, transmitted through the soil and back to the surface where it

is picked up by the geophone. The longitudinal or P-wave component of the
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blast wave is timed because it is the first wave to arrive at the geophone
and is not attenuated by water. Both types of seismic surveys use sev-
eral geophones spaced at equal intervals to obtain as much information
as possible per blast.
Refraction surveys measure, see figure III-1, the time it takes for
a blast wave to return to the surface after refraction by a higher velocity,
subsurface layer such as soil containing the water table. Blast waves
will travel thfbugh the overlying soil until they hit the surface of the
saturated soil where some are reflected back to the surface while others
are transmitted through the wet soil. Only those waves striking the
saturated soil's surface at a critical angle equal to the arcsine of
the ratio of the P-wave velocities of the dry versus saturated soil will
be refracted and, thus, travel along the wet-dry interface. These re-
fracted waves return also to the ground surface at the same critical
angle described previously. By knowing the various distances and travel
times from the blast to several geophones at increasing distances from
the blast, the depth to the saturated-dry interface may be determined.
Refraction data are analyzed normally by drawing a plot of first
arrival time versus distance for each geophone. The plot is linear for
small distances with a slope equal to the inverse of the upper soil layer
velocity. As the distance between the geophone and the blast increases,
the refracted blast wave travelling in the higher velocity, i.e., the
lower soil layer, will overtake eventually the upper layer wave and be
the first to arrive at the geophone. The curve will show a break where
the refracted wave overtakes the surface blast wave. The time-distance

curve will continue its linear trend except now at a new slope equal to
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Figure III-1. Wave Path for Seismic Refraction Method.
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Figure III-2. Wave Path for Seismic Reflection Method.
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the inverse of the velocity in the lower layer. Using the upper and
Tower layer velocities found from the plot and the point of intersection
of the refracted wave arrival curve with the time axis, a formula will
give the depth to the water surface. Solutions are available also for
more than two soil layers and for sloping soil strata. Saturated soil
can be identified easily by its unusually high velocity and the differing
wave form of the refracted wave.

Reflection surveys, see figure III-2, measure the time for a blast
wave (P-component) to return to the surface after reflection from the
water table surface due to a difference in soil properties. Although
reflection surveys are used most extensively for oil they also have
been used for engineering purposes. Low velocity below high velocity
strata cannot be detected by refraction and, thus, give false data while
reflection surveys can detect them (although with some difficulty).
Blast waves are reflected at any interface where there is a change in
acoustic impedance (the product of wave velocity in the layer times the
layers density). Second arrival times are measured because the first
arrival, travelling along the ground surface, always beats the reflected
wave to the geophone. A highly damped geophone is necessary for reflec-
tion surveying to pick up second arrivals after it has been excited, and
is usually still vibrating, due to the first arrival.

To determine the depth to a reflecting layer, the travel time and
distance from the blast to a geophone, for the second arrival, must be
known. Also, the velocity in the upper soil layer must be determined
either from separate measurements in a borehole or by the inverse square

root of the slope of a curve of the square of the second arrival time
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versus the distance squared to the geophone. Once these parameters have
been determined, a formula is used to determine the depth to the water
table. Techniques are available also to analyze more than two soil layers
and for dipping strata.
Regarding seismic methods in general, there are several controls
necessary for accurate results:
1. Elevations of the blast and pickup geophones must be
accounted for.
2. The influence of weathered or loose, near surface soil
must be accounted for since its elastic properties
differ from the soil below.
3. A correction for the depth of capillary zone in fine
grained soils is necessary; and
4. Background noise can 1imit the depth capable of being

measured for a given blast energy.

Electric Methods

Electric techniques have been used to give depth to the water table
and can also give information on flow rate and velocity. The first tech-
nique described, resistivity, involves generating an artificial current
in the soil. The second, streaming potential method, measures natural
currents in the soil caused by seepage.

The resistivity method, see figure III-3, involves generating a
current in the ground by two electrodes and measuring the potential drop
with several electrodes placed in between. The goal of a resistivity
survey is to determine resistivity variations in the ground or rather

the ground's apparent resistivity. Apparent resistivity is proportional
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to the measured potential drop and inversely proportional to the generated
current. Electrode configurations are varied during the survey and
apparent resistivities are calculated for each configuration, thereby,
yielding subsurface stratigraphic information. A common electrode con-
figuration used in the United States is the Wenner arrangement where
equal distances are maintained between all electrodes.

Two types of resistivity surveys are used: horizontal and vertical
profiling. When horizontal profiling is used, the electrode separation
is kept constant and the entire set of electrodes is moved along a survey
line. Since a wider electrode spacing allows deeper probing but less sen-
sitivity (a closer spacing does the reverse), a critical spacing is chosen
for the depths desired to be investigated in the field. As the electrodes
are moved along a survey line, any change in apparent resistivity indi-
cates an anomaly. A plot of apparent resistivity versus distance can be
compared with theoretical anomaly curves in an attempt to identify the sub-
surface anomaly. Ground water is located easily since even in a nonhomo-
geneous soil, the electric properties do not show as much contrast as for
saturated soil having five to ten times less resistivity. Vertical pro-
filing consists of increasing the electrode separation of a single survey
station in order to probe deeper continuously. A sharp decrease in
apparent resistivity may indicate a saturated soil surface interface.
Combinations of horizontal and vertical profiling are used commonly for
reconnaissance site investigations.

To interpret vertical profiling results, a set of empirical curves
called Wetzel-Mooney Curves is used to determine the depth to an interface

and it resistivity. These curves are log-log plots of apparent resistivity
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versus electrode separation and are matched to the similar curves deter-
mined from field investigations. Approximately 488 curves exist for
various resistivities and depths for both two and three layer cases.
Other simplified methods also exist to interpret resistivity data.

When conducting a resistivity survey, profiles must be run paral-
lel to elevation contours and corrections made for the cpaillary zone
above the water table in fine grained soils (i.e., by correlation with
boreholes). Depth of penetration for the Wenner electrode configuration
is of the same order as the spacing between adjacent electrodes.

Streaming potential (SP) measurements have been used in the
U.S.S.R. not only to find leakage sites in reservoirs but also to monitor
the evolution of seepage and soil piping in dams. The SP method is based
on a well known phenomenon of electric fields (natural) being set up
when water flows through any porous medium such as soil.

Streaming potentials are casued by interactions at the boundary of
the solid and Tiquid phases where a double, diffuse layer is formed. The
part of the double layer in the liquid phase can be moved out of its
equilibrium position by the latter's movement thereby creating a potential
difference or SP anomaly. Equations have been developed to relate the
magnitude of the SP anomaly to the hydrostatic head causing it but they
only hold for perfect tubes and not for complicated case of a real soil.
These equations show that the potentials increase in the direction of
water flow and that their gradient is proportional to the seepage inten-
sity (for laminar flow). When the flow is turbulent as in large open
fissures, the law is violated. Laws governing the origin of SP occurring

in fissures have not yet been established. Sands with medium grain sizes
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develop the greatest potential fields. If the pore water has a salinity
corresponding to a resistivity of 10 ohm/cm or less, no noticeable SP
anomalies will be observed.

Maps of equal SP values may therefore reflect the water table
surface. Increases in flow can be noted by contour changes in time on
a SP contour map. Since it is similar to the resistivity method, one
method can be used to check the other. When runing an SP survey, correc-
tions must be made for the capillary zone above the water table.

In general, the electrical methods are used to find depths to the
water table or flow rate but the interpretation of these data are
complicated and many natural obstacles must be avoided when performing
the surveys (i.e., natural currents in the earth and steel fences, to
name a few). Some researchers have used stationary electrodes to monitor
the changes in seepage and, therefore, the ground's electric properties,
with time. Efficiency of grout curtains at reducing seepage and soil
piping progress in dams have been observed using the simplified station-

ary electrode method.

Acoustic Emission Monitoring

Acoustic emissions are the noises generated when a material deforms
thereby mobilizing some form of stress wave. The monitoring technique
that quantifies these stress waves is well advanced in metal and rock
testing and has been extended lately into the soils area. The instru-
mentation, see figure III-4, consists of:

1. A wave guide inserted into the general soil zone being

monitored. A wave guide can be any material that is
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capable of carrying acoustic emissions from depth to the
surface, (i.e., concrete drains, metal pipes, conduits,
metal rebar, or metal wire).
2. A pickup transducer, usually a piezoelectric transducer
or commonly an accelerometer.
3. An amplifier, usually equiped with a filter.
4. A readout system which is usually a Light Emitting Diode
and if a permanent record is desired a tape recorder
and/or strip-chart recorder.
The readout system is often a frequency counter but also can be based on
amplitude or root-mean-square for continuous emission monitoring. The
frequency response of the transducer is of major importance and can vary
over wide 1imits (e.g., in metals, transducers are responsive typically
in the Kilohertz or even Megahertz range. In soils accelerometers or
hydrophones are used with a frequency response from 100 HZ to 10,000 HZ,
and rock, geophones are used with a frequency response from 0.25 HZ
to 100 HZ.) The most suitable frequency range for monitoring seepage
flow depends greatly on the manner of pickup. If the pickup is made
directly at the source of emissions, i.e., downhole or in water monitoring,
the pickup transducer can be of high frequency, which will eliminate back-
ground noise. Conversely, the farther away the transducer pickup is from
the source of the emissions, the lower the frequencies that must be
utilized. This allows for longer transmission of the emission along the
wave guide without complete attenuation of the signal. |
The technique has been used recently to detct seepage beneath a

small earth dam of 13 feet (4 m) in height and approximately 1312 feet
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(400 m) in length. While grouting was an obvious solution to the problem,
the cost of grouting the entire length of the dam was prohibitive to the
site developer. Thus a series of borings was made along the axis of the
dam and seepage tests were conducted.

Since the borings were available, acoustic emission monitoring was
attempted. A heavy steel wire was inserted down the borehole to the
bottom where seepage was occurring presumably. Acoustic emission count
rates were recorded using accelerometers responsive in the 500 HZ to
8,000 HZ range. There was a general agreement between seepage monitoring
(in gallons/minute) and acoustic emission activity (counts/minute). The
actual mechanism causing the emissions is not known (perhaps it was the
turbulent flow of the seepage against and around the casing), but the use
of acoustic emission technique in monitoring for seepage seems to hold
great promise.

In another application (Coxon and Crook, 1976), a simple micro-
phone from a telephone coil ear piece was connected to 656 feet (200 m)
of coaxial cable, sealed to make it water tight, and Towered from a boat
to locate seepage through an asphalt covered upstream surface of a
197 foot (60 m) high dam. The noise was recoded using a portable AC
micro-range voltmeter and a set of earphones. Leakage noises were unmis-
takable and produced noise levels of 15 dB to 20 dB above background
levels. Subsequently, divers examined the suspect areas and found cracks
more than 1 cm wide leaking reservoir water (Koerner, Reif, and

Burlingame, 1979).
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Piezometer Tube

Piezometers measure water level in an embankment or dam. Instal-
lation can be during or after construction. Piezometer tubes consist of
a metal or plastic pipe, capped usually at the bottom, with holes or
slits in the sides to allow water to enter. As the water level changes
in a dam or embankment, the corresponding water level will change within
the tube. Pressure cell piezometers have the advantage of no wait

response time as with low permeability soils.

Boring Logs

One of the better ways to determine the subsurface conditions at a
specific location is by boring an exploration hole. With such a boring it
is possible to inspect visually soils representing the exact situation at
a given depth. Also, since the borehole exists there are some downhole
detection techniques that can be used.

For most small projects, borings would probably be cost prohibitive.
Other disadvantages include:

1. Difficulty in taking borings in some terrain, e.g., over
water or on steep slopes; and

2. Interpolation is required for information between borings
(Koerner, Reif and Burlingame, 1979). .

A summary of log applications, Table III-2 (Keys and MacCary, 1971),
is a simplified table of parameters that can be measured or interpreted

from commonly available geophysical logs.
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Summary of Log Applications.

Table III-2

(Keys and MacCary, 1971).

Required information on the properties
of rocks, fluid, wells, or the
ground-water system

Widely available logging techniques
which might be utilized

Lithology and stratigraphic correla-
tion of aquifers and associated rocks.

Total porosity or bulk density

Effective porosity or true resistivity
Clay or shale content

Permeability

Secondary permeability - fractures,
solution openings

Specific yield of unconfined aguifers
Grain size

Location of water level or saturated
zones

Moisture content

Infiltration

Direction, velocity, and path of
ground-water flow.

Dispersion, dilution, and movement of
waste

Source and movement of water in a well
Chemical and physical characteristics
of water, including salinity, temper-
ature, density, and viscosity.
Determining construction of existing
wells, diameter and position of
casing, perforations, screens.

Guide to screen setting

Cementing

Casing corrosion

Casing leaks and (or) plugged screen

Electric, sonic, or caliper logs made in open holes. .
Nuclear logs made in open or cased holes.

Calibrated sonic logs in open holes, calibrated
neutron or gamma-gamma logs in open or cased holes.

Calibrated long-normal resistivity logs.
Gamma logs.

No direct measurement by logging. May be related to
porosity, injectivity, sonic amplitude.

Caliper, sonic, or borehole televiewer or television
logs.

Calibrated neutron logs.

Possible relation to formation factor derived from
electric Togs.

Electric, temperature or fluid conductivity in open
hole or inside casing. Neutron or gamma-gamma logs in
open hole or outside casing.

Calibrated neutron logs.

Time-interval neutron logs under special circumstances
or radioactive tracers.

Single-well tracer techniques - point dilution and
single-well pulse. Multiwell tracer techniques.

Fluid conductivity and temperature logs, gamma logs
for some radioactive wastes, fluid sampler.

Injectivity profile. Flowmeter or tracer logging
during pumping or injection. Temperature logs.

Calibrated fluid conductivity and temperature in the
well. Neutron chloride logging outside casing.
Multielectrode resistivity.

Gamma-gamma, caliper, collar, and perforation locator,
borehole television.

A11 logs providing data on the 1ithology, water-bearing
characteristics, and correlation and thickness of
aquifers.

Caliper, temperature, gamma-gamma. Acoustic for
cement bond.

Under some conditions caliper, or collar locator.

Tracer and flowmeter.
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Magnetic Method

Magnetic surveys map variations in the magnetic field of the
earth which are attributable to changes of structure or magnetic suscept-
bility in certain near-surface rocks. Sedimentary rocks generally have
a very small susceptability compared to igneous or metamorphic rocks and
most magnetic surveys are designed to map structure on or within the

basement, or to detect magnetic minerals directly (Dorbin, 1976).

Gravity Method

The gravity method measures minute variations in the pull of gravity
from rocks within the first few miles of the earth's surface. Different
types of rocks have different densities and the denser rocks have the
greater gravitational attraction. If the denser rocks are arched upward
in a structural high, such as an anticline, the earth's gravitational
field will be greater over the axis of the structure than along its
flanks. A salt dome, on the other hand, which is less dense than the
rock into which it has intruded, may be detected from the low value of
gravity normally recorded above it.

Anomalies in gravity which are sought in 0il or mineral explora-
tion may represent only one millionth or even one ten-millionth of the
earth's total gravitational field. For this reason, gravity instruments
are designed to be extremely sensitive, and modern gravimeters can detect
variations in gravity to within one hundred-millionth of the earth's

field (Dobrin, 1976).
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CHAPTER 1V
SELECTION OF METHOD

Introduction

The method of selection for dam analysis was done by the process
of:

1. The project geotechnical and electrical engineers dis-
cussed each method;

2. Personal interviews were conducted with representatives
of the various manufacturing companies;

3. Personal interviews were conducted with consulting
geophysicists in the area; and

4. A final discussion of the methods, costs and results of
the interviews was conducted and a method was selected.

The method selected was acoustic emission. The reason for its
selection was, acoustic emission met the initial requirements set, which
again are:

1. Inexpensive. The Acoustic Emission Technology unit sells
for approximately $4,000.00. This includes all accessories
to begin a monitoring program. Usually a permanent
recording device, strip chart recorder or magnetic tape,
is used to keep accurate records, price on these may

vary.



2. Portable. The Acoustic Emission Technology (A.E.T.) unit
weights six pounds. Total weight of A.E.T. unit, acces-
sories, and strip chart recorder is under fifteen pounds.

3. Ease of operation. The A.E.T. unit is very simple to use,

does not require a technical background to operate and
requires only a few minutes to set up and become operational.

4. Ease of data interpretation. Using a strip chart recorder

to keep a permanent record makes for ease of operation and
interpretation of data. A glance over the chart will

reveal much of the desired information.

Acoustic Emission

A general review of acoustic emission was given in Chapter III
under detection methods but this section describes the technique in more
detail. As stated in Chapter III, acoustic emissions are the noises
generated when a material deforms thereby mobilizing some form of the

stress wave.

History of Acoustic Emission Monitoring

The first experiment to detect and record acoustic emission was
conducted by Forster and Scheil (1936). They recorded the "noises"
caused by the formation of martensite in 29% nickel steel. The specimen
was supported between 1 mm diameter molybdenum wires. The vibrations
caused by martensitic transformation in the specimen were transmitted
by the supporting wire, wh%ch acted as a waveguide, to a receiving trans-

ducer, which transformed the noise into electric signals. The electrical
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signals passed through an amplifier, were rectified, further amplified,
and recorded with a galvanometric 1ight-beam recorder.

E. A. Hodgson in Canada was the first modern day scientist to
propose a practical application of sub-sudible rock noise (acoustic
emission). He proposed their use to predict rock burst and earthquakes
in 1923.

In the 1930's Obert (1941) was measuring seismic velocity in a
mine pillar, when he discovered that his equipment was being triggered
by noises generated by the rock. Obert and Duval (1941) investigated
eventually the possibility of predicting rock bursts utilizing these
signals and found an increased acoustic emission rate preceeding rock
burst. Their work, in the Ahmeek Copper Mine in Michigan, proved suc-
cessful. The predicted 14 rock bursts; 9 were followed by rock bursts.
There were 5 predictions not followed by bursts, and two unpredicted
bursts.

The father of acoustic emission, Josif Kaiser, published his
Ph.D. thesis in 1940, which was the first study of the acoustic emission
phenomenon itself. Kaiser's research objectives were to determine from
tensile tests of conventional engineering materials what noises are
generated from within the specimen. The acoustic process involved, the
frequency levels found, and the relation between the stress-strain curve
and the frequencies noted for the various stresses to which the specimens
were subjected. His most significant discovery is the phenomena of
irreversibility which is now known as the Kaiser effect. The Kaiser
effect is stated as the absence of detectable acoustic emission until

previously applied stress levels are exceeded (Leaird, 1980).
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Tatro and Liptai (1962) used the technique as a yield detector in
metals and also did pioneering work in analyzing the fundamental character-
istics of acoustic emissions in metals. Recently, the most active acoustic
emission work has been in the area of nuclear pressure vessel proof testing
(Green, 1969). A large number of transducers are placed on the pressurized
vessel. Any flaws that may be present are detected and evaluated by their
acoustic emission response. These flaws can be located to within inches
of their actual locations.

While the materials mentioned previously, rocks and metals, have
been subjects of major acoustic emission research, other materials have
been evaluated also. These include composites, concrete, ceramics, ice,
and wood.

Information regarding the acoustic emission response to soils is
relatively new. Early soils reference was addressed in a preliminary
manner by Caddman and Goodman (1967). Subsequent work has been done at
Drexel University and forms a large part of acoustic emission response

of soils to date (Koerner, Lord, McCabe and Curran, 1976).

Characteristics of Acoustic Emission from Soil

The mechanisms responsible for the shear strength of soils appear
to be the basic generators of acoustic emission in soils. These mechan-
isms in granular soils are the fundamental components of the angle of
shearing resistance, including sliding friction, rolling friction, degra-
dation, and dilatation. Work by Koerner (1977) has shown that conditions
producing the greatest number of interparticle and therefore frictional

contacts, i.e. well-graded soils, also produce the greatest amount of
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acoustic emission activity. The tendency of a granular soil to generate
more emissions with higher confining pressures and consequently higher
frictional forces, is further evidence of a friction based emission
source.

It has also been shown that frictional characteristics of soil
particles vary with mineral type (Horn and Deere, 1962). From this,
one would conclude that mineral type will also affect acoustic emission,

although this hypothesis has not as yet been tested.

Instrumentation

See figure III-4 for schematic diagram of acoustic emission test

setup.

Waveguide

A waveguide transmits the acoustic emissions from depth to the
surface. Wavequides are necessary because acoustic emissions are
attenuated rapidly in soils; from 1 dB/ft to 200 dB/ft (0.33 dB/cm to
0.67 dB/cm). Attenuation rate is affected by types of soil and moisture
content. A waveguide may be a section of low carbon steel rod (e.g.,
bar stock), reinforcing bar (rebar), baling wire, metal instrument pipe,
metal drain, outlet pipe, etc. Attenuation rates in steel rods have
been measured from 0.005 dB/ft to 0.1 dB/ft (1.7 x 107> dB/cm to
303 X ]0'3 dB/cm). The waveguide must be located in, or near, the

highly stressed zone in the soil being monitored (Koerner, Lord, and

McCabe, 1978).




Accelerometer

As a soil mass deforms, the resulting acoustic emissions are
received by the metal waveguide and transmitted to the accelerometer
attached to the waveguide at the ground surface.

The laboratory testing of a number of soils, and subsequent
analysis, has shown the frequency of typical soil emissions to be in
the 1-8 KHz range (Koerner and Lord, 1974). Therefore the range of the
accelerometer must cover this. Koerner, Lord and McCabe (1978) used a
piezoelectric transducer with a relatively flat frequency response from
500 Hz to 5,000 KHz, a resonance at 5,700 Hz and voltage sensitivity of
approximately 100 mr/peak g, which is in the range of greatest interest

in acoustic emission monitoring of soils.

Filter

To eliminate extraneous noises, the signal is usually filtered.
Anplifier

The signal is usually amplified by .01 g then filtered.
Counter

When working with acoustic emission in the field, the count mode
is used. What takes place follows this sequence; deforming soil creates
acoustic emissions which are transmitted up the waveguide to the acceler-
ometer which is then vibrated changing the "noise" to an electrical
impulse. This impulse is then amplified and filtered. Before monitoring
begins a threshold voltage is set up. If the impulse from the accelerom-
eter is higher than the set threshold, a count is registered. Since

each acoustic emission is actually a rapid series of sound waves, the
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electrical signal produced by the accelerometer takes the form of a
logarithmically decaying transient wave train. Consequently, a single
emission could produce a large number of counts. The number of counts,
not the number of emissions, is referred to as "acoustic emission count"

(Koerner, Lord, and McCabe, 1977).

Strip Chart Recorder

A strip chart recorder may be used along with the acoustic emis-
sion instruments to keep a permanent record of counts at a site. The
line trace on the strip chart paper also makes for easier interpretation

of the data.

Acoustic Emission Response of Dry Soils

To determine the acoustic emission response in dry soils, Lord
and Koerner (1974) investigated the response of a series of axiéT]y
stressed dry soil samples.

Two different types of soils were used, a .decomposed mica schist
entirely in the sand range, and a finer ai1uvia1 clayey silt. The soils

were ovendried, sieved, and blended in the following proportions by

weight:
Soil No. Sand % Clayey Silt %
1 100 0
2 67 33
3 50 50
4 33 67
5 0 100

After blending, the soils were mixed with water to their optimum moisture

content (about 12%) and compacted to maximum density. The specimens were
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then ovendried at 105°C for 24 hours. These cylinders were 1.3 inches
(3.3 cm) in diameter and 2.8 inches (7.1 cm) high with average density
of about 113 1bfft3 or 1.8 g/cma.

The soil samples were tested in unconfined compression using a
hand-operated press in a stress controlled manner. A dial deflection
gage was mounted on top of the specimen so that strains could be computed.
The waveguide, a 4 inch steel drill rod, was placed against and slightly

into the soil specimen under test.

Soil Response

The stress-strain and stress-acoustic emission responses of the
five soils tested are presented in figure IV-1. In comparing one set of
curves to another, the following observations can be made:

1. The maximum stress reached in each of the five different
soil types was high (from 185 to 345 psi) due to the method
of sample preparation. This assured good acoustic emission
response without the necessity of large amplification.

2. The axial strain at failure was about four percent for all
samples.

3. At Tow stress levels, the acoustic emission output is much
more pronounced than strain output. This difference,
however, depends on the soil type, the difference becoming
less as the amount of fines in the soil increases.

4. The acoustic emissions are greater in sandy soil than in

fine-grained soil. This suggests that sliding friction is
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Figure IV-1. Typical Stress/strain and Stress/acoustic
Emission Response to Soils 1-5. (Lord and Koerner, 1974)
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probably more significant than rolling friction in producing
acoustic emissions.
5. Failure is always accompanied by a large acoustic emission
output, which in some cases is audible. At such a stage
all emission mechanisms are probably functioning, thereby
producing a large emission response.
Table IV-1 summarizes test data presented previously. Along with
stress and strain data, the table gives the accumulated acoustic emission
counts at arbitrarily selected percentages of maximum axial stress (Lord

and Koerner, 1974).

Acoustic Emission Response of Granular Soils

To investigate the response of acoustic emission of granular soils,
Koerner, Lord, McCabe and Curran (1977) tested four granular soils having
different physical characteristics under drained conditions in both
isostatic and triaxial creep modes. The samples were tested in the creep
(sustained stress) mode so that machine noise would be eleiminated as
compared to conventional strength testing. Table IV-2 lists the physical
characteristics of the soils tested.

A11 tests were performed on 2.8 inches (70 mm) diameter by 6.0 inch
(150 mm) high samples in a consolidated drained condition. The pickup
accelerometer was % inch (12.7 mm) in diameter by 3/4 inch (19 mm) in
length and was embedded in the center of the sample as it was prepared.
The connecting coaxial cable was taken out through a port in the test

cell to an amplifier and counter.
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Summary of Test Data for Dry Soils.

Table IV-1

(Lord and Koerner, 1974)

Soil, Strain

% Sand/ Max at Total Acoustic Emission Count at

% Clayey Stress Failure, 100% 90% 75% 50% 25%
No. Silt psi % of Max Load Stress
1 100/0 296 4.4 860 780 720 580 350
2 67/33 344 3.6 600 475 440 350 180
3 50/50 327 4.2 280 200 160 130 30
4 33/67 231 3.3 210 135 100 70 20
5 0/100 185 4.0 105 80 40 20 5
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Table IV-2
Effect of Particle Characteristics on Acoustic Emissions in Granular Soils.

(Koerner and others, 1976)

Cell
pres-
Coef- sure, 1in
ficient Friction pounds
of Effec- angle, per
Particle uni- tive in square AE AE
Soil type shaped formityb sizeC  degrees inch 1504 Te TRIAX
(1) (2) (3) (4) (5) (6) (7) 8) (9)

Sand Drain Soil  Subangular 8.4 0.45 35 5 1.7 % 10% 111 ‘% 102 2 x 109
No. 1 10 P0-% 100 45 x 05 | Fx 10
20 15.0 x 108 45 % 10° 12 x 10°
Ottawa Sand Round 2.0 0.20 35 5 0.2 5ed0® - 3.k 10° . 2 %00
No. 2 10 0.5 x10* 36x10°  3x10°
20 1.2 x10*  17x10° ¥ax10°
Concrete Sand Angular 2.4 0.21 39 5 0.04 x '104 56 x 102 8 X 105
No. 3 10 0.2 x10% 38x102 9x10°
20 1.8 x10% 33 x102 14 x 10°
Beach Sand Subround 1.5 0.24 42 5 0.01 x 10* 7 x10° 1x10°
No. 4 10 g0 xdatt 72w 105 2 % 10°
20 0.38 x 10 % 10° = @ x10°

9Based on a relative scale of angular, subangular, subround, round, or very round.

bpefined as CU = dgg/dyQ-
Cd1p, the particle size at which 10% of the entire sample is finer, given in millimeters.
dcumulative acoustic emission counts under isostatic conditions at cell pressure equilibrium.
€Coefficients of emittivity, i.e., slope of initial portion of AE versus deviator stress curve in units

of counts per pounds per square inch for triaxial tests.
fCumulative acoustic emission counts under triaxial creep conditions at failure.




In the first series of tests, hydrostatic pressure was applied to
the specimen producing isostatic conditions. Cumulative acoustic emis-
sion counts were recorded with time after the pressure increment was
applied. Figuer IV-2 shows the response curves for these tests. Other
than the final level of acoustic emission counts, the time for the acoustic
emission to cease, i.e., equilibrium of particles reorientation, varied
primarily with shape. Samples containing the rounder particles (soils
labeled No. 2 and No. 4) ceased emitting much before those samples with
angular particles.

Using the same soils and experimental test setup, a series of
triaxial shear creep tests were performed. The deviator stress (or
principal stress difference) versus strain behavior is given in
figure IV-3, and the deviator stress versus acoustic emission behavior
is given in figure IV-4 for the four soils under consideration. Note the
almost identical behavior patterns of stress/strain and stress/acoustic
emission curves at all levels of confining pressure. This behavior
indicates a basic relationship between strain and acoustic emission. In

addition to Tisting the Timiting acoustic emission counts at failure

(Col. 9 of table IV-2), a modulus of emittivity was also calculated. The
value in table IV-2 is expressed in units of counts per pound per square

inch since the value is intuitively more helpful on a unit stress basis.

o Summary

Particle Shape. The more angular the soil particles contained

within the total sample, the more emittive is the sample under stress.
e Sample No. 3 and No. 1 (angular and subangular, respectively) are sig-

nificantly more emittive in both the initial and final stages of triaxial
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testing than the other two samples. In general, the isostatic behavior
of these angular soils, and particularly of soil No. 1, is also more
emittive.

Coefficient of Uniformity. As coefficient of uniformity increases,

so does the level of cumulative acoustic emissions. This is a strong
conclusion for the triaxial test behavior, and is in almost perfect

agreement with the isostatic test results. However, the more angular
soils also happen to have the highest coefficient of uniformity. The

actual cause of greater emissions may therefore be a combined effect.

Conclusions

From this study of acoustic emission response of granular soils,
some of the fundamental properties of acoustic emissions have been
evaluated. It was found that:

1. Velocity of emissions is from 400 fps to 800 fps (120 m/s-
240 m/s) which is in the low range of wave velocities in
porous media.

2. The predominate frequency of the emissions is from 500 Hz
to 8 KHz, the actual value depending on the confining
pressure.

3. Attenuation of acoustic emissions in granular soils is
dependent strongly upon frequency in the region below
1 KHz - values range from 0.2 dB/ft to 40 dB/ft
(0.007 dB/cm-1.3 dB/cm), while above 1 KHz the attenuation
varies from 100 dB/ft to 300 dB/ft (2 dB/cm to 10 dB/cm).

4. Angular nonspherical particles produce greater acoustic

emissions than soils consisting of rounded, spherical ones,
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and furthermore, the time for emissions to cease (equilib-
rium reached) is greater for angular soils than for rounded
soils.

5. Well-graded soils, with high coefficient of uniformity,
produce large levels of acoustic emission counts.

6. Variation of particle size did not have a significant
effect on the generated acoustic emission counts in the

size range studied (Koerner, Lord, McCabe and Curran, 1977).

Acoustic Emission Response of Cohesive Soils

To investigate the response of cohesive soils, Koerner and others
(1977) used four soil types in a triaxial test series. The types of soils
and their properties are shown in table IV-3.

The triaxial test samples were 2.8 inches (70 mm) in diameter and
5.8 inches (150 mm) high. Except for the test sequence evaluating water
content effects, all remolded samples were compacted at optimum water
content in six layers to achieve a predetermined target density and void
ratio. The accelerometer, including an attached 3 cm long, 5mm diameter
waveguide, was suspended in the lower central portion of the mold while
soil was tamped in place around it. The coaxial connecting cable was
brought through the bottom platen and out of the triaxial chamber through
one of the drainage ports. All triaxial tests were consolidated, drained
and were conducted in creep mode in order to eliminate drive motor noise.

Each load increment was held until an equilibrium rate of deforma-
tion and acoustic emission was attained. The actual load increment time
varied from 30 to 300 minutes depending on the magnitude of the load

applied and soil type.
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Table IV-3
Properties of Cohesive Soils Used. (Koerner, Lord, and McCabe, 1977)

Soil
num W W P G W Y C 6
berb  Soil description  TypeC 1 p S opt test :
(1) (2) (3) (a4 (5)¢ (6)f (7)9 (8)h (9)1 (1003 (1)k
5 Clayey Silt ML 47 37 10 2.62 23 - 41 29
6 Kaolinite Clay MH 52 33 19 2.60 29 - 28 29
7 Silty Clay CL 43 24 19 2.64 34 - 48 10
8 Bentonite Clay CH 570 58 512 2.20 43 - 62 5

qa11 soils passed No. 200 sieve.

PSoils numbered 1 through 4 are found in Ref. 9.
“Unified soil classification system.

dLiquid 1imit, as a percentage.

®prastic limit, as a percentage.

fP]asticity index (W - wp), as a percentage.

gSpecific gravity of solids, in grams per cubic centimeter.
hOptimum water content, as a percentage.

1.Um‘t weight - varied slightly according to test series, see text.
J-Cohesicm. in kilonewtons per square meter.

kFriction angle, in degrees.




The effect of confining pressure on the acoustic emission behavior
of cohesive soils was evaluated for two of the four soils in table IV-3.
The clayey silt (No. 5) with a total unit weight of 1.69 g/cm3 and void
ratio of 0.95 and Kaolinitic clay (No. 6) with a total unit weight of
1.81 g/cm3 and void ratio of 0.84 were each tested at confining pressures
of 5 psi, 10 psi, and 30 psi (34 KN/m, 69 KN/m®, 138 KN/m®). The
response curves are given in figures IV-5 and IV-6. The parallel behavior
of stress/strain and stress/acoustic emission curves are noted easily.

The effect of water content on acoustic emission was conducted on
the clayey silt (No. 5). The samples were compacted at different water
contents and tested in unconfined compression. Figure IV-7 shows the
results, which indicate a decrease in strength and acoustic emissions
with increasing water content. The extremely low number of emissions
recorded at higher water content approaches the liquid limit of the soil
being monitored.

To investigate the relationship between plasticity index and
acoustic emission, the four soils (PI of 11%, 19%, and 512%) were com-
pacted to achieve a void ratio of 0.89 and tested in consolidated-drained
triaxial creep at 5 psi (34 KN/mz) confining pressure. The results are
presented in figure IV-8. Cumulative acoustic emission counts are plotted
versus percentage failure stress so that soils of different strength can
be compared directly. The most emissive soil is the clayey silt (No. 5),
which has the Towest PI, and correspondingly the greatest amount of
larger silt-sized particles. The least emittive soil is Bentonite clay
(No. 8), with extremely high PI and no silt-sized material. As shown in

figure IV-8, the Kaolinite clay (No. 6) and silty clay (No. 7) have
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Figure IV-5. Triaxial Creep Response of Clayey Silt (Soil No. 5
at Varying Confinning Pressures. (Koerner, Lord, and McCabe, 1977)
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Figure IV-6. Triaxial Creep Response of Kaolinite Clay
(Soil No. 6) at Varying Confining Pressures.
(Koerner, Lord, and McCabe, 1977)

71




80 — %

(o)
o

B~
o

AXIAL STRESS (psi)

N
(@]

0 200 400 600 800 1000 1200 |4b0
ACOUSTIC EMISSION COUNTS

Figure IV-7. Stress/acoustic Emission Response of Clayey Silt
(Soil No. 5) at Varying Water Content in Unconfined
Pressure. (Koerner, Lord, and McCabe, 1977)
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approximately the same emission response and plasticity index. A strong
correspondence exists between acoustic emission response and plasticity
of fine grained soils.

One undisturbed sample was obtained and tested in unconfined
pressure in the creep mode. The silty clay (No. 7) was tested in the
as-received condition. The significant properties were 1.97 g/cm3 total
unit weight, 1.14 void ratio, 56% water content, 100% saturation, and
an average penetration resistance of 3 blows/ft to 6 blows/ft. The
pickup accelerometer was embedded in the lower portion of the sample
by augering a 12 mm diameter, 25 mm deep hole in the soil sample and
inserting the accelerometer. The results are given in figure IV-9.

Note that the acoustic emission level is Tow, due in part to its
cohesive character of its predominately clay soil and its relatively
high water content. However, the acoustic emission response resembles
closely the stress/strain behavior shown in the left-hand part of the

figure.

Conclusions
From this study of the acoustic emission response of cohesive
soils it was found that:

1. Increasing the confining pressure in consolidated-drained
triaxial creep tests affects the shape of the stress versus
acoustic emission counts curve in the same manner that it
affects the stress/strain curve for cohesive soils. This
parallel behavior indicates that acoustic emissions in

soil is a deformation-related phenomenon.
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is not new.

Acoustic emission activity in cohesive soils under stress
decreases as water content increases. Cohesive soils at,
or near, their 1liquid limits are not very emittive, within
the 1imits of the amplifiers and accelerometers used in
this study.

Acoustic emigsion activity is affected strong]y by plastic-
ity index. The higher the plasticity index, the lower the
acoustic emission activity of the sample being stressed.
The Bentonite clay soil tested gave a nominal acoustic
emission output in comparison to the other cohesive soils
investigated.

Undisturbed cohesive soils can be monitored successfully
using the acoustic monitoring technique.

Regarding stress history of undistrubed cohesive soils,
acoustic emission rates are relatively low at stresses
below the preconsolidation pressure, and increase when the
stress level exceeds the preconsolidation pressure. Unfor-
tunately, the pressure at which the acoustic emission rate
was observed to increase is, for the soil investigated

here (a sandy silty clay known as a preconsolidated mar]

of low plasticity), considerably higher than the preconsol-
idation pressure as conveniently determined (Koerner,

Lord, and McCabe, 1977).

Acoustic Emission and Slope Stability

The use of acoustic emission as a method of detecting slope stability

Goodman and Blake (1966) studied rock noise in landslides
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and slope failures and Mearno and Hoover (1973) studied subaudible rock
noise to determine slope stability. Koerner and Lord (1974) monitored
three earth dams and these basic conclusions were drawn:

1. Earth dams that do not generate acoustic emissions are not
deforming under their imposed loading system and are safe.
Such dams are in a state of equilibrium and need not be
inspected for considerable time or until a new loading
condition is encountered.

2. Earth dams that generate acoustic emissions to a moderate
degree are deforming slightly under their imposed loading
condition and are to be considered marginal. Continued
monitoring of such dams is required until such time that
the emissions cease or increase to the following conditions.

3. Earth dams that generate large amounts of acoustic emission
are deforming to high degree and are considered unstable.
Immediate remedial measures are required.

Lord and Koerner (1975) continued monitoring the three earth dams
above and began monitoring an iron ore stockpile in Maryland. The results
of their research are reported in papers published in 1975 and 1976. The
conclusions are essentially the same as reported in their 1974 paper.

Koerner, McCabe and Lord (1978) had monitored, or were in the process
of monitoring eighteen field projects, most of which were small earth dams
containing lagoons of hazardous materials. They concluded that deforming
soils generate emissions and stable ones do not. Later in 1978, Koerner,
Lord, and McCabe made the conclusions that:

1. Soil masses that do not generate acoustic emissions are

probably not deforming and are therefore stable.
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2. Soil masses that generate moderate levels of acoustic
emissions, from 10 to 100 counts/minute for the soil types,
equipment and sensitivities used in these tests, are deforming
slightly and are to be considered marginally stable. Con-
tinued monitoring is required until such time that the
emissions cease or increase to the following condition.

3. Soil masses that have high levels of acoustic emissions,
from 100 to 500 counts/minute for the soil types, equipment
and sensitivities used in this study, are deforming sub-
stantially and are to be considered unstable. Immediate
remedial measures are required.

4. Soil masses that generate very high levels of acoustic emis-
sions, greater than 500 counts/minute for the soil types,
equipment and sensitivities used in this study, are under-
going large deformations and can be considered to be in a
failure state. Emergency precautions to assure safety of
nearby residents and their personal property should be

immediately initiated.

Acoustic Emission and Seepage

Acoustic emission for detection of seepage is not widely used and
is still in the research stage.

The two cases of acoustic emission for seepage detection discussed
in Chapter III will not be discussed here except for figure IV-10 which
shows the general agreement between seepage monitoring and acoustic emission

activity.
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One parameter that must be considered when monitoring seepage with
acoustic emission is the frequency range. If the pickup is made directly
at the source of the emission, i.e., downhole or in water monitoring, the
pickup transducer can be of high frequency, which will eliminate background
noise. Conversely, the farther away the transducer pickup is from the
source of the emissions, the lower the frequencies that must be utilized.
This permits for longer transmission of the emission along the waveguide
without complete attenuation of the signal (Koerner, Reif and Burlingame,

1979).

Summary and Conclusions

After researching the methods for detecting the predominaht
failure mechanisms, seepage and slope stability, the most versatile tool
appears to be acoustic emission.
Acoustic emission fulfills the guidelines set down, namely:
1. Inexpensive,
2. Portable,
3. Ease of operation, and
4. Ease of interpretation.
Acoustic emission has proven itself as a tool for monitoring slope stability

and appears very promising as a tool in seepage detection.
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CHAPTER V
FIELD WORK

In order to become familiar with the acoustic emission monitoring
system, field work was initiated.
The purpose of the field work was to:
1. Become familiar with setting up the equipment,
2. Become familiar with the different equipment settings
to insure proper technique, and
3. Become familair with data interpolation.
Before beginning field work, a demonstration of the acoustic
emission monitoring system was attended. The test was conducted at
J. R. Simplot Company's Conda, Idaho, phosphate mining facility. The
purpose of the field test was to show the capabilities of acoustic emis-
sion to monitor the stability of open pit mining slopes and waste pile
or ore pile slopes. The test was conducted by Acoustic Emission
Technology Co. Inc., Sacramento, California.
The instrumentation included:

1. Piezoelectric transducer. An AET Model AC30L piezoelectric

crystal type cut to be resonant at 30 KHz.

2. Preamp and filter. The signal generated from excitation

of the sensor was amplified to 40 dB by the AET Model 140A
preamp. The preamp also acted as a filter with a bandpass

of 4.5 KHz to 55 KHz.




3. Counter. The system counter was an AET Model 204 G
(presently not commercially available) with a bandwidth

of 100 HZ to 1 MHz.

4. Strip chart recorder. Data were recorded on the AET Model

VP67235 strip chart recorder.

Waveguides consisted of #-inch steel rebar driven into the stock-
pile and welded end to end to penetrate through to the foundation of the
stockpile. Inverted cone shaped platforms were welded onto the top end
of these waveguides.

To initiate failure successive cuts were made in a phosphate ore
stockpile with a rubber-tired frontend loader.

The sequence of events were:

1. Take initial readings to determine background "noise"
levels,
2. Make a cut, observe the rising acoustic emission count
rate, let the slope come back to equilization, and
3. Make a second cut, observe the rising acoustic emission
count until failure occurred.
As it turned out three cust were made before failure occurred.

Monitoring prior to any cuts indicated that settlement and other
"noise" created 11 counts per minute. The first cut resulted in high
counts. From a count rate of 231 events per minute immediately after
cut cessation, the count rate decayed to 48 events per minute four minutes
after the cut. They remained at or below 53 events per minute for the
next 25 minutes. It is estimated that the AE level would have returned

to the 11 events per minute rate an hour after the cut.
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Cut 2 recorded an order of magnitude increase over cut 1. The
initial recording after cut 1 is 231 events per minute whereas the initial
recording after cut 2 was 4160 events per minute. Just after the 4160
events per minute were reached the same exponential decay was noted
(as in cut 1) up to 17 minutes after the cut when AE increased dramat-
ically. It is supposed that this is due to slope adjustments and that
these irregularities would continue until the slope had restabilized
itself.

After cut 3, the order of magnitude increase expected was delayed
5 minutes, but did occur. The irregularities in the decaying curve, cut 2
noted above, are more pronounced in cut 3. The cut 3 data show a sudden
and continuous fluctuation indicating the sharply increased instability
of the slope. A one-inch tension crack appeared at the head of the slope
at this time. Adjustments along this crack produced the highest data
rate of 14,000 events per minute (Leaird, 1979, unpublished).

Dams selected for field study are known to have seepage problems.
The dams were referred by the Idaho Department of Water Resources,

Dam Safety Division.
Beal Dam

Beal Dam is a small homogeneous earth dam, approximately 30 feet
(9 m) in height, and constructed of weathered granite. Beal Dam is
located in High Valley, Idaho, approximately 80 miles north and west
of Boise.

During an inspection of Beal Dam by the Department of Water
Resources, seepage was noted on the downstream toe, right side of dam

Jjust below mid height.
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Testing of Beal Dam using accoustic emission was done on

August 1, 1979. A visit was made on July 31, 1979, but testing was

postponed due to a battery failure of the system counter.

The instruments used were:

1.

Waveguides. Piezometer tubes installed in the seepage
area were used as waveguides. The piezometer tubes were
3/4-inch steel pipe with screw caps. One of two steel
inverted cones (used to seat the piezoelectric trans-
ducer-accelerometer) had a screw cap (to match those
found at the site) welded on to it. This made for ease
of operation because all that had to be done to monitor
at each piezometer tube location was to screw on the
inverted cone, make sure the accelerometer was attached
correctly and monitor.

Sensor-accelerometer. The sensor was an AET Model AC20L

piezoelectric crystal type cut to be resonant at 30 KHz.

Preamplifier. The preamplifier used was a 204A pream-

plifier with no additional filtering capability.

System counter. The system counter was an AET Model 204A

modified to a 204B.

Equipment Setting

Gain:
Threshold:
Rate:
Scale: 1

76 dB (total system gain)
Fixed .30 volts

Total count mode
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Wind Conditions

The wind blew throughout the monitoring period at an estimated
speed of 5-7 knots.

Wind noise will affect AE monitoring making it necessary to
protect the accelerometer, (i.e., cover with a box, wrap accelerometer

with foam rubber, etc.).

() Acoustic Emission Counts

Piezometer tube No. Time, monitored (minutes) Counts (total)

20 23
20 535
20 45
20 458
30 231

-
O = W N —

Results

The results from this monitoring period indicate a relatively
stable condition. There is reason to believe that the wind had some
part of the higher count number for piezometer tubes number 2 and 4
because these tubes extended 1 to 2 feet above the ground surface. The
most ideal situation would have been for the accelerometer to be right

at or just above the surface and covered.

AE counts of piezometer tubes 2 and 4 seem high but compared to
a scale devised by Koerner and others (1978) the counts are actually
minor. Koerner's scale states that soil masses which generate no acoustic
emissions are probably not deforming, and are in a state of equilibrium.
Soil masses generating moderate levels of acoustic emissions (10 counts/
minute to 100 counts/minute) are marginally stable and require continued

monitoring. Soil masses generating high Tevels of acoustic emissions
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(100 counts/minute to 500 counts/minute) are deforming actively and
unstable, requiring immediate remedial action. Soil masses generating
very high levels of acoustic emissions (greater than 500 counts/minute)
are in or very near the failure state. Using Koerner's scale as a guide-
line, 535 counts in 29 minutes (approximately 26 counts/minute) would

put the piezometer tube locations 2 and 4 in the marginally stable area.
Woodall Dam

The Woodall Dam is similar to the Beal Dam, made of the same
type earth fill and approximately the same height. It is located about
one mile east of Beal Dam.

The Woodall Dam has what appears to be seepage through the length
of the toe. According to Mr. Beal, there is no reservoir seepage but
that during construction there were springs at each end of the dam that
were covered during construction.

The equipment used was the same as at Beal Dam except for the
waveguides. There were no convenient piezometer tubes in the Woodall
Dam as in the Beal Dam. Five-foot Tengths of 3/4-inch rebar were used
as waveguides, spaced five feet apart. At one end of the rebar were
treads so that the same inverted cone used at Beal Dam could also be
used on Woodall Dam. Nine waveguides were installed at the toe of the
dam in the "seepage". The toe was saturated, some sloughing had occurred,

and a standing clear water pool was present at a point just below the toe.

Equipment Setting

A1l settings were the same except the system gain was changed

to 86 dB. The higher the dB the more sensitive the instrument, which
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also results in higher stray "noise", (i.e., wind, traffic, etc.).

Wind Conditions

The wind conditions were about the same as the previous day at
Beal Dam. The accelerometer was covered with a box to prevent inter-

ference but it is believed that the wind was still a factor.

Acoustic Emission Counts

Station Time (minutes) Counts (total)
1 20 903
2 20 503
3 20 1112
4 20 190
5 20 1496
6 20 1351
7 20 492
8 20 298
9 20 358

Results

As with Beal Dam the results appear to be high but if the highest
total count, 1496, is converted into an average counts/minute, that is,
75 counts/minute, the Woodall Dam also falls into the marginally stable

area according to Koerner's scale.

Winchester Dam

Winchester Dam is located just outside the City of Winchester,
Idaho, and is owned by the Idaho Department of Fish and Game, Boise,
Idaho.

Winchester is an earthfill dam with concrete core. It is composed

mostly of sandy clay and gravelly silt.
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The Winchester Dam has leaked since the first filling. The dam
has changed in width over the years more than likely to accommodate

Uiise 95 bus%ness route, which runs over part of the dam (see figure V-1).

Equipment Setting

Gain: 76 dB
Threshold: Fixed .40

Rate: 60 seconds

Wind Condition

Light wind.

Strip Chart Recorder

The AET Model VP6723S strip chart recorder was used to record

the data.

Traffic Conditions

Traffic along U. S. 95 business route was heavy at this time

and certain vehicles were noted to have greater effect than others.

Results
Four stations were monitored at the Winchester Dam site.
Station one was located at drill hole 3 on the south side of
U. S. 95 business route.
Station two was located at drill hole 2 on the north side of
U. S. 95 business route a few feet west of the spillway.
Station three was located at drill hole 7 just east of drill hole 2.
Station three was abandoned due to the inability of the instrument to

monitor at this site. It is believed that the drill stem was oscillating
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at some frequency that interfered with normal instrument functions. This
oscillation of the drill stem is believed to have been caused by the wind.
Station four is a 3/4 inch rebar just to the right of the spillway,
a few feet up slope of the clear water seepage.
Station five is also 3/4 inch rebar just to the right of the

syphon pipe also above and into clear water seepage.

Acoustic Emission Counts

See figure V-2.

Station Time

rate 1 minute minutes Counts
1 5 0

2 5 60

3 abandoned

4 5 30

4 total counts 2% 300

5 5 unknown

Note: It is believed that station 5 had false high readings due to the
looseness of the waveguide. Even though the rebar was driven into the
embankment with a sledge hammer, the rebar was free to move around in
its hole. It is thought that this looseness, along with the clear water

seepage flowing around the rebar, is responsible for the high readings.

Results

Observing the strip-chart recording of Winchester Dam gives an
impression of a high number of counts at each station. It is believed
that these high number of counts can be attributed to acoustic emission,
traffic, and wind. The data trace appears blocky because the rate was

one minute and each station was monitored for five minutes. The blockiness
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Figure V-2. Strip Chart Recording Showing Acoustic Emission Data.
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Figure V-2. Continued.
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is due to the fact that at the end of each one minute period the machine
automatically clears itself and begins counting. As the counts go up
the pen moves up and as the peak number of counts is reached the data
curve levels off. Although the peak level is reached the paper drive

is still turning the paper giving it the flat-topped peak, then as the
one minute cycle is over the instrument again clears itself and the pen
again attempts to return to the zero line. Sometimes, counts are coming
into the system before the pen can reach the zero line and the pen will
begin another blocky trace. The blocky appearances of the trace may at
first glance appear to be high peaks but in actuality the block traces
show the structure to be in a somewhat stable condition. On Koerner's
scale the dam is marginally stable, but would require more monitoring

for safety.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The Acoustic Emission Monitoring System appears to meet the equip-
ment guidelines set down for this project, which are:
1. Inexpensive,
2. Portable,
3. Ease of operation, and
4. Easily interpreted and accurate data.

As stated previously, the Acoustic Emission Monitoring System is
an excellent tool for monitoring slope stability and appears to be
promising for seepage detection. However, more work needs to be done
in this area.

Acoustic Emission should be considered a part of a total dam
inspection program. Acoustic Emission data, although interpreted easily,
should not be considered the last word on dam stability but used as a
guideline. The conclusions drawn by Koerner, Lord and McCabe (1978)
summarized here:

Soil masses that generate moderate levels of acoustic
emissions from 10 to 100 counts/minute are deforming
slightly and are to be considered marginally stable.

Soil masses that have high levels of acoustic emissions,
from 100 to 500 counts/minute are deforming substantially
and are to be considered unstable. Soil masses that
generate very high levels of acoustic emissions greater

than 500 counts/minute are undergoing large deformations
and can be considered in a failure state.




These conclusions should be considered guidelines used in conjuction with
the experience of the operator/inspector, age of the dam, wind conditions,

outside noise and past history of the dam.

Recommendations

Monitoring Program

There are two ways to appraoch a monitoring program using the
Acoustic Emission System.
1. Monitor known trouble areas in older dams; and
2. Monitor by use of a grid if no known trouble areas are

known or for a new embankment dam.

Length of Waveguides

Waveguides should be Tong enough to efficiently monitor an area.
If deemed necessary by the operator, waveguides should extend through the

embankment and into the foundation or abutment.

Waveguide Placement

Waveguides should be placed in suspect areas, foundations, toes,
crests and abutments if deemed necessary by the operator/inspector. Any
metal aperture that is partially or totally buried in the embankment can

be monitored acoustically (e.g. piezometer tubes).

Length of Monitoring Time

Each station, or waveguide, should be monitored for enough time
for background emissions to be gathered about that station (e.g. 20 minutes).
The operator/inspector may then, upon future monitoring, have enough

information that some conclusion as to the stability of the structure may
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be drawn under the presently imposed loading conditions. As loading

conditions change, counts may change and so may stability.

Interpretation of Data

The data from each acoustic emission monitoring period should be
plotted in some convenient manner and the trend of the plot over time
serve as a guide to the stability of the structure. Increases in counts/
minute would indicate deformations are taking place and perhaps warrant

more frequent monitoring.

General Information

Thorough record keeping is a must. At each station (waveguide)
the following information should be noted:
Location. Mapped or verbal description of location of
waveguide.

Weather Conditions. Strong winds may affect counts.

Equipment Settings. Notes should be made on:

1. Count/event mode used,
Rate,

Scale,

= W™

Gain, and
5. Threshold (fixed or floating; threshold setting if
fixed).
Comments. Any comments by the operator/inspector that he or

she feels may be relevant to the monitoring of that station.
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APPENDIX I. SUMMARY OF EQUIPMENT SURVEY
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Not widely used.
Still in research.

METHOD PRIMARY ADVANTAGES DISADVANTAGES STAGE OF APPROXTMATE
USE DEVELOPMENT COST
Acoustic Slope stability | Gives advanced warning of slope| Background noise troublesome. | Available $5500.00
Emission and seepage instability. Not presently widely used. Research in Total for
Traces seepage flow and rela- | Still in research. progress portable field
tive magnitude. unit.
Inexpensive.
Borings Seepage and Gives exact subsurface condi- | Very expensive. Available. $600-5700 per
See Table slope stability | tions. Difficulty in taking borings 500 ft. hole
in some terrain. direct cost
Interpolation of data compli- when run witn
cated. another log.
Many corrections to data must (This does not
be determined. include the
cost to arill).
Crest Settlement] Crest stability | Gives exact amount of crest Limited to crest area. Available. Very cheap.
monumen ts settlement.
Geophysical Seepage and Refraction method can identify | Expensive Available. Seismic Refrac-
(seismic) slope stability | type of liquid. Refraction needs dense lower tion: »2u-3bU
Relatively common use. Tayer. per depth de-
Technique well established. termination
with portable
equipment.
»120-5160 per
gdepth deter-
mination with
vibroseis.
Geophysical Seepage Cost less than seismic Salts and metal troublesome. Available $4000 - 30000
(electric) Relatively common use. Depth 1imited.
Identify type of liquid. SP method not widely used.
SP gives direction and rela-
tive magnitude of flow.
Gravimeter Determine Could be used in foundation Available. $9600 basic
gravity anomdies problems dealing with rock.
Infrared Seepage Uses natural phenomenon. Limited detail in complicated | Available. »5000.00
Covers large or small area. topography. Research in
Expensive Progress
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METHOD PRIMARY ADVANTAGES DISADVANTAGES STAGE OF APPROXIMATE
USE DEVELOPMERT LosT
Magnitometer Detect changes |Equipment is becoming lighter, |Not widely used in Geotech- Available $3000.00
in earth's mag- [more portable and less expen- |nical work except in rock/
netic field. sive. metallic related projects.
Could be adopted for founda-
tion (rock) work.
Microwave Seepage and Traces surface of water. Expensive. Limited avail-
Pulsed limited slope Good penetration depth. Needs sharp interface. ability.
stability. Continuous data for contouring.|Upstream detection not pos- See Table
Locates voids, fractures and sible.
faults.
Dienometer Monitor water Inexpensive. More expensive to install Available. Very expen-
tube level Gives exact water level in after structure completed. sive.
dam.
Widely used.
Radar. See Seepage and Limited avail- | Downnole
microwave pulsed| limited slope ability. 315,000.00
pg. stability purchase.
and Table
Slope indicators|slope stability | Gives changes of slope due to {1} The need for drill holes Available. (1) Probe:
(tilt meters) settlement, upheaval, etc. 2) To adequately monitor $30U0. WU

(1) downhole
(2) on surface

a dam many indicators
would be needed to cover
the dam.

Slope Stability
Analysis
Bishop's

Method
Swedish Slices

Slope stability

Gives good indication of
factor of safety of slopes.

Need soil samples to define
parameters.
Need computer time.

Available.

Consultant's
Fee.

Sonar

Seepage and
limited slope
stability

See microwave; pulsed and
Table

Strain Gague
(soil)

slope stability

Measures soil strain over
given distance.

Measures settlement of em-
bankments for long of short
periods.

Available.
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METHOD PRIMARY ADVANTAGES DISADVANTAGES STAGE OF APPROX IMATE
USE DEVELOPMENT COST
Temperature Seepage Uses natural phenomenon. Lengthy readout time. Available.
Requires 0.01°C sensitivity. Still in re=
Not widely used. search.
Tracers Seepage Inexpensive. Source of seepage is required.| Available. Very
non-radioactive Defines flow path. Often difficult to place. Inexpensive
Flourescent dyes are detectable| Absorption is a problem.
at low concentrations. Dilution is common.
Most widely used.
Radioactive Seepage Easily detected. Difficult to place Available. Inexpensive
Widely used. Expensive.
Health and environmental.
hazard.
Water balance Seepage Inexpensive Some variables almost im- Available. Inexpensive.
Estimates magnitude of possible to measure.
problem. Does not give leak location.
Common use.
Water velocity | Seepage Simplicity of device. Needs sensitive velocity Available Flow meters
Good for wide range of leaks. | meters. 31500.w
Gives relative size of leaks. | Needs quiet surrounding water.
Gives location of leak. Needs stationary support or
large boat for deep water.
Problem with small leaks.
Benthonic Seepage Less sensitive equipment Needs sediment layer. Available.

than velocity meters.

Good for wide range of leaks.
Gives relative size of leak.
Gives location of leak.

Needs stationary support or
large boat for deep water.
Problem with small leaks.




APPENDIX II.

EXPLANATION OF SUBCATEGORIES USED IN TABLE II-I



PIPING

Al Embankment piping
A2 Foundation piping
A3 Qutlet

A4 Animal burrows

A5 Abutment

A6 Thru cracks

OVERTOPPING

Bl Inadequate spillway
B2 Completed structure
B3 Uncompleted structure
B4 Partial

SEEPAGE

Cl During filling
C2 Along outlets
C3 Embankment

C4 Abutment

C5 Foundation

C6 Upstream

C7 Downstream

SLIDING

D1 Upstream

D2 Downstream

D3 Due to seepage

D4 During filling

D5 Drawdown

D6 Abutment

D7 During construction
D8 Foundation

D9 Core pressure

D10 Reservoir slopes

APERTURE WORKS

E1 Gate

E2 Spillway

E3 Outlet pipe
E4 Blockage

116

SETTLEMENT

F1 Crest

F2 Upstream

F3 Downstream

F4 Core

F5 Foundation

POOR CONSTRUCTION PRACTICES

G1 Poor compaction

BLOWOUT

H1 Overtop

Breach

SLOPE PROTECTION

J1 Internal
J2 Upstream
J3 Downstream

CRACKING

K1 Upstream
K2 Downstream
K3 Drawdown
K4 Crest

EARTHQUAKES

L1 Cracking
L2 Settlement
L3 Slide
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LIST OF DAM FAILURES
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WAE LOLAD L0n WILT  Faliew REFERENCE WGT  TYPE USCOLD LAUSE OF FAILURE
FT fnc.
Abberion, G. britain 1440 s Lessons, Table vI (1975) l; E A-3 Dam slide. (Lessons, 197%)
ahraura, Inuia Taak Lessons, Table VI (1975) 26 E F-2 Main dam, internal erosion. (Lessons, 1473)
8
Alawo Arroyo Site (F1] 19cuy Lessons, Table IV (1575) €8 E A-1 Leakage, foundation piping. (Lessons, 1973)
21
alcora, ay. 1350 1900 Lessons, Table 1V and 265 L3 R Deterioration of spillway =1ab cue to sulfate ana alkali attack comoined with
p. 103 (1975) 81 freeze-thaw cycle. (Lessons, 197%)
Alexander, Hawaii 193¢ Twau Lessons, Table IV and 95 E-H oo 51iding embankment downsticam slope. (Lessons, 1975). Lore pressure sliue pvefore
[1975) 29 completion. {Hiddlebrooks, 1953), core pressure slide due to internal liguiu
Middlebrooks (1953) 140 pressure. (Justin, 1932). Uam unger construction so no water vehina it. Failure
Justin (1932) similar to Calveras and ictaxa cams in that the core had built up consiceraole
ENR, v. 104, (5-22-1930) pressure. Began at toe as » bulge then gushed out as a liquio. Liquid was aot
p. 869 core itself but believed tn have originated in transition zone. Ten oays vefore
failure it was noted that (.= area of toe break nad ceaseo Lo arain, (edH, ¥.lus).
Failure due to defective driinage and partial liquefying of tie valls of clayisn
material deposited near tie faces of the dam. Tne relatively wive core of eacessive
fine material and the prese:ice of sewi-liquid waterial, causeu the uownscreaw face
T‘H:sélaho\re the small rock toe to bulge out expelling & gusn of liguiu muo. (Justin,
332).
Alpine, Ca. 14l Touy Lessons, Table 1V and 45 R-E MR Stability of the structure, especially for earthguake loadings, nac marginal safety
p. 105 (1975) 14 and the spillway capacity was inadequate. (Lessons, 197u)
Aluwi Fork 1536 Tsdu Lessons, Table IV (1975) 115 E A-2 Leakage, foundation. (Lesscns, 1975)
35
kmerican Falls, lo. lwen 192y Lessons, Table IV and 94 GE MR A gravity dam with earthfill embankment on each end. Incicent refers to cuncrete
p. 106 29 deterioration on main dan. (Lessons, 1975)
kmistad, Ta. 196y 1465 Lessons, Table IV and &7 G-E A-1 1965 cof ferdam failed due to mismatched piling interlocks during constructicn. lauy
1565 p. 108 (1975) 87 concrete adjacent to guides and seals of upstream gate cue to rapiu urop of gate.
(Lessons, 1975)
Anaconda, pani. ToyH 1930 ENR v. 121 72 3 F-1 Wo known reason. (Lessons, 1975). Seepage slide. (Miodlebrouks, 1953). (wned uy
Middlebrooks (1953) 22  concrete hnaconda Copper Mining Co. Gave no reason for its collapse. (unk, v. 12i)
Lessons, Table IV {1975) core
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TAME LUCAT It

Angels,

Ansonia, Conn,

Apa. Turkey

Apishapa, Lolo,

BUILT FRILEG REFERENCES HART TYPE uscu o CAUSE OF FAILUKE
FT_H INC.
1895 1895 Lessons, Table IV (1975) ?2 Gravity F-1 Leakage foundation piping. (Lessons, 1975)
Earth
1475 lz.‘}g ER, v. 30, 11-10-18%4 12 E Secpage slide. (Hiddlebrooks, 1953). Hlowout under dem. (Saville, 19lb)
1412 EN, v. &7 22 concrete Twu 01 Lhe reservoir dams were carried away, miscellaneous or unknown
Middlebrooks, (1953) core cause, (Hill, 1902). A concrete re:a!ning wall hao Leen put in to replace part
of the earth embaikient. The water worked its way uncer the foungation auout
the midule length of the wall. (EW, v. 47, No. 23). Water forced its wa, beneath
retaining wall. (Joregensan, 1920). Failure sue to water leaking along pipe
laid through embankment, causing a gap 200 ft (61 m) and 35 ft (1lm) ceep.
(Hi11, 1502) (Jorgensen, 1920).
1962 1563 Lessons, Table V1 (1975) 3; £ A-2 Cracking. (Lessons, 1975)
1920 1923 ENR, v. 9) p. 357, M18 12 E F-1 Leakage embankment piping (Lessons, 1975). Piping through settiement cracks
Lessons, Table 1V (1975) rolled (Hiddlebrooks, 1953?, Settlement cracks had oeen causing leaxage at eacn enu
Middlebrooks, (1953) 34 concrete and through the foundation, A year had elapsea since the leans beyan énu repaired
core spon after tne ripairs had been wide and leaks had all out stopped 8 large amount

of water entered the reservoir at the east end from a cloudourst in Lhe headwater
region (without excessive rains near basin). A few minutes after this water entereu
the basin a stream purst from downstreas slope near west end andg 35 ft |

belew top. The water entering the east part of dam and water streaning frow west
end was determined to be the same, Soon the top caved in from the east to west.
Total failure wa: then at this point. (EWR, v. 91, wo. ¥, p. 33} Lause of failure
due to 1) unsuitible material; 2) nsufficient water in puddling and rolling ana;

3) thickness of the layers of the fill was too great. These three conaitions leo
to severe settlowent which formed caverns conditions 30 ft below the crest. These

caverns were unknown to the workers and led to failure when the reservoir was fillec.

(Due to tne rain in the headwaters) (Field, 1923).

Failure baaan with the formation of a nearly horizontal crack wiich extenged clear
across the u;per portion of the eubanksent. When first observed, this crack in-
tersected the witer surface at a point 100 ft (30 w) from the east end and dipped
slightly down towsrd the west end, Intersecting the downstream slope 33 ft (1] w)
below the crest, 150 ft (46 m) from the west end. There can be little dount tnat
the crack had considerable initial width before the water broke through the up-
stream slope.

The crack pattern and greater settleuent of the upstriam slope than the crest supply

clear evidence that the lower portion of the ewbank.ent settled wore toan tne upper,
The very dry and rigid upper portion undoubtedly tended to arch tne Juu ft (slu)
across the volley and could not settle with the lower portion resulting in tne
crack and subsequent failure.
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LAME  LUCATION BUILT

Failey

REFERENCES HGT
FT H

TYPE

USCOLD
INC.

CAUSE OF FAILURE

hpishapa, Colo. (continued)

Arm Brook Site 1963

Ashizawa, Japan 1912

Ashti, Inuia

Avalon, New Mexico 1893

Avoca, Pa

19064

(EE

load

1543
1504

lda2

Lessons, Table IV (1975) €0
18

Lessoas, Table VI (1975) 1

wan

ASCE, v. 43 Proc. 58
wegrann (1927) p. 234 18
Middlebrooks, (1953)

EN, v. 54
Middlebrooks, (1953)
Lessons, Table IV (1975)

BN, v, 47
Hiddlebrooks (1953)

rolled
puadled
core

F-1

The Teak occurred when water level was raised above previous high water level. Final
failure was due to gradual piping process. (Sherard, 1953)

On the day of failure, a settlement on the upstream face at the water's ecge was
noted about 100 ft (30 m) west of the east end. Water was passing into the cepressed
area into the body of the dam, a few minutes later water emerged on tie lower slope
about 500 ft (152 m) west of the point of entrance and 30 ft (5 wm) below the crest.
The water quickly ate back to a point imwediately cownstream from the point of en-
trance.

Cause of failure is attributed to the solubility and lack of compactness of the soil.
(Justin, 1932)

Leakage, foundation (Lessons, 1975).

Main dam, overtopped (Lessons, 1975)

Seepage through foundation. (Middlebrooks, 1953)

A serfous slip occurred after prolonged rains. The slip was attributed to tne fact
that the dam is founded for considerable portion of its length on clay soil concain-
ing nodules of impure Time and alkali, which make it sewi-fluid when saturated.
(Wegmann, 1927)

The slip occurred after very heavy rains; the crest subsided b ft (5 m) causing tue
toe to buige. The downstream portion of the foundation is believed to have pecome
partially saturated and plastic, causing the slip. (Justin, 1932)

1693 overtopped (Lessons, 1975)
1904 leakage, embankment piping {Lessons) piping into rock (Middiebrooks, 1953)

Overtopped (Middlebraoks, 1953)
Insufficient spiliway (Hil11, 1902) (Jorgensen, 1920)
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NAME  LOCATIUN BUILT FAILED REFERENCES HGT TYPE USCOLD CAUSE OF FAILURE
(38, | e
pad hxe datershed 1964 i_JSS Lessons, Table 1V and 52 E A-2 Seepage problews in both aoutments developed during first filling of reservoir.
Wo. 33 1307 p. 114 158 Seepage in left abutment developed to a point of incipient failure in 1907. A
sinkhold developed upstream. (Lessons, 1575)
Badua, Ingia 1963 19bd Lessons, Table V1 (1975) 42 E A-2 1963 and 1964, Spillway cracking. (Lessons, 197%)
196w T9us 13
Baker City, Ore, Tewe EM, v. 47
Middlebrooks, (1953) E Dam burst, miscellaneous or unknown cause. (Hill, 1342)
Baldniil, h.b. 1951 1951-1%  {gscons, Table IV and 61 3 MR From 1951-1970, wave action moved the upstream riprap and eroded the gravel
p. 115 (1975) 19 bedding. {Lessons. 1975}
dalawin Hills Res., 1931 =03 Lessons, Table IV (1975) 262 E F-1 Leakage, foundation piping (Lessons, 1975); failure due to man fnduced sefsuic
Ca. Golze \9??. p. 188 BO activity., Hovewent along a Tault produced slignt offset, separation ana leakage
through foundation. (Golze, 1977)
A few hours before dim fafled a caretakor heard an unusual sound of running water
in tie spillway cischarge pipe while mahing his routine inspection. He then in-
spected the manhc les on the downstreas benss of the main embankment and notea
flows of muddy walers several timeés greater than nonial. In the arainage inspection
chanber, ne found the reservoir underdrain pipes "blowing like fire hoses,”
discharging micdy water. Suortly thercafter, a swall amount of seepage ewergence
was discoyered on the dow stream slope of the main ca believed to be coming frow
the east abutment. The scepage flow steadily increased until the east abutment
was breached. About four hours passed hetween the first discovery of unusual flow
and breaching.
"The physical caiie of failure was eartn movement. Tne earth movement, due to
subsidence, mani/nited itself by opening and oy of fsetting at a fault, a plane of
weakness. Erodinle materfal in and adiaceat to the fault provided conaitions tnat
permitted rapid and complete failure.” (Lessons, 1973)
Balsam, . H. 1927 1923 ENR. v, 54 ?D E F-1 Flow discharge, destroyed spillway, ercded toe causing sluffing. (Lessons, 197%)
ENR, v. 102 p 8 concrete
Due to heavy rains, high discharge, washing away of riprap, causing sluffing of
Lessons, ‘lable I\|I {19!5] core dam, (EWR, v. 102) ¥
wartley, 6. pritain 1931 r;a; Lessons, Table VI (1975) 7 E A-3 Dam, slide, 1927 and 1529, (Lessons, 1975)
2
Barton, id. 1My 1dee Sherard, (1953 40 E Seepage slide. (Middlebrooks, 1953); seepage began Jdirectly after construction ang
Middlebrooks, (1953) 12 rolled increased sligitiy every year., Oue to seepage a slide occurred on the downstirean

slope. (Sherard, 1953)
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KAME LOCATION BUILT FAILED REFERENCES fTMIH TYPE USLoLD CAUSE OF FAILURE
INC.
deargauil, hustralia 1912 1945 Lessons, Table V1 (1975) 17 E A-1 Dam, slide: 1945 (Lessons, 1975
1945 5 Dam, slide: 1945 (Lessons, 1975
Bear Gulch, Ca, ToYo 1914 Lessons, Table Iy (1973) 61 E A1 Sliding embankment upstream slope. (Lessons, 197%)
Sherard, 1953 19 rolled 1914 drew down slide; 1530 downstream toe became moist and began to slouwgn, 1436 cracks
downstream slope indicating incipient slide, repaired: 1944-45 drawdown cracks.
{Sherard, 1953)
seaver Park, Colo, 1914 1914 Lessons, Table 1V (1575) 98 R A-1 Leakage, foundation. (lessons, 1575)
ASCE Trans., v. 65 30 Dam is rock with concrete face. Problem with leakage through foundation of porous
g
material. The dam was placed between a constriction in the canyon forweo by tne pro-
jection of a nose or promontory of rock extending out from the mountain on tne
left hand side of the cresk, forming a narrow ridge or sadale. Tnis projection
appeared to be solid bul caused much trouble. The basic formation at ano near the
dam is trachite, a soft porous material resembling sandstone. This formation is
badly broken up and in seams, and does not necessarily present a thnreat to the
stability of a large dam if properly designed and constructes. Leaking could not
haye been prevented. (Hinderlider, AIS)
belden, Ca. 1a5b I9oo-ul Lessons, Table IV and 164 R A-1 1966; accident because of gate control interchange during construction. 14u/, gate
p. 123 (1975) 50 failure due to improper use poor configuration of interconnection between stuus
and conduit. (Lessons, 1975)
Belle Fourche, S.b.  1wll Ivie Lessons, Table IV (1975) 115 E A1 Slope protection concrete slabs moved. (Lessons, 1975)
kLY
Belle Fourche, 5.0. 1311 1932 Lessons, Table 1¥ (1975) 115 E A-2 Sliding embankment upstream slope. (Lessons, 1975)
35
celle Fourche, 5.0. 1911 Tdea Lessons, Table IV and 120 E A1 1950 spillway was reported to have inadequate capacity along with deterforation
p. 125 (1975) kL)

of concrete; 1965 temminal drop structure failed completely and stream bed eroded
10 feet (3 m). (Lessons, Is?sg

In 1928 there was a 35 ft (1] m) drawdown in 125 days. As a result of this, five
major cracks occurred on the downstream edge of the crest. Tiey variea from 1/2 to
2 inches in width on the surface of the crest, 25-150 ft (8-4C m) Jong and 3-12 ft
(1-4 m) in depth. The cracks were filled by washing them full of sanu.

In 1327 the reservoir was again drawn down rapidly to a point velow the 1528 araw-
down Teval, Due to this, a surface slide occurred on the upstream slope. Tne
maxim.n depth of the surface normal to the siope was about 10 ft (3 w). (Snerarg, 19s3)
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NAAE  LOCAT 10N BUILT  FAILED REFERENCES FTHG'H TYPE US;CI}LD CAUSE OF FAILURE
NC

velmont, G. Britain - 1923 Lessons, Table V1 (1975) 25 E A-1 Dam, slide. (Lessons, 1975)

a
bila Desna, Czech, 1915 1916 Lessons, Table VI (1975} 17 E F-1 Blowout, overtop. (Lessons, 1975)

5§
wilbary (Holwfirth) lase MWalters, 1962, p. 50 E Failed through water forcing its way through fissures in the rock and through upwara
England pressure rapidly washing awdy the eartnern embankment. (Walters, 1962)
bishop Creek, Ca. 1908 1909 EN, v. 60, No. 6 E oo A freshnet fn the creek washed out part of a small earth intake dam under construction

and was due to the early arrival of high water and before spillway was in proper
shape. (EN, v. GD)

Black beauty 1951 1951 Lessons, Table IV (1975) ?g E A-2 Deformation, differential transverse embankment cracks. (Lessons, 1975)
Blackfoot W1 1913 essons, Table Iv (1975) 45 £-R A-1 Leaksqe, foundation piping. (Lessons, 1975)
Black Rock 1907 :;gz Lessons, Table IV (1975) 2?]0 3 F-2 Leakage foundation piping both incidents. (Lessons, 1975)
glaen-1-CwM, G.orit. 1937 1936 Lessons, Table ¥1 (1975) 18 E A-2 Dam, leakage. (Lessons, 1975)

5
Blairtoun, Wyo. Voss gy g, a7 £ Piping alang an outlet. (Middiezbrooks, 1353)

Hiddlebrooks, (1853) rolled Piping along outlet laid through embankments. (nill, 1902)

Blanchard Hydroelec. 1923 1939\ o0 rante [y (1975) 62 6-E MR Poor construction practice. (Lessons, 1975)
Station 19
glitnfield, G. Britain 1953 1982 |essons, Table VI (1975) 16 E A-1  Main dam; overtopping. (Lessons, 1975)

5
Blue Water. ¥, Mex 1908 1909 gy oy, 62 (9-30-1909) 5 R Overtopped {Middlebrooks, 1953); due to fnsufficient spillway. (Justin, 1932)

Middlebrooks, (1953) "

Justin, (1932)

Due to excessive rains; water enteced the spiliway ano outlet pipes were opened;
water level was still rising. About 2:00 AM the watchwan observed a leakage on tre
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FT M INC.

Blue Water, W. Hex. (continued) north side of the dam and also 4 s1ight percolation on the south side near the
Jurction of the dam with the spillway wall. The latter subsequently ceased by
the chocking of a “slough® of the bank, and remained sealed. Final failure came 2:0u
PM the next day when dam was overtopped. (Anderson, 1909)

Failed by overtopping. (Jorgensen, 1920)

bolan, Pakistan 19%5 197 ENR, v. 197, Ho. 12 442 E Torrential rains and floodwaters brought the water level to 44 ft behind the dam.
Mare rain and wave action sent water over the top and through the dam near its
center.

Bolton, Conn. 1540 1936 Middlebrooks, (1953) 10 E ooc Overtopped. (Middlebrooks, 1953)

i rolled

Bon accord, South 1925 1937 Lessons, Table VI (1975) 18 E F-2 Dam, slide. (Lessons, 1975)

Africa 5

bonney Reservoir, Co. 1901 1403 EK, v. 47 34 E Break in dam. (Middlebrooks, 1953)

EN@ (4-25-1903) Pallag Break in dam over 100 ft (30 m). (Jorgensen, 1920)
Middlebrooks (1953) . L
Bowman 1872 1926 Lessons, Table IV (1978) 168 R A-1 Leakage, Tunnel. (Lessons, 1597%)
51
Braafora, England [t ASCE Proc., v. 49 950 E Piping along outlet. (Middiebrooks, 1951)
¥addlebrooks, (1953) 2 rﬁlml’?:d Piping along an outlet, failure due to the imperfect packing and bonding of the
p:on puddle core along the outlet pipes. (Justin, 1332)
Braunig 1962 1963 essons, Table IV (1975) 90 E A-2 Slope protection; riprap too small. (Lessons, 1975)
27
freakneck, Pa 1302 EN, v. 47 E Overtopped. (Middlebrooks, 1953)
Middlebrooks, (1973) rolled

Cloud burst in the valley atove the reservoir. The downpour was so great that the
large flood channel and spiilway, which had been ample to take care of all floods
for 16 years, were overtaxed and the water flowed over the top of the dam its entire
length to considerable deptn. The water flowing over the dam washed out tne lower
side of the dam badly, and finally, after support was gone, broke tne core wall in
several places. (EN, v, 47, No, 23)
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WA LOCATLON BUILT FAILED REFERENCES HGT TYPE USLOLE CAUSE OF FAILURES
e FT_H IHC
Bridgeport. Conn. 1855 1905 ER, v. 52 (7-22-1925) E Overtopped (Middlebrooks, 1953) due to insufficient spillway (Justin, 1932)
Justin, (1932) rolied Inadequate spillway; dam overtopped. (Jorgensen, 1920)
An inadequate spillway caused the washout of an earth dam, (ER, v. 52, ho. 7)
Briseis, Australia 1934 1929 Lessons, Table VI (1975) 27 E F-1 Blowout, overtop. (Lessons, 1975)
8
Lronklyn, NY 1893 1853 EN, v. 47 E Foundatfon scepage. (Middlebrocks, 1953)
Middlebrooks, (1953) Puddle tottom of reservoir leaked, (Jorgensen, 1920). Ouring first filling, all
water that was puaped in Jeaked out. Failure due to improper construction of
bottom. (Hill, 1920)
Brovkstail to. 3 1970 1971 Lessons, Table 1V ana 49 E A-2 Due to reservoir filling and unusually heavy rains, the ground was saturated, Tne
north Calif, p. 127 (1975) 15 material cn the hillside upstream and above the spillway slid, Unstable conditions
of the Lillside upstream and above the spillway noted prior to construction, {Les~
sons, 1975)
Broomhead, G. dritain 1934 :‘Ji"i Lessons, Table VI (1975) M E A-2 Dam leakage {1923). (Lessons, 1975)
. 2 Cracking (1930). (Lessons, 1975)
Brusn Hollow, Colo. 1924 1923 Sharard 1953 100 E A-1 Conduit oreak due to settlement 1923 (Sherard, 1953)
Voed Lessons Table IV (1975) 30 rolled Sliding enbankment upstream slope. (Lessons ,1953)
Slide occurred due to drawdown 1928. (Sherard, 1953)
Buffalo Creek, iC 1973-74 1970 uogons, Tabie IV and 105 E Do Due to heavy precipitation, uncompleted structure overtopped. (Lessons, 1973)
p. 129 32
Bully Creek, OR 1913 1913 ENR, ¥, 94 125 R F-1 Condemned dam; zbandoned 1913; overtopped, due to flooding, and subsequent breakaye
38 concrete or core wall, (ENw, w. 94, 1925)
core
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KAME  LOUAD 10k BUILT  FAlLkw REFEREMCES HGT TYPE USCOLD CAUSE OF FAILURE
FI_M INC,
Calaveras, Calif, 1914 1404 Lessons, Table LV [1975) 220 E-H A-3 SHding ewbankment; upstream slope. (Lessons, 1975)
:":':tst'ﬁ;g:i (1953) 61 g;:{ Excessive core pressure, (Middlebrooks, 1953)
EN, v. 72 p. 692
ENR, v. 80
Calaveras, Lalif. 1914 133d Lessons, Table IV (1975) 228 E-H A-1 Flow discharge, damaged spillway. (Lessons, 1975)
69

During construction, a serious slip occurred. It appears that the clay layers unogerlying
the upstrean toe lubricated the plane of slip. General cause of failure is witn

the increase in height of the semi-liquid clay core the hydrostatic pressure due to

it (the core) kept increasing until it exceeded the stability of the fimer portion
forming the toe, and the slip occurred. (Justin, 1932)

Middle section of upstream side pushed into reservoir during construction. Clay core
esgrting outward pressure towards bottom due to its great neight and softness.
(Jorgensen, 1920)

Central section of upper part of the upstream side of dam and & large part of day core
back of it slid into the reservoir. Slide appears to be due to failure of hyoraulic
material to dewater and solidify. Excessive core pressure, lack of water penina

dam prevented equalization of pressure. (Hayden and Wetcalf, 1513}

Castelwoud, Colo. 140 14933 ASCE, Trans., v. 65 70 R Spillway over dam failed, (Middlebrooks, 1953)

Middlebrooks, (1953) 21
Cave Creek Heservoir 1963 1964 Lessons, Table IV and 18 E A-1 Leakage along boundary of old dam and new raised section. Downstream slope sloughed.
J=62, hev. p. 131 (1975} 24 (Lessons, 1975)
Cedar Creek, lo. 1920 130 Lessons, Table IV and 8 E A=l History of problems associated with seepage and settlement at right abutment. 1471

p. 134 (1975) 24 concrete water was seeping around abutment end of core wall and flowing vertically inco

core boulders and rubble fn f111 material. (Lessons, 1975)
Cedar River, Wash. 1915 E Gravel stratum beneath dam. (Saville, 1916)
Lercey Dam, France  1438-36 ::‘;i Sherard, (1953) i The dam has a history of slides on both upstress and downstress slopes. In lod2,
12

just after the reservoir had been drawn down for the first time, a slide occurred
in the upstream slope. In 1866, f.llowing rainstorms, fresn sliges occurred at the
same point on the upstream slope a% in 1852, and also to either side of the original
slide, (Sherard, 1953)
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wAME  LOCATI0N

BUILT

Chambers

Park

shed b, Ala

Cheney, kan.

Clenoening

Dam ho, 4

FAILED REFEREWCES HGT TYPE USCOLD CAUSE OF FAILURE
FT._ M INC.
1645 1861 Lessons, Table IV (1974) 51 E F-2 Flow discharge, spillway destroyed. (Lessons, 1975)
17
Charles Lee Tilden 1938 1964 Lessons, Table 1V (1975) 88 3 A-1 Leakage, conduit. (Lessons, 1975)
27
Charmes, France 1502-Uo0  19U» Sherard, (1953) 55 E After reservoir had been drawn down 30 ft (9 m) from high water level, a slide starteo
w on the upstream slope. The slide continued to move slowly for about b weeks.
(Sherard, 1953).
Chandler Lake, Ga. 1958 1955 Safety of small Dams 25 E F-1 Ko engineering design employed. The reservoir hao been full only a shart tise when
1974 8 seeps were noted in the valley below the toe. ko action was taken to control seepage.
Some months after the resecvoir had filled there was a hole in tne daw 20 fL (o a)
in disueter upstream and downstream and the reservoir was emptiea. (Safety, 1974)
Cheaha Creek flater- 1370 1970 Lessons, Table IV and ;g E U Due to heavy precipitation, uncompleted structure overtopped. (Lessons, 1975)
p. 137
luba 147 Lessons, Table IV and 126 £ MR Soil cement face partially removed by excessive wave height caused by extremely
p. 141 [1975) 38 s0il high winds. (Lessons, 1975)
cement
face
Clear creek, Colo. 1928 1910\ oo Taple tyand 100 € MR Concrete fn outlet condult had eroded due to cavitation. (Lessons, 1975)
p. 146 (1975) 0
1947 1937
Lessons, Table IV (1975) 64 E poc Sliding embankment, upstrean slope. (Lessons, 197%)
20
Coal kefuse. W.V. L (L Wahler et al, (1973) E Four dams built by dumping coal waste and "back blading"; no real covpaction. Une
day Lefore failure cracking appeared (10:00 to 11:00 PM); 7:15 AM, next gay, deuris
circling as a whirlpool on right side of dam. No change in water level, 7:a0 AM
large cracks and slumps un downstream face; L:10 AM 75-100 ft (23-30 w) of right
side failed with the remainder of the dam sliding into the breach. (wanler, 1973)
Cobb Creek Mo, 1 1959 199 accons, Tabie Iv (1975 75 3 A2 Deformation differentisl, spillway structure. (Lessons, 1975
23
lyol A-1 Leakage, foundation piplig. (Lessons, 1975)
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Cobden, Unt. Canada

Cogswell

Cold Springs, OR

Colley Lake

Coloraco 5pr. 4
Loloraao Spr. Lo,
Cold Springs, Co.
(4iddleprooks)

Conconuliy, Wa.

Conroe, Tex.

Pa.

BUILT  FAILE REFERENCES FHeT, TYPE  USCOLD CAUSE OF FAILURE
Te4d EN, V. 48 5 E Article in Engineering Mews v. 32, No. 17, no details given.
Hlddlebmcls, (1953) i1 rolled
1954  143a Lessons, Table IV (1375) 220 R A-2 Slope protection concrete slab badly cracked. (Lessons, 1975)
5
1908 1931 Corps of Engrs. 98 E Riprap displaced by waves. (Middlebrooks, 1953)
a0 rolled
190U Lessons, Table IV (i975) 60 E A-2 Overtopping, completed structure. (Lessons, 1975)
18
:-.-E Lessons, Table IV (1975) 50 E A-1 51iding embankment downstream slope due to leakage embankuent (Lessons, 1973)
b '} 1
R e~ L L Partial faflure due to piping. (Middlebrooks, 1953)
Middlebrooks, 1953 Seepage through porous embankment and slide (Hanna ana hennedy, 1938)
A seepage was noticed at several points along the downstream face at & depth of
26 ft (8 m) below the crest. This was followed by caving and slipping of the
outer slope. A number of large holes were washed in the outer slope, one or two
of which extended to within a foot or two of the crest. The line of seepage
extended along and parallel to 26 ft (8 m) below the crest. It was thought
that there was a layer of more permeable material just below the 26 ft (U m)
level which the water moved along. (En, v. 66, Wo. H)
Strong seepage through the dam was followed by caving and slipping of the outer
slope. (Jorgensen, 1920)
1910 1997 |ecguns, Table IV and 70 E-H MR Concrete spiliway deterforation due to inferfor cement. (Lessons, 1973)
p. 147 {1975) 21
1973 1472 Lessons, Table IV and 64 E poc Cracking of footings of upstream retaining walls of spillways caused by the consoli-
p. 150 20 dation of clay in cutoff trench below the retaining wall. (Lessons, 1973)
Conshonocken Hill, 1873 o Proc., v. 49 E Piping (Middlebrooks, 1953); clay lining gave way {Justin. 1932)
18I0 b, v, 18] Justin (1932) rolled
Middlebrooks ?]953 i o Bottom l1ined with 18-in clay upon which was laid a brick paving in cewent. dottom

lining broke away in 1873, it was repnired and faiied again in 1676-1879-1bbb.
(Hily, 1%02) {Jorgensm 1920)
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WAME  LULATIOM BUILT FAILED REFERERCES FI%GY“ TYPE H?CELD CAUSE OF FAILURE
HC.
Cooney, Mont. 193b 1962 Lessons, Table [V and 97 A-1 1962 Flood discharge destroyed spillway. oy June 1972, seepage oeveloped through tie
p. 152 (1975) - 0 rolled right abutment and excessive seepage developed around the outlet. Sloughing occurred
downstrear slope in vicinity of outlet. (Lessons, 1975)
Corpus Christi, Tx. 1330 1930 Lessons, Table IV (1975) 61 E F-2 Leakage foundation piping. (Lessons, 1975)
19 Failure not certain at this writing; one possibility was initial penetration occurred
from weir side of the abutment.
A second possible conclusion is that initial penetration was through the embankment
directly fuch of the abutiment, ty one of these three ways: 1) loose cospaction of tne
earthfill close to tie counterfarked concrete abutment, lcaving & zone of weakness
for seepaye; 2) unenea’ settlement of the fill on compressable soil and of tne acjacent
abutment on more rigid pile foundation, which migiht produce a line of weakness, 3)
penetration under the cutoff or over its top or through the sheeting, along some line of
uealme;s due to unkcown cause. (Possibly urthquakm? (EnR, v. U3, No. 23, 1¥a0,
p. 974).
Costilia, d. Mex. 192u 1924 ER, v. 75 125
1951 Middlebrooks, (1953) 38 Embankment seepage (1924) Middiebrooks, (1953)
Slough's (1941) Midulebrooks (1953)
The dam developed some leakage after the first filling at level 5497, Leakage occurs
at this elevation whirever the reservoir level reaches much above elevation 3500,
This is thought to be due to greater compaction of material below 9497 or more per-
vious material used above 9437 elevation.
In 1942, a shallow surface slide occurred on the downstrezm slope but was thought to
be the result of saturation due to shallow percolation of excessive precipitation.
(Sherard, 1953),
Courtright, Ca. 1956 T9ub Lessons, Table IV and 295 R MR Slope protection concrete slab badly cracked due to settling and movement downstream
p. 153 (1975) 90 concrete of the face. (Lessons, 1575)
face
Cowan Fora 1603 lyoa Lessons, Table IV (1975 130 G-E MR Deterioration of concrete. (Lessons, 1575)
40
Crane Creek, ld. 1910 1928 Sherard (1953) 3 E A1 Piping into tunnel outlet. (Lessons, 1975)
Lessons, Table IV (1975) 19 puddle
core
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KAAE  LOCATION BUILT  FAlLED REFERENCES HGT TYPE uscoLp CAUSE OF FAILURE
FI M INC.:
Crane Creek, lu. 1920 1965-70 Lessons, Table IV and 62 E MR Inadequate spiliway and slides in downstream slope. (Lessons, 197%)
p. 159 (1475) 19 :ggcr:ete Cause of fallure is a collapse of a section of the roof or walls of an outlet conduit.

An engineer measuring streams in the vicinity noticed a stream of clear water emer-
ging from the left downstream abutment contact about mid-height. The nest cay a
gate tender discovered a slough on the downstream slope at the area wnere tne leak
was discovered.
The next morning, tubbles and foam were noticed coming up from the upstream slope
Just opposite the slough area. Sacks of dirt were placed into the hole. Acout 12
hours later a larger hold appeared with some noise and two whirls or eadies. Fore
sacks of soi) were dumped in anc the leak was stopped.
The water level was drawn down and the hole repaired by refilling cavity with clay
and compacting, There has been no trouble since, (Sherara, 1953)

Crane Yalley, Ca. 1910 149 Corps of Engrs. l:lg H Riprap displaced by wave. (Corps of Engrs, 194%)

A4
Cranks Creek, hen, 1903 1473 Lessons, Table IV and 165 E A-1 Due to heavy rains discharge ¢ maged spillway; discharge eroded the area of the
p. 161 (1975) 59 control weir. (Lessons, 1975}
Credit River, 1510 1910 EN, v, 63, p. 439 50 E Overtopping (Middlebrooks, 19:1)
Onzariv,; Lansch 15 :g::r“ Due to flooding from rain and “now melt. Floods were not consideres excessive,

Water level did not reach the <pillway level. During construction water nad been
diverted through sluiceways. (he freshnet that caused the cawage, cane along, exceeding
the capacity of the sluiceway. and backing up water against the new work. Tne eartn
embarkment had been partly coleted on the upstream side of the core wall, out on the
downstream side it had no sup, ort at all, Some of the concrete hao been in place

only 3 days., The pressure was too great lor the structure to resist and failure
occurred. The first break was quickly followed by more faflure due to the scour of

the flood and fce untfl 100 f+ (30 m) of tne dam was down. (Longley, 1910)

Dam under construction; flood waters could not be carried away fast emcugh (Joryensen,
1920
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ARME  LOCATIUN BUILT FAILED REFERENCES I:_GT TYPE UscoLp CAUSE OF FAILURE
FT M IKC.
Dale Oyke, eny. 1804 Wegaann, (1927) 95 3 Probable piping along outlet, (Middlebrooks, 1953); failure due to narrow crack on
Hiddlebrooks (1953) 29 pudd e outer slope. (Wegrann, 1929)
Walters, 1962 Lok Poor design (Jorgensen, 1920)
Built on alternating grits and shales coupled with somewhat poor construction of
the embankment,
Although true cause of failure is unknown 1t was probably due to undermining of the
foundation caused by water percolating the gritstone under tne empankment owing to
the cutoff trench not being deep enough and grouting procedures unknuwn a4t that
time. (Walters, 1962)
pallas, Tx. 1831 EN, v. 47 29 Settlement (Middlebrooks, 1953)
Hi1l, 1902 § ;:P:d A break in reservoir embankment occurred June 1891, A large part of the bank sank
mi vertically, due as was thougint to quicksand beneath the foundation. The settlesent
core was over 300 ft (91 w) in length and extendea from the toe of the outer slope to
U within 5 ft (1.5 m) of the top of the inner slope. The brick and cement lining
was cracked in an alwost straight lire at 11 ft (3 m) from the top and from this
line to the top of the embankment there was a siight settlement. (nil1, 1502)
Ualton, WY 1312 N, v. 67 p. 900 29 1= Foundation piping (Middlebrooks, 1953)
:::::;bﬁ;i;}““n 9 mz;:“ Piping, porous foundation. (Justin, 1932)
Water worked 1ts way through a sand bank against which one end of the structure
rested and undermined to a depth of 10 ft (3 m} the glacial drift beneath the dam,
a considerable section of which was destroyed, (EN, v, 67, p. 9L0)
Davis Reservoir, Ca. 194 En, v, 72, p. 106 39 E Piping around outlet, (Middlebrooks, 1953)
Justin (1932) 12 rolled

Middlebrooks. (1953)

No cutcffs on gate structure, (Juston, 1932)

Failure due to lack of suitable cutotfs alang the rear fice of the gate structure
which was in contact with tne earth and the consequent passage of wacer along tnis
smooth concrete suriace. (Justin, 1932)

At 2:00 AM night watchman discovered water pouring throuah a hole on rignt sive of
gate structure, which rapidiy tore away the fi1] on that side and was cutting into
original hard pan sides. At 9:00 AM the gap had wigened to 60-70 ft (18-21 m).

Cause of failure may be attrituted tn any one of several conditions. 1) there was
no provision for any cutoff wall on the side of the gate structure excepl tne trin
concrete facing. 2) the partially washed fill on the jeft side of the structure
showed that it was composed of boulders, lumps of hardpan and fine sandy soil. It
was not compacted into the hardpsn on the bottom. When water was placed in tne
reservoir and before the watar had gained any considerabie head it is said to have
Teaked from under the fill. 1t is the epinion of soweone who watched the construc-
tion of the fill that this leakage was the caute of the failure. (kh, v. 72, ho. 2)
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alini FAILED REFEREKCES HGT TYPE uscoLn CAUSE OF FAILURE
FI INC
Debris Uarrier 1404 BN, v. 53 H Overtopped (Middlebrooks, 1953)
No. 1, Lalit. EN, v. 58
Middlebrooks, (1953)
Dells ang hatfield 1905 1920 Jorgensen, (1920)
Pence, (1911) The two earth dams fafled due to water flowing over top of cams {dorgensen, 1920)
Dug to heavy rains the Dells dam .as overtopped and breached, The water from tne
Dells dam and overtopped the Hatfield dam on its west wing wall of the spiliway
quickly stripping away the earth over the concrete corewall and washing out tne
dike around the end. (Justin, 1932)
Failure due to overtopping. Ther: had been excessive rains, for two days ana just
before dam was overtopped, workman had been raising crest with sandbags out had
given up because water level was rising faster than the workers could raise crest
lavel. (Pence, 1911)
Deruyler la63 (FT Lessons, Table IV (1975) ;g E A-1 Leakage, embankment. (Lessons, 1975)
Desabla Forebay, Ca. 1303 1932 Sherard (1553) 53 E A-1  Leakage, embankment. (Lessons, 1975)
Lessons, Table IV (1975) 16 A leak developed through the fill that caused considerable cavitation in the up-
strean slope. (Sherard, 1953)
Detention ¥-1. Co. 193 1966 Lessons, Table IV and 57 E A-1 June 1866 embanknent overtopped by 2.5 feet and as a result an average of 1 foot
p. 163 (1975) 17 depth of embankment was eroded from downstream slope. (Lessons, 1975)
Dickenson 1950 1454 Lessons, Tabke IV (1975) &2 E A-1  Flow discharge, damaged spillway. (Lessons, 1975)
19
druw Forebay 1913 1921 Sherard, (1953) 53 E There had always been minor seepsge through the dam. [n 1951 there was sowe
16 minor sloughing on the face of the dam due to a small stream at the maximus section.
(Sherard, 1953)
Ory Creek, Mon, 1334 143y LR, v. 122 46 E Piping (Middlebrooks, 1953)
Middiebrooks, (1953) " rolled Failure associated with high spring runoff and porous foundation. Failure cue to
piping through foundation. (ENR, v. 122, No. 12 & 13)
Duanava, India T4oe 156 Lessons, Table VI (1975) E A-2 Foundation, boiling. (Lessons, 1975)

2
10
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Pa.

F1._M 1iC.
Eagle Valley J-ib, 196y 190 Lessons, Table 1V and 74 E A-2 During initial filiing, heavy seepage emerged from the vertical pank of tie streaw
nevaaa p. 168 (1975) 22 fmmediately downsi esm of the embankwent, due to inadequate construction of relief
wells and toe drains. (Lessons, 1973)
Eastl trancn 19s7 1957 Lessons, Table IV (1975) 195 E A-1 Deformation, differential transverse embankwent cracks. (Lessons, 1973}
59
tast Livergool, Uhio 1501 Twui ER, v. 44 E Piping along an outlet, (Middlebrooks, 1953)
Middlebrooks, (1953) rolled During first filling; break occurred over a pipe laid tnrougn the empankment.
(HiT11, 1902) (Jorgensen, 1520)
Euith C. Justus, 1971 1971 Lessons, Table 1V and 92 E A-2 During initial filling, excessive seeping noted from right abutuent, just cownstreau
p. 169 (1975) 28 grout of the embankment. Probable cause, inadequate grouting. (Lessons, 19/3)
curtain
tilaon, Australia 15¢/ 19ey Lessons, Table Y1 (1975) 40 E A-1 Dam, slide. (Lessons, 1975)
12
£l Lstrioon, Hex. I94u Taud Lessons, Table Y1 (1975) 21 3 A-1 Other dam, sliding. (Lessons, 1975)
6
Elk City, Uk. 1925 1957 EWR, v. 116 30 E Overtopped. (Middlebrooks, 1953)
Kiddlebrooks, (1953) 9 rolled After heavy rains, dam overtopped by .15 ft (.45 m) for full length of dam wuring
which a 150 ft (46 m) section frow middle gave way, (EdR, v. 116, Hay 7, 193u,
p. 678)
The spillway had ‘wen raised to increase storing capacity of reservoir out the
spillway capacity iad not been incressed. This was done without consultation with
designer. (EMR, June 11, 1936, p. 630)
Ellington, vonn. LL:EN] EN, v. 47 E Dam gave way due to miscellaneous or unknown cause. (Will, 1902)
Middlebrooks, (1953) rolled
Emery, Ca. lody 15bu Lessons, Table 1V 51 E F-1 Piping of embankient material into conduit due to faflure of conwuit. (Lessons,
p. 170 (1975) 16 1575)
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Ll FI 1 LG
Ewpire, Colo. 1900 190y ASCE Proc., v. 49 E Piping along an outlet. (Middlebrooks, 1953) wue to settling. (Justin, 1yse)
Tm“’h";g;;‘ {1953) rolled Partial failure. Settling of embankzent, caused 4 breaking of oullet conuuit.
ustin ( ) Water entered through the breaks, washing away esoankinent arpund the conauit
pipes causing further settlement, then destruction of the conuuit ano gate well,
with washing away of the downstream and central portions of the embankment.
(Justin, 1932)
£nglewood 1521 t;;‘!' 5 Lessons, Table LV and i E-H Doc S1iding embankment, upstream slope. (Lessons, 147%)
p- 171 (1975) H MR installation of pressure relief wells. Deterforation of concrete along euges

and joints. (Lessons, 1975)

english, La. lood Schuyler {1903
Middlebrooks, (1953) Overtopped. (Middlebrooks, 1953)

Early in the morning and just prior to fallure, a watchuan heard two violent ex-
losions, when he arrived at the dam he observed water pouring througn a wide
reach in the upper cribwork, Cause of failure is attributed to dynawite.

{Shuyler, 1908)

Rock filled, crib. Crib timber boards gave way, rock filling crumbled. (kud,

v. 100, Wo. 12, p. 472

English water supply 196> s Lessons, Table IV (1975) &2 E A-2 Leakage, foundation. (Lessons, 1975)
16

Escanaba, MI, ho. 1 150l Tad0 ENR, v. 105, No. 2 k) Overflow of embankments at the end of spillway. (EmR, v. 105, ho. 2, p. 71)
n

Escanaba, MI, Mo, 2 1910 Twdu

ENR, v. 105, ko, 2

18
50

Overflow of embanknent at the end of spillway. (EAR, v. 105, no. 2)
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Fairview, Mass. 1922 ENR, v. 89 30 E Piping, (Middlebrooks, 195%3)

Middlehrooks, (1953) 9 rolled

concrete
core

Fergie TRt s Mn 178 Percolation under dam. (Saville, 1916)
Fellows, vo. 1435 1965 Lessons, Table IV and 104 E-R A-1 Leakage due to poor construction; leaxage was occurring at poor joints ano spilled areas.

p. 172 (1975) 1 (Lessons, 1975)
Flagstaff G, 1963 1963 Lessons, Table VI (1975) 16 E A-2 Foundation leakage. (Lessons, 1975)
Australia §
Fontenele 13 1965 Lessons, Table IV (1975 139 E A-2 Leakage, foundation. (Lessons, 197%)

a2

Forsythe, Utah 1320 1521 Middlcbrooks, (1953) 65 E Al Leakage, foundation piping. (Lessons, 1975)

;::::t;' ﬁ:;;lw (1975) S REra L Piping under spiliway; drawdown slide. (Middlevrooks, 1953)

Pipin}g under spillway; erosion of soil under spillway and spillway itself, [Sherara,
1953

Fort Collins. Co. 1302 EN, v. 57 E

Middlebrooks, (1953)
Fort Meade, 50 1924 1972 Lessons, Table IV and 55 R A-1 Overtopping due to heavy rains. (Lessons, 1975)

:;“;:ihflﬁg;“ L Rock with concrete upstream face and grouted rock downstream face. (Redpath, 13/3)
Ft. Peck, Hont. 1940 1934 Lessons, Table IV (1975) 250 E-H Doc 51iding embankment, upstream slope. {(Lessons, 147s)

H:“:E";?“' (1953) 76 " Foundation slide. (Middlebrooks. 1353)

Failure due to slunp; began east end of gam, near gate shafts of gate tunnel, west-
ward to mid section of upstream toe (an extra reinforced area), cause was nor certain
at writing, Sluip similar to other slumps occurring in hyoraulic earth-fill caws.
(ENR, v. 122, no. 4, Jan. 1939)

Failure due to shearing in foundation. (Justin, 1939)
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Ft. Peck, mont, (continueo) Slumping was preceded by settlement. A drain pipe was observed to be 1.5 i
(.45 m) lower than it should have been.
Eyewitness report: Core pool began to settle, slowly then wore rapidly, atout
same time, cracks were observed on upstreaw face 3U ft ( m) below crest. lien
upstream portions of upstream shell nearest pool began to slide in sinking vore
pool and some cracking and slumping took place on cownstream beach. Simultaneously,
the main mass of the upstrean shell, almost intact was moving out into the reservoir.
(EnR, v. 122, No. 19, p. 647)

Fourtn Lake, 1560 1901 Lessons, Table V1 (i975) 22 E A-2 Dam leakage, (Lessons, 1975)

Candod 7

Frankfurt, Tule 1577 ENR, v. 199, No. 9 32 Break was preceded by a steep increase in ground water levels at the foot of tne

W. Germany dam. Minutes before the break, water Legan to seep throuuh the dam, eventually
becoming a jet of water about B in. in diaueter.
Some small leaks were discovered two morchs prior to failure but investigation
revealed no danger of failure at that vime. (ENR, v. 199, wo. 9)

Frazier. la. 1815 1935 Sherard, (1953) 28 13 Seepage slide. (Middlebrooks, 1953)

Middlebrooks, (1953) 87 rallad Failure due to progressive sloughing of the downstream slope due to & long jeriog

of a full reservoir. Slougning cut back through dam until crest was ureacr:u,
allowing full reservoir to pour through. (Sherard, 1953)

Frazier Yalley, 1945 ENR, v, 140 12 E Overtopped, (Middlebrooks, 1953)

8.C. Comada Middiebrooks, (1953) 4 rolled Overtopping due to rapid snow melt and heavy rains. (ENR, v. 140, Wo. 7)

Fred durr 1967 194k Lessons, Table IV (1975) ?3 E F-2 Leakage, embankment piping. (Lessons, 1953)

6

Fronch Landing, 1925 1928 ENR, v. 94, 1928 77 E F-1 Undermining and washout of embankment during fnitial filling. began as leakaye

Hich, 23 from toe. (EMR, v. 95, 1928)

T renchmans Creek, 1951 lys2 ENR, v. 118 E Overtepped. (Middlebrooks, 1933)

Hont., Middlebrooks, (1953) rolled

A flood stage exceeding all previous reccrds resulting in a break in the natural
ground around the spillwey. Spiliway capacity was sudoenly exceeded and water
cut into natural earth. (ENR, v. 140, lio. 17)
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Fruit vrowers T4
Reservoir, Lolo.

furnace orook Water- 1471
shed 2, hew Jersey

Frailew REFERENCE HGT
FI M
1937 EWR, v, 118 36
Middlebrooks, (1553) "
1871 Lessons, Table IV and 54
p. 1719 16

E
rolled

E

A-3

Seepage slide. (Miodlebrooks, 1953)

Before the 1520°s, the downstream siope frequently cecase woist ano winor slougns
occurred.

In 1937 water level reached highest luwel, to date, of 2d fr (9 w), & slice
occurred on Lhe downstream slope. T siiding material ouriea tne cownstreaw enu
of the outlet conduit, making it iupossible to lower the reservoir.

A stream of water poured from the s..de area apout 14 ft (5 w) velow tne crest.
The earth in Lhe upper portions of ..o slice was extremely wet any it was feareu
a second slide might occur. Part ¢! tne eulanksent was vulldozeu out wien Lne
slide bejan to move again, The bul. :zed cut was wigened anu deepened by flow anu
the reservoir was emptied.

As the reservoir was drawn down, a o
directly opposite the slide on the
through the dam crest. (Sherard, 1433}

down s1ide occurred on the upstreaw slope
stresn slope. This slice cut migway

Two joints between lengths of conouit cpened, possibly uue to yielding of founua-
tion during construction. (Lessons, 1975)
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BUILT FAILED REFERENCE HGT TYPE UscoLL CAUSE OF FAILURE
. =) M IHC.
Gatum, Fanana 1512 ER, v. 66 1!35 H Core pressure slide. (Middlebrooks, 1953)
5
Garza, lewas 1527 lude Lessons, Table IV (1975 120 E-H i S1iding embankment, upstream slope. (Lessons, 1975)
:f:dlfb;:otza i;gs:l g.; H Core pressure slide. (Middlebrooks, 1953)
24 A problem occurred during construction with some of the hydraulic Till in builging
the dam. HMaterial used was not suitable for 1:3 slopes. The clay used tencco to
ball up when pumped and after 10-15 days tended to squeeze together to forwm a
solid mass, The hydraulic fill composed of clay balls was too soft to maintain
ordinary slopes. The successive protective measures tended to flatten the slopes.
[Nagle and Shuler, 1928)
Geary County St. 1961 147 Lessons, Table IV and 56 E-R MR Riprap (1imestone) destroyed by freeze-thaw cycles and wave action. (Lessons, 14975)
Lake p. 181 (1973) Lk
"‘:; Gering Valley E. 1965 1903 Lessons, Table IV and 78 3 A-3 During filling transverse cracks were observed upstream slope; probably due to
o) e, p. 184 23 the differential settiement of the valley and abutment foundation material as
they became fully saturated. (Lessons, 1975)
Gering Valley F, 1465 1563 |essons, Table 1Y and 80 E A-3 Transverse cvack in upstream part of embankment near left abutwent. Crack
iehraska p. 185 24 rolled possible due to the differential consolidation of the foundation materiais.
(Lessons, 1975)
Germantown, un 1921 157V |essons, Table 1V aid 100 E-H MR Concrete surfaces along edges and joints deteriorated. Upper portion of embank-
p. 187 E19!5] 0 ment placed with poor control. (Lessons, 1975)
Gilbert Run 2 Tdan 'llj"': Lessons, Table IV (i975) 50 E A-2 Leakage, foundation. (Lessons, 1975)
1963 L A-1 Flow discharge damage to spillway. (Lessons, 1975)
A-2 Deformation total intake structure, (Lessons, 1975)
Golaer 1964 1968 | acsons, Table v (1975) 130 E A-2 Leakage, foundation. ({Lessons, 1975)
40
Goodrich 1660 1956 Lessons, Table 1V (1975) 44 F-1 No known reason. (Lessons, 1975)
13
foose Creek. S.Car. 1903 1916 Lessons, Table 1¥ (1975) Zi0 R F-1 Overtopping conpleted structure, (Lessons, 1975]

b4
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HAME  LOCATION aUILT FAlLeU REFERENCES HGT TYPE UscuLD CAUSE OF FAILURE
FT M INC.
Goose Creek. 5. Car 1303 1916 EN v. 76 p. 232 22 E Overtopping. (Middiebrooks, 1953) Oue to insufficient spillway. (Justin, 193Z)
:;::1:”[?3;;1“953} 7 rolled Washed out due to overtopping caused Ly heavy rains. (Justin, 1932)
First overtopped 19312, Overtopped again in 1916 due to excessive rain,
Early on Saturcay the water began to overflow the spillways and run over the envank-
went, The superviscr tried to prevent overflow but by 7:30 PH when water was at
its highest level and stil] rising and at a depth of 14 in. over the top of the
daw, the downstream slope began to erode fast, ana within one half hour, a breacn
wat washed clear across the dam, which at that point was 50 ft (15 m) wige. Tne
braach widened to 100 ft (20 mjwide and approximately 13.5 ft (4 w) deept. &
cofterdam was laid on the upstream end of the breach and whole dam was covered
with canvas, as incoming tide threatened temporary coffercam. (Ew, v. 7o, wo. 5)
Grand Wapids, Wich. 1874 1404 Ef, v. 42 (7-14-1900) 25 E Overtopping. [Middlebrooks, 1953) Due to insufficlent spiliway. (Justin, 1532)
1
g:‘:ﬂ:t"ﬁ;;él“gsn 8 mt}:: Failure by overtopping. (Hill, 1902) (Jorgensen, 1920)
Hill (1962) core
Jorgensen, (1920}
Graha 1422 1924 Lessons, Table IV (1975) 112 E F-1 Flow discharge, gate structure destroyed, (Lessons, 1975)
34
Grandview 19ub 196U Lessons, Table IV (1975] 80 E ooc Flow discharge damaged spillway. (Lessons, 1975)
24
Grassy Lake, wy 1939 1980 agsons, Table iV and 18 E MR Tha backfill behind the spillway walls became very saturated from seepage and run-
p. 189 36 of f from abutment, causing excessive load on the walls combined with freezing
during winter, pushed walls foward. (Lessons, 1975)
Great Western 1907 958 Lessons, Table iV (1975) 61 E A-1 51:ding embankment downstream slcpe. (Lessons, 1975)
19
Greenboth, G. Brit. 1962 1962 Lessons, Table Y1 (1975) %5 E A-3 Dam, slide. (Lessons, 1975)
1
Greenlick, Pa. 1901 1904 EN, v, 52, p. 107 60 E F-2 Saepage. (Middlebrooks, 1953)
Middlebrooks. (1953) 18 rolled
Lessons,. Table IV (1975) E
roiled 5 Sespage embankment piping (Lessons, 1975)
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HAME  LOLAT ION

Greenville, 5.C.

Grosbois, France

Lros Vente

tuadalupe, Ca.

Gunnison, Ca.

LUILT FAlLew REFERENCES HGT TYPE UsCoLD CAUSE OF FAILURE
FIT M INC.
1927 ENR, v. 100, p. 750 140 Castiron pipe failed. (Middlebrooks, 1953) Blow off pipe failed. (Justin, 1332)
ERR, v, 103, p. 934 43
Kiddlebrooks, (1953)
Justin, {1932)
lesz 1921 gparard, (1853) 58 E The dam suffered no trouble of any Kind until 1921, when a “"very fuportant slide”
1500 18 sccurred following a relatively rapid, complete reservoir drawdown, (Sherare, 1953)
1925 1927 Lessons, Tatle IV (1975} 135 E F-1 Overtopping ompleted structure. (Lessons, 1975) Formed as a result of a land-
Emerson, 1925 56 slide, leakage occurred on Filling, (Emerson, 1925)
Natural dam created by a massive landslide. Due to heavy rains, dam was overtopped
at a place where material was bad.
15945 }9:3 Lessons, Table IV and 138 E A-1 1939 cracks in concrete facing due to wovement of slope; upstreau
¥
100 p. 191 (1975) 2 :::‘i::u 1944 additional movement cracking in June.
face 1944-1960 small periodic cracking and bulying. (Lessons, 1975)
LLE EPG, Jour, v. 44 20 Piping along an outlet, (Hiddlebrooks, 1953)
Middlebrooks, (1953) 6 rolled

Hill, f902
Jorgensen, (1920)

Failure due to piping along outlet. (Will, 1902) (Jorgensen, 1920)
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NAME  LOCATION

BUILT

FAILED

REFERENCES

HGT
F1 M

TYPE

CAUSE OF FAILURE

Half Maon Bay, Ca.

Hamburq, Nike, W.

Harlan County

Hatchtown, Utah

HatField. Wis.

Hebgen. Mont.

Ger. 1976

1952

1908

1912

1915

1926

1976

1956

1910
1914

1920

1959

ENR, v. 96
Middlebrooks, (1953)

ENR, v. 197, Mo. 5

Lessons, Table IV (1975)

Sherard (1953)
Lessons, Table IV (1975)
EN, v. 75 p. 60

Pence (1911)

Lessons Table IV (1975)
Sherard (1963} p. 164

B0
24

5
Fa

B &

65
20

92
28

123
£

E
rolied

rolled
puddie
core

3
concrete
core

A-1

=1

Overtopping. (Midgdlebrooks, 1953)

200 ft (61 m) breach in 2 new asphalt-lined canal dike south of Hamburg,

Slope protection, riprap too small, (Lessons, 1975}

1910 seepage sloughs since first filling. (Lessons, 1975)

Two days prior to failure, dynamite had been used to blast open a gate on a condulit.
Too much dynamite was used causing cracking of the gate structure. (Sherard, 1353)

Failure due to progressive pioing along the only outlet conduit. (Justin, 1932)

r.-,-'.n)*oyed 10-15 dams in its path vefore being stopped by snother dam. (Jorgensen,
1520

Cause of break 15 not positively known, but seepage from the west hill misht have
saturated that part of the dam to the danger point. A new spring appeared in the
west hill at an elevation of 40 ft (12 m) above the stream bed. [t 15 possible
this water caused a Vine of saturation downward and outward in the fi11 until it
reached and overfiowed the crest of the culvert. The culvert furnished a path to
the river. (Jenson, 1914)

Watchman naticed that £1ight secpage on bottom and south side on downstream erd of
cutlet culvert increased and became cloudy. Causes of failure: 1) Tack of cutaff
collars on culvert; 2) defective foundations of culvert and core wall; 3) increase
in tendency of water to creep along culvert due to manner and order of building and
weather conditions during construction; 4) excavation, in the stratified sand and
gravel underlying southerly part of site, of a borrow pit parallel and near upstream
toe at a desp level, furnished an easy path from reservoir to body of the dam
adding to already existing adverse conditions and; 5) the uncontrolled part of the
water percolating so generally under rurth of base, wosds tend to saturate embank-
ment adjoining the culvert further reducing resistence to creep. (Enginearing hews,
Jan. 1916). Undermining due to gravei layer under lava stratum. (Savilie, 1916}

Jue to huv{ rains and failure of the Dells dam this structure was also overtooped.
(Pence, 1911

Earthguake. (Lessons, 1975)

Two types of damage associated with earthquake: 1) longitudinal cracks at top;
2) crest settlement. (Sherard, 1961)
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NAME  LOCALION

BUILT

REFERENCES HGT TYFE 1B R}

FAILED FT N iREC.

CAUSE OF FAILURE

Hebran, N. “ex.

Hewwaike, Japan

Hemet, Ca.

Hills Creek. 0r

1913

1949

1923

1962

1914 Lessons, Table IV (1975) 56 £ F-1
1942 ER, v. 69 p. 629 rolled F-2
Middlebrocks (1953)
Justin, (1932) 17

1951 Lessons, Table VI (1975) 20 E F-1
&

1927 EXR, v. 98 20 E F-1

1969-70 |essons, Table IV and 305 gravel A-1
p. 195 (1975) 92 with
central
core

1914 Piping through dam. (Middiebrooks, 1953) Piping due to gopher holes.
(Justin, 1937)

1942 Overtopping completed structure (Middliebrooks, 1953)
Leakage embankment piping (dispersive clay). (Lessons, 1975)

1913 After heavy rains, a concentrated leak developed near the outlet pipe, but
did not increase with time.

1914 A heavy rain storm occurred over the whole of the large drainage basin. In
the early morning hours, when the reservoir was still several feet below the crest,
the water broke through the embankment. In a few hours the whole resrvoir capacity
had spilled, and the break was cut 12 ft (4 m) below the original base of the em-
bankment, and 200 ft (61 m) wide.

A short distance from the breach a peculiar appearing hole opened through the dam
at the same time as the failure, [t was about mid-height of the dam, 10 ft (3 m)
in dismeter and thought to be an animal burrow. It was thought the piping that
caused failure probably started in a similar hole.

1942 Dam was overtopped due to settiement and erosion of the crest. A 100 ft (30
m) section was completely washed out at this point. The dam had been repaired at
writing. (Sherard, 1953

Water found its way through gopher holes and finally washed out a gap 200 ft (61 m)
wide and 31 ft (9 m) high. ?Jnrgensen. 1920)

Dreak was not witnessed unti) breach was quite large so the real cause is wnknown,
It is prosumed thit the water entered through a gopher, or other rodent hole, or a
smill crack, caured by settling of the embankment, Mot being checked, the flow
gradually enlarged the channel until a considerable volume found egress and rapidiy
cut and undermined the comparatively soft embankment, making a breach 200 ft (561 m)
in width before the reservoir was emptied. There had been heavy rains prior to
failure. (Case, 1914)

Blowout, overtop. {Lessons, 1975)

Overtopped due to heavy rains and flooding with subsequent breaching. (ENR, v. 98, 1925)

Leakage, abutment; possible leakage through core or along the core foundation
contact. {Lessons, 1975)
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KAME  LOCATION

Holmes Creek, Utah

Homme, N.U,

Hope Reservoir, Rl

Hornell, Y

Horse Creek, Co

Harton, Kan.

Hure, Australla

Hiytand, Australia

BUILT FAILED REFERENCES HGT TYPE USCoLD CAUSE OF FAILURE
FT M
10 Laee Lg;;g":;’?;;;” (1975) g?; mﬁ"d A-1 Sloughing upstream slope; near full reservoir; thought to be caused by nearby explosion;
Ll l]rlw.;l sloughing downstiream slope during construction. (Sherard, 1953).
core S1iding esbankment, upstream slope. (Lessons, 1953)
1851 1355-68 Lessons, Table IV and 73 E MR Seeping water through cracks in concrete spillway or broken water stops eroded under-
p. 208 (1975) 22 lying filter, porous backfill and foundation material. (Lessons, 1975)
1882 1207 ER, v. 53 23 £ Seepage. (Middlebrooks, 1953)
ER, v. 56 7 rolied
Middlebrooks, (1953)
1912 1912 EN, v. 58 E Scepage. (Middiebrooks, 1953)
Hiddlebrooks, (1953) c::c:\,e Partial fatlure in 1912, consisting of numerous leaks through the foundation. Tre
leaks developed in spite of the fact that the core had been carried into the rock.
(Jorgensen, 1920)
1912 1914 ER, v. 69 (2-14-1914) 55 F-2  Piping and sloughing; seepage under dam (Hanna and Kennedy, 1938)
:;““:" f_.'I"’ :""g;:’ 7 ro!Eed Failure due to the saturation of the rather loose fill in the downstream toe, causing
Justin 1593}1 a flow which undermined the outlet conduit. (Justin, 1932)
Jorgensen, (1920) Excessive seepage; cutoff not carried to rock, (Saville, 1916)
e, (15
a‘:;ur'?i&“r.lﬂﬂl] Probably seepage under dam, 250 ft (76 m) went out. (Jorgensen, 1920)
The dam had always leaked at the toe but never serisusly. There was no warning af tne
Greak. Inspeclions a few days and even on the afternoon of failuce gave no signs of
weakness or failure. The theories given for cause of failure are: 1) water may nave
passed through one or more of the pervious strata or in the shale at or near the
outlet conduit, causing a settiement and a failure of that structure; 2) water may nave
found fts way through a pervious section of fill; 3) ieperfect Joint in the corcreze
gate tower may have permitted water to escape into the emoankment around the tower,
thereby causing the shower to settle and crack; 4) water may have found its way aleng
the outside of the conduit, but this is hardly likely. (Hinderlider, 1914)
1924 1925 ENR, v. 95 M E Record breaking rainfall overtops structure and washes out 50 fr (15 m) partway ciwn.
Middlebrooks, (1953) 10 rolled (Black, 1925)
Black, (1925)
1936 1939 Lessons, Table V1 (1975) 49 E A-1 Dam, slide. (Lessons, 1975)
15
1963 1963 Lessons, Table VI (1975) 24 E A1 Spillway breakage. (Lessons, 1975)
7
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NAME  LOCATICH BUILT  FAILED FEFERENCES HGT TYPE UscoLD CAUSE OF FAILURE
kT h INC.
¥addam, india 1957 1958 Lessons, Table V1 (1975) 42 E F-2 Blowout, overtop. (Lessons, 1975)
12
Kaila, India 1955 1675 Lessons, Table VI (1975) 26 E F-2 Dam, slide. (Lessons, 1975)
8
Kanapalis 1948 1950 Lessons, Table LV (1975) 110 E A1 Leakage, foundation. (Lessons, 1975)
>4
Karachunnysk, 1RS8 1950 1934 Lessons, Table VI (1975) #2 R A-3 Surface, erosion. (Lessons, 1975)
L
Kedar Mala, India 1964 1364 Lessons, Table VI (1975) 20 3 F-2 Main dam, internal erosion. (Lessons, 1975)
&
Kelly Barnes Lake, 1940 1977 EHR, v. 199, No. 19 26 E Exact cause of failure unknown. Sudden, almost total failure after heavy rains
G, ] and severe flpoding. (ENR, v. 144)
Fenray 1962 1962 Lessons, Table IV (1975) ';2 E A-1 Sliding embankment downstream slope. (Lessons, 1975)
Kern, Ore. 1948 1949 Shacard, (1953) 52 E Excessive settiement of fi11. (Middlebrooks, 1953) caused by the rapid filling
Middiebrooks, (1953) 16 rolled of reservoir and compaction of too dry embankment material during construction.
(Sherard, 1953)
Kettering, Enaland 1905 ER, v. 52 45 E Slide. (Middlebrooks, 1953)
?;3&:’;3‘:'{;;9%?53} 14 rolled Settlement during construction; puddle core settled. (Jorgensen, 1920)
Kharagpur. India 1961 Lessons, Table VI (1975) z; E F-2 Blowout, overtop. (Lessons, 1975)
Killingsworth, Con, 1895 1938 E4R, v. 121 18 E Overtopping. (Middlebrooks, 1953)
Hiddlebrooks, (1953) 5 concrete
core
Kingslay, Nebr. :3:? ::’:g Lessons, Table IV and 170 E-H A-1 Slope protection; riprap too small. (Lessons, 1975)
Eé 218 %;“5 52 Loss of fil)] through concrete blocks, no filter, (CE v. 15)
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NAME LOCATION BUILT FAILED REFERENCES HET TYPE USCOLD CAUSE OF FAILURE
FT M INC,

Kingsley, Hebr. 1941 ENR, v. 120, p. 787 6-21-38 158 This dam has a history of trouble with concrete face and riprap. It's located in
CE, v. 10, p. 623 10-1946 42 an area known for {ts high winds and waves. (Lessons, 1975)
Engineer, v. |7, p. 46
7-17-42
Kittaning Point 1877 1894 Lessons, Table [V {1975) 50 E A1 Flow discharge, damage to spillway. ({Lessons, 1975)
By vi 3 15

Hater flowed over the echankment for about 30 minutes. Within that time there was
a sudden rise of water; supposed to have been caused by the wind, when for less
than ten minutes the depth of overflow wis about 1 foot (3 m)

The first break began 26 ft (8 m) from the spiliway and extended 90 ft {27 m),

being about 8 ft (2 m) deep; the next break began 64 ft (20 m) further to the right,
was 139 ft {42 m) long and about & Tt (2 m) deep; then followed only 10 ftr (3 m)

of unbroken slope, succeeded by 77 ft (23 m) of break about B ft (2 m) deep;

after this and another undamaged 10 ftr (3 m) to where the final break occurred,
about 64 ft (20 m) long and 10 ft (3 m) deep, terminating some 75 ft (23 m) from
right end of main embankment. (EN, v. 31, June 7, 1894)

Eindbrnak, Pa. 1894 EN, v. 32 E
Hiddlebrooks, (1953) rolled )
Enoxville Reservoir, Tn, 1883 EN, V, AT E Foundation, seepage. (Middiebrooks, 1953)
e
Fiog mrakay (153) poried The puddle bottom of a double reservoir falled. (HI11, 1902)
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NAME  LOCATION

Ingersol, Mntario
Canada

Iren Bridoe, Tex,

dackson Lake, Nyo,

Jeanette, Pa.

Jefferson County,
Calo,

Jemey, K. Mex.

Jdannings Cresk,
Watersheo No. 3

dannings Creek
Watershea Ho. 5

Jennings Creek
Watershed ba. 13

lnnninng Creck
Watershed No. 16

dennings Creak Dam
Ha, 17, ienn,

BUILT FALLED REFERENCES HGT TYPE USCoLD CAUSE OF FAILURE
FT K INC.
1858 1837 EN, v. 17-18, p. 233 E Dam had leaked every year during soringtime. This time dam broke. Leaking began
s0on after construction. (EN, v. 17-18, p. 233)
1960 1963 Lessons, Table 1V and B E MR Deterioration of limestone riprap of marginal quality. (Lessons, 1975)
p. 209 (1975) 26
1911 1973 Lessons, Table IV and 68 E-G MR Severe freezing and Lhawing of concrete in sluiceway walls caused concrete to
p. 210 (1975) 21 deteriorate. ?Les’sons. 1975)
1903 gq, v. 48 (7-11-1902) 20 Overtopped. (Middlebrooks, 1953) Due to insufficfent spillway. (Justin, 1932)
f};‘:g:ﬁbf?g;.'“%n & rolled 5pillway could not carry runoff; dam overtopped. (Jorgensen, 1920)
Jorgensen, (1920)
1857 EN, v. 47 A small dam burst; miscellaneous or unknown cause. (Hill, 1902)
Hiddlebrooks, (1953)
Hill, (1902)
1953 1954 Lessons, Table IV (1975) 137 E AR Sliding abutment slope, (Lessons, 1975)
Lessons, p. 99 (1973 4z A shallow slope failure occurred in the reservoir during drawdown. (Lessons, 1973)
1962 1963 [essons, Table [V (1975) &9 E F-2  Leakage, foundation piping. (Lessons, 1975)
21
1962 1962 Lessons, Table IV (1975) 66 E A-1 Leakage, foundation. ,[Lessons, 1975)
20
1962 1962 Lessons, Table IV (1975) 7 E A-1 Leakage, foundation. (Lessons, 1975)
22
1960 V3R yessons, Table IV (1975) 55 E F-2  Leakage, foundation piping. (Lessons, 1975)
17
1964 1965 Lns;?;uh;;!;;e 1V and ;; E A-1 Leakage, foundation, leakage through cavernous limestone foundation. (Lessons, 1975)
p.
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NAME LOCATION

Jennings Creek [lam
No. 1R, Tenn,

Jewell Brock Water-
shed No. 2, Vermont

Jahnson, N

Jonnscown, Pa.

Joha £inc Fapch
ne. 2. Oxla.

tulesbur, (Jumbo)
Colo.

BulLT FAILED REFERENCES HET TYPE usScoLD CAUSE OF FAILURE
FIH INC,
1963 1965-69 | egsons, Table 1V and a7 E A-1 Leakage, foundation; leakage through cavernous 1imestone foundation. (Lessons, 1975
p. 213 (1975) 29
1969 1970 Lessons, Table IV and 60 E A-1 Upstream slope s1id during drawdown. Slides occurred in areas that had been found
p. 214 (1975) 18 below grade during construction were filled to grade and compacted. (Lessons, 1975)
1940 1942-45 Corps of Enginears 47 E Luss of filter through riprap. (Middlebrooks, 1953)
Middlebrooks, (1353) 17 rolled
1852 loss RSCE Trans, v, 24 70 E Overtopping. (Middlebrooks, 1953); Due to insufficient spillway (Justin, 1932)
g‘u‘:‘:::w‘(’?;gé}“g“} 21 rolled Due to heavy rains the dam was overtopped. (ASCE Trans. v. 23, No. 477)
.
Lessons, (1973) A sag was left in widdle of dam along with obstruction of spiliway to prevent fish
ENR, v. 100 from entering spiliway. Water level rose and went over crest at low place because
Jorgensen, (1920) spilliway was inadequate. (Hi11, 1902) (Jorgensen, 1920)
The cause of fallure was overtopping, contributed to by a lowering and disking of
the crest, the closing of a pipe tunnel outlet and obstruction of the spillway.
(EWR, v. 100, Mo. 12, p. 472)
In 1262 a break in the culvert enclasing the sluice pipes caused great loss of
water. Due to heavy rains, the run-off exceeded the capacity of tne spillway; the
dam was overtopped and breached, The breach was about 420 ft (128 m) wide at the
top and 50 to 200 ft (15-61 m) wide at the bottom. The failure occurred rapidiy.
{Lessons, 1973)
1572 1973 Lessons, Table IV and 50 E A-2 S1iding embankment, downstream slope; after fi11ing of reservoir some seepage and
p. 2i6 (1975) 15 sliding on downstream slope. (Lessons, 1975)
1905 1907 FR, v. 61 10 E F-2 Serious leakage began 1907, dam failed with 24 foot head in 1910, (Middlebrooks, 1951)
1910 Jusein, (1932) 21 rolled

Sheyard, “9531
Middlebrooks, (1953)

Failure is believed due to seepage of water along the underlying sandstone layers.
Mo special precautions were taken to prevent seepage along the rock. There was
nelther cutoff trench or cutoff wall. These conditions combined with the fact that
the ine of saturation of this dam was very high, led to failure, (Justin, 1932)

First stage of failure was lower toe of the embankment and 34 ft (11 m) below the
surface.

The underlying rock stratification was found to be of a very open and porous char-
acter, so much as to admit the passage of water from the reservoir under the base
of the dam through the rock, This running water gradually washed out sand filling
contained in the pockets and cavities and had reached such a depth that there
resulted a hydrostatic pressure of sufficient arount to 11ft the overlying mass of
rock and earth, The failure occurred at the point of least resistance to upheaval,
or the toe of the lower slope. The dam had not been “keyed" into the foundation
but was built from the surface. (ER, v. 63, No. 7)




6v1

issifittehitbs BUILTL e aiEy REPERENCES WGT  TYPE  USCOLD CAUSE OF FAILURE
FT M INC,
i 1906 Directly following the first filling there was considerable leakage appearing
g:}:shurg. {dymip) feantinGei) at the downstream toe. The leakage occurred in several streams along the dam,
) The largest occurred at a point where there had been outcrops of porous, friable

limestone under the dam.

1910 A sectfon of the west embankment about 400 ft (122 m), centered on the above
leak, washed out completely. There had been no indication of unusual activity

at this point on the previous day and events leading up to the washout were unob-
served.

The rock under the dam was seen in the walls of the break to be open and porous

with solution cavities and channels up to 2 ft (.6 m) in diameter. Large blocks
of the foundation rock, were 1ifted from the dam foundation and carried bodily a

long distance downstream. (Sherard, 1953)
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NAME  LOCATION BUILT  FAILED REFERENCES HGT TYPE UsCoLD CAUSE OF FAILURES

FI M INC.
Lafayette, Ca. 1932 1938 Lessons, Table IV (1575) 1£ E noc S1iding embankment upstream and downstream slopes. (Lessons, 1975)
Lafayette, Ca. 1929 1928 piggiebrooks, (1953) 140 3 OOC  Foundation Slide during construction. (Lessons, 1975)

ENR, v. 54 4 rolled Failure due to subsidence of the foundation. The foundation acted as a plastic and flowed
from region of greatest load to region of lowest load, causing subsidence in the
region the sail flowed axay from. Foundation is thick alluvial deposit. (ENR,
Jan. 31, 1929)

La Fruta, Tex. 1930 1930 gwm, v. 105, 106, 107 61 E Foundation, piping. (Middlebrooks, 1953)

Middlebrooks, ([1953) 19  rolled

Lake, N. Mex. 1893 gy, v, 47 52 E-R Overtopped. (Middlebrooks, 1953)
Middlebrooks, (1953)
Lake Avalon. N. Mex. 1894 €N, v. 35, 36, and 54 48 E Overtopped. (Middlebrooks, 1953)

i?ﬁﬁ:;::étinmm 15 rolled Failed by water forcing a passage through the dam, not by overflowing. (Jergensen,

Purphy, (1905) 1330)

Failed by water forcing a passage through the dam. There are two opinions as to
why the dam failed; 1) animals burrowed into the earth part of the downstream side
and weakened the earth facing; 2) failure occurred near base.
There had been leakage through base, prior to failure, Attempts to stop leak by
sheet piling had only partial success. Cause was still unknown because failure
occurred at night. (Murphy, 1905)

Lake Almanor 1927 1928 Lessons, Table IV (1975) 130 E A-2 Leakage embankment piping. (Lessons, 1975)

40

Lake Bancroft, Va. 1913 1972 Lessons, Table IV and 69 E-G F-2 After excessive rainfall due to tropical storm. Rain fell on previously saturated

p. 224 (1975) 21 soil, some of which had been rendered impervious due to development. Due to these

conditions, reservoir level rose rapidly and structure was overtopped. (Lessons, 1975)
. Wales 1925  ENR, v. 96 £
LR A Migdlebrooks, (1953) rolled
Lake Dixie, Tex, 1940 Enp, v. 125 3 Overtopped (Middlebrooks, 1953)
Hiddlebrooks, (1953) rolled

Due ;,o heavy rains, 40 ft (12 m) gap was opened in the dam, (ENR, v. 125, Wov.
1940
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NAME  LOCATION BUILT  FAILED REFERENCES HGT TYPE UsScoLD CAUSE OF FAILURE
FI M a
LE:: Francis, Ca. 1899 1899 ASCE Trans., v. 59 50 E F-2 Piping along an outlet due to settling snd seepage. (Middlebrooks, 1953)
( da) ;:dz?-bwu;- ph;& 15 rolled A few days after completion heavy rains occurred. A great crack, caused by settling,
100 ebTounEy appeared on the north end of the dam, This allowed water to escape through a
constantly widening breach, The gap was 98 ft (30 m) wide on top and 30-40 ft
(9-12 m) on the bottom. (ASCE Trans., v. 59)
Lake Francis, Ca. ASCE Trans., v. 58, 1907 gg El g A-1 Piping along on outlet due to settling. (Middlebrooks, 1953)
ud L 1899 v. 55, p. 16 TollE After heavy rainfall, a few da o
N ys aft.: completion, failure and breachment along
- i ::::1?“(]?;?]““” ;; £ settlement cracking. (Justin, 1932)
Lessons, Table IV (1975) Deformation, differential transverse smbankment cracks. (Lessons, 1975)
Lake Francis, Ca. 1899 1935 Lessons, Table IV (1975) 77 E F-2 Leakage, foundation piping. (Lesson<, 1975)

2 After heavy rains a large stream of water emerged from the toe of the embankment
near the northern 36 inch cast iron nutlet pipe. This was due to cracks in the
pipe, evidently due to cracking.

A few minutes after the leak at the vutlet pipe was noticed, a stream of water
broke through the crack near the rigot abutment. The water appeared on the
downstream face of the dam about 20 St (6 m) above the creek bed.
This speedily grew in size, rapidly washing away the earth on the outer slope
until the crest of the dam was observed to be sinking for a distance of 50 ft
(15 m), and then the whole mass sloughed out with a rush.
The failure was due to the embankment, which was constructed dry with very little
compaction, settling considerably on initial reservoir filling. (Sherard, 1953)
Lake George, Colo. 1914 ASCE, Proc. v.laq E Piping. (Middlebrooks, 1953)
Middlebrooks, (1953) puddled
Jorgensen, (1920) OTE lﬁ::;e:m? ?;;;‘;9& between the earthfill and original surface near one end
Lake Grahm, Tex. 1958 1958-68 | essons, Table IV and B3 E MR From 1958-1965 wave action caused sandstone riprap to crumble exposing embankment
p. 227 (1975) 25 material. (Lessons, 1975)
Lake Malloya, M. Mex. 1914 1942 Sherard [1953) 50 E A-1 1942 Overtopped for 6 hours did not fail. (Lessons, 1975)
1955 Lessons, Table IV and 15 rolled

p. 228, (1975)

1955 Cast iron outlet pipe broke under downstream slope. (Lessons, 1975)

1952 Spillway capacity exceeded: dam overtopped to depth of 15 inches. Resulted
in severe erosion of downstream slope, but dam was not breached. (Sherard, 1953)
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NAME  LOCATION BUILT FAILED REFERENCES HGT TYPE USCOLD CAUSE OF FAILURE
(adh) INC.
Lake Marie, Mo, 1880 1972 Lessons, Table 1V and 50 Railroad A-2 01d railroad fall converted into dam; in 1970 massive slide developed in downstream
1965 p. 229 (1975) 15 fill and slope. Boils developed in the upper part of the slide mass. (Lessons, 1975)
E
Lake Orinda 1925 1962 Lessons, Table IV 48 E MR Erosion of outlet pipe due to chemical erosion. (Lessons, 1975)
15
Lake Palo Pinto, Tx. 1964  1966-68 Lessons, Table IV and 43 3 A= Flow discharge damaged spillway. (Lessons, 1975)
p. 230 (1975) 19
Lake Patagonia, Az. 1968 1969 Lessons, Table IV and 154 E A-2 Shortly after first filling, large transverse cracks up to 2 in. (5 em) in width
p. 231 (1975) 46 developed through the dam above each abutment contact. A longitudinal crack in
the crest of the dam is central cart of the valley. The cracks are thought to
have developed because of steep abutments, rapid reservoir filling and/or settle-
ment of foundation and embankment materials. (Lessons, 1975)
Lake Toxaway, NC 1902 1916 ENR, v. 94 64 E F-1 Leakage, embankment piping. (Lesions, 1975)
‘éi‘son’i‘uble v (1975) 19 rolled Early on the morning of failure, & small leak appeared at the base of the dam,
o ""“ mn "::“r:r" which widened unti] complete failure. The exsct cause 15 unknown but probable
il P: cause was that the bond of the c¢ore to the underlying bedrock was defective and
that a pervious layer permitted niping to begin. (Justin, 1932)
There had always been a small lesk near the bottom just north of the stream bed.
1t was thought that the core wa!l, which was thick and very rigid, had been cracked
by settling and movement. [t is thought that due to heavy rains, the spillway
had been overtaxed, exerting a higher pressure on the dam, which being weakened by
the leakage, could not handle, resulting in fallure. (EN. v. 76, No. 7)
A small stream of spring at the foot of the dam, which had been running since the
first filling, became larger, but remained constant., Seven days later the spring
became muddy. That evening it began caving in and soon started giving away. About
270 ft (82 m) in the center went out.
The break appears to have been caused by water flowing through seams or fissures
in the rock 5 ft (1.5 m) above and 20 ft (6 m) to the left of the creek channel.
The increased head in the lake, remaining so long, increased the flow of this
stream, causing undermining at this point. (Willis, 1916)
Lake MWaco 1930 1947 Lessons, Table IV (1975) 69 E A1 Flow discharge, damaged spillway. (Lessons, 1975)
21
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NAME LOCATION BUILT FAILED REFERENCES HGT TYPE UscoLD CAUSE OF FAILURE
FI M LHC
Lake Yosemite, Ca. 1880 1943 Lessons, Table IV (1975) 52 E A1 $1iding embankment downstream slope. (Lessons, 1975)
g:‘;:;‘l'g; I}?gﬁé; 16" rotled S1iding embankment due to saturation of downstream toe by seepage. (Shuyler, 1908)
There had always been seepage under the dam. In 1943 a slide occurred on downstream
slope. The slide was repaired.
The slide was attributed to saturation of downstream toe by seepage and may have
been due to local weak foundation area. (Sherard, 1953)
Lancaster, Pa. 1838 gg, v. 39 (2-8-1894) 21 3 Pining along on outlet, (Middlebrooks, 1953)
:;‘]"1’"'{’{;85“ (1953) & ;“u;::d During first filling. Failure due to piping along an outlet, laid through the
oy 1920) e embankment, The water was seen to gush out from the outer slope of the embankment,
argcnseny and in an instant a break 30 ft (9 m) was made through the embankment. (Hill, 1302)
(Jorgensen, 1920)
La Pay, Mexico 1974 1976 ENR, v. 197, No. 16 10 E High winds and torrential rains from hurricane Liza d