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I. INTRODUCTION

A. General

This Phase II report describes the results of engineering analyses carried out
to determine the safety of eight Soil Conservation Service (SCS) flocd control dams
located in southwestern Utah, with respect to vibratory ground motion and surface
fault rupture produced by an earthquake of Magnitude 6 occurring in the immediate
vieinity of the sites. The Phase I report previously submitted to the SCS provided a
detailed description of the field investigations, local and regional geology and
tectonies, seismicity of the region, and general characteristics of the embankments
and foundations of the eight SCS dams.

Based on our review of ESA field data and information available from the

SCS, the foliowing four dams were selected for detailed analysis:

Green's Lake Dam No, 3
Warner Draw Dam

Frog Hollow Dam, and

o O O o©

Ivins Diversion Dam No. 5

Criteria that were considered in making this selection were summarized in our
letter to the SCS dated December 15, 1981. Subsequently, the SCS authorized
additional simplified analyses to assist in evaluating the seismie stability of the

following four dams:

Green's Lake Dam No. 2
Green's Lake Dam No. 5
Gypsum Wash Dam, and

c O ¢ o

Stueki Dam
The various simplified procedures to be used in the analyses of these dams were

described in a letter to the SCS dated June 23, 1982 and are discussed in detail in

this report.
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B. Purpose and Scope

The major purpose and scope of the Phase II studies are:

0 To establish the magnitude and direction of surface rupture which could
occur along faults in the foundation area of the various dams during a
Magnitude 6 earthquake.

o} To develop an acceleration time history representative of the ground
motions expected to occur at the dam sites from a Magnitude 6

earthquake occurring on a fault in close proximity to the dam sites.

o To perform dynamic response analyses and simplified analyses to
determine the magnitude of earthquake-induced stresses to which the

dams would be subjected to during a nearby Magnitude 6 earthquake.

o} To establish the static and cyclic strength characteristics of the various
materials comprising the dam embankments and their foundations by
means of laboratory tests on representative sainples obtained during the

Phase I field investigation.

o To evaluate the statie, seismie, and post-earthquake stability of the
four dams selected for detailed analyses. Where appropriate, estimates
of the amount of deformation which the dam embankments might

undergo due to vibratory ground motion were made.

o To evaluate the effects of fault movement for those dams situated on a
fault and to make recommendations regarding remedial measures which
would improve the behavior of the dam from the damaging eiffects of

fault rupture offset.
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C. Performance

Work on this project was performed for the SCS West Technical Center in
Portland, Oregon. C. Edward Stearns served as the Project Coordinator for the
SCS, and Joan K. Johnson was the Contract Administrator. Other SCS personnel
who have been directly involved with this project are Don Wallin, Bob Nelson, Bob

Rasely, and Claud Scoles.

ESA personnel who have worked on the Phase II studies include: dJulio
E. Valera, who served as overall project manager and assisted in the fault rupture
and engineering evaluations; Michael L. Traubenik, who reviewed and summarized
all of the available data, supervised the laboratory testing, and performed the
engineering analyses; Eugene A. Nelson, who assisted in the fault rupture and
remedial measures evaluation; Bill Welter, who performed all of the laboratory
testing; and Catherine J. Povejsil, who assisted in the engineering analyses. The

report was written by Michael L. Traubenik, Julio E. Valera, and Eugene A. Nelson.

Richard J. Proctor of Lindvall, Richter and Associates, (LRA) which worked
as a subcontractor to ESA, assisted in the studies to establish the effects of fault
rupture offset on the dams and in providing recommendations for remedial

measures. The assistance from LRA is greatly appreciated.

Earth Sciences Associates



II. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

The studies presented in this report were aimed at establishing the perform-
ance of the eight SCS dams located in Southwestern Utah during and after the
occurrence of a Magnitude 6.0 earthquake in close proximity to the dam sites.
Based on the results of this investigation and the previous Phase I investigation, we

have arrived at the conclusions and recommendaticns outlined below.

Most of the conclusions have been based on data and analyses which are
explained in detail in the main text and appendices of this report. While the
analyses and data presented in this report tend to support the conclusions
summarized below, it should be noted that they are based on a number of
conservative simplifying assumptions, two of which are that the dams impound
some water and significant portions of the embankments and foundations are
saturated at the time of the postulated earthquake. These assumptions are
conservative since the intended use of the dams is to impound rainfall runoff water
for only brief periods of time. While these conditions may be conservative, they
are not impossible. However, it is our judgment that as long as the impounded
water is rapidly discharged from the reservoir (as is intended), these conditions
would probably exist for only short periods of time. Under these conditions, the

potential of the dams considered in this investigation would be greatly reduced.
A. Conclusions
Fault Offset

1. Of the eight dams studied during this investigation, four (the three
Green's Lake Dams and Gypsum Wash Dam) have some potential for
fault offset. There is direet evidence of 2 inches of displacement
within the foundation materials underyling the Gypsum Wash Dam
during about the last 1500 years and 4 or more feet during what is
estimated to be the last 10,000 to 25,000 years. At the Green's Lake
Dam sites, no direct evidence of fault offset in the foundation of the
dams was established, but the dams are situated within the Hurricane
fault zone which exhibits abundant fresh-appearing topographic

features that are interpreted to be related to surface faulting.
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2. For the postulated Magnitude 6.0 earthquake selected for analyses, a
surface displacement of approximately 1 foot may take place on the

earthquake producing fault.

3. Even though 1 foot of offset could possibly occur through the Gypsum
Wash Dam during the postulated Magnitude 6.0 earthquake, a rapid
failure resulting from piping or erosion along the plane of offset

appears to be unlikely.

4. Both the embankment and foundation of Green's Lake Dam No. 3 could
be subject to piping or erosion if 1 foot of offset was to oceur at this
site. Only the embankment of Green's Lake Dam No. 2 appears to be
susceptible to this problem. Failure of these dams could occur within a
period of a few hours to a few days. However, it should be noted that
this type of failure can occur only if these dams are impounding water
at the time of the postulated earthquake. Piping failure of Green's

Lake Dam No. 5 is unlikely.

Ground Shaking

1. All of the dams considered in this investigation may be subjected to
strong ground shaking during the postulated Magnitude 6.0 earthquake.
For seven out of the eight dams, peak horizontal accelerations greater
than 0.60 g may occur at the sites due to their close proximity to

earthquake-generating faults.

2. Analyses indicate that if the embankments and foundation soils are
allowed to become saturated, Green's Lake Dam 3 and Ivins Diversion
Dam No. 5 would perform poorly during and/or after the ground

shaking produced by the postulated Magnitude 6.0 earthquake.

3. The performance of Frog Hollow Dam during and after the postulated
earthquake should be satisfactory provided that repairs to this structure
are made in accordance with the general recommendations provided in

this report.
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4. Warner Draw Dam should perform satisfactorily during and after the
postulated earthquake.

5. While detailed seismic stability analyses were not performed on Green's
Lake Dams No. 2 and No. 5, Gypsum Wash and Stucki Dams, it is our
judgment that these embankments should perforin satisfactorily during
and after the ground shaking produced by the postulated Magnitude 6.0
earthquake.

B. Recommendations

1. The following measures are recommended to mitigate the potential

hazards posed by the possible failure of several of the dams:

a) It is our judgment that the condition of the Green's Lake Dam No.
3 embankment and foundation soils at this site are so poor that
this structure should be taken out of service. If it is decided to
replace this structure, the guidelines provided in Chapter VIII
should be adhered to.

b) The reservoir level at Green's Lake Dam No. 2 should not be
allowed to reach thie emergency spillway elevation. This would
result in only 2.5 feet of freeboard. Because of the potential for
fault rupture at this site, a minimum of 4 feet of freebeard should

be maintained.

e) The cracks present in the Frog Hollow Dam embankment should
be repaired in accordance with the recommendations provided in
Chapter VIII.

d)  The possibility of saturated foundation conditions at Ivins Diver-
sion Dam No. 5 should be investigated by installing piezometers

along the downstream slope and toe of the embankment.
2. A number of safety procedures have been recommended to ensure that

all eight dams perform satisfactorily. These are presented in Chapfer
VIII.
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IIl. FAULT RUPTURE POTENTIAL

Tectonic Setting

Of the eight dams being evaluated during this investigation, four (the three
Green's Lake dams and Gypsum Wash Dam) may be subjected to fault offset during
their lifetime. A fault was also mapped in the Triassic foundation rock of Warner
Draw Dam but trench exposures showed that it does not affect overlying soil
deposits. This fault is considered to not be active and it, therefore, is not

discussed in this chapter.

The Green's Lake dams are located within the complex zone of faulting that
characterizes the Hurricane Fault in the Cedar City area. Although no direct
evidence of faulting within the immediate foundation areas of the embankments
was found by ESA in the trenches excavated during this investigation, topographic
features suggestive of Quaternary surface offsets are present in adjacent areas
(see Figure VIII-10, Photogeologic Map of the Cedar City area in the Phase I
report). Age dating of charcoal collected from deposits in the Green's Lake Dams
2 and 3 area showed that alluvial fan deposits underlying these embankments range
from 1060 + 100 to 4100 + 660 years old. Within the trench exposures developed

during this investigation, there is no evidence of fault offset of these deposits.

At Gypsum Wash, trenches excavated during this investigation exposed
offsets within soil and bedrock materials that underlie the southern portion of the
dam embankment (see Figure VII-6 of the Phase I report, map showing fault and
trench locations at Gypsum Wash). Very young-appearing alluvial fan deposits
(estimated to be about 1500 years old) are offsgt 2 inches. Older fan deposits
(estimated to be 10,000 to 25,000 years old) are offset at least 4 feet.

To summarize, there is direct evidence of 2 inches of displacement within the
foundation materials underlying Gypsum Wash Dam during about the last 1500
years and 4 or more feet during what is estimated to be the last 10,000 to 25,000
years. At the Green's Lake Dam sites no. 2 and 3, no direct evidence of fault

offset in the foundation of the dams was established, but the dams are situated
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within a complex zone of deformation that exhibits abundant fresh-appearing
topographic features that are probably of Quaternary age and are interpreted to be
related to surface faulting.

Geologic and tectonic conditions in the vicinity of the Green's Lake dams and
Gypsum Wash Dam are discussed in detail in Chapter VIII, Sections A, B, and C
(respectively) of the Phase I report. Tectonic conditions in these two areas are
schematically shown in Figures VIII-5 and VIII-7 of the Phase I report. The
evidence for fault rupture potential at each of the four dams is summarized in
Table I-1.

Expectable Size of Displacements

The results of the Phase I investigation suggest that a Magnitude 6
earthquake would be a reasonable seismic event from which to derive the
parameters necessary for the analyses of the eight dams. This was agreed to by
the SCS in their letter of May 20, 1982.

Initially, it was hoped that use could be made of published estimates of slip
rates together with information on recurrence intervals to arrive at estimates of
the displacements associated with earthquakes of different magnitudes. However,
this approach is subject to large uncertanties due to the fact that slip rates can
vary significantly at different locations along a fault and estimates of recurrence
intervals are also subject to wide variations. The results obtained using this
approach led to very small values of displacement which, in our opinion, were

unconservative.

Based on discussion with Professor Arabasz, who was a consultant to ESA on
this project, it was decided that the most appropriate method for obtaining
reasonable estimates of surface displacement was to rely on available data on
historic faulting for similar faults (normal and normal-oblique) located in the same
or similar tectonic environment. The available data were reviewed and are
summarized in Table II-2. (Slemmons, 1977; 1980; Bucknam et al., 1980; Arabasz,

Personal Communications, 1982).
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Table III-1

Summary of Dams With Fault Rupture Potential

Estimated Age Magnitude of
Total of Last Surface Apparent Vertical
Dam Fault Length (mi) Displacement (yrs) Measured Offset
Green's Lake  Hurricane 169 1060 + 10C to
No. 2 4100 + 660 (1) No offset in soils
Green's Lake  Hurricane 160 1060 + 100 to
No. 3 4100 + 660 No offset in soils
Green's Lake  Hurricane 160 Not established 3 ft in old fan
No. 5
Gypsum Wash Washington 40 Less than 150 S) 2 inches in young fan
10,000-25,000 3-4 ft in old fan
(1) Based on radio-carbon age dating of materials found in excavated trenches.
(2) Based on estimate made by Dr. Roy Shlemon by visual observation in the field.
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Statistical analyses of the data presented in Table IlI-2 were performed to
establish relationships between earthquake magnitude and maximum surface dis-
placement. Least squares fit relationships of the entire data set, and of the data
corresponding to the Basin and Range Province region only, were determined.
Mean and mean plus and minus one standard deviation relationships, established on
the basis of the least squares fit, are plotted in Figures IlI-1 and III-2, together
with the individual data points.

Based on the above analysis, average values of maximum displacements
corresponding to earthquakes of various magnitudes were estimated and are
summarized in Table III-3. Also given in this table is the recurrence interval
corresponding to each earthquake magnitude. These are the same as those
presented in the Phase I report. For the postulated Magnitude 6 earthquake, an
average surface displacement of about 1 foot is obtained. For a Magnitude 7
earthquake the average displacement is about 5 feet. If it is assumed that the 4
plus feet of offset measured at Gypsum Wash ocecurred during one single event of
Magnitude 7, then the measured value agrees reascnably well with the available
data (see Figures IlI-1 and I1I-2). In the next chapter of this report, the effects and
consequences of the estimated surface displacement occurring at each of the dam
sites listed in Table III-1, during the postulated Magnitude 6 earthquake, are

addressed.
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Summary of Historie Surface Faulting for Normal and Normal-Oblique Faults

Table III-2

Locality

Cutch, India

New Zealand

Corinth, Greece

Owens, California

Sonora, Mexico
Miro-Owari or Nobi, Japan
Locris, Greece

Riku-U, Japan

Assam, India

Gurban Saikan, Mongolia
Mongolia

Taiwan

Pleasant Valley, Nevada
Subukai, Kenya

Chirpan, Bulgaria
Popovitsa, Bulgaria
N-Izy, Japan

Cedar Mountain, Nevada

Excelsior Mountains, Nevada

Hansel Valley, Utah
Turkey
Ancash, Peru

Fault

Allah Bund
Walrapa

Several

Neodani, ete.

—

Senya,
Kawafume

——

——

Tsetserleg
Meitzukeng
Several
Gomura

—

Tanna, ete.

Several

Endowment Mine

Kosmo
Anatolia

Date

06-16-1819
01-23-1855
12-26-1861
03-26-1872
05-03-1887
10-28-1891
04-27-1894
08-31-1895

06-12-1897
02-01-1903
07-09-1905
03-17-1906
10-02-1915
01-06-1928
04-14-1528
04-18-1928
11-25-1930
12-20-1932
01-30-1934
03-12-1934

11-26-1943

11-10-1946

8.0
7.5
8.0
7.3
3.4
6.9
7.5

8.7
7.8
8.4
7.1
7.75
7.1
6.8.
7.0

-1 O Oy = =i
. . . » .
(o) TN o> IR VS B N

~1
s

o
wn

Length
km)
128.7
160.0
13.0
110.0
50.0
80.0
59.0
60.0

Maximum
Displacement (m)

9.14
3.05
2.0
6.44
4.0
8.0
2.0
3.0

10.67
3.0
2.71
5.6
3.35
0.5
3.5
3.3
0.9
0.12
0.52
1.5
3.5



Table III-2 (Continued)

Summary of Historic Surface Faulting for Normal and Normal-Oblique Faults (Continued)

Locality Fault

Fuqui, Japan -
Ft. Sage Mountain, California -
Fallon-Stillwater, Nevada
Fallon-Stillwater, Nevada

Dixie Valley, Nevada Several
Fairview Peak, Nevada Several
Baja California, Norte San Miguel
Hebgen Lake, Montana Several
Ethiopia -
Gediz, Turkey Several

Pocatello Valley, Idaho-Utah - -
Border

Oroville, California Cleveland Hill

After Slemmons, 1977, 1980; Bucknam, Algermissen and Anderson, 1980; Arabasz, Richins and Langer, 1981; Arabasz, Personal

Communications, 1982.

Rainbow Mtn.
Rainbow Mtn.

Date

06-28-1948
12-14-1950
07-06-1954
08-23-1954
12-16-1954
12-16-1954
02-09-1956
08-17~1959
06-02-1961
03-28-1970
03-1975

08-01-1975

M

7.3
5.6’
6.6
6.8
6.9
7.1
6.8
7.25
6.4
7.0
6.0

5'7

Length
Skm)
25.0
8.85
17.7
30.6
61.2
58.0
19.3
29.1
40.0
31.0

10.0

Maximum
Displacement (m)

2.30
0.61
0.30
0.76
3.25
5.62
1.20
6.10
1.90
2.20
0.13

0.06



Table 1II-3

Summary of Reccurence Interval and Estimated Maximum
Displacement for Surface Faulting for Various Levels
of Earthquake Magnitudes

Estimated
Recurrence Average Maximum Displacement, ft
Magnitude Interval {yrs) Basin-Range Worldwide
6.0 200-300 0.9 1.2
6.5 500-800 2.0 2.4
7.0 1,000-10,000 4.4 4.9
7.5 1,000-10,000 9.7 9.8
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IV. EFFECTS OF POTENTIAL FAULT DISPLACEMENT ON DAM
EMBANKMENTS AND FOUNDATIONS

While the likelihood of fault rupture through the foundation and embankment
of Gypsum Wash Dam or the three Green's Lake dams during their useful life is
slight (see Chapter IIl), our evaluation indicates there to be some potential for up
to one foot of offset at any one of these dam sites. The effect of such an offset
upon the foundation and embankment of each dam is discussed below, in order of

decreasing potential of occurrence.

A. Gypsum Wash Dam

At least 4 feet of offset of the soil/bedrock contact has occurred near the
south end of Gypsum Wash Dam within the last 10,000 to 25,000 years. The
embankment of Gypsum Wash Dam is zoned and includes a chimney drain which is 6
feet wide. The materials used for embankment construction are mainly silty and
clayey sands. The foundation of the dam consists of gypsiferous shale of the
Moenkopi Formation of Triassie geologic age.

Because the embankment materials are sandy, there would seem to be some
potential for erosion. However, even if 1 foot of offset was to occur, the 6 foot
wide chimney drain would still function and thué prevent migration of materials to
the downstream face of the dam during full {or partially full) reservoir conditions.
This should serve to prevent, or at least to retard, piping erosion along a shear

within the emmbankment.

The Gypsum Wash Dam foundation rock is well consolidated and clayey, and

no erosion of this material is likely to occur along the plane of a 1 foot offset.

Thus, even though a 1 foot offset could possibly occur through Gypsum Wash
Dam under full (or partially full) reservoir conditions, a rapid failure (within a few

hours) as a result of piping along the plane of offset appears to be unlikely.

10 ) )
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B. Green's Lake Dams No. 2 and 3

No offsets were found in trenches excavated in the foundation materials of
Green's Lake Dams No. 2 and 3 which were determined to be about 1000 to 4000
years old. IHowever, the dams are within the complex zone of faulting that
characterizes the Hurricane fault zone in this area, so there appears to be some
chance of fault offset during the life of the dams. The embankments of both dams
are unzoned and consist mainly of silty sand. The foundation of Green's Lake Dam
No. 2 is clayey and gravelly at depth, while the foundation at Green's Lake Dam
No. 3 consists of silty sand.

If 1 foot of offset were to occur through either of these dams, there appears
to be some potential for piping along the fault plane because of the sandy nature of
the materials involved. Both the embankment and foundation of Green's Lake Dam
No. 3 could be affected, while only the embankment of Green's Lake Dam No. 2
appears to be susceptible to this problem. The time required for a failure by piping
to oceur along a fault shear plane cannot be accurately estimated. Even at full
reservoir level, the head acting on the failure plane would be relatively low at
these dams, which is fortunate considering thce embankment and foundation

conditions.

In the unlikely event that 1 foot of fault offset were to oceur through either
of these embankments under full (or partially full) reservior conditions, it is our
opinion that there is some likelihood of a piping failure within a period of a few

hours to a few days.

C. Green's Lake Dam No. 5

The main dam of Green's Lake Dam No. 5 is located across a side canyon
draining westward from the broad north-south valley in which Cedar City is
located. As shown on the diagramatic geologic cross section presented in Figure
VIII-5 of the Phase I report, faults (which are part of the complex Hurricane fault
zone in the Cedar City area) form a graben bounding the Green's Lake Dam No. 5

reserveir area on the west and east. Although the western fault is near the main

11 . )
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dam site, it trends north-south just east of the embankment. Consequently, there
is little likelihood of offset of the main embankment. The two long, low subsidiary
dikes could, however, be offset by fault movement.

Both the embankment and foundation materials at Green's Lake Dam No. 5
consist of clayey soils which are not highly dispersive nor erosive. Consequently, if
1 foot of offset were to occur through the embankment or foundation of the main

dam, it is very unlikely that a piping failure would occur.
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V. GROUND MOTION CHARACTERISTICS

The results of the Phase I investigation indicated that a Magnitude 6
earthquake could occur during the life of any of the eight SCS dams. A recurrence
interval of 200 to 300 years was established for an earthquake of this size
occurring on the faults located in close proximity to the dam sites. Based on these
findings, the SCS requested that the effects of ground shaking (in addition to fault

rupture offset) on the dams be evaluated for a Magnitude 6 earthquake.

In order to carry out the proposed dynamic response analyses on the four
selected dams, it was first necessary to develop an appropriate acceleration time
history corresponding to a Magnitude 6 earthquake. In Table V-1, the closest fault
to each dam site, the distance from the fault to the dam site, and the
corresponding value of peak horizontial acceleration which would be expected to
occur at each dam site are tabulated. Values of peak horizontal acceleration were
established on the basis of published acceleration attenuation relationships for rock
sites (Seed, 1980). It can be seen from the information presented in this table that
for seven ott of the eight dams considered, peak horizontal accelerations greater
than 0.60g will develop due to their close proximity to the earthquake-generating
fault.

In addition to the values of peak acceleration tabulated in Table V-1, other
ground motion parameters were established for the postulated Magnitude 6
earthquake. These are presented in Appendix E together with a detailed discussion
on the development of a representative accelerogram corresponding a near-field
Magnitude 6 event. This accelerogram was used in the dynamiec response analysis

performed on four of the eight dams.
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Dam

Green's Lake No. 2
Green's Lake No. 3
Green's Lake No. 5
Gypsum Wash
Warner Draw
Stueki

Frog Hollow

Ivins Diversion
No. 5

Table V-1

Values of Peak Horizontal Acceleration
at Dam Sites Produced by a
Near-Field Magnitude 6 Earthquake

Closest Fault
to Dam Site

Hurricane
Hurricane
Hurricane
Washington
Washington
Washington
Hurricane

Grand Wasn

Distance Peak
(mi) Acceleration (g)

0 0.66
0 0.66
0 0.66
0 (.66
1 0.66
0.5 0.66
2 0.66
5 ¢.3
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VI. EVALUATION OF LIQUEFACTION POTENTIAL

Introduetion

The various analyses that were performed to evaluate the liquefaction
potential of the embankment and foundation soils present at the eight SCS dams
located in Southwestern Utah are briefly described in this chapter. Coneclusions on
the liquefaction and/or cyeclic mobility of the embankment and foundation soils are
summarized in the last section of this chapter. A more detailed description of the
analyses, results, and conclusions are presented in Appendix G of this report. The
four dams that were selected for detailed stability and deformation analyses

include:

1)  Green's Lake Dam No. 3
2)  Warner Draw Dam

3)  Frog Hollow Dam

4)  Ivins Diversion Dam No. 5

In addition to the analyses performed on these four selected dains, simplified
analyses were carried out on the remaining embankments to help in evaluating the
performance of these embankments during the postulated earthquake ground

motions. The dams for which simplified analyses were performed are:

1)  Green's Lake Dam No. 2
2)  Green's Lake Dam No. 5
3)  Gypsum Wash Dam

4)  Stucki Dam

Review of Procedures Used to Evaluate Liquefaction and Cyclic Mobility

The basic cause of liquefaction or cyclic mobility in a saturated cohesionless
soil during an earthquake is the result of a build up of excess pore pressure due to
the application of eyclic shear stresses induced by earthquake ground motions.
"Liquefaction" denotes the condition where the porewater pressure equals the

effective confining stress. In this state, a soil will undergo continued deformation
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at & low residual resistance. The occurrence of liquefaction will depend on the
void ratio or relative density of the soil as well as other factors. It may also be
caused by a hydraulic gradient during an upward flow of water in a deposit. The
"eyelic mobility" of a soil denotes the condition in which a number of eyclic stress
applications develop peak eyeclic pore pressures equal to the applied effective
confining pressure and subsequent applied cyclic and/or static stresses cause

limited strains to develop.

There are basically three methods available for evaluating the liquefaction or
cyelic mobility potential of a saturated cohesionless soil subjected to earthguake
ground shaking (Seed, 1979a, SW-AJA, 1972). They are:

1. Methods based on observations of saturated cohesionless soil deposits in

previous earthquakes,

2. Methods based on evaluation of stress conditions in the field and
determinations of stress conditions causing liquefaction or cyclic mob-

ility of soils in the laboratory, and

o
.

Comparisons of the gradations of soils with the gradations of materials
which have liquefied during past earthquakes and which are considered

most susceptible to liquefaction in laboratory tests.

The first method is based primarily on results of Standard Penetration Tests
(SPT) performed in saturated cohesionless soil depoesits. In this method, corrected
SPT blow counts obtained fromm a comprehensive collection of site conditions,
where evidence of liquefaction or no liquefaction was known to have taken place
during past earthquakes, were used to develop empirical relationships which
correlate the values of cyclic stress ratio (T/GO') required to cause liquefaction or
liquefaction with limited shear strain potential. Relationships of this type have
been developed for earthquakes of various magnitudes and can be used for any
given site (subjected to a given earthquake ground surface acceleration) to
evaluate the possibility of liquefaction or the cyeclic mobility potential. While this
method is intended for use in the evaluation of soil liquefaction and cyeclic mobility
for level ground conditions, results of this method provides a useful guide in the

evaluation of the liquefaction potential for other ground conditions.
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The second method requires two independent determinations consisting of: 1)
an evaluation of the cyclic stresses induced at different levels in the deposit by the
earthquake shaking, along with 2) a laboratory investigation to determine the
cyclic stresses which will cause the soil to liquefy or undergo various degrees of
cyclic strain. The evaluation of liquefactlion or cyelic mobility of the soil is then
based on a comparison of the cyelie stresses induced in the field with the stresses
required to cause liquefaction or limited straining in representative laboratory test

samples.

The third method simply requires a comparison of gradations of the soils, for
which the liquefaction characteristics are being assessed, with a compilation of
gradations of soils which have liquefied during past earthquakes and/or considered
most susceptible to liquefaction in laboratory tests. Comparisons of this type
should only be used as a preliminary guide for estabiishing the liquefaction
potential of a soil. The empirical relationships are based on observations which
suggest that fine sands and silty sands (i.e., generally cohesionless soils) are most
susceptible to liquefaction. Cohesive soils do not undergo liquefaction and the
liquefaction potential of gravelly soils is considered as being low, due to their
generally high permecability which prevents the build up of high excess pore

pressures.

For those embankments for which detailed stability and deformation analyses
were not performed, the liquefaction potential of the embankments and foundation
soils was evaluated using Methods 1 and/or 3. Methods 1 and 3 were used in the
liquefaction evaluation of Green's Lake Dam No. 2, Gypsum Wash Dam and Stueki
Dam. Method 3 was used in the evaluation of Green's Lake Dam No. 5. Method 1
was not used in the case of this dam since the embgnkment and foundation soils are
generally clayey (cohesive) in nature and since this method is only applicable to
generally cohesionless soils. Since cohesive soils do not undergo liquefaction,
comparisons of the gradations of the embankinent and foundation soils with the
gradations of soils susceptible to liquefaction are presented for completeness only.
Method 2 was not used in the liquefaction evaluation of the four dams mentioned
above since this method requires results of a relatively detailed laboratory testing

investigation which was not included in the scope of work of this study.
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All three methods were used to evaluate the liquefaction potential of the
embankment and foundation soils in the cases of Green's Lake Dam No. 3, Warner
Draw Dam and Ivins Diversion Dam No., 5. Method 2 was employed in the
evaluation of all the above-mentioned dams for the following reasons: 1)
laboratory tests were performed on representative samples of the embankment and
foundation soils, and 2) the comparisons of the cyelie stress ratios induced by the
postulated earthquake ground motions with those used in the laboratory tests
provides an indication of the behavior of the various soils during the postulated
earthquake ground motions. Method 3 was used in the case of Frog Hollow Dam.
Methods 1 and 2 were not employed in this case since the embankment and
foundation soils are generally clayey in nature and therefore the soils can be

considered as having a low liquefaction potential.

Summary and Conclusions

Each of the analyses procedures outlined above that have been used to
evaluate the liquefaction potential and/or eyelic mobility of the embankment and
foundation soils are described in detail in Appendix G of this report. Results of
these analyses, as well as other considerations, have been used as a guide in
developing the conclusions summarized in Table VI-1 and in determining the
behavior of the dams when subjected {o ground motions expected during the

postulated Magnitude 6.0 earthquake.

It is our judgment that, with the exception of the foundation soils at Green's
Lake Dam No. 3 and Ivins Diversion Dam No. 5, the embankment and foundation
soils should behave satisfactorily (i.e., should not liquefy) during the postulated
Magnitude 6.0 earthquake. During the eyclic loading produced by an event of this
magnitude, and under certain in situ conditions, the various field and laboratory
test data suggest that some excess pore pressures may develop in the embankment
and foundation soils that could produce moderate reductions in the shear strengths
of these soils. It is likely that only limited eyclic straining would occur which
would not impair the performance and operation of the dams. Some of the
foundation soils at Green's Lake Dam No. 3 and at Ivins Diversion Dam No. 5, on
the other hand, may be subject to liquefaction and/or excessive cyclic straining.
After the earthquake, significant levels of pore pressure could be built up which

would result in significant reductions in shear strength in these soils.
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While the analyses and data presented in Appendix G tend to support the
conclusions summarized in Table VI-1 and those discussed above, it should be noted

that they are based on a number of conservative assumptions. These include:

1. The earthquake ground motions that have been postulated for each of
the dam sites are based on the closest source-to-site distances. Based
on published data, this assumption is probably conservative and should
yield ground motions which possess high levels of ground acceleration
(and velocity) at frequencies which are in the range of those of the dam
embankments. The stresses induced in the soils by these motions are, in

our judgment, conservative.

2. The results of eyclic triaxial tests performed on medium dense to dense
soils produce eyclie strains and pore pressures that are usually greater
than those that would be experienced by the soils in situ during an
earthquake. Even though the behavior of the embankment soils during
eyelic loading was, in most cases, quite good, it is our judgment that
the in situ behavior of these soils, during the postulated earthquake

motions, would be better than that observed in the laboratory.

3. Significant portions of the embankments and the entire soil foundations
(if present) were assumed to be saturated at the time of the earth-
quake. This assumption is conservative since the intended use of the
dams is to impound rainfall runoff water for only brief periods of time.
While saturated soil conditions may be a conservative assumption, it is
not an 'impossible" condition. Successive rainstorms coupled with the
rather pervious soils which comprise most of the embankments and
foundations could produce saturated conditions. However, as long as
the impounded water is discharged rapidly this condition would probably

exist for only brief periods of time.

Since liguefaction can only occur if saturated conditions exist, the conclus-
ions presented herein emphasize the need for carcful maintenance of systems used
to discharge rainfall runoff. Conditions similar to those which existed during 1967
at Green's Lake Dam No. 3 (see Appendix G of Phase I report - water was allowed
to remain in the reservoir for up to 3 months) should not be allowed to develop in

any of the dams.
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Table VI-1

Summary of Liquefaction Evaluation
Conclusions

Liquefaction Potential

Dam Embankment Foundation Remarks
Green's Lake Na. 2 Low Low
Green's Lake No. 3 Low High High pore pressures

may develop in founda-
tion soils during cyelic
loading which may cause
liguefaction, excessive
eyelic straining or
severe reduction in shear

strength.

Green's Lake No. 5 Low Low

Gypsum Wash ’ Low —

Warner Dam Low Low

Stucki Low Low to Excess pore water pressure

Limited may develop in some of the

foundation soils at depth,
having little or no effect
on the embankment's per-
formeance.

Frog Hollow Low Low

Ivins Diversion No. 5 Low High High pore pressures

may develop in founda-
tion soils during cyclic
loading which may cause
liquefaction, excessive
eyclie straining or
severe reduction in shear
strength.
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VII. STABILITY ANALYSES

Introduction

The liquefaction potential of the various soils which comprise the embank-
ments and foundations of the eight dams considered in this investigation has been
addressed in the previcus chapter of this report. Based on the results of the
analyses and other considerations presented in Appendix G and summarized in
Chapter VI, the foundation soils at Green's Lake Dam No. 3 and Ivins Diversion
Dam No. 5 were found to be susceptible to liquefaction if saturated conditions
were present at the time of the postulated Magnitude 6.0 earthquake. The high
pore pressures that would be built up in these soils during the earthquake would
lead to significant reductions in shear strength after the earthquake. The
embankment and foundation soils at the remaining six dams were found to have low
liquefaction potential, however, they could experience moderate reductions in

shear strength as a result of excess pore pressures produced by the earthquake.

If liquefaction and/or significant loss of shear strength occurs in the
foundation soils at Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 during
the earthquake, then failure of these embankments would be likely. It is,
therefore, of interest to evaluate the stability of these two embankments assuming
that the following conditions might exist at these dam sites at the time of the

earthquake:

1) Lower pore pressures in the foundation soils than those measured in

laboratory tests;

2) A lower phreatic surface than that corresponding to the steady-state

seepage condition.

A number of analyses were performed to ascertain the effects of the above two
conditions on the stability of these two embankments. In addition, stability
analyses were performed on representative cross sections of the Warner Draw and
Frog Hollow dam embankments under statie, seismie, and post-earthquake loading

conditions.
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The cross sections analyzed were developed from available SCS "as-built"
drawings and represent the geometry of the embankments near their maximum
cross sections. Water levels in the reservoir were assumed to be at the prineipal
(or primary) spillway crest elevations. Phreatic surfaces present within the dams
were first determined for steady-state seepage conditions. For Green's Lake Dam
No. 3 and Ivins Diversion Dam No. 5, phreatic surfaces representing conditions
other than the steady-state seepage condition were also assumed in the analyses.
Both the upstream and downstream slopes of each dam cross section were

analyzed.

A general purpose slope stability computer program developed at Purdue
University was used to perform the analyses (Siegel, 1975; Boutrup, 1977). The
program was written for the general solution of slope stability problems using a
two-dimensional limit equilibrium method. Calculation of the factor of safety
against instability of the slope is performed by the method of slices using either
Janbu's method or the Modified Bishop method. The program is capable of
analyzing cireular failure surfaces, irregular failure surfaces of random shape, or
sliding wedges. For purposes of this study, the circular failure surface option of

the program based on the Modified Bishop method was used.

For each of the cases analyzed, 100 trial circular failure surfaces were
generated and the corresponding factors of safety were calculated. The ten most
critical surfaces were then considered in greater detail. Material properties and
strength parameters were assigned on the basis of the laboratory test data, as well

as other considerations, presented in Appendix A.

It should be noted that the material properties used in the analyses desecribed
herein are "average" properties which are based on a limited number of laboratory
tests together with considerable engineering judgment. Since many of the dams
considered in this investigation have very long crest lengths, it would be extremely
difficult {(and costly) to evaluate the subsurface conditions (and therefore the soil

properties) along the entire length of each embankment.
It is eommon in engineering practice to drill a limited number of exploratory

boreholes and/or excavate test pits to investigate the subsurface conditions at

particular locations at a site and to obtain representative soil samples for
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laboratory testing. This information is supplemented by a geologic evaluation of
the site and, as in the case of an earth embankment, available construection records

in order to establish "representative" soil profiles and embankment cross sections.

The stability analyses described in this Chapter were conducted in the

following sequence:

1.  Static (pre-earthquake) conditions.
2. Post~earthquake conditions.

3.  Seismie stability ineluding cumulative deformation evaluation.

Post-earthquake stability analyses were performed prior to the seismic and
cumulative deformation analyses since the latter is not valid if the embankment

slopes are found to be unstable under conditions following the earthquake.

The text of this chapter is organized in the following manner: The various
stability analyses performed on Green's Lake Dam No. 3 and lvins Diversion Dam
No. 5 are presented first. The cross sections and strength parameters used in the
analyses are also discussed. The stability analyses performed on the Warner Draw
and Frog Hollew Dams are then described. The last section of this chapter
summarizes the results of all the analyses and presents our conclusions regarding
the overall performance and behavior of these dams during and after the ground

shaking produced by the postulated Magnitude 6.0 earthquake.

Stability Evaluation - Green's Lake Dam No. 3 and Ivins Diversion
Dam No. 5

The static and post-earthquake stability of' the upstream and downstream
slopes of Green's Lake Dam No. 3 and lvins Diversion Dam No. 5 near their
maximum cross sections was first investigated assuming steady-state seepage
conditions. The phreatic surfaces corresponding to the reservoir levels at the
principal (or primary) spillway crest elevations were developed using Casagrande's

solution (Harr, 1962).
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The effective strength parameters summarized in Table A-8 of Appendix A
were used in the static stability analyses. The range of the ten most critical
failure surfaces for the upstream and downstream slopes of Green's Lake Dam No.
3 and Ivins Diversion Dam No. 5 under this loading condition are summarized in
Table VII-1. For comparitive purposes, the factors of safety for infinite slope type
failures are also given in this table.

Table Vil-1

Summary of Factors of Safety Under Steady-State Seepage
Conditions - Green's Lake No. 3 and Ivins Diversion No. 5 Dams

Range of Factors of Safety
for the 10 Most Critical
Failure Surfaces

Green's Lake No. 3 Ivins Diversion No. 5
Type of Analysis Upstream Downstream Upstream Downstream
Static 1.9-2.1 1.3 - 1.6 2.3-2.9 1.2 - 1.4
Infinite Slope 2.1 1.4 2.3 1.6
Post-Earthquake < 1.0 « 1.0 1.5 - 1.6 « 1.0

For the upstream slopes of both embankments, the ten most critical failure
surfaces vary from infinite slope type and shallow failures to deep-seated failures
which involve a significant portion of the embankments' crests. Factors of safety
for Green's Lake Dam No. 3 range from 1.9 to 2.1 and 2.3 to 2.9 for Ivins Diversion
Dam No. 5. Plots showing failure surfaces which involve the dam crests are shown
in Figures VII-1 and VII-2 for Green's Lake Dam No. 3 and Ivins Diversion Dam No.

5, respectively.

For the downstream slope of Green's Lake Dam No. 3, the ten most critical
failure surfaces involve primarily the embankment soils. The failure surfaces
range from shallow infinite slope failures to failures starting at the toe and ending
up at the crest of the embankment. Factors of safety range from 1.3 to 1.6. The

ten most critical failure surfaces for Ivins Diversion Dam No. 5 are deeper failure
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surfaces involving the dam crest and are caused by the weaker foundation
conditions at this site. The factors of safety range from 1.2 to 1.4. It is important
to note that the factors of safety for the downstream slopes of both embankments
are significantly lower than the upstream slopes under static, steady-state seepage
conditions. This is due to the steeper downstream slopes which are 2(H):1(V) versus

3(H):1(V) for the upstream slopes.

The post-earthquake stability of the upstream and downstream slopes of the
two embankments was also evaluated assuming the steady-state seepage conditions
described above. The post-earthquake effective strength parameters summarized
in Table A-14 were used in these analyses and the factors of safety are listed in
Table VII-1. With the exception of the upstream slope of Ivins Diversion Dam No.
5, the factors of safety for this condition indicate that failure of the embankments
would occur during or after the earthquake ground shaking postulated for these
sites. The high excess pore pressures that would be built up in the foundation soils
during the earthquake result in a severe reduction in the shear strengths of these
soils. If steady-state seepage conditions exist at the time of the earthquake, the
stability analyses indicate that either deep-seated rotatiocnal-type failures and
upstream and/or downstream movement of the embankment would oceur. Failures
would involve the dam crest and significant portions of the foundation soils, leading

to overtopping or breaching of the embankments.

While the embankments are unstable under post-earthquake loading when
steady-state seepage conditions are assumed, it is of interest to investigate the
stability of the dams if different conditions were to exist at the time of the

earthquake.

One of the parameters which greatly affects the results of the analyses is the
build-up in excess pore pressure that occurs during earthquake shaking. The results
of eyclie triaxial tests performed on the foundation soils obtained from the two
embankment sites indicate that very high excess pore pressures will develcp during
eyclie loading (see Appendix A). If the actual pore pressures that develop in the
field are less than those measured in the laboratory, how much less do they have to
be in order to maintain stable slope conditions? A number of stability analyses

were performed to answer this question.
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The analyses were again performed by assuming that steady-state seepage
conditions exist at the time of the earthquake. The pore pressure parameters of
the foundation soils were varied until marginally stable slope conditions were
obtained. Since the upstream slope of Ivins Diversion Dam No. 5 was found to be
stable in the previous post-earthquaxe stability analysis, this slope was not re-
analyzed. Results of the analyses performed cn the downsteam slope of Green's
Lake Dam No. 3 indicate that the in situ pore pressures would have to be
approximately 60 percent less than those used in the previous post-earthquake
stability analyses in order for the slope to be nearly (or marginally) stable.
Similarly, the downstream slope of Ivins Diversion Dam No. 5 becomes marginally
stable if pore pressures are assumed to be approximately 70 percent less than those
used in the previous analyses. These results clearly show that, if steady-state
seepage conditions exist at the time of the earthquake, even relatively moderate
inereases in pore pressures would cause strength reductions in the foundation soils

resulting in unstable slope conditions.

The stability of the slopes is also affected by the position of the phreatic
surface. If a phreatie surface different than the steady-state seepage condition is
assumed, do the downstream slopes of the embankments become stable under post-
earthquake loading conditions? Analyses were also performed to evaluate the
influence of the location of the phreatic surface on the embankment stability. The
two phreatic surfaces illustrated in Figure VII-3 were assumed and the stability of
the slopes under static and post-earthquake loading conditions was evaluated. The
effective strength parameters summarized ip Tables A-13 and A-14 were used in
the static and post-earthquake analyses, respectively. Factors of safety for the

Case A phreatic surface condition are summarized in Table VII-2.
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Table VII-2

Summary of Factors of Safety Under Lowered Phreatic
Conditions (Case A) - Green's Lake No. 3 and Ivins Diversion No. 5 Dams

Range of Factors of Safety
for the 10 Most Critical
Failure Surfaces

Green's Lake No. 3 Ivins Diversion No. 5
Type of Analysis Upstream Downstream Upstream Downstream
Static 1.9-2.4 1.3-1.6 - 1.7 - 1.9
Post-Earthquake < 1.0 « 1,0 —— « 1.0

The static stability of both downstream slopes is only slightly improved for
the phreatic surface condition shown by Case A in Figure VII-3. The ten most
critical failure surfaces for the downstream slope of Green's Lake Dam No. 3 are
relatively shallow or are infinite slope type failures involving only embankment
soils. The failure surfaces for Ivins Diversion Dam No. 5 are also relatively
shallow, however, they involve a small amount of foundatjon soils. Typical failure

surfaces for Case A are shown in Figures VII-1 and VII-2 for the two embankments.

The post-earthquake stability of the downstream slopes are not improved for
the Case A phreatic surface shown in Figure VII-3. The stability analyses indicate
that deep failures would still oceur in these slopes. The upstream slope of Green's

Lake Dam No. 3 is also unstable under this condition.

Finally, the statiec and post-earthquake stability of the upstream and down-
stream slopes of the embankments was evaluated for the phreatic surface shown
for Case B in Figure VII-3. This phreatic surface represents unsaturated down-
stream foundation conditions. It is only for this condition that the downstream
slopes remain stable following the postulated earthquake. The stability of the
upstream slope of Green's Lake Dam No. 3, however, is unaffected by the Case B
phreatic surface assumed. If the upstream foundation soils of this embankment are
saturated at the time of the earthquake, failure of this slope is likely. Typical

failure surfaces for this slope are deep rotational failures involving the dam crest.
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Stability Evaluation - Warner Draw and Frog Hollow Dams

The stability of Warner Draw and Frog Hollow Dams was evaluated under
statie, seismie, and post-earthquake loading conditions. The objective of the
analyses described herein was to evaluate the overall perforinance and behavior of
these dams prior to, during, and after the occurrence of the postulated Magnitude

6.0 earthquake.

From the results of analyses presented in Appendix G and laboratory test
results in Appendix A, it was determined that the soils comprising these embank-
ments were not subject to liquefaction but could experience moderate reductions in

strength as a result of cyelic loading when saturated.

Static stability analyses were performed using the effective strength para-
meters summarized in Table A-8 and phreatic surfaces approximating steady-state
seepage conditions. Reservoir levels were assumed to be at the principal spillway
crest elevations. Effective strength parameters for the Zone 1II soils comprising
the shell of Warner Draw Dam were assumed to be cqual to those obtained for the
Zone I materials. The Zone II materials, old embankment fill, and downstream
"waste" materials, at Frog Hollow Dam were assumed to have an effective friction
angle of 40°. The soils comprising Zone II and old embankment fill of Frog Hollow
Dam are medium-dense to dense coarse sands and gravels with cobbles in a silty

and/or clayey matrix. The downstream waste materials consist of basalt rubble.

The range of factors of safety obtained from the static stability analyses of
these two embankments are summarized in Table VII-4. The failure surfaces for
the ten most critical factors of safety for both slopes of Warner Draw Dam and the
downstream slope of Frog Hollow Dam range from infinite slope type failures to
relatively shallow failures involving the dam crest. The failure surfaces for the
upstream slope of Frog Hollow Dam range from shallow to deep-seated failures

involving significant portions of the dam crest.
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Table VIi-4

Summary of Factors of Safety Under Steady-State
Seepage Conditions - Warner Draw and Frog Hollow Dams

Range of Factors of Safety
for the 10 Most Critical
Failure Surfaces

Warner Draw Frog Hollow
Type of Analysis Upstream Downstream Upstream Downstream
Static 2.2-2.4 1.5-1.9 3.6 - 3.8 2.5-2.8
Infinite Slope 2.3 1.5 * *
Post-Earthquake 1.6 1.2-1.3 4.0 - 4.3 2.7-3.0

Note:

(*) Not evaluated due to geometry of the embankment.

Post-earthquake analyses of both embankments were conducted to establish
their stabiiity after having been subjected to the postulated earthquake ground
motions. For this case, the post-earthquake effective strength parameters listed in
Table A-14, and the average post-eyclic undrained strength parameters listed in
Table A-13, were utilized for saturated portions of Warner Draw and Frog Hollow
Dams, respectively. The effective strength parameters listed in Table A-8 were
used for the unsaturated portions of the embankments. The phreatic surfaces
corresponding to steady-state seepage conditions were used. The ranges of factors
of safety for the post-earthquake stability analyses are summarized in Table VII-4.
Typical failure surfaces for the upstream and downstream slopes of the two

embankments are shown in Figures VII-4 and VII- 5.

The failure surfaces for the downstream slope of Warner Draw Dam are deep
failures involving the entire dam crest (see Figure VII-4). Failure surfaces for the
upstream slope include shallow and deep surfaces. The factors of safety for both
slopes are reduced from those of the static stability analysis due to the reductions

in shear strength of the soils caused by cyelic loading.

The failure surfaces and factors of safety for the downstream slope of Frog

Hollow Dam are only slightly affected by eyelic loading. The factors of safety for
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the upstream slope, on the other hand, are slightly greater than the static steady-
state seepage condition. This is the result of the higher cohesions exhibited by the
clayey Zone I soils under undrained loading conditions versus the smaller apparent
cohesion in drained loading. The failure surfaces for the post-earthquake stability
analyses of the upstream slope are similar to those obtained from the static
analyses. An example which involves a portion of the dam crest is shown in
Figure VII-5.

The results of the post-earthquake stability analyses described above indicate
that the slopes of both Warner Draw and Frog Hollow Dams should remain stable
following the postulated earthquake. However, during earthquake ground shaking,
the embankments may undergo some permanent deformations. The following text
describes the method used to estimate these deformations.

Cumulative Deformation Analyses

Pseudo-static methods of slope stability have often been used in the past to
evaluate the seisnmic stability of earth dams. This method is a limit-equilibrium
method in which the resistance along a postulated failure surface is based on the
static strength of the soil, and an additional horizontel force is added to represent

the inertia forces produced by the design earthquake.

With the development of sophisticated analytical techniques in recent years,
the pseudo-static method of analysis has often been criticized as not truly
representing the effects of earthquake loading on an embankment. The accuracy
of pseudo-static methods is limited by two factors. The first is that the actual
inertia forces developed during an earthquake are cyeclic in nature, rather than a
single force acting in one direction; and the second is that the method, as usually
applied, does not consider the possible loss in strength of soils subjected to eyeclic
loading. This second factor is especially important for loose saturated granular
soils and hydraulic fill materials which may develop large cyclic or permanent
strains under undrained ecyclic loading. Nonetheless, pseudo-static methods of

analysis have, until quite recently, continued to be used by many engineers,
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Another method of analysis which does take account of the reversing inertia
forces generated during an earthquake was proposed by Newmark (1965). Since the
development of Newmark's original cumulative deformation procedure, additional
modifications and improvements have been made by various investigators (Sarma,
1975; Franklin and Chang, 1977; Makdisi and Seed, 1978). The various published
procedures are quite similar and will generally give similar results when used
properly. This type of analysis has recently received considerable attention and
appears to provide a simple procedure for estimating the magnitude of earthquake-
induced deformations of slopes and embankments consisting of soils which do not
liquefy or undergo significant strength loss under cyclie loading (Seed, 1979Db).
Since it has been demonstrated in the previous section of this chapter that both the
Warner Draw and Frog Hollow Dams would remain stable after earthquake shaking,
this approach was used to estimate the amount of permanent deformations which
the two embankments might undergo as a result of the postulated earthquake

motions.

The initial step in the analysis is to establish the value of the yield
acceleration, ky, corresponding to the critical failure surface using pseudo-static
methods of analysis and appropriate values of soil shear strength. Horizontal
seismic coefficients ranging from 0.05 to 0.35 g were used in these analyses to
establish the factor of safety for the critical failure surfaces shown in Figure VII-4
and VII-5. These surfaces were determined from the post-earthquake stability
analyses. The results of the pseudo-static analysis show the variation of factor of
safety with the seismic coefficient acting on the critical failures surfaces of the
two embankment cross sections. The yield acceleration is defined as the seismie
coefficient which produces a factor of safety of 1.0. The yield accelerations

obtained for the two dam cross sections are summarized in Table VII-5.
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Table VII-5

Seismic Coefficient Corresponding to a Factor of
Safety of One

Yield Acceleration, ky(g)

Dain Upstream Slope Downstream Slope
Warner Draw 0.20 0.10
Frog Hollow 0.45 0.45

The next step in the analysis requires that the average accelerations
corresponding to the critical failure surfaces be evaluated. As shown in Figures
VII-4 and VII- 5, the various critical failure surfaces all extend from near the toe of
the embankment to the crest. Makdisi and Seed (1978) have summarized the
results of various dynamic analyses performed on a number of dams and have
developed relationships which allow an ‘estimate of the average maximum acceler-

ation, k for a particular location of the critical sliding surface to be made

’
once t‘nl:a):naximum crest acceleration, Up oy is known. For the postulated
Magnitude 6.0 earthquake, the estimated maximum ecrest accelerations computed
from the dynamic response analyses presented in Appendix F were found to be
approximately 0.48 g and 0.45 g for the Warner Draw and Frog Hollow Dam
embankments, respectively (see Table F-3). For critical surfaces which extend
over the entire height of the embankment cross sections, values of about 0.17 g and

0.16 g are obtained for the average maximum accelerations.

Having established the yield acceleration and average maximum acceleration
for the ecritical failure surfaces, an estimate of the amount of permanent
deformation can be calculated. Makdisi and Seed (1978) have conducted analyses
of this type using a range of yield accelerations, average maximum accelerations,
and strong-motion records corresponding to various earthquake magnitudes. Their
results are presented in Figure VII-6. With the exception of the downstream slope
of Warner Draw Dam, the ratio of the yield acceleration to the average maximum
acceleration is always greater than 1.0. Figure VII-6 indicates that for these
values of acceleration ratio, the amount of permanent deformation resulting from

the postulated earthquake ground motions would be insignificant.
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For the downstream slope of Warner Draw Dam, an aceceleration ratio,
ky/kmax’ of 0.59 is obtained. A value for U/kmax X g X TO approximately equal
to 0.01 is obtained from Figure VII-6 for a Magnitude 6.5 earthquake. To complete
the calculation of the amount of permanent deformation, the fundamental period,
To’ of the embankment must be known. This value was calculated in Appendix ¥
and is tabulated in Table F-4. A value of T, approximately equal to 0.40 second
was calculated using the average shear wave velocity obtained from the dynamic
response analysis of this cross section. Using this value of the fundamental period,
the amount of permanent deformation expected to oceur in the downstream slope
of Warner Draw Dam is estimated to be less than 1 inch. Thus, on the basis of the
cumulative deformation procedure, virtually no deformation would be expected to
develop in either the Warner Draw or Frog Hollow Dams during the postulated

Magnitude 6.0 earthquake.

Other Considerations Related to Dam Stability

The stability analyses described above are based on representative ecross
sections of the dam embankments developed from a review of SCS files and results
of our field investigation. Strength parameters used in the analyses were based on
results of static and cyelic triaxial tests performed on soil sainples obtained during
the Phase I field investigation and engineering judgment. The models of the
embankment slopes and foundation soils were developed assuming that uniform soil
conditions exist throughout the embankment cross sections. This assumption (or
approximation) is one that is commonly made in analyses of this type. In the cases
of Green's Lake Dam No. 3 and Frog Hollow Dam, however, this assumption may
not be reasonable and is the topic of the discussions that follow.

In the Phase I report (see Appendix G), the operational problems that have
occurred at Green's Lake Dam No. 3 were summarized. The dams and foundation
soils have been subject to subsidence and extensive cracking since 1963. Cracks in
the embankment and foundations widened due to erosion and piping and some block
rotation occurred along portions of the dam crest. Repairs to the cracks in the
embankment and reservoir area were initiated in the spring of 1969. Cracks were
filled with large quantities of soil-slurry mixture which was pumped into the voids.

Most cracks in the dam were found to be interconnected while the eracks in the
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reservoir were found to be generally shallow and not usually connected. At the
time of the field investigation conducted during Phase I, ecracks along the upstream
face and transverse to the crest of the embankment were observed. Settlement

along the dam crest was also quite noticeable.

Determination of the stability of the Green's Lake Dam No. 3 embankment is
complicated by the factors described above. The factors of safety calculated for
the downstream slope of this embankment under static steady-state seepage
conditions indicate that it is stable (factors of safety range from 1.3 to 1.6) when
uniform soil conditions are assumed. Since the strength parameters and true
extent of the soil-slurry mixture present in the embankment and foundation could
not be determined during the course of this investigation, the factors of safety for
the 'repaired" embankment could not be meaningfully evaluated. It is our
judgment, however, that if stability analyses could be performed on a reasonable
representation of the repaired embankment, the factors of safety for static steady-
state seepage conditions would be significantly lower than those determined from
the analyses presented in this report. Correspondingly, the stability of this
embankment for other loading conditions would also be affected. Based on these
considerations, it is our judgment that Green's Lake Dam No. 3 is probably only
marginally stable under the present (unsaturated) conditions. If the embankment
and foundation soils were to become saturated, unstable conditions may develop

resulting in failure of the embankment.

Frog Hollow Dam has also experienced some cracking problems since the
construection of the raised portion of the embankment in 1978 (see Appendix G of
Phase I report). Cracks that formed were mostly transverse to the centerline of
the embankment and were found to extend through the entire embankment. They
ranged from 3 to 9 feet in depth. The cracking has been attributed to desiccation
of the fill materials. Longitudinal cracking was also noted along the upstream face
of the embankment. At the time of the writing of this report, the cracks in the
embankment were not yet repaired and this problem was under a thorough

investigation by the SCS.

During the drilling operations conducted as part of the Phase I field

investigation, a zone of apparently low density materials was encountered. This
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zone has been attributed to backfill which was poorly placed after the removal of
an old 24 inch corrugated metal pipe (see Appendix G, Phase I report). While the
laboratory tests conducted on these materials are somewhat weaker than the Zone
I materials that were also tested, it is our judgment that it would not have a
significant effect on the stability of the dam since it is confined to a relatively

narrow zone.

The stability analysis of the Frog Hollow Dam embankment presented in this
chapter indicates that, if the soils comprising the various zones of the embankment
are more or less "uniform", then the dam should be stable under all the loading
conditions considered in this investigation. As was the case for Green's Lake Dam
No. 3, the cracking present within the embankment soils makes the actual stability
of the dam extremely difficult to assess unless the cracks are properly repaired. If
it is decided to repair the cracks in the embankment, we recommend that the
materials within the zone of cracking be removed and replaced with a compacted
engineered fill. The repaired embankment should then have properties which are |

similar to those used in this investigation and the results of the stability analyses

previously described should be valid.

Summary and Conclusions

Detailed stability analyses have been performed on the following dams:

Green's Lake Dam No. 3
Warner Draw

Frog Hollow, and

= W BN e
. . . .

Ivins Diversion Dam No. 5.

Warner Draw and Frog Hollow Dams have been analyzed under static, seismie, and
post-earthquake loading conditions. Because of the poor foundation conditions
present at Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5, these dams were
analyzed under only static and post-earthquake loading conditions. The results of

the stability analyses and other considerations indicate the following:
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Unstable slope conditions may develop, even under static loading
conditions, if steady-state seepage conditions are allowed to develop at
Green's Lake Dam No. 3.

The downstream slope of Ivins Diversion Dam No. 5 inay be subject to
failure under post-earthquake loading conditions if the foundation soils
are allowed to become saturated.

Warner Draw Dam should behave satisfactorily during and after the
postulated Magnitude 6.0 earthquake. Cumulative deformations consis-
ting of downstream movement, settlement, and/or cracking should be
negligible.

Frog Hollow Dam should behave satisfactorily during and after the
postulated earthquake if the zones of cracking in the embankment are

removed and repaired using a well-compacted engineered fill.

If the foundations and embankments are unsaturated at the time of the
earthquake, all of the dams, with the exception of Green's Lake Dam
No. 3, should behave satisfactorily during and after the ecarthquake.
Under these conditions, some minor damage consisting of surficial
raveling and/or cracking may oceur which should not impair the

performance of the dams.

34

Earth Sciences Associates



KEY

Phreatic surface and typical critical failure surface for
steady state seepage conditon.

- Phreatic surface and typical critical failure surface for
assumed location of phreatic surface, Case A (Figure VI1-3).

Earth Sciences Associates

Palo Alto, California

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
TYPICAL CRITICAL FAILURE SURFACES —
GREEN'S LAKE DAM NO. 3

Figure No.
Vil-1

Checked by AL Date 9./28/82 |Project No.
Approved by <4 W Date 7/,2?/2.2 D118




KEY

Phreatic surface and typical critical failure surface for
steady state seepage conditon.

Phreatic surface and typical critical failure surface for
assumed location of phreatic surface, Case A (Figure V11-3),

Palo Alto, California

Earth Sciences Associates

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
TYPICAL CRITICAL FAILURE SURFACES —
IVINS DIVERSION DAM NO. 5

Checked by &ILT— Date 7/29/az
Approved byﬁ:@f&%ate 9/,2?./ g2

Project N
D118

i

. Figuré No.

Vil-2

J




CASE A

CASE B

Earth Sciences Associates

Paio Alto, California

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
LOCATION OF ASSUMED PHREATIC SURFACES

Checked by M LT~ , _ Date?/28/&2 |Project No.
Approved by@Jé&‘é.—Date ?27/22 D118

Fiéure No.
VI3

v




Earth Sciences Associates

Palo Alto, California

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
TYPICAL CRITICAL FAILURE SURFACES
POST-EARTHQUAKE STABILITY ANALYSES —

WARNER DRAW DAM

Date 9/28/82

Checked by _& _
_%@Date ?/27/6?2

Approved by yAete @

Project No.
D118

Figure No.

Vit-4




Earth Sciences Associates

Palo Alto, California

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
TYPICAL CRITICAL FAILURE SURFACES
POST-EARTHQUAKE STABILITY ANALYSES —
FROG HOLLOW DAM

Checked by LT Date 7/28/82 [Project No.| Figure No.
Approved by _-__J_/.,%ﬁ A l?ate_?,[Z?Zg?Z D118 Vil-5




U/kmox g To - seconds

0.C00I
0

0.2

0.6 08 1.0

")f/kmox

Earth Sciences Associates

Palo Alto, California

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
VARIATION OF AVERAGE NORMALIZED
DISPLACEMENT WITH YIELD ACCELERATION RATIO

Checked by ST .. Date 2/29/8z [Project No.| Figure No.
Approved by ﬁ’_@“ Lt Date f/éi[gﬁ ) D118 | VII-6




VIII. EXPECTED PERFORMANCE AND RECOMMENDED REMEDIAL MEASURES

Potential causes of damage to the eight SCS dams located in Southwestern
Utah have been addressed in detail in previous chapters of this report. The effects
of fault rupture on those dams situated on, or in close proximity to, active faults
are discussed in Chapter IV. The effects of strong ground shaking on the various
dams associated with a near-field Magnitude 6 earthquake are addressed in
Chapters VI and VII. Based on these studies it has been concluded that several of
the dams could suffer considerable damage as a result of either fault offset or
strong ground shaking if the dams impound a significant amount of water at the
time of the earthquake. If the dams do not impound water prior to, during, or after
an earthquake the hazards associated with these dams would be significantly

reduced.

A summary of the major hazards associated with each dam site are tabulated
in Table VIII-1, together with the expected performance of ecach embankment after
either fault offset or ground shaking has occurred. This summary indicates that
Green's Lake Dams No. 2 and 3 would have a high likelihood of a piping failure
oceurring within a period of a few hours to a few days after fault offset has
occurred. Gypsum Wash Dam should perform fairly well if offset by fault
movement. While the soils comprising this embankment may be subject to some
erosion and/or piping under high heads, the "as-built" drawing of this embankment
indicates that it has a six-foot wide chimney drain which would tend to prevent

erosion of the embankment materials.

Table VII-1 also indicates that Green's Lake Dam No. 3 and Ivins Diversion
Dam No. 5 would perform poorly during and after the occurrence of the postulated
Magnitude 6 earthquake. If the foundation soils at these two dams are allowed to
become saturated, they could liquefy and/or suffer a significant loss of strength as
a result of strong earthquake ground shaking. The performance of Frog Hollow
Dam during and after the postulated earthquake should be good provided repairs to
this structure are done in accordance with the general recommendations provided

later in this chapter.

Based on the result of our studies, we recommend -that the following
measures be undertaken to mitigate the potential hazards posed by the possible

failure of the above-mentioned dams:
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Table VIII-1

Summary of Hazards and Expected Performance

Expected
Performance
Active After After
Liquefaction Seismic Fault at Fault Ground
Dam Potential Stability Dam Site Offset Shaking
Green's Lake Low N.A. Yes Poor Good
No. 2
Green's Lake High Poor Yes Poor Poor
No. 3
Green's Lake Low N.A. Yes Good Good
No. 5
Warner Draw Low Good No N.A. Good
Gypsum Wash Low N.A. Yes Fair~-Good Good
Stuecki Low N.A. No N.A. Good
Frog Hollow Low Good" No N.A. Good]‘
Ivins Diversion High Poor No N.A. Poor
No. 5

Notes: General

N.A. is indicated where detailed analyses were not performed or where hazard
is not present.

Expected performance shown in table is based on results of detailed analyses
presented in this report together with engineering judgment.

1Per:t"ormaurlce should be satisfactory provided repairs to the embankment are done in
accordance with the general recommendations outlined in this report.
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It is our judgment that the condition of the Green's Lake Dam No. 3
embankment and foundation soils at this site are so poor that this
structure should be taken out of service. If it is decided to replace this

structure, the following guidelines should be observed:

a.  Poor foundation soils should be identified and removed, or

improved, before construction of the new embankment.

b. The new embankment should be located, if possible, so as to avoid

known active or potentially active faults.

e.  Since unmapped splays of the Hurricane fault system could exist
at the site, the new embankment should be zoned to prevent

erosion and/or piping failure in the event of fault rupture.

d. The new structure should be operated in such a way as to release

diverted flood waters as rapidly as possible.

It is our judgment that the reservoir level at Green's Lake Dam No. 2
should not be allowed to reach the emergency spillway elevation which
results in only 2.5 feet of freeboard. Because of the potential for fault
rupture at this site, a minimum of 4 feet of freeboard should be

maintained.

The cracks present in the Frog Hollow Dam embankment should be
repaired. Zones of eracking should be removed and replaced with a well
compacted engineered fill. The fill materials should be similar to that
used in the original, raised embankment. The cracks should not be
repaired using a soil-slurry mixture. Measures to prevent dessication of

the embankment soils may be desirable.

The possibility of saturated foundation conditions at Ivins Diversion
Dam No. 5 should be investigated. This could be accomplished by
installing piezometers along the downstream slope and toe of the

embankment and measuring water level readings before, during, and
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after flood stages. If it is found that the foundation soils remain unsaturated
during and after floods, no remedial measures are necessary. If saturated
conditions are found to exist, liquefiable (i.e., loose) foundation soils should
be identified through a detailed field exploration program. Remedial
measures would most likely consist of removal and/or improvement of the

unsuitable soils.

To ensure that all of the eight dams perform satisfactorily at all times during
their operational life we also recommend that the following safety procedures be

put into effect:

1. All dams should be inspected at least once a year by trained personnel
and the condition of the dams should be documented. Inspection should
be conducted prior to disturbing the embankments and foundation soils.
The need for any repairs or maintenance should be identified and
attended to promptly. Proper maintenance of the trash racks and
outlet works would ensure that the dams are operated as temporary

flood control structures.

2. When any of the reservoirs contain a significant volume of water, the
embankment should be carefully examined, as necessary, to make sure
that there are no signs of distress.

3. If an earthquake producing strong ground shaking in the St. George or
Cedar City areas occurs when the reservoirs contain water, the
embankments should be examined as soon as possible after the earth-
quake, with priority given to Green's Lake Dam Nos. 2 and 3 and lvins
Diversion Dam No. 5. If any dam shows significant signs of distress,
steps should be taken to evacuate areas that could be flooded by a dam
failure or repairs (and/or other actions) to mitigate a failure should be

made as quickly as possible.
4, If the reservoirs do not contain water at the time of the earthquake,

the dams should be inspected for any damage that might render them

ineffective as flood control structures.
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An inundation map should be prepared for areas downstream from all
the dams (if this has not been done) and copies should be made available

to the local sheriff's departments with jurisdiction over areas subject to
flooding.

An evacuation plan should he developed for the areas subject to severe
flooding and the implementation of this plan worked out with the local
sheriffs' offices in advance of a need to evacuate people from down-

stream areas.
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Appendix A
LABORATORY INVESTIGATION

Various laboratory tests were conduected on selected representative samples
obtained from several of the dam embankments and their foundsations. The

following types of tests were perforined:

0 Moisture and density

o Sieve analysis (£3/4")

o] Hydrometer analysis

o Atterberg limits

o Standard Proctor compaction

0 Consolidated-undrained triaxial; saturated with pore pressufe measure-
ments

0 Stress-controlied eyelie triaxial and post-eyelic static testing to failure

o} Pinhole dispersion

0 Organic sample age dating

Moisture and density tests, sieve analysis, hydrometer analysis, and Atterberg
limits tests were conducted to aid in identification and correlation of the different
soil types. The grain size distribution of the various materials were also used to
compare with the grain size distribution of soils which have liquified during
previous earthquakes. These comparisons are presented in Appendix G. Standard
Proctor compaction tests were performed to establish the optimum dry density and
moisture content of representative materials and, thus, the relative compaction of
the in situ soils. The results of these tests have been presented in Appendix D of

the Phase I report.
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"Average" static shear strengths of the embankment and foundation materials
were established from the results of consolidated-undrained triaxial tests
performed on saturated samples from Green's Lake No. 3, Warner Draw, Frog
Hollow, and Ivins Diversion No. 5 dams and engineering judgment. Pore pressures
were measured during shearing of the samples to failure. The liquefaction
potential and cyclic strength characteristics of these materials under simulated
earthquake loading conaitions were established by performing stress-controlled
eyclic triaxial tests. Where applicable, residual shear strengths were also obtained
by conducting static consolidated-undrained triaxial tests on samples initially

subjected to cyelic loading.

Pinhole tests were performed to establish the dispersion characteristics and
piping potential of selected samples. Radiocarbon age dating determinations were
made on several organic samples obtained within several of the trenches excavated

as part of the Phase I field investigation.

Classification and Index Properties Tests

Atterberg limits tests consisting of determination of the liquid limit, LL, the
plastic limit, PL, and the plasticity index (PI = LL - PL) were conducted on a
number of fine-grained soil samples to establish the degrece of plasticity of these
soils. Many engineering properties can be correlated with the liquid limit and
plasticity index of a soil. Results of these tests are summarized in Figures A-1, A-
2, and A-3 and in Tuble A-2. In general, all of the soils tested have plasticity
indexes less than 10 indicating that the materials have low plasticity. Liquid limits
are in the range of 18 to 30 percent. Soil samples obtained from Ivins Diversion

Dam No. 5 were found to be non-plastic.

The grain size distribution of a soil is established from sieve analyses and/or
hydrometer tests. Gradation curves obtained from these types of tests for the
embankment and foundation materials comprising the various dams are presented
in Figures A-4 through A-10. The gradations for samples on which static and cyelie
triaxial tests were performed are shown in Figures A-4 through A-7, whereas the
gradations for samples on which pinhole dispersion tests were performed are shown

in Figures A-8, A~9, and A-10.
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Dispersion Characteristics

To establish the dispersibility and/or piping potential of the embankment and
foundation materials at those dams where fault rupture could occur, a number of
pinhole tests were conducted on selected samples. The pinhole test was performed
in accordance with the procedure developed by Sherard and his associates (Sherard
et al., 1976). The test is appropriate only for compacted fine-grained soils. The
grain size distributions of the samples tested are shown in Figures A-8 through A-
10 from which it can be seen that the samples generally range from sandy elays to

clayey and silty sands.

The pinhole test result is evaluated from the appearance of the water, the
rate of flow, and final size of the hole in the specimen. The test is highly
reproducible and the results of each individual test can be categorized easily into
one of the six categories shown in Table A-1.

Table A-1

Categories of Pinhole Test Results

Classification of

Individual Test Results Classification of Soil
1 (2)
D1 and D2 Dispersive soils: fail rapidly under

2-in. (50-mm) head.

ND4 and ND3 Intermediate soils: erode slowly under
2-in. (50-mm) or 7-in. (180-mm) head.

ND2 and ND1 Nondispersive soil: no colloidal erosion
under 15-in. (380-mm) or 40-in. (1,020-mm)
head.

Results of the pinhole tests are tabulated in Table A-2. All of the samples
tested, except for two, classified as nondispersive soils. The remaining two
classified as intermediate soils. None of the soils tested were found to be highly

dispersive on the basis of the pinhole test results.
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Table A-2

Summary of Pinhole Dispersion Test Results

Test Pit Soil Percent
or Classifi- Passing Atterberg Limits Dispersion
Dam Boring Sample Depth Material “cation #200 LL PI Designation
Green's Lake GL2/TP-2 Bulk -~ shell (Zone 1) SM-SC 39.0 18.8 4,2 ND1
No. 2 GL2/TP-5 Bulk ~-= foundation SM-SC 39.9 23.4 4.6 ND1
GL2~-1 PBE-2/S-1 8.0-10.5 core (Zone II) SM-SC 38.8 ND1
Green's Lake GL3-1 B-9 18.0-19.5 core (Zone II) SM 38.8 non-plastic ND4
No. 3 GL3-1 B-12 26.0-27.5 foundation SM 32.2 non-plastic ND1
GL3-1 PB-5/5-4 19.5-22.0 foundation ML 59.9 25.0 8.6 ND1
Green's Lake GL5/TP-1 Bulk - embankment CL 88.9 32.1 14.4 ND2
No. 5 GL5/TP-2 Bulk -= foundation SM-SC 41.4 21.9 4.7 ND1
GL5-1 PB-2/5-2 8.0-10.5 embsankment CL 89.2 29,5 13.5 ND3
Gypsum Wash  GW-TP3 Bulk -= shell {Zone III) SM 36.7 22.3 3.1 ND1
GW-1 PB-6/3-6  25.0-27.5 core (Zone I) ML 54.1 19.0 4.4 ND1
GW-1 PB-2/S-2 8.5-11.0 core (Zone I} CL-ML 57.5 20.3 4.9 ND1
Warner Draw WD-1 B-16 57,8-59.5 core (Zone I) SM-SC 29.9 20.6 5.8 NDi1
WD-1 B-8 31.5-33.0 core (Zone I) SM-SC 34.7 20.1 7.1 ND1
Frog Hollow FH-1 B-10 36.5-38.0 core (Zone I} CL 87.7 30.7 9.6 ND1
FH-2 B-14 29.5-31.0 core (Zone I) CL-ML 52.6 21.6 6.6 ND1
FH-4 B-2 51.5-53.0 core (Zone I) CL 53.8 26.6 13.3 ND1



Radioactive Age-Dating Determinations

Charcoal samples obtained from certain exploratory trenches in the Cedar
City area were submitted for 014 analysis in order to age-date the enveloping
sedimentary deposits. These samples were collected from selected horizons in the
trench walls by Mr. Dwight Hunt, Senior Geologist of Earth Sciences Associates,

during the Phase I field investigation.

The samples were air-dried and thoroughly examined under a binocular
microscope to remove all root hairs and other young organic material. Consider-
able time was required per sample to remove the visible organic contaminants.
Because the charcoal grains were small and crumbly, no attempt was made to

separate them from the matrix.
The results of the age dating determinations are summarized in Table A-3.

Strength Characteristices

A number of static and eyclie triaxial tests were conducted on representa-
tive, relatively undisturbed Pitcher samples (3 inches in diameter) of embankment
and foundation soils, obtained during the Phase I field investigation, to evaluate
their behavior under statie, earthquake, and post-earthquake loading conditions.

Tests were performed on samples obtained from the following dams:

Green's Lake Dam No. 3
Warner Draw
Frog Hollow

©c o0 O O

Ivins Diversion Dam No. 5

Where possible, samples were selected in pairs from the same Pitcher tube. One of
the samples was failed statically, and the other sample was first subjected to a
prescribed cyelie loading and, then, subsequently failed by application of a static
load. In some cases, the sample liquefied dramatically during the cyclic loading

portion of the test and it was not possible to perform the post-eyelic statie test.
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Sample #

GL-5a

GL-3b-02
(1 of 2)

(2 of 2)

GL-3b-87

GL~-2d-87

GL-3a

Table A-3

Summary of Age-Dating Determinations

Sample Location and
Relationship to Fault(s)

Green's Lake Dam No. 5,
north dike; offset alluvium,’
east side of Cross Hollow
Hills; western margin of
Hurricane fault zone.

Green's Lake Dam No. 3, right
abutment; unbroken alluvial
fan deposits overlying rup-
tured bedrock; main lineament
and mapped trace of Hurricane
fault.

1"

Green's Lake Dam No. 2; un-
broken alluvial fan deposits
along projection of suspected
rupture, Hurricane fault zone.

Green's Lake Dam No. 3; un-
broken alluvial fan deposits
along projection of major
lineament and mapped trace
of Hurricane fault.

Testing
Laboratory Results
Teledyne Sample of insufficient
Isotopes, volume; resubmitted to

N. d. University of Arizona
for testing by mass
accelerator technique.
Results anticipated

" in late 1982.

Teledyne Sample of insufficient

Isotopes, volume; resubmitted to

N. d. University of Arizona.
Sample age: 3470 years
B. P., + 260.

Geochron Sample age: 4100 years

Laboratories, B. P. + 660.

Mass.

Geochron Sample of insufficient

Laboratories, volume.

Mass.

Geochron Sample of insufficient

Laboratories, volume.

Mass.

Teledyne Sample age: 1060 years

Isotopes, B. P., + 100.

N. d.



Prior to testing, the majority of the samples were initially saturated and
consolidated isotropically (KC = 1) to a range of effective stress conditions
representative of those existing in the field. In order to ensure compleie

saturation of the samples, a backpressure was applied to all samples tested.

Summaries of the static and cyclic triaxial tests performed on the soils

obtained from the four dams are tabulated in Tables A-4 through A-7.

Statie Triaxial Tests

A series of consolidated-undrained triaxial tests with pore pressure measure-
ments were conducted to establish average effective and undrained strength
perameters of the different soil types present at the four dam sites under
consideration. Test results including stress-strain relationships for each test are
included in Appendix B. These results generally indicate an increase in deviator
stress with increasing axial strain and a tendency for the pore pressures to initially
increase for axial strains in the range of 1 to 3 percent and then to decrease for
higher strain levels. Based on these results, an axial strain of 5 percent was
conservatively selected as an appropriate strain value at which to evaluate
strengtlh characteristics for stability analyses of the downstream and upstream

slopes of the selected dam embankments.

In Figures A-11 through A-14, the static test results corresponding to an axial
strain of 5 percent have been plotted in terms of effeétive stress parameters. On
these figures, the value of p (i.e., 05 + 53/2) has been plotted against the shear
strength, q (i.e., 51 - 53/2). The straight line drawn through the data points
represents the "average" effective strength failure line (Kf line). Values of
effective strength parameters established on the basis of these results are
tabulated in Table A-8.
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TABLE A4
SUMMARY OF TRIAXIAL TESTS
GREEN'S LAKE DAM NO. 3

. BEFORE CONSOLIDATION AFTER CONSOLIDATION
BORING/ LOCATION m_iglslfn. SOIL TYPE cgralﬁﬁf:'r\:gw 93c O1c % PASSING
TEST NUMBER [o\mpi e NUMBeR| ~ DEPTH (ft) CATION BEFORE CONSOL. Ke (psf) (pst) H wic Y dry H wic Y dry NO. 200
(%) (in) 1% {psf) (in.) (%) (pet) SIEVE
S-1A GL3-1/PB2-S2 8.0-10.5 embankment sm silty sand 93 1.0 1109 1109 6.00 13.8 1143 5.97 - - 40.6
s-18- ” " " " " - 1.0 2218 2218 - - - 5.42 15.0 117.6 -
w
-
@ $-2 GL2-1/PB6-S5 24.0-26.5 foundation SC clayey sand with gravel N.A. 1.0 2174 2174 5.98 12.2 116.8 5.92 13.0 117.4 35.9
.—
2 s-3 GL3-1/PB9.S8 | 35.5-38.0 foundation ML-CL clayey silt / silty clay N.A. 1.0 3063 3053 5.94 135 105.1 5.85 19.2 105.6 62.3
2‘ S-4A GL3-1/PB6-S5 23.5-26.0 foundation SM silty sand 90 1.0 2174 2174 5.77 13.2 110.8 5.72 - - 34.6
E " . ” s »
F s-48 o . - 1.0 4349 4349 - - - 5.48 16.5 1125 -
E $-5 GL2-1/PB2$§1 8.0-105 embankment sM silty sand 96 1.0 g 1354 1354 5.89 85 118.4 5.84 13.9 18.7 38.8
< i
e S-6 GL3-2/PB6-S4 25.5-28.0 foundation SM silty sand with gravel N.A. 1.0 2016 2016 5 98 124 119.9 5.95 13.9 120.1 16.4
w ,
°>: S-7A GL3-2/PB7-S5 29.5-32.0 foundation SM silty sand N.A. 1.0 3024 3024 5.98 22.8 99.7 5.97 —. - 36.5
< v . " —
§ s-78 " 1.0 6048 6048 -~ - - 5.91 19.8 100.0 -
=]
(7]
c1 GL3-1/PB2-S2 8.0-10.5 . embankment sM silty sand 94 1.0 1109 1109 6.00 12.3 116.2 5.97 15.2 116.4 435
C-2 GL3-2/PB6-S4 25.5-28.0 foundation SM silty sand with gravel N.A. 1.0 2016 2016 5.94 13.3 113.5 5.89 14.9 113.8 16.2
2 c3 GL3-2/PB7-S5 29.5-32.0 foundation SM silty sand N.A. 1.0 3024 3024 6.00 135 108.6 5.97 21.8 108.8 10.9
w
- c4 GL2-1/PB2§1 8.0-10.5 embankment sMm silty sand N.A. 1.0 1354 1354 5.81 9.6 114.7 5.80 235 114.8 66.3
g
x
g
T
[
o
-
)
>
o
.
o
>
T
<
=
=
=)
(7]

*Relative compaction determined from compaction tests performed during Phase | »
on similar material types. “N.A’’ applies to those samples for which compaction ‘
. D118
test data are not available, )




TABLE A5

SUMMARY OF TRIAXIAL TESTS
WARNER DRAW DAM

. BEFORE CONSOLIDATION AFTER CONSOLIDATION
BORING/ DEPTH (ft.) LOCATION CLASSIFI SOIL TYPE COMPACTION 03¢ O1c
TEST NUMBER |5 \MPLE NUMBER : CATION BEFORE CONSOL | Ke (psf) (psf) H wic Y dry H w/c Y dry O 200"
(%) {in.) (%) (psf) {in.) (%) (pcf) SIEVE

$-1 WD-1/PB2-52 8511.0 embankment M silty sand 105 1.0 1440 1440 6.00 85 124.5 6.00 13.6 1245 20.1

$-2 WD-1/PB6-56 25.0-27.5 embankment SC-SM clayey sand/silty sand m 1.0 2678 2678 5.97 12.7 122.1 5.91 1.8 12255 28.1
" .
-
4 S-3 WD-1/PB10-S10 41.0-43.5 embankment SC-SM clayey sand/silty sand 108 1.0 3902 3902 6.00 11.0 127.0 5.98 11.1 127.2 20.5
-
:[l S-4 WD-1/PB13-513 53.0-55.5 embankment SC-SM clayey sand/silty sand N.A. 1.0 4810 4810 6.00 11.7 124.8 5.92 10.8 125.3 29.2
g $5 WD-2/PB6-S6 24.5-27.0 embankment SC-SM clayey sand/silty sand N.A. 1.0 2678 2678 6.00 9.4 130.6 5.97 105 130.8 24.7
o
- S-6A WD-2/PB2-S2 8.5-11.0 embankment SC-SM clayey sand/silty sand 108 1.0 1440 1440 5.98 9.8 129.3 5.94 - - 23.0
3]
E s-68 " " " “ " - 1.0 2880 2880 - - - 5.68 1.1 131.6 23.0
b S-7A WD-2/PB13-§13 52.5-55.0 embankment SC clayey sand 114 1.0 5198 5198 6.07 10.5 125.6 5.98 - - 34.2
(@)
E S-78 o o . " " - 1.0 7790 7790 - - - 5.70 9.2 127.9 -
g
=
>
>
7

c-1 WD-1/PB2-52 8.5-11.0 embankment sM silty sand 103 1.0 1440 1440 6.00 9.9 122.8 6.00 12.0 122.8 195
o c-2 WD-2/PB6-S6 245-27.0 embankment SC-sm clayey sand/silty sand N.A. 1.0 2678 2678 5.97 11.1 121.2 5.90 1.3 121.7 24.3
-
a C-3 WD-1/PB10-S10 41.0-43.5 embankment SC-SM clayey sand/silty sand N.A. 1.0 3902 39802 5.98 10.5 127.4 5.93 9.8 127.7 23.9
o
:t‘ c-4 WD-1/PB13-S13 53.0-55.5 embankment SC-SM clayey sand/silty sand N.A. 1.0 4810 4810 5.97 113 124.7 5.88 10.1 1253 24.4
>;<( cs WD-2/PB6-S6 24.5-27.0 embankment SC-SM clayey sand/silty sand N.A. 1.5 2448 3672 5.99 10.4 123.6 5.89 11.0 124.4 271
= A
o
Q
rt
(&)
>
[8)
w
o
>
o«
<
=
=
2
7

*Relative compaction determined from compaction tests performed during Phase |
on similar material types. “N.A" applies to those samples for which compaction

test data are not available.
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TABLE A-6

SUMMARY OF TRIAXIAL TESTS
FROG HOLLOW DAM

. BEFORE CONSOLIDATION AFTER CONSOLIDATION
BORING/ ft.) LOCATION CLASSIFI vp COMPACTION 93¢ 91c % PASSING
TEST NUMBER o, yp_ g NUMBER| ~ DEPTH (ft. CATION. SOIL TYPE BEFORE CONSOL Ke (psf) (psf) H wic Ydry H wic 7 dry NO. 200
(%) {in.) (%) {psf) {in.) (%) {pcf) SIEVE
S-1A FH-2/PB6-S4 23.0-25.5 foundation cL sandy clay 91 1.0 1800 1800 5.91 19.8 107.1 5.83 - - 60.2
S-1B o " ” " " - 1.0 2707 2707 - - - 5.60 18.1 108.7 —

(7]
[
@ S-2 FH-1/PB6-S5 22.5-25.0 embankment CL sandy clay 97 1.0 2707 2707 6.00 16.5 113.7 5.97 193 113.7 63.7
[
:t‘ $-3 FH-1/PB10-S9 38.0-40.5 embankment CL silty clay 100 1.0 3499 3499 6.00 179 113.0 5.93 18.3 1134 91.7
: S$4 FH-1/PB14-§12 55.0-56.8 embankment CL sandy clay 104 1.0 4507 4507 5.98 1.7 1225 5.90 13.0 123.0 61.6
3
o S5 FH-4/PB3-S3 53.0-55.0 embankment CL sandy clay N.A. 1.0 4507 4507 5.98 14.1 116.6 5.88 14 1179 51.0
o .
: S-6 FH-2/PB7-S5 27.0-295 foundation CL sandy clay N.A. 1.0 2189 2189 5.96 17.9 1115 5.92 165 111.8 52.6
[
3 S-7A FH-1/PB4.S3 14.5-17.5 embankment CL silty clay 97 1.0 2045 2045 5.00 19.8 109.0 5.96 - - 79.1
o _ .
E s$-78 " ” " " ' - 1.0 4090 4090 - - - 5.76 19.8 1103 -
§ S8 FH-1/PB12-S11 46.0-48.5 embankment CL sandy clay N.A. 1.0 4896 4896 5.98 138 122.2 5.90 116 122.7 51.0
>
(7]

C-1 FH-1/PB4-S3 14.5-17.5 embankment CL silty clay 97 1.0 2045 2045 5.98 186 108.8 5.96 18.9 108.9 78.4

c2 FH-1/PB6-S5 22.5-25.0 émbankment cL silty clay 100 1.0 2707 2707 5.98 191 117 5.91 19.0 1121 88.0
(7]
=
@ Cc3 FH-1/PB10-89 38.0-40.5 embankment CL silty clay 102 1.0 3499 3499 5.99 16.0 113.8 5.90 18.6 1143 94.1
[
3 c4 FH-1/PB14-S12| 55.0-56.8 embankment cL sandy clay 94 1.0 4507 4507 5.99 17.9 110.1 5.87 15.6 110.7 58.6
§ Cc-5 FH-1/PB10-S9 38.0-40.5 embankment CL silty clay 100 15 3197 4795 6.00 175 111.9 5.91 17.5 112.7 85.1
o
- c6 FH-1/PB4-S3 14.5-17.5 embankment cL silty clay 100 15 1872 2808 5.95 17.0 11256 5.89 19.6 112.8 86.5
1= .
3
o
5
o
u.
o
>
c
<
e
=
o)
(%]

*Relative compaction determined from compaction tests performed during Phase |
on similar material types. “N.A” applies to those samples for which compaction
test data are not available.
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TABLE A-7
SUMMARY OF TRIAXIAL TESTS
IVINS DIVERSION DAM NO. 5

SOIL RELATIVE* BEFORE CONSOLIDATION AFTER CONSOLIDATION
BORING/ A o 0
TEST NUMBER DEPTH (ft.) LOCATION CLASSIFI- SOIL TYPE COMPACTION . 3c 1c PASSING
SAMPLE NUMBER CATION BEFORE CONSOL | Ke (psf) (psf) H Wic Y dry H wiC Y ary Aty
(%) {in) (%) {psf) {in.) (%) {ect) SIEVE

S Iv-3/PB1-S1 4.0-6.5 embankment SM silty sand 994 1.0 1181 1181 6.00 155 109.9 5.98 17.9 109.9 43.9

s-2 IV-2/PB3-82 12.0-145 embankment sM silty sand 87.9 1.0 1253 1253 5.99 14.0 104.2 5.92 19.4 104.6 34.4
m .
= ‘
8 S-3A IV-1/PB1-S1 4.06.5 embankment sM silty sand 95.6 1.0 720 720 6.08 125 116.1 6.06 - - 27.8
[
2 $-38 " “ " " " ' - 1.0 1440 1440 - - - 6.05 137 116.3 -
: S-4A iV-5/PB4-S2 19.0-21.0 foundation SM silty sand 87.2 1.0 576 576 5.93 18.0 105.9 5.93 - - 175
3
: S-4B ” ” " " - 1.0 1728 1728 - - - 5.83 193 106.4 _
5 S-5A IV-4/P2-81 8.0-10.5 foundation SM silty sand 875 1.0 763 763 6.00 195 103.8 5.97 - — 38.5
h .
: S-SB 0" .o " I . — 1_0 1526 1526 -_ —_ -_ 5.83 187 104_7 —_
o .
s $-6 1v-2/PB4-S3 16.0-18.5 foundation SM silty sand 82.6 1.0 1584 1584 5.80 21.0 100.4 5.77 22.9 100.5 284
<
s
=
2
7

C1 Iv-1/PB1-S1 4.0-6.5 embankment M silty sand 98.7 1.0 720 720 5.99 115 117.0 5.99 14.4 117.0 24.4
» c-2 1V-3/PB1-S1 4.0-6.5 embankment M silty sand 100.7 1.0 1181 1181 6.06 13.3 11.4 6.00 17.8 111.7 43.1
[ .
g c3 1V-2/PB4-S3 16.0-18.5 foundation SM silty sand 821 1.0 1584 1584 5.93 14.3 97.4 5.87 23.2 97.7 253
Z(‘ C4 1v-4/PB2-S1 8.0-10.5 foundation sM silty sand N.A. 1.0 763 763 5.98 16.6 106.1 5.94 17.9 106.3 27.2
> 4
<
[+
o
O
3
&)
>
(8]
uw
o
>
o«
g
=
s
2
7

*Relative compaction determined from compaction tests performed during Phase |
on similar material types. “N.A" applies to those samples for which compaction D118
test data are not available.




Table A-8

Summary of Static Effective Strength Parameters

Friction Angle Apparent Cohesion
¢' (degrees) ¢' (psf)
Dam Embankment Foundation Embankment Foundation
Green's Lake 35 33 A —
No.3
Warner Draw 37 (core) —_— —_ _—
Frog Hollow 35 39 250 250
Ivins Diversion 38 34 — —_
No. 5

Undrained strength parameters were established for the Frog Hollow Dam
materials from the results of the static tests. Plots of the shear stress on the
failure plane at failure, Tff’ versus the effective consolidation stress acting on the
failure plane Ofc’ are presented in Figure A-15. From this plot, average undrained
strength parameters were developed and are listed in Table A-9. (This is further

explained on page A-16.)
Table A-9

Average Static Undrained Strength Parameters

Frog Hollow Dam

Friction Angle Cohesion
¢ (degrees) c (psf)
Embankment 20 1375
Foundation 20 575
A-6
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Cyeclic Strength Characteristics of Soils

"Liquefaction” and "Cyelic Mobility"

The prediction of the behavior of saturated cohesionless soils during earth-
quakes has been the subject of considerable research in the past 10 to 15 years.
Two different phenomena can be observed when a saturated cohesionless soil is

subjected to eyclic loading, namely, liquefaction and cyclic mobility.

Casagrande (1971, 1975) proposed the use of the term "eyelic mobility" for
the cyclically-induced strains observed in laboratory tests performed on medium-
dense to dense sands. Cyelic mobility consists of gradually increasing ecyclic
strains along with accompanying increases in pore pressure but does not entail a

significant loss in shear strength.

"Liquefaction”, on the other hand, corresponds to & condition in which a loose
saturated sand, under undrained loading conditions (either static or eyclic),
develops excess pore pressurcs equal to the effective confining stress. As the
material begins to strain, the resistance to deformation is quite small and does not
change with the strain level. Both liquefaction and cyelic mobility have in eommon
the development of high pore pressures at constant volume. Liqguefaction consists
of a significant loss in shear strength. In this respect, liquefaction is similar to the
behavior of a sand in a flow slide in whieh the sand suffers such a substantial
reduction of its shear strength that the mass of soil seems to flow like a liquid.
The fact that such failures resemble the flow of a heavy liquid is due to the fact
that the large loss in shear strength affects a major portion of the mass rather than

only the soil along a sliding surface.

Field experience and laboratory tests results indicated that liquefaction can
develop only in loose sand deposits, whereas, cyclic mobility can be induced in the
laboratory even in the densest sand. Cyelic mobility of a sand would cause limited
but, perhaps, damaging deformations of slopes or foundations. In the case of a
horizontal ground surface with no structures resting on it, the only evidence of
eyclic mobility would be the effects of the dissipation of the pore pressure which
could result in settlement of the ground surface and sometimes sand boils which

are the result of the upward flow of water.
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Discussion of Cyclie Triaxial Test

The cyclic triaxial test has been the most widely used laboratory test for
evaluating the liquefaction potential, eyclic mobility, and eyclic strength charac-
teristics of soils under simulated earthquake loading conditions. However, its use
requires the application of various correction factors to the test data and
considerable engineering judgment in order to allow for its limitations and
shortcomings. In a cyclic triaxial test, in situ loading conditions are only roughly
approximated. A correction to account for differences in stress and deformation
conditions between the cyclic triaxial test and those believed to exist in the field

during an earthquake are usually made.

Two types of cyelic triaxial tests may be performed. In order to represent
field conditions where there are no initial shear stresses acting on horizontal planes
(such as those existing below a level ground surface), isotropically consolidated
tests are performed (see Figure A-16). Under these conditions, cyeclic loading may
cause increased pore pressures and cyclic strains but no permanent deformations
are developed. In order to represent field conditions where there are initial shear
stresses acting in the horizontai direction (such as in the case of sloping ground
conditions), anisotropically consolidated tests are performed. The principal effect
of cyelic loading under these conditions is that permanent deformations will usually
develop in the direction of the initial shear stress and these may be accompanied

by increasing pore pressures and cyeclie strains (see Figure A-17).

The behavior of saturated cohesionless soils under simulated earthquake
loading conditions is most often investigated in the laboratory by performing eyclic
triaxial tests on samples which have been initially consolidated under an all-around
confining pressure. The sample is subjected to a cyclic deviator stress of equal
magnitude in compression and extension. Figure A-16 and the following summar-

izes the events observed during the test:
1. Up to a certain number of eycles, the strains that develop during each

cycle are very small, however, the pore pressure shows a cumulative

increase.
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2. A point is reached after which the value of the pore pressure, at zero
deviator stress, is momentarily equal to the confining pressure. This
means that the effective stress acting on the sample momentarily drops
to zero. This constitutes the onset of "initial liquefaction™.

3. After "initial liquefacfion", the strains during each subsequent ecycle
become progressively larger as more cycles of load are applied. During
each cycle, the pore pressure becomes equal to the confining pressure
when the deviator stress is zero but drops substantially when either the
axial extension or axial compression load is applied. After "initial
liquefaction”, the strains increase rapidly for loose specimens, whereas

they increase only slowly for dense specimens.

4. When the cyclic strains become excessively large (>15% peak-to-peak)

the sand is said to have developed "complete liquefaction".

The cyclic triaxial compression test does not exactly reproduce the in situ
initial stress conditions in the ground since it must be performed with an initially
ambient pressure condition (KO = 1) to represent level ground conditions. The
eyclic stress ratio (1 cyclie/o 3c) causing failure in isotropieally consolidated eyelic
triaxial tests are normally reduced by some factor (in the range of 0.6 to 0.7) to
obtain stress ratios representative of field simple shear conditions. Less research
has been done on the comparison of anisotropieally consolidated (Kc > 1) eyelic
triaxial tests and cyclic simple shear tests with initial shear stresses acting on the
failure planes. A limited number of tests on silty sands cbtained from Sheffield

Dam indicated that for values of Kc = 1.5, the two tests gave similar results.

The results obtained from eyclic triaxial compression tests performed on
isotropically consolidated soil samples are also influenced by a number of other

factors. These may be summarized as follows:

1. The principal stress directions rotate through an angle of 90 degrees,
during the two halves of the loading cyecle, which is different than that
in the field. The reversal of shear stresses produces a severe stress
gradient condition on the sample which results in the development of

high pore pressures even on dense samples.
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2. The intermediate principal stress does not have the same relative value

during the two halves of the loading cyele.

3. Cyclic stress ratios greater than about 0.5 usually cannot be achieved

due to the tendency for the cap to lift off the sample.

4. Necking may develop and invalidate the test results. This occurs quite

frequently.

5. Axial extension loads are applied to the sample which will quite often

cause premature failure. This type of failure cannot oceur in the field.

6. Water migration during the test causes a redistribution of the water

content within the sample which affects the test results.

Castro (1969) performed a series of cyelic triaxial tests on isotropically
consolidated saturated sand samples at various densities to evaluate the effects of
the above factors on the test results. By freezing samples after subjecting them to
eyclic loading, he was able to establish the variations in relative density and water
content redistribution of different portions of the samples. The results of his study
clearly demonstrated that during this type of test, a significant redistribution of
water content takes place whenever the magnitude of the cyclic strains reaches a
few percent and possibly even at much smaller strains. Therefore, both the
recorded pore pressures and axial strains during cyelic loading cannot be attributed
entirely to the behavior of a uniform sample but probably depend largely on the
development of loose zones which form within the sample during cyclic loading.
Thus, the results of the cyclic triaxial tests underestimate the ability of a dense

cohesionless soil to withstand cyclic loading.

Sands which are medium dense or dense show, in general, a tendency to
decrease in volume slightly under small shear strains and to increase in volume
substantially under large shear strains. During cyelic load tests, and especially
during the axial extension stage, it is likely that a slightly weaker part of the
specimen would strain more and, therefore, will become looser at the expense of
compaction of the other part. Because of the cyclic nature of these tests, this

phenomenon repeats in every eycle. The loosening and softening of a portion
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of the specimen sccentuates itself progressively until it reaches the extreme
condition observed during these tests. Although the sand may be strongly dilative
during a static test, nevertheless, every time it is eycled through the hydrostatic
state of stress, it develops a slightly contractive response over a small range of
deviator stress and pore pressures will be induced. Pumping action of the vertical
eyclic loads tends to move the excess water towards the top of the specimen
(Casagrande, 1975). Specimens which are less uniform at the start of the test will
develop cyclic mobility in fewer cycles, since the looser zones of the specimens
will provide a focus for concentrations of shear strains and increase in water

content.

Larger deformations are usually observed in extension than in compression in
the great majority of cyclie triaxial tests in which the same deviator stress is
applied in compression and extension. Since necking resulting from axial extension
is peculiar to the triaxial test and does not correspond to the field conditions one
intends to represent in the laboratory, the cyeclie triaxial test will exaggerate the

eyclic deformations that might develop in the field.

From the above considerations, it follows that the cyclie triaxial test
performed on isotropically consolidated samples will tend to underestimate the
resistance to cyclic loadings of sands, particularly when they are medium dense or
denser. Thus, the results of cyelic triaxial tests must be carefully evaluated in
light of the above factors and considerable judgment used in arriving at a decision
as to how the materials will behave in situ, under the postulated earthquake ground

motions.

Results of Cyclic Triaxial Tests

As part of this investigation, a series of stress-controlled cyelie triaxial tests
was conducted to establish the liquefaction potential, cyelic mobility, and dynamic
strength characteristics of the various materials comprising the dam embankments
and their foundations, under simulated earthquake loading conditions. Cyelie
stresses considered to be representative of those expected to develop in situ during
the postulated Magnitude 6.0 earthquake were applied in the tests. Of major
interest was the development of large cyclic strains and high excess pore pressures
during and after completion of the tests. It has become common practice in this

type of test to rely on the build up of excess pore pressure and the development of
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cyclic strains as an indicator of the soil's liquefaction potential, eyelie mobility, or
limited strain potential (Seed, 1979a; Soil Dynamiecs Committec, 1978). The
effects of cyclic loading on the residual shear strength of the materials were also

investigated.

A total of 19 samples were tested under cyclic loading conditions. These are
summarized in Table A-10 together with the effective stresses to whieh they were
consolidated and other pertinent information. Sixteen of the samples were
isotropically consolidated (Kc = 1.0) and the remaining 3 were anisotropically
consolidated (Kc = 1.5). Samples were subjected to 8 uniform stress cycles at a
frequency of 1 Hertz, or a fewer number if the applied cyclic load decreased
signficantly. Studies by various investigators have shown that 8 eycles of loading
represents a conservative estimate of the number of uniform stress cycles
corresponding to a Magnitude 6.0 earthquake (Seed, 1979a; Valera and Donovan,
1977).

Axial load, axial strain, and pore pressure were monitored during each test
and recorded on a strip-chart recorder. After completion of the eyelic portion.of
the test, the sample was allowed to sit with the pore pressure lines closed until the
excess pore pressure developed during cyclic loading had stabilized throughout the
sample. A static consolidated-undrained iriaxial test with pore pressure measure-
ment was then conducted (if possible) to evaluate the residual shear strength

characteristics of the material.

Results of the stress-corntrolled cyeclic triaxial test performed on individual
samples are presented in Table A-10. For most tests, a cyelic shear siress ratio,

Tcy/ O e’ in the range of 0.30 to 0.50 was used for establishing the initial value of

applied cyclic shear stress. Values of average applied eyclic shear stress (ch)av o’

average cyclic shear stress ratio (1t /0 ) peak pore pressure ratio

cy’ mec’avg’

(Du/ Omc)peak’ peak-to-peak axial strain and peak permanent axial strain (for

anisotropic tests only) are tabulated in Table A-10 for 8 stress cyeles.

In Table A-11, the data presented in Table A-10 have been summarized to
indicate the range of cyclic strains, eyeclic pore pressures, and corresponding
residual values for the samples corresponding to the various dam embankments and
foundations. The overall behavior of the embankment and foundation materials has
been classified as poor, fair, or good solely on the basis of the cyelic triaxial test

results.

A-12 _
Earth Sciences Associates



TABLE A-10
SUMMARY OF CYCLIC TRIAXIAL TESTS

N =8 CYCLES RESIDUAL
TOTAL NUMBER
. AXIAL STRAIN
soiL Oic Omc OF APPLIED PEAK-TO-PEAK | PEAK AXIAL A
DAM TEST NUMBER LOCATION CLASSIFI- Kc {psf) (psf) CYCLES (Teylavg, (%5’-) avg. ( 3" ) peak | AXIAL STRAIN STRAIN L AFTERTQ;{."“”'C COMMENTS
CATION (psf) mc me 1%) (%) mc o
w C-1 embankment sM 1.0 1109 1109 8 517 0.47 0.94 1.01 0.51 0.21
v
<™ . Sam hibited
- c-2 foundation SM 1.0 2016 2016 8 945 0.47 . 1.00 6.04 — 0.93 3.1 ple exhibit
» g tendency to neck
Z 5 c-3 foundation sm 1.0 3024 3024 8 1219 0.40 1.02 12.60 — 0.95 6.5
hrr .
& e c-4, embankment sM 1.0 1354 1354 8 618 0.46 1.04 3.79 — 0.76 2.3 ;
C-1 embankment SM 1.0 1440 1440 8 428 0.30 0.89 0.60 _ 0.77 -0.80
2
< c-2 embankment SC-SM 1.0 2678 2678 8 1029 0.38 0.93 8.95 — 0.82 3.8
< ;
5 3 C-3 embankment SC-SM 1.0 3902 3902 8 1656 0.42 1.14 2.94 -_— 0.80 -0.87
=)
E c-4 embankment SC-SM 1.0 4810 4810 8 2016 0.42 1.38 4.90 e 0.79 -1.35
P
s c5 embankment SC-SM 15 3672 2856 9 1507 0.53 1.21 2.72 2.39 0.65 2.70
C-1 embankment CL 1.0 2045 2045 8 777 0.38 0.58 0.34 —_ 0.30 -0.18
=z C-2 embankment CL 1.0 2707 2707 8 1082 0.40 0.70 0.47 —_ 0.28 -0.07
3 .
j C-3 embankment CL 1.0 3499 3499 8 1442 0.41 0.72 2.24 — 0.55 -0.59
g E Sampie taken from
gl c4 embankment cL 1.0 4507 4507 8 1691 0.38 1.12 10.8 — 0.87 3.2 weak smbankmaent
(=} zone
E C5 embankment CL 1.5 4795 3730 8 2088 0.56 0.89 1.90 1.49 0.49 0.75
cé embankment CcL 15 2808 1872 8 1133 0.52 0.90 1.49 1.16 0.43 0.06
2 C-1 embankment SM 1.0 720 720 8 351 0.49 1.08 0.40 —_— 0.44 -0.23
0
@ w c2 embankment sMm 1.0 1181 1181 8 410 0.35 0.59 ~0.0 — 0.15 0.00
wg Sampie tended to
22 Cc-3* foundation SM 1.0 1584 1584 3 698 0.44 1.08 5.45 — 0.95 4,97 - compress due to
oF 8 277 0.36 1.08 9,67 — large decrease in
¢£ a extension load
S c-4 foundation SM 1.0 763 763 8 312 0.41 1.07 2.49 — 0.87 0.93

* oad dropped off significantly after 3 cycles, however test carried out to 8 cycles.
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€1-V

Dam

Green's Lake
No. 3

Warner Draw

*Frog Hollow

Ivins Diversion

No. 5

Location

Embankment
Foundation

Embankment
Embankment
Embankment

Foundation

Table A-11

Behavior of Embankment and Foundation Soils

AU

Q
3
o

0.9 to 1.0
0.6 to 0.9
0.6 to 1.0

1.0

*Test on weak embankment sample not included

Under Undrained Cyclic Loading

(N=8)
cpeak-peak
(%)
1.0 to 4.0
6.0 to 13.0
0.6 to 9.0
0.3 to 2.0
0.0 to 0.4

2.0 to 10.0

(Residual)

by e axial

g me __ (%)
0.5-0.8  +0.2 to -2.0
0.9-1.0  -3.0 to -6.0
0.6-0.8  -4.0 to +3.0
0.3-0.6  -0.6 to +0.8
0.2-0.4 0.0 to -2.0
0.9-1.0  +0.9 to +5.0

Behavior

Good
Poor to fair
Fair to good
Good
Good

Poor to fair



It can be noted from the data presented in Table A-11 that the majority of
the embankment materials exhibited reasonably good behavior (with the exception
of the weak embankment sample from Frog Hollow and one sample from Warner
Draw). This is true even though most of the samples reached a condition of "initial
liquefaction” during eyclic loading. On the other hand, the foundation materials at
Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 behaved rather poorly.
These samples developed moderate to large strains during cyclic loading and had,
for all practical purposes, reached a state of "complete liquefaction" at the end of

eyelic loading.

The above findings are in general agreement with the results of the field
investigations in that the embankment materials were found to be medium dense to
dense, whereas some of the foundation soils were found to be loose to medium
dense. They are also supported by the results of the statie triaxial tests presented
in Appendix B. The stress-strain charactertistics of most of the embankment
materials exhibited dilatant behavior which is characteristic of a medium-dense to
dense soil. Similar behavior was observed in the medium-dense to dense foundation
soils. llowever, contractive behavior was noted in a number of the foundation

samples tested which is characteristic of a loose material.
p

As previously discussed, the results of cyclic triaxial tests performed on
medium-dense to dense soils would yield eyclie strains and pore pressure that are
probably greater than those that would be experienced by the soils in situ during an
earthquake. Even though the behavior of the embankment soils during eyclic
loading was quite good, it is our judgment that the in situ behavior of these soils,
during the postulated earthquake ground motions, would be better than that

observed in the laboratory (see Table A-11).

The results of cyclic triaxial tests performed on the loose to medium-dense
foundation soils present at Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5,
on the other hand, probably provide a reasonably good indication of their in situ
behavior during the postulated Magnitude 6.0 earthquake. Difficulty was experi-
enced in obtaining good quality Pitcher tube samples of the foundation soils at
these sites during the Phase I field drilling investigation. Some of the foundation
soils tended to fall or wash out of the Pitcher tube during sampling which suggests
loose soil conditions. During the laboratory testing program, the samples of the

foundation soils that were recovered were extremely fragile and difficult to
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extrude. The samples were wet and tended to slump or tilt under their own weight
during extrusion. Due to these difficulties, the number of cyclic triaxial tests of
these soils had to be reduced since good quality samples could not be obtained from

the available Pitcher tubes.

In light of these sampling and testing difficulties, it is our judgrnent that the
"best" samples of the foundation soils present at these two dam sites were tested in
the laboratory. Based on these considerations, the in situ behavior of the
foundation soils during an earthquake should not be expected to be any better than

that observed in the laboratory.

Comparison of Static and Post-Cyeclie Static Test Results

Consolidated-undrained triaxial tests were performed on most of the samples
subjected to cyclic loading to evaluate their post-cyelic stress-strain characteris-
ties. For clayey materials, such as those present at Frog Hollow Dam, comparison
of these data with those obtained from static triaxial tests provides an indication
of the reduction in static undrained shear strength due to cyclic loading. For
embankments and foundations consisting of sandy materials, the pore pressure
characteristics observed during the post-cyclic tests permit an evaluation of the
pore pressures which might exist in the fieid after the oceurrence of the postulated

earthquake.

Results of the post-cyclic triaxial tests are presented in Appendix D. These
results are similar in most respects to those presented in Appendix B for the static
tests, however, there are some significant differences which will be discussed

subsequently.

The results of the post-cyelic tests, in terms of effective strength para-
meters, are plotted in Figures A-11 through A-14. The data points for the post-
cyclic tests are shown as darkened symbols. It can be seen that the majority of the
points fall on the same failure envelope established from the static test results.
The major difference is that because of build up of pore pressure due to cyelic
loading, the points corresponding to the post-cyeclic static tests have been shifted

down the failure (Kf) line towards the origin.
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For clayey materials, such as those found at Frog Hollow Dam, it is useful to
plot the post-cyelic test data in the form shown in Figure A-15 (Lowe, 1967). In
this figure, the shear stress, Tegs acting on the failure plane at the peak principal
stress ratio ( 01/ 03) is plotted versus the mean effective confining stress acting on
the failure plane at the end of consolidation (ofc). The data are plotted for both
the static (open symbols) and post-cyclic statie tests (darkened symbols). The test
data plotted in this figure indicates that low to moderate strength loss has
occurred as a result of cyelic loading as shown by the shear strengths exhibited by
tests S-3 and PC-5 (and PC-3).

Comparisons of the stress-strain characteristics of static and post-eyelic
tests performed on paired samples initially consolidated to the same confining
stress are presented in Figures A-18 through A-22. The results of these paired
tests have been carefully reviewed in an attempt to determine why, in some cases,
significant differences ocecur in both the pore pressure and deviator stress
characteristics. The tests which have been compared are tabulated in Table A-12,
together with additional information on the test conditions and remarks on the
stress-strain characteristics. Examination of these test results leads to the

following conclusions:

1. For samples with similar densities, the stress-strain characteristics are
generally similar if high pore pressures or moderate to large cyclic
strains did not develop during cyclic loading. Examples of this behavior
are shown in Figures A-19, A-22, and A-24 for Warner Draw, Frog

Hollow, and Ivins Diversion Dam No. 5, respectively.

2. If high pore pressures or moderate to large cyclic strains developed
during cyclic loading, significant differences in stress-strain behavior
exist. This is primarily due to the initially high value of pore pressure
existing in the post-cyeclic static test which results in a lower shear
strength. The post-cyclic static tests exhibit less dilateney than the
samples not subjected to cyclic loading. This is true even when the
initial densities of the paired samples are similar. The cyclic test
produces a loosening or softening of the sample during cyclic loading as
was previously discussed. This type of behavior is illustrated in Figure
A-20 for Warner Draw Dam and Figure A-25 for Ivins Diversion Dam
No. 5.
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Table A-12

Comparison of Static and Post-Cyelic Static Triaxial Tests

Remarks on Stress-Strain

K * (after eyelic loading) Dry Density Difference Characteristics of Static &
Test No. c I1c (pfe) in Density Post-Cyeclic Tests

Dam Statie P.C. Static P.C. (psf) Au (psf) € (%) Statie P.C. (pfe) Deviator Stress Pore Pressure

Green's S-6 PC-2 1.0 1.0 2016 1875 -3.1 120.1 113.8 6.3 P.C. test P.C. test

Lake developed much  behavior dif-

No. 3 lower shear ferent than
strengths. static test.
Mainly a re- P.C. test did
sult of large not exhibit
exeess pore same level of
water pres- dilation pres-
sure built-up sent in static
during cyelic test.
loading.

Warner S-1 PC-1 1440 Similar shapes. Similar shapes

Draw P.C. test ini- offset initially
tially lower by an amount
than static equal to excess
test due to pore pressure
excess pore developed
pressure exist-  during cyclie
ing at end of loading.
eyelice loading.

Warner S-3 pPC-3 3902 P.C, test de- Somewhat

Draw veloped much similar curves.

*Values taken or computed from Table A-10.

lower shear
strengths.
Meinly a re-
sult of large
excess pore
water pressure
built-up during
cyclic loading.

However, P.C.
test did not
exhibit same
level of dila-
tion as de-
veloped during
static test.



Table A-12 (Continued)

Comparison of Static and Post-Cyelic Static Triaxial Tests

Remarks on Stress~-Strain

K * (after cyelic loading) Dry Density Difference Characteristics of Static &
Test No. ¢ O1e (pfe) in Density Post-Cyeclic Tests

Dam Static  P.C. Static P.C. (psf)  “Wpst) (%) Static P.C. (pfe) Deviator Stress  Pore Pressure

Warner 2678 P.C. test de- Very different

Draw veloped signi- shapes. P.C.
ficantly lower test exhibited
strengths. no dilation
Mainly a re- whereas statie
sult of large test exhibit
excess pore significant
water pressure dilation.
built-up during
eyelic loading.

Warner - 2678/ Similar shapes.  Both curves

Draw 2856 However, P.C. have similer

*Values taken or completed from Table A-10.

test curve
lower than
static test.

shapes and
exhibit similar
dilation char-
acteristics.
However, P.C,
test curve
offset by

an amount
approximately
equal to
excess pore
water pres-
sure built-

up during
loading.



Table A-12 (Continucd)

Comparison of Static and Post-Cyelic Static Triaxial Tests

Remarks on Stress-Strain |

K * (after cyclie loading) Dry Density Difference Characteristics of Static &
Test No. c Ole (pfe) in Density Post-Cyeclic Tests
Dam Static P.C.  Static P.C. (psf) Au(psf) £ (%) Statie P.C. (pfe) Deviator Stress Pore Pressure
Frog 2707 Nearly identi- Nearly identi-
Hollow cal curves. cal curves.
P.C. test
curve offset
initially by a
small amount
equal to ex-
cess pore water
pressure built-
up during
cyclic loading.
Frog - 4507 P.C. test de- Very different
Hollow veloped much shapes. P.C.
lower shear test exhibit
strengths due no dilation,
to large built- whereas static
up of excess test exhibited
pore water moderate dil-
pressure during  ation for
eyelic loading. strains 2%.
Ivins 1. 1181 Nearly identi- Nearly identi-

*Values taken or completed from Table A-10.

cal curves.

cal curves,
Both showed
dilatant be-
havior.



Table A-12 (Continued)

Comparison of Static and Post-Cyelic Static Triaxial Tests

K

(after cyclic loading)

Test No. c Cle AU
Dam Static P.C. Static P.C. (psf) (psf)
Ivins S-5A PC-4 1.0 1.0 763 664

*Values taken or completed from Table A-10.

©(%)

0.93

Dry Density Difference
(pfe) in Density

Static P.C. (pfe)

106.4 106.3 0.1

Remarks on Stress-Strain.

Characteristics of Static &
Post-Cycilic Tests

Deviator Stress  Pore Pressure

P.C. test de- Similar shapes.
veloped lower However, P.C.
strengths due test offset by
to large built- an amount

up of pore equal to the
water pressure  excess pore
during eyelic water pres-
loading. sure.



3. In some cases, the differences in stress-strain behavior existing be-
tween paired samples is probably due to differences in the density of
the two samples. This occurred in the tests shown in Figures A-18 and

A-23 for Green's Lake Dam No. 3 and Frog Hollow Dam, respectively.

While some of the cyclic triaxial test samples of the embankment soils
developed moderate cyelic strains and high pore pressure during ecyclic loading,
most of the samples gained some strength rather rapidly (i.e., at small axial
strains) during the post-cyclic static test due to their dilatant behavior. The post-
eyclic shear strengths of most of the embankment soils were, in general, less than
the original static strengths. The clayey embankment soils present at Frog Hollow
Dam experienced the least amount of strength reduction after cyeclic loading. The
post-cyclic strength of the sandy embankment and foundation soils was dependent
on the magnitude of the pore pressure that developed during cyelic loading, as well

as the degree of dilation exhibited during the post-cyeclie static test.

The strength parameters of the embankment and foundation soils used in the
post-earthquake stability analyses described in Chapter VII of this report were
developed from the results of the post-cyclic static test results deseribed above.
In performing this type of analysis, strength parameters may be specified either in
terms of undrained shear strengths (Lowe, 1967) or effective strengths with
estimates of the in situ pore pressures developed during the earthquake (Seed,
1979b).

For Frog Hollow Dam, the post-earthquake stability analyses was performed
using the undrained strength soil parameters determined from a comparison of the
static and post-cyclic static strengths measured in the laboratory, as was pre-
viously described. The test data plotted in the form shown in Figure A-15 (similar
to Lowe, 1967) show that only a moderate reduction in shear strength occurs in
these soils due to eyclic loading. The average post-eyclic undrained strength
parameters developed from this data for Frog Hollow Dam are summarized in
Table A-13.

For those embankments and foundations consisting of sandy soils, strength

parameters for use in post-earthquake stability analyses were defined in terms
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Table A-13

Average Post-Cyclic Undrained Strength
Parameters - Frog Hollow Dam

Friction Angle Cohesion

¢ (degrees) ¢ (psf)

Embankment 20 850
Foundation 20 350%

Note:

*Developed from results of post-cyclie static tests performed on embankment

s0ils.
Table A-14
Post-Earthquake Effective Strength Parameters
Friction Angle Pore Pressure
¢ ' (degrees) Parameter, r |
Dam Embankment Foundation Embankment Foundation
Green's Lake 35 35 0.30 0.90
No. 3
Warner Draw 37 - (Kczl.()) 0.70 ——
(K~=1.5) 0.35 -
c
Ivins Diversion 38 34 0.10 0.80
No. 5
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of effective strengths (Seed, 1979b). Post-cyclic strength parameters defined in
this way require estimates for the magnitude of pore pressure that will exist in the
field after the earthquakes. The pore pressures induced by eyelie loading are then
superimposed on the in situ hydrostatic pressures. Since an axial strain of 5
percent was chosen as an appropriate strain value at which to evaluate the static
strength of these soils, the pore pressure present at this strain lével in the post-
eyclic static tests was used as a guide in developing the post-earthquake effective
strength parameters summarized in Table A-14. The friction angles listed on this
table are the same as those listed on Table A~8. The pore pressure parameter, Ly
defined as the ratio of pore pressure at 5 percent axial strain (Au) to the mean
effective confining stress at the end of consolidation (Omc), ranges from 0.10 to

0.70 for the embankment soils, and 0.80 to 0.90 for the foundation soils.

The high valucs of the pore pressure parameter listed in Téble A-14 for the
foundation soils at Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 reflect
the poor behavior of these soils during the cyelic and post-cyelic static tests. It is
significant to note that two of the four post-eyclic static test samples of these
soils had very little or no strength after eyclic loading; even after significant
strains had developed in the post-cyclic static tests (see tests C-3 and PC-3 for
Green's Lake Dam No. 3 and C-3 for Ivins Diversion Dam No. 5, Appendices C and
D). In fact, the post-cyclic static test of cyclic test C-3 for Ivins Diversion Dam
No. 5 could not be performed since the sample could not sustain any static load
after cyclic loading. As was the case in the cyclic triaxial tests, it is our judgment
that the behavior of these soils during the post-cyeclic static tests is probably fairly
representative of the behavior expected to occur in the field after the postulated
earthquake. Because of the high pore pressures that develop in these soils during
eyelic loading, the post-eyclic strengths of these soils will probably be low.
Excessive (and probably unacceptable) amounts of deformation would have to

develop in the field before the materials would gain some strength.

The somewhat lower pore pressure parameters listed in Table A-14 for the
embankment soils reflect the dilatant behavior of these medium-dense to dense
soils. Although, high residual pore pressures were developed during the cyeclic

tests, the pore pressures usually dropped to a lower value after a strain

A-18 ) )
Earth Sciences Associates



of 5 percent had developed in the post-cyclic static test. It is our judgment that
the pore pressure parameters listed in Table A-14 soils are probably conservative
(i.e., high). The pore pressures that would develop in situ during the postulated
earthquake would probably be less than those measured in the laboratory as was-

previously discussed.
Limitations

It should be noted that the various soil properties that were discussed in this
Appendix are "average'" properties which are based on a limited number of
laboratory tests together with considerable engineering judgment. Since many of
the dams considered in this investigation have very long crest lengths, it would be
extremely difficult (and costly) to evaluate the subsurface conditions (and
therefore the soil properties) along the entire length of each embankment

considered in this investigation.

It is common in engineering practice to drill a limited number of exploratory
boreholes and/or excavate test pits to investigate the subsurface conditions at
particular locations at a site, and to obtain representative soil samples for
laboratory testing. This information is supplemented by a geologic evaluation of
the site and, as in the case of an earth embankment, available construction records
in order to establish "representative" soil profiles, embankment cross sections and
soil properties. "Unknowns", such as undctected weak soil strata or seams, are
usually compensated for in analyses by making conservative simplifying
assumptions (when assumptions are required) and by applying reasonable

engineering judgment.
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- | ] 10.0 14354, 5403, 3.7 1598, 3429, 5027. 1974,
10.7 1526, 5305. 3.6 1526, 3516, 5042, i989.
12.3 13526, 5574, 3.7 1526, 3350, 5076, 2024,
13,9 1526, 5598, 3.7 1526, 3582, 5088, 2034,
= 15,0 1581, %618, 3. 1512, 3379, 5071, 2039,
§_
Z STATIC TRIAXIAL TEST: 8-3
T T ¥ ¥
a.0 1o 5.0 3.0 12.0 15.a GREEN’S LAKE DAMNO. 3
STRAIN 1M PERCENT

= — = PIT V-V el




DEYIRTOR STRESS (PSF)

1200.0
J_

150.0
sxsd

1400.0

1300.0
! s

(PSF)
1000

800.0
L

PORE PRESSURE

500, 0
{

g.t

—

COMSCLIDATED UNCRRINEC TRIAXIAL TEST
rITH FGRE PRCSSURE MEASURCMENT

STATIG TXsGL4R KC~1.D

G118-277PR. 82

B0RiING:BL3-1 SAMPLE:PBS

CLAYEY SaNO

0.0

30,0
3

%00.0

20?0.0 2&?0.0

1600.0
b

4

800.0

0.0

v T g )
3.0 .0 12.0 16,

0.0 3
STRAN IN PERCENT

0.0

STRAIN 14 PERCENT

g

4.0
J

.9 3.6
i

SIGIE/S]G3E
1.8 2,0 2.4

1,2

0.8

—~——

a.0

1.0

g 3 [
3.0 12.0 5.0

6.0
STRA[N IN PERCENT

ISOTROPIC CONSOLIDATED UNDRAINED TRIAXTAL TEST
NITH FORE FRESSURE HEASUREHENTS

D118-UTAH DANS-GREENS LAKE®3 STATIC TX#GLAA STAGE1 4/27/82 RED BY &UW

BOKING:GL3I~-1 SAHMPLE!PB~6/5-5

CLAYEY SAND

AT END OF CONSODLIDATIOM
SANFLE HEIGHT

SAHPLE AKEA

cese

seersene

ceesseasasrrrras

EFFECTIVE CONFINING STRESS

EFFECTIVE KAJOR FRIN. STRESS

PRINCIPAL STRESS RATIO

STRAIN
PCY

W DUWNNM=
oM NNNNUO

¥ T T [}
3.0 6.0 9.0 12.9 6.0

SIGHA3E

PSF
2174,
1944,
1699,
1512,
1382,
1296.
238.
118Bi.
1152,
1123,
1109,
1123,
1123,
1138,
1138.
11352,
1152.

SIGHALE

FSF

2174,
2647,
2840.
2914,
2979.
3043,
3114,
3143,
3239.
3460,
3666,
3775,
3067.
3930,
3962,
4024,
4053.

ceere

RATID
SIGLE/SIG3E

1.0

MUAN D 2WU=ONUAUNOTN >

Tl Gl Gl N W N N AN R e e

L BT )

DEPTH:23.5-26.0

5.721 INCHES
6.554 5@. INCHES

2174, PSF
2174, PSF
1.00
PPRESS PBAR PTOT o
PSF FSF PSF PSF
0. 2174, 2174, 0.
230. 2295, 2526. 351.
475, 2270. 2745, 570.
662, 2213, 2875, 701.
792, 2181. 2973, 778.
878, 2170, 3048. ar4.
?36. 2176. 3112, 938.
994, 2172, 3165. 991,
1022, 2198, 3218, 1044.
1051, 2292, 3343, 1169.
1086, 2388, 3453, 1279.
1051, 2449, 3500, 1326.
1051, 24795, 3546, 1372,
1037, 2534, 3571, 1396,
1037, 2550, 3587, 1412,
1022, 2588. 3611, 1436,
1022, 2603, 3625, 1451,

STATIC TRIAXIAL TEST: S-4A
GREEN'S LAKE DAM NO. 3




CONSOLICRTED UNDRAINEC TRIRXIAL JEST
WITH PGRC PRCSSURE MCASURIMENT

STRAIN 1N PERCONT

o
= STATIG TX=GL43 KC-!.0 =
= , i -]
01 18-27FFR. 82
BORING:CL3-1 SANPLEPEG
o .
= CLAYEY SaND ©
=21 s
ISIN
(=g
o -~
o =7
&
<
— (=g
pdl .
[Lpirey]
(-
ot ), w
/ he
L ©
& e —
ng P
2 e et
%) =
& ©
(L3N -
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\&Jo
oS 24 “
o & ey
< w
=3 =
< o
= -1
|
o o
< ¥ g s ]
T ] T —
2.0 1.0 0.0 3.0 2.2 1s.0 .t 3.0 0.0 9.0 12.0 15.0
STRAIN IN PERCENT STRAIN IN FERCENT
<
(=4
[ A
¥ /
<
[ad
g
)
w
ISDTROFIC CONSDLIDATED UNDRAINED TRIAXIAL TEST
et WITH PDRE FRESSURE HEASUREHENTS
84 [118-UTAH DAKS-GREENS LAKE$3 STATIC TX#GLAK STAGE2 4/27/82 RED. Ry BY
(=4
€
BORING:GL3-1 SANPLE!FE-6/S-5 DEPTHI23.5-26.0
CLAYEY SAND
~<
b5 8- AT END OF CONSOLIDATION &
os SAHFLE HEIGHT toevscsnnsnces = 5$.484 INCHES
— SAMPLE AREA seeveorssanensee = 6.754 S0. INCHES
o EFFECTIVE CONFINING STRESS . = 4349. PSF
vt EFFECTIVE MAJOK PRIN, STRESS = 4349, FSF
uo PRINCIFAL STRESS RATIO eeevo = 1.00
o
R =
n STRAIN SIGHAZE SIGHALE RATID FPRESS FBAR FTOT a
o FCT FSF PSF  SIGIE/SIG3E  FSF FSF FSF FSF
o .0 4349, 4349, 1.0 0. 4349, 4349, .
= : .1 3730. 5624, 1.5 619, 4677. 5296, va7.
Ca .5 2952, 6599 . 2. 1397, a77s. 6172, 1824,
>l .9 2707. 7103. 2.6 1642, 4905. 6547, 2198,
HE 1.2 2549, 7476, 2.9 1800. 5013, 6813, 2464,
| 1.6 2462, 7750. 3.1 1886, 5106, 6993. 2644,
X 2.0 2419. 7938. 3.3 1930. 5178. 7108. 2739.
. 2.5 2376. B133. 3.4 1973, 5254, 7227, 2878,
o | 2.9 2362, 8220. 3.5 1987. 5291. 7278, 2929,
=hi 3.9 2347, B393. 3.8 2002, 5370. 7372, 3023,
27 5.0 2333, 8511. 3.6 2016, s422, 7438. 3029.
6.0 2347. 8602, 3.7 2002, 5475, 7476. 3127.
6.9 2347. B636. 3.7 2002.- 5492, 7493, 3145,
7.9 2362. B4B2. 3.7 1987, 5522, s09. 3160.
o 8.9 2362. B712. 3.7 1987, 5537, 524, 3175.
s 10.0 2376. 8727. 3.7 1973, 5552, 7524. 3176.
4
P
e T T g v STATIC TRIAXIAL TEST: S-4B
0.0 .0
3 8.0 3.0 12.0 15,0 GREEN'S LAKE DAM NO. 3




(PSF

FCRE PRESSURE

ozvi

WITH PORE PRESSURE MERSUREMENT

n
FSF
0.
460.
547,
623.
°36.
1071.
1250.
1501«

1717,

1910,
2049,
2215.
23|
Javg.
2561,
624,
>703.
2763,
oBtA.
2910,
3000,
3075.
3141,
3282,
3403,
34364,

o
2- STATIC TX=GLS KC-1.0 o
- 0118-2391PR.82
EORING:GL2-1 SAMPLE:PR2
e sy S
I 5:LTY SAnD
27 i ~
— AN
oo N
:i{ -
3
l‘\ —
AN
\
. \
Q \ 0
= N 7
"l \
W
\ )
&)
o ® o
) L2
& ¢s
\ =
w
™~
o » »
~ ~ e
2 \ [t}
1 \\
\\\\\\
(=] \\
;b;_ \ S_
7 ~.
\\
o
2 v
€y -
: l
o
=]
3 -
I 2
NN ¥ T T T 1 —'L‘“ T n 7 T ]
0.0 3.0 6.0 9.0 2.0 15.0 0.0 3.0 6.0 3.0 120 5.0
STRATN 1H PERCENT STPAN N PERCENT
L=}
o
8-
=
*|
2
§-1 ISOTRDFIC CONSOUIDATED UMORAIMED TRIAXIAL TEST
S WITH FDRE FKESSURE KCASURLMENTS
i ////”/” D11B-UTAH [IAKS-GREENS LANEA3 STATIC TX#GLS 4/29/82 REDUCED BY W
! //////’/ EDRING:GL2-1 SAMFLESFR-2/5-1 DBERTH:8,0-10.5
. SEILTY GAND
e
i AT END OF CONSOLIUDATION @
SAMFLE HEIGHT seveevsonnsves = 5.837 INCHES
4 SAHFLE AREA vevenveesorsvenn = 6.553 SO. INCHES
2 e FEFFECTIVE CONFIMING STRE3S . 1354, FSF
G / EFFECTIVE MAJOR FKIM, STRESS 1354, FSF
2| ,/ FRIMCIFAL STRESS RATIO eaees 1.00
] v
! ’ STRAIN SIGHMASE SIBHAIE RATID FPRESS FEAR FTOT
! / reY 13 FGF  SIG1E/SIG3E  FSF FSF FSF
< / .0 1354, 1354, 1.0 0. 1354, 1354,
= / .2 878. 1799. 2.0 475, 1339, 1814,
£ / .4 778. 1872, 2.4 876 1325, 1701,
H ’ .6 706. L9591, 2.8 64, 1328. 1976,
i / 1.4 662, 2634, 4.0 691, 1640, 2339,
-l / 1.6 671, 2nsz, a.y 662, 1762, n42a,
2 / 1.7 749, 3249, a.3 605. 999. 2604,
o 2.4 850, ann2, a.5 504, 2351, 2855.
S 2.9 979, LYST N 4.5 374, 2696, 3071.
J 3.4 1094. av1a. a5 259, 3004, 3264,
3.9 1224, 5361, 4.4 130. 3293, 3422,
a5 1325, . 4.3 3540. 3569.
° 5.0 14430, 4.3 3763, 3702,
QJ 5.7 1541, a0z 4037, 3NS50,
& 6.0 1613, 6735, a.2 a174, 3715,
6.3 1642, anng. 4.2 a2e6, 3770,
6.9 1742, 7145, a.1 aaaa, 405",
7.2 1271, 797, a0l au3a, AL16.
< /et 1029, 7406, 4.1 ahaz, ALE7.
- 0.4 1730, 7766, 4.0 1§48, 272,
’ 9.3 2002, 6002, 4.0 n002. 4354,
10,0 2059. 6210, 4.0 5135, a9,
1 10.7 2146, Baza, 3.9 4495,
! 12, S226L. oIS, 3.9 4636,
e 14,2 2470, P97, 3.8 5793, 84757,
[CF8 . - r ; . 15,0 2419, 9292, 3.8 S05Y. 4770.
0.0 1.0 6.0 9.0 12.0 15.0
STRAIN 1M FERCENT STATIC TRIAXIAL TEST: S-5

GREEN'S LAKE DAM NO. 3




DEYIATQR STRESS (PSF)

IPSF)
40.0
Aoy

PORE PRESSURE

-1UP.D

1

0.0

L.

-$02.0

-1400.0
L

-1600.9

CONSCLICRTER UNDRAINED
AITH PORT PRESSRI MERSURCHMENT

TRIPXIAL TEST

STATIC TX=BLE KG-1.0 X

D118-290PR. 62

BORING:GL3-2 SAMPLE:PE3

CLAYEY COARSE SAND @]
ud

————.

SIGIE/SIG3E
};2

e
o

RE

8.0 10,0
1 I 1

.0

4,0

0.0

STRAIN 1N PERCENT

Q.0

0.0 3.0
STRAIN IR PCRCENT

-
“‘—
w
\\\ ©
. -
\\ (=4
(=2
é T = T ¥ Ty
¥
2.0 12.0 1s.a 0.0 3.0 0.0 5.0 12.0 {s.a
ETRAIN IN PERUENT
ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST
WITH PORE FRESSURE MEASUREHENTS
DI1B-UTAH DAMS-GREENS LAKE¥3 STATIC TX¥GLSE 4729/82 REDUCED BY EBW
BORING:GL3-2 SANFLEIFB~6/5-4 BEPTHI25.5-28.0
CLAYEY COARSE SAND
AT END OF CONSOLIDATION ¢
SAMPLE HEIGHT svvessesrenees = 5.945 INCHES
SAHFPLE AREA svievssoerosones = 6.8632 SQ. INCHES
EFFECTIVE CONFINING STRESS . = 2014, PSF
EFFECTIVE HAJOR PRIN, STRESS = 2016. FSF
PRINCIPAL STRESS RATIO sveee = 1.00
STRAIN SIGHAZE SIGHMALE RATIO PPRESS PBAR FTOT a
PCT PSF FSF  SIGIE/SIB3E  PSF PSF PSF PSF
.0 2016, 2016, 1.0 0. 2016, 2016, 0.
o1 1498. 2539. 1.7 518. 2018. 2537. 521,
.2 1253. 2726, 2.2 763. 1989. 2753, 737.
3 10%4. 2212, 2.7 922, 2003. 2925, 909.
o5 1037. 3176, 3.1 979. 2106, 3086, 1070.
.7 1008. 3788, 3.8 1008, 2394, 3406, 1390.
1.0 1022, 4504, 9.3 994. 2783, 3757. 1741,
1.3 1024, 5315, 4.9 922, 32035, 4126, 2110.
1.6 1210. 6144, S.1 BO6. 34677, 4483, 2487,
2.1 1411, 7365, 5.2 805, 43088, 4793, 2977.
2.5 1642, 8434, 5.1 374. 5038, 5412, 3396,
3.0 1814, 9311, 5.1 202. 5563, 5764. 3748,
3.5 2016, 10061, 5.0 0. 6039. 6039, 4023.
4.0 218%. 10671, 8.9 -173. 6430, 6257, 4241,
4.3 2333, 11145, 4.8 -317, 6749, 6432, 4416,
5.0 2462. 11600, 4.7 -44¢4, 7031, 4585, 4569,
3.5 2563, 11957, 4.7 ~-547, 7260, 6713, 4497,
6.2 2673, 12386, 4.6 ~827. 7539, 6862, ABAL,
5.9 2779. 12724, 4,6 -7463, 7752, &£78B9 ., 4973.
7.8 2866, 13097, 4.6 -850. 7782, 7133, S5117.
8.8 2938. 13491, 4.6 -922, 8195, 7273, 257,
9.5 2995. 13722, 4.6 ~979. 8359, 7377. 5363,
11.7 3139, 14254, 4.9 ~-31123. 8677, 7573, o557,
13.5 3240, 14580, 4,5 -1224, 8710, 7686, %670,
15.0 3283, 14671, 4.3 ~1267. B277. 7710. 5694,
¥ o wa STATIC TRIAXIAL TEST: S-6

GREEN'S LAKE DAM NO. 3




PORE PRCSSURE (P5F)

=10

{P5F)
1.0

TONSOLICATEG UNDRAINGD TRIRXIAL TEST
WITH PORE PRESSURE REASUREMENT

Q o~
g STATIG TX=BL7A KC-1.2 s
o
- Siis-14MAya2
BCRING:BL3-2 SRHPLE;PB7
by SILTY SanD @ |
< g
o -~
5 o
<
Al )
IR
o
= G
g1 \ o
o \ 8 i
\ a ol

' ]
. \ w ]l
g1 \ 1
< «©
o i
<
o e
14

\

- 3 e
= ¥ T T T ) - y

6.0 3.0 8.0 3.0 12.0 15.0 6.0 3.0

STRAIN IN PERCENT

fe)
é-
o
=]
é_

T
0.0

U
3.0

STRAIN IN PERCENT

v
t2.0

ISOTROPIC CONSOLIDATED
MWITH PDRE FRESSURE HE

D118-UTAH DAHS-GREEMNS LAKE STATIC TX#OL7A STAGE & 5/14/82 KED BY BY

UNDRAINED TRIAXIAL TEST
ASUREMENTS

STRAIN 1N PERCENT

STATIC TRIAXIAL TEST:S-7A
GREEN'S LAKE DAM NO. 3

L' ad
A .
go BORING:6L3-2 SAHFPLE:FB-7/5-5 DEPTHI29.5-32.0
v 53~
n® / SILYY SAND
b AT END OF CONSOLIDATION &
= SAHFLE HEIGHT sovecesrossnss = 5.967 INCHES
« SAKFLE AREA sovvovesessesces = 6.501 SQ. INCHES
= EFFECTIVE CONFINING STRESS . = 3024, FSF
L EFFECTIVE HAJOR FRIN, STRESS = 3024, FSF
(S] PRINCIPAL STRESS RATIO +uee. = 1.00
STRAIN SIGHAZE SIGMALE RATIO FPRESS PBAR
PCT PSF FSF SIGIE/SIG3E FSF FSF
<] .0 3024, 3024, 1.0 0. 3024,
- 2 2232, 4222, 1.9 792. 3227,
/ 5 1886, 4818, 2.6 3138, 3352,
.8 1786, 5435, 3.0 1238, 3610,
1.0 1800, 6052, 3.4 1224, 3926,
1.3 1872, 6702, 3.4 1152, 4287,
et 1.9 2088, 7889, 3.8 936, 4988,
vl 2.5 2261. B912. 3.9 763. 5587,
3.1 2448, 9831. 4,0 576, 6139,
3.7 2650, 104648, 4.0 374, 6649 .
4.3 2794, 11335, 4.1 230. 7064,
© 4.9 2952, 11966, 4,1 72, 7459,
o , . -, - ., 5o 2981, 12050, 4.0 a3, 7515.
0.0 - 3.0 0.0 8.0 12.0 15.0

FTOT
FSF
3024.
4019.
4490,
4848,
5150
5439%.
5924.
6350.
6715,
7023,
7295,
7531,
7559,

a
FSF
0.
995.
1456,
1824,
2126.
2415,
2900,
3326,
3671,
3999.
4271,
4507,

4535,




(PSF)

PORE PRCSSURE

%10’

DEVIATOR STRESS (PSF)

CONSDLICATED UNDRARINEG TRIRXIAL TEST
WITH PORC PRESSLRE MEASUREMENT

o
I3 -~ e ~ e ~
a_ STATIC TYaGL?70 KC~1.0 <
K ;
N Sii6-14HAYa2
BCRING:GL3-2 SANPLE: P57
a SILTY SAND ©
N -
= ©
= ﬁ
o / . /
o -
4 ™y
S
v /
Q 1 < |
[=] S
o+ L)
21 A
[N}
el
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o i ™
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o e
5
3
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=4 <
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o T v T T 3 A T T T ]
0.0 3.0 e.0 .0 12.0 15.0 0.0 3.0 6.0 3.0 t2.0 15.0
STRAIN IN PERCENT STHAIN 11 PERCENT
(o]
cin
=
o
&
o
;:';-1
ISDTROPIC CONSOLIBATED UNDRAINED TRIAXIAL TEST
WITH FORE FRESSURE MEASUREMENTS
D118-UTAH DAKS-GREENS LAKE STATIC TX#7B STAGE 2 5/14/82 RED. BY BUW
e BORING:GL3~2 SAMPLE:FB-7/5-5 DEPTHI29.5-32.0
=
o~
///,// SILTY SAND
P AT END OF CONSOt IDATION 3
SAHFLE HEIGHT +evennenvesnes = 5,913 INCHES
4 SAHFLE AREA soevvesecornnres ® 6,543 SO. INEHES
© EFFECTIVE CONFINING STRESS , = 6048, PSF
EFFECTIVE HAJDR FPRIN. STRESS = 6048, PSF
PRINCIPAL STKESS RATID ..... = 1.00
’ STRAIN SIGHASE SIGHALE RATIO PPRESS FBAR PTOT ]
< PCT PSF FSF SIGLE/SIG3E  PSF PSF FSF PSF
jaly .0 6048. 60483, 1.0 0. 6048, 6048, 0.
.2 4205, 6291. 1.5 1843, 5248, 7091. 1043,
.5 3139. 5767. 1.8 2909, 4453, 7362, 1314,
.8 2608, 5511, 2.1 3442, 4059. 7500, 1452,
1.0 2347, 5527. 2.4 3701, 3937, 7638, 1590.
b 1.3 2232, 5707. 2.6 3816. 3969. 7785. 1737,
w7 1.6 2203. 6015, 2.7 3845, 4109. 7954. 1906.
2.1 2246, 6941, 3.1 3802. 4594, BIYS., 2347,
2.7 2442, 8245, 3.3 3586. 5354. BS39. 2891,
3.2 2750, 9885, 3.6 3298, 6318. 9615, 3567,
3.8 3139, 117359, 3.7 2909. 7449. 10350, a310.
o 4.3 3485, 13677, 3.9 2563, BS81. 11144, 5096.
~ 5.0 3989.  14053. 4.0 2059.  10021.  12080.. 6032,
5.7 4473, 18215, 4.1 1555. 11354, 12907, 6861,
6.8 5135, 20875, 4.0 893,  13015.  13908. 7840,
7.9 5803, 23200, 4.0 245,  14501. 14746, 8699,
- 9.0 6336, 25081, 4.0 -280.  13570B. 15420, 9372,
o 10,0 676B. 26436, 3.9 ~720. 16602, 15882, v834,
T T T T ]
6.0 3.0 8.0 3.0 12.0 16,0

STRAIN h PERCENT

STATIC TRIAXIAL TEST: S-7B
GREEN'S LAKE DAM NO. 3
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PORE PRES3URE (PSF)

0.0

1620.0
3

800.0
L

-500.0
N

CONSCLILATED UNDRRINCD TRIAXIAL TEST
WITH PCRE PRESSURE MEASUREMENT

STATIC TX=A0-1 KC-1.0

5118-1Q1R.82

BORING:WO-1 SRHPLE:PB-2

SILTY SAND

&
9 o
& hh
= o
—
~ wy
N\
o A Y =4
% \ "
i \
Q w
£ N\ -
2 N |
AN
AN
Q \ =
g. \ -
o \\
: o>
o N 7
2 ~ i T v 7 3
T - A oo oo o i 0.0 3.0 d.a 8.0 12.0 5.0
. e . y - : STRIN 1IN PLFCONT
STRAIM IN PERCONT
Ho
¥ €1
ISOTKOPIC CONSOLINATED UNBRAINED TRIAXIAL TEST
o | WITH PORE FRESSURE HEASUKEMENTS
- G118 UTAH DAMS-WARNER DRAW DAH STATIC TX¥MUD1 3/10/82 REDUCED RY BY
BORINGIMD-1 3AMFLE!FB-2/5-2 DEPTHIB,5-11,0
SILTY SAND W/DCCASSIONAL GRAVEL
[=}
« AT END DF CONSOLIDATION ¢
- SAHPLE HEIGHT svvvennonnvaes = 5,998 INCHES
SAHFLE AREA +vorsanasursosee = 6.352 SQ. INCHES
EFFECTIVE CUNFINING STRESS . = 1440, PSF
EFFECTIVE MAJOR FRIN., STRESS = 1440, PSF
Ce FRINCIFAL STRESS RATID v.eue = 1.00
IR =l
o " STRAIN SIGMA3E SIGHALE RATIO PPRESS PRAR PYOT [
- FCT PSF PSF  SIGIE/SIG3E  FSF FSF FSF FSF
o .0 1440, 1440, 1.0 0. 1440, 1440. 0.
o o1 1008. 2095, 2.1 432, 1551, 1983, MER
W .3 878, 2505, 2.9 562. 1692, 2253, B13.
= - .6 907, 2959, 3.3 533, 1933, 2446, 2026,
vy .8 979, 3474, 3.6 461, 2228, 2689. 1249,
o 1.2 1181, asi8. 3.8 259, 2849, 3109, 1667,
o 1.7 1426, 5572, 3.9 14, 3459, 3513, 2073,
o 2.1 1685, 6543, 3.9 ~235, 4114, 3869. 2429,
Ce 2.6 1915, 7456, 3.9 ~475, 4686, a211. 2771.
> o 3.1 2146, 8296, 3.9 ~706, 5221, AS15. 3075.
o 3.6 2376, 9130, 3.8 -936., 5753, 4817, 3377,
4.1 2592, 9920, 3.8 -1152, 6256. 5104, 3884,
5.0 2995, 11351, 3.8 -1555, 7173, 5618. 41783,
6.6 3658. 13710, 3.7 -2218., B6BA, 6466, 5026,
- 8.2 4262, 15775, 3.7 -2822. 10019, 7196, 5756,
- 9.2 4637. 17073, 3.7 -3197. 10855, 7658, 6218,
10.0 4925, 18043, 3.7 ~3485. 11484, 7999, 6559,
11.2 5328, 19399, 3.6 -3388, 12363, BA7S. 7035,
12.7 5803. 20938, 3. 4363,  §3371. 9007, 7567.
14,3 6192, 20176, 3.2 -4752, 14184, 9432, 7992,
P
-
(=2
o L] ¥ T M
0.0 3.0 0.0 8.0 2.0 15.0

STRAIN 1IN PERCENT

4.8

1.2
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CONSTLIDATED UNDFAINEDR TRIAXIPL TEST
WITH PORE PRESSURE MEASUREMENT
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ISDTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST
o WITH FORE PRESSUKE HEASUREMENTS
R G118 UTAH DAMS-WARNER DRAW DA STATIC TX#WD2 3/10/82 REDUCED BY BW
BORING!HD-1 SAKFLE:!PB-6/S-6 DEPYH!25.0-27,5
SANDY CLAY
[=]
-] AT END OF CONSOLIDATION $
b SAMFLE HEIGHT . . Cessee T 5.907 INCHES
SAMFLE AREA «4vsvernesrsrass = 6.398 50. INCHES
EFFECTIVE CONFINING STRESS . = 2678, PSF
EFFECTIVE MAJOR PRIN, STRESS = 2678, PSF
Ce PRINCIFAL STRESS RATID se.es = 1.00
-
Fida STRAIN SIGHAZE SIGMALE RATID  FPRESS FBAR FTOT n
= PCT FSF PSF  SIGIE/SIG3E  FSF FSF PSF PSF
" 0 2678. 2678, 1.0 0. 2678. 2678. o.
n .1 2304, 1316, 1.4 374, 2610. 3184, 506.
L3 5 1459, 3349, 2.3 1210, 2409. 3619, 940.
B y 1.0 1224, 3474, 2.8 1454, 2349, 3803. 1125,
n 1.3 1181, 3602, 3.1 1498, 2392, 388y, 1211,
o 1.8 1152, 3870, 3.4 1526, 2511, 4037. 1359,
o 2.1 1166, 4075, 3.5 1512, 2621, 2133, 1454,
= 2.6 1210, 4475, 3.7 1469, 2842, 4311, 1633, [
o 3.2 1267, 4928, 3.9 1411, 3098, 4509. 1830,
> 3.7 1354, 5470, 4.0 1325, 3412, 4737, 2038.
i 4.3 1469, 6057. 4.1 1210. 3763, 1973, 2294,
5.0 1642, 8880, 4.2 1037, 4261, 5298. 2619,
6.3 2030, 8401, 4.1 448, 5216, 5864, 31853,
° 7.5 2405, 9757, 4.1 274, 6081 . 6334. 35726,
o 8.7 2765, 10967, 4.0 -86, 6066, 8779. a101.
s 9.9 3110, 12036, 3.9 -432, 7573, 7141, 1463,
10.0 3154. 12148, 3.9 ~47%. 7651, 7175, 4497,
12.0 3814, 13483, 3.7 -936. B547. 7613. 4934,
13,5 3917, 14412, 3.7 -1239. 9165, 7926. 5248,
15.0 4190,  1528B4. 3.8 -1512. 9738. B226. 5548.
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CONSCLIGRTED UNORA(MED TRIAXIAL TEST
HITH PGRE PRESSURE MERSUREFINT
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v : STRAIN 1M PERCENT
=
x &
o ISOTROFIC CONSOLIDATEDY UNDRAIRED TRIAXYAL TEST
" WITH PORE PRESSURE HEASUREHENTS
fP.“ 6118 UTAH DANS-WARMNER DRAW DAH STATIC TX$WD3 3/12/8B2 REDUCED BY BW
EORING:WD~1 SAMFLEI!PB-10/5-10 DEPTH:41.0-43.5
o CLAYEY SAND W/0CCASSIONAL GRAVEL
= AT END OF CONSOLIDATION ¢
SAHFLE HEIGHT sesenvsrsoeses = 5.983 INCHES
SAHFLE AREA soevserersressns & 54363 5Q. INCHES
EFFECTIVE CONFINING STRESS . = 3902, FSF
/ EFFECTIVE HAJOR FRIN, STRESS = 3902. PSF
oe 7 PRINCIPAL STRESS RATID c.see ® 1.00
wy 2 /
b STRAIN SIGHASE SICHALE RATIO PPRESS FRAR PTOT 0
PCT PSF FSF  BIGIE/SIB3E  PSF PSF FSF PSF
& g .0 3902, 3202, 1.0 0. 3902, 3902, 0,
3 / W1 3038, 5209, 1.7 BéA, a123, A987. 1085.
Ect ’l 3 2405, 5610, 2.3 1498, 4007, 5500, 1602,
U);"_ J 4 2117, 5947, 2.8 1785, 4032, 5818, 1915,
/ b 2002, &6411. 3.2 1901, 4206, 6107 2204,
x K +8 1987, 6972, 3.5 1915, 4480, 6395, 2392,
8 ’ .9 2045, 7671, 3.8 1858, 4858, 6716, 2B13.
@ / 1.4 2419, 10359, 4,3 1483, 6389. 7872, 3970,
"‘Cf 7 1.9 30954, 13991, 4.5 BO6, B544., 2350, 5448,
Gx- 2.4 39260, 18354, 4.6 ~58. 11157, 11099, 2197,
& 3.0 s01L. 23350, 4.7 ~110%, 14181, 13072, 9170,
3.4 6206, 28735. 4.8 -230%, 17471, 15167, 11265,
/ 3.9 7430, 34190, 4.6 =~3528. 20810, 17282, 13380,
4,5 8669,  3952%5. 4.4 ~4766.  24097.  19330. 15423,
o_ Set °B?3., 444658, 4.5 -5990. 27275. 21285. 17383,
w- 6.3 11981, 33187, 4.4 ~-8078. 32585, 24507 20504,
7.6 13162, 57324, q.4 ~225%. 35243, 25984, 22081,
B,?7 134680, 58377, 4.3 -9778, 356038, 26261 . 22358.
10,0 14049, 58306, 4.1 -10186., 36187. 26021. 22119,
11.6 14342, 57471, 4.0 -10440. 35902, 254487, 21564,
k=4 13.95 14515, 55997 . 3.9 ~-10613., 35256, 244643, 20741,
o5 ] 15,0 14387, BN310. 3.8 -104685. 34949, 24264, 20341,
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CONSCLIRATEG UNCRAINER TRIAXIFL TEST
WITH PORE PRESSL NEASUREMENT
q o
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ISOTROPIC CONSOULIDATED UNDRAINED TRIAXIAL TEST
WITH FDRE PRESSURE HEASUREHENTS
6118 UTAH DAKS WARNER DRAW DAM STATIC TX$WDA 3/12/82 REDUCED RY BW
(=4
o RORINGIWUD-1 SAHPLE!FB-13/5-13 DEPTH!53.0-55.5
SANDY CLAY N/GRAVEL
AT END OF CONSOLIDATION @
4 SAKFLE HEIGHT vivsssvnnnssns = S5.9P23 INCHES
i SAHPLE AREA sovrvuveasrsooes = 6.409 5Q. INCHES
EFFECTIVE CONFINING STRESS , = 4810, FSF
EFFECTIVE HAJOR FRIN., STRESS = 4810, PSF
PRINCIPAL STRESS RATIO veevs = 1.00
Ce STRAIN SIGHA3E SIGHALE RATIO PPRESS FBAR PTOT Q
& S . PCT FSF FSF  SIGIE/SIG3E  PSF FSF PSFE PSF
[ _ .0 4810, 4810, 1.0 0. 4810. 4810. 0.
- _~ 3! 3830, S850. 1,5 979, 4840, 5819. 1010,
) .4 2491, 5484, 2. 2318, 3988. 6305, 1494,
vy 1.1 2002, 5356, 2.7 2808. 3679. 4487, 1677,
= 1.5 1843, 5407, 2.9 2966, 3625. 6591, 1782,
o 1.8 1757, 5484, 3,1 3053, 3520, 6673, 1863,
w ~ 2.4 1670, 5662, 3.4 3139, 3666, 6305. 1996,
[ 2.8 1656, 5829, 3.5 3154, 3732, 6896, 2086,
= 3.9 1627. 6314, 3.9 3182, 3971. 7153, 2343,
e e 4.1 1642, 6427, 3.9 3168, 4034, 7202, 2393,
—o a.4 1670. 6631, 4.0 3139, 4150, 7290. 2480.
0 - / 5.0 1699. 6929, 4.1 3110, 4314, 7424, 2615,
a 5.6 1742, 7319, 4.2 3067, as31. 7598, 2788.
7.0 1915, 8224, 4.3 2894, 5070. 7954, 3154,
8.0 2030, 8813, 4.3 2779. 5422, B201. 3391,
9.9 2174, 9421, 4.3 2635, 5797. Ba33. 3623,
o 10.0 2347. 10112, 4.3 2462, 6235, B692, 3882,
-« 10.8 2462, 10580, 4.3 2347, 6521, 886%. 4059,
11.6 2606, 11084, 4.3 2203, 6845, 9048. 4239,
13.2 2866, 11936, 4.2 1944, 7411, 9355. 4545,
15.0 3197, 12956, 4.1 1613, 8076, 9689, 4880,
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PORE PRCSSURE (PSF)

DEYIRTOR STRESS (PSF)

CONSCLIDATER UNECRAINED TRIRXIFL. TEST

WITH PCRE PRESSURE MEASUREMENT

STATIC TX=WO5 KC-1.0
0118-3CMAR_82
BORING:D-2 SANPLE:PB-6
CLAYEY SAND

4.0 8.0 12.0 16,0 0.0

0.0

L
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.

b'. 0 8'. 0
STRAIN IN PERCENT
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2.5 31. [
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ISDTROPIC COHSOLID
WITH FOKE PRESSUR

D11B UTAH DAMS -WARNER DRAW DAM STATIC TXHWDS 3I/30/82 REDUCED RY EBW

BORINGIWD-2 SAHPLEIFB-6/5-
CLAYEY SAND

AY END OF COHSOLIDATI
SAHPLE HEICGHT
SAUFLE AREA vesosssnee
EFFECTIVE CONFINING ST
EFFECTIVE HAJOR PRIN.
PRINCIPAL STRESS RATIO

reses e

STRAIN SIGHMA3E SIGHALE
PCT PSF FSF s
«0 2678. 2678
o1 1987. 3521,
3 1627, 3834.
3 - 1498, 4195,
b 1440, 4582,
B 1454, S039.
1.0 1498, 5345,
1.2 1555, 6064,
1.7 1858. 7786,
2.2 2261, 9637,
2.7 2707, 11472,
3.2 3182, 13278,
3.8 3672, 15058,
4.3 4147, 16785,
5.0 4709, 18697.
S8 5184, 20299,
7.1 6250, 23785,
8.6 7099. 26500,
10.0 7704, 28478,
11.5 8237, 3o223.
13.4 8784, 31973,
15,0 P144., 33005,

_OY.O 9’.0
STRAIN IN PERCENT

12.0

ATED UNDRATNED TRIAXIAL TEST
£ MEASUREHENTS

6 DEPTH:24.5-27.0

ON 2

serias B 5.966 INCHES

Ceraee ® 6.376 SQ. INCHES

RESS , = 2678, PSF

STRESS = 2678, PSF

veres B 1.00
RATIO FPRESS PBAR

IG1E/SIB3E FSF FSF
1.0 0. 2478,
1.8 691, 2754,
2.4 1051, 2731,
2.8 1181, 2B46.
3.2 1238, 3011,
3.5 1224, 3246,
3.7 1181, 3521,
3.9 1123, 33810,
4.2 821, a2,
4,3 418. 5949,
4.2 ~29%. 7090,
4.2 ~504. 8230,
4,1 -9%4. 9365,
4,0 ~1469. 10466,
4.0 ~2030. 11703,
3.9 ~2506. 127451,
3.8 ~3571. 15017.
3.7 ~4421., 14799.
3.7 -5026. 13091,
3.7 ~5558. 17230,
3.6 ~6106, 20379,
3.4 -6466. 21075,

STATIC TRIAXIAL TEST: §-5
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PTOT
FSF
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4702.
4933,
5643,
6387,
7061,
7726,
8371,
8977,
%673,
10235,
11444,
12379,
13065.
13872,
14273,
14609,

5.0
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767,
1103,
1349, |
1571,
1792,
2024,
2254,
2964,
3488,
4383,
5048,
5693,
6319,
6994
7557,
8768.
9700,
10387,
10993,
11593,
11931,




CONSOLIRRTEDR UNCRAINED TRIRXIRL TEST
WITH PGRE PRESSURE NEASUREMONT

o
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g_‘ STRTIC TX=4DgA KC-!.0 <A
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f=
2 ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST
by WITH PORE FRESSURE HEASUREHENTS
D118 UTAK DAMS-WARNER DRAW DAH STATIC TX#UDSA (STG 1 ) 3/30/82 RED.BY B
BORING:ND~2 SAHPLEIPB-2/5-2 DEPTHI8,5-11.0
(=g
i CLAYEY SAND
AT END OF CONSOLIDATION ¢
SAMPLE MEIGHT suvsvns o 5.935 INCHES
SAHPLE AREA sssesssenvrsvase ® 6.385 50. INCHES
—o EFFECTIVE CONFINING STRESS . = 1430, PSF
2 EFFECTIVE HAJOR PRIN. STRESS = 1440, PSF
o= PRINCIPAL STRESS RATIO soeus ® 1.00
- STRAIN SIBHA3ZE SIGMALE RATIO PPRESS FRAR 70T 0
U—, PCT PSF FSF  SIGIE/SIG3E  FSF rSF FSF . PSF
O .0 1440, 1440, 1.0 0. 1440, 1440, 0.
S o1 1195, 1804, 1.5 245, 1499, 1744, 304,
n = .2 907. 1852, 2.0 533, 1390, 1913, 473,
o .4 763, 1807, 2, 677, 1375, 2002, 562,
= .5 691, 1947, 2.8 749, 1319, 2063. 628,
= .7 648, 2059. 3.2 792, 1353, 2145. 705.
[ .9 634, 2199. 3.5 806, 1416, 2223, 783.
=2 1.0 619, 2340, 3.8 B21. 1490, 2311, 871,
e 1.2 634, 2572. 4.1 BO4. 1403, 2409. 959,
= 1.5 877, 3054, a.s 763, 1845. 2626, 1188,
1.8 763. 3664, 4.8 &77. 2214, 2190, 1450,
: 2.3 936, 4726, 5.0 504. 2831, 3335, 1895.
o 2.8 1195. 5976, 5.0 245, 3534, 3830, 2390,
2 3.3 1483, 7330, 4.9 -43. 4107, 4354, 292a.
- 3.8 18%8. 8844, 4.8 -418, 5352, 4934, a7,
i 4.3 2261, 10462, 4.8 -B21. 6361, 5541, 4101.
i 4.7 2563, 11572, 4.5 -1123, 7068, 5944, 2504,
: 5.0 2709, 12678 4.4 -14469, 77%4. L3225, 4885,
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CONSCEIDATED URDCRAINED TRIBXIAL TEST
RITH PGRE PRCSSURE HERSUREMENT
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AT END OF CONSOLIDATION 3
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cesertsrssssrsnse

EFFECTIVE CONFINING STRESS .

EFFECTIVE HAJOR FRIN. STRESS
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SIGHA3E
FSF
2880.
2608,
2405,
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2419,
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4435,
SaS¥.
673%.
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8395.
9158,
9950,

SIGHALE
PSF
2880.
3918.
4807,
5975,
7387.
?010.
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31443,
326013,
349014,
372ra,

RATIO
SIGIE/SI
1.0

1.5

2.0

2.4

3.1

w

NTD 0 0 e N L

HNWWRWHDIH

SANPLEIFB-2/5-2 DEPTHIB.5-11,0

5.680
6.586
2880,
2080,

1,00

UonwounonM

FFRESS
G3E FSF
0.
274,
475,
S47.
461.
288.
=230,
-1555.
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-5112,
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v v
3.0 12.a

iy PERCENT

TRIAXIAL TEST

INCHES

5Q. INCHES
FSF

PSF

FBAR
FSF
2880,
3262,
3606,
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4903,
5801,
7872,
11843,
14677,
17080,
19717,
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2880,
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4702,
G364,
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10288.
11898,
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J
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o,
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2484,
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134637,
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CONSOLICRTER JNDRRINER TRIBXIRL TEST -
WiTH PORE PRESSURE WMERASURCHMENT
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STRAIN IN PERCENT STRAIN 1N PERCENT
ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST
WITH FDRE FRESSURE HEASUREHKENTS
D118-UTAH DAHS-UWARNER DRAW DAX STATIC TX47A STAGE 1 S5/13/82 KED, BY BW
B BORINGIWD-2 SAHFLEIPE-13/5-13 DREPTHIS52.5-55.0
CLAYEY SAND
/ AT END BF LONSOLIDATION ¢
R SAMFLE HEIBHT cevvsorsesases = $.977 INCHES
SAHFLE AREA cevesscrcreesrons = 6,535 S0Q. INCHES
EFFECTIVE CONFINING STRESS . = 5198, PSF
EFFECTIVE HAJOK FRIN. STRESS = 5198, FSF
PRINCIPRP STRESS RATIO seoue = 1.00
B STRAIN SIGMA3E SIGHALE RATID FPRESS FBAR FI07 n
PCY PSF FSF SIBIE/SIG3E FSF FSF FSFE PSF
0 5198. S198. 1.0 0. 5198, 5198, 0.
0 5069, 5730. 1.1 130. 5399, 5529, 330.
o1 A766. 6285, 1.3 432. 5526, 5958, 760,
22 4248, &448. 1.5 950, 5348. 6298, 1100,
B 3 3744, 6402, 1.7 1454, 5073, 6528, 1329,
X} 3326, 628%. 1.9 1872, 4808, 6480, 1481,
b 2995, 6195, 2.1 2203, 4595, 6798, 1600,
V4 2736, 6106, 2.2 2442, 8421, 6883, 1685,
+8 2549, 46088, 2.4 2650, 4319. 6968, 17270.
1.0 2405, 6113, 2.5 2794, 4259, 7053, 1854.
] 1.1 2290. 8145, 2.7 2909, 4217, 71246, 1928,
- 1.3 2218. 6198, 2.8 2981 . 4208, 7189, 1990.
1.4 2146, &272. 2.9 3053. 4209, 7261 . 2063,
1.7 205%. &476. 3.3 3139, 4267, 7407. 2208,
2.0 2030. 8714, 3.3 3168, 4372, 7540, 2342,
2.4 2002, 6972, 3.5 3197. 4487, 7483, 2485,
J 2.7 2030. 72B5. 3.6 3is8, 44657, 7825. 2627,
3.0 20597, 7595, 3.7 3139, 4827, 7966, 27468,
3.3 2102, 7918, 3.8 30%6. 5010, B104. 2708,
3.7 2174, 8289, 3.8 3024, 5231, 8255. 3057,
4,2 2275, 8822, 3.9 2923. 5549, BA72. 3273,
4,7 2390, 9386, 3.9 2808, 5088, 8696, 3498,
5.0 2477. 9782, 3.9 2722, 6130, 8851, 34653,
¥ 1] T
3.0 8.0 8.0 12.0 15.0
STRAIN 1N PERCENT STATIC TRIAXIAL TEST: S-7A
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CONSOUIDATED UNCRAINER TRIAXIPL TEST
RITH FORE PRESSUPE MEASURCICHT

(=] o
'7 STRTIG TX=4O78 KT-1.0 <7
- 0118-1343y82
BCRING: WC-2 SAMPLE:PBI3 ’
ot/ LLAYEY SAND @
4} =
Wi
(=] o
S | o
& \
11
[}
!
+
Q L
o 84 w7
ok !
oo W
= el
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©) — i
¥o \ e
8§~ \ (N
< \ g
o A w
) X o !
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o \ w7
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0.0 3.0 8.0 8.0 12.0 15.0 - . 9.0 3.0 12.0 15.0
STRAIN 1N PERCENT STRAIN Iy PERCENT
bo
X 87
o
R
ISOTROFIC CONSOLIDATED UNDRAINED TRIAXEAL TEST
. WITH FORE FRESSUKE MCASUREHMENTS
O,_{ ~ D118-UTAH DAHS~WARNER DRAW LAH STATIC TX47B STAGE 2 5/13/82 FED.
<
oy
BORINGIMND-2 SAHPLEIFH-13/5-13 DEFPTH!52.5-55.0
CLAYEY SAND
—~o 7 .
o 2 P AT END OF CONSOLIDATION @
U)gi SAHFLE HEIGHT sevvveveercsns = S.697 INCHES
o SAHFLE AREA sovevnerncersrons = 6.761 SQ. INCHES
EFFECTIVE COMFINING STRESS . = 7790. FSF
n EFFECTIVE MAJOR FRIN. STRESS = 7790, FSF
a PRINCIFAL STRESS RATID veeos = 1.00
(=]
%fﬁ" // STRAIN SIGHA3E SIGMALE RATID PPRESS PBAR FTOT
pCT PSF PSF SIGIE/SIG3E  FSF PSF PSF
o / .0 7790, 7790, 1.0 0. 7790, 7790.
=t / O 7574, 9022. 1.2 216, 8298, 8514,
ot o1 7214, 10194, 1.4 576, 8704. 9280.
- .1 6696, 11545, 1.7 1094, 9120,  10215.
o981/ .3 6163. 12834, 2.1 1627. 9499. 11126,
o i .4 5717. 14055, 2.5 2074, 9886.  11959.
H 5 5400. 151467, 2.8 23%0. 10283, 12674,
/ .7 5213, 16149, 3.1 2578,  10681. 13258,
| .9 5112, 16958, 3.3 2678.  11035. 13713,
o |! 1.0 5069. 17609, 3.5 2722, 11339. 14061,
P 1.2 S083. 181469, 3.6 2707, 11626, 14333,
1.6 5170, 1%107. 3.7 2621, 12138, 14759,
2.0 5285, 19940, 3.8 2506.  12612. 15118,
j 2.4 5429. 20712, 3.8 2362, 13071, 15432,
( 3.0 5674,  21B14. 3.8 2117, 13744, 15861,
o | 3.5 S904. 22914, 3.9 18864. 14409, 16295,
- 4.1 6178, 23982 3.9 1613, 15080, 16693
5.0 6552, 25531, 3.9 1238,  16041.  17280.
5.5 6797, 26492, 3.9 994, 16644, 17538,
7.0 7459. 29040, 3.9 331,  1B8260.  18591.
8.5 8122, 31426, 3.9 -331.  19774. 19443,
i 10.0 8741,  33604. 3.8 -950.  21172.  20222.
T T v v T AJ
0.0 3.0 8.0 3.0 12.0 15.0

STRAIN IN PERCENT

BY LY

]
F4F

0.
724,
1490.
2424,
3335,
4169,
4883.
5468,
5923,
6270,
6543,
69469 .
7328,
7642,
8070,
8505,
8702,
9489,
9847,
10801 .
1156352,
12431,

STATIC TRIAXIAL TEST: $-78
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PORE PRCSIURE (PEF)

YIRTCR STRESS (PST)

1]

CONSDLIQRTED UNCFRBINED TRIAXIAL TEST
WiTH PORE PRESSURE NIASURCMENT

o
24 SIATIC TX«FH1A KC-1.D =
= 0l18-22APR .82
BCRING:PH-2 SRNPLEPB-6
(=4
=5 SILTY CLAY w
o =
= A //\./\
= /
o o
& ] /
CZ
[=3 w
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IR}
13
w
iy ae
b= o
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o . ¥ T v 3 i T T v 4 3
0.0 1.0 b 3.0 12.0 15.0 0.0 3.0 8.0 9.0 t2.0 15.0
STRAIN TN PCRCEMT STRAN 1M PERCENT
<
2
g
<
g
8]
[=4
o
=
(3] ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST
VITH POKE FRESSURE MEASUREHMENTS
D118-UTAH DAMS-FROG HOLLOW STATIC TXEFH-1 STAGES 4/22/87 RED BY P
<
g BORING:FH-2 SAMPLEIFR-6/5-4 LEPTH:23,0-25.5
& SILTY CLAY
AT END OF CONSOLIDATION ¢
o SAMFLE HEIBHT sevesnrssrsens = 5.829 INCHES
S SAMFLE AREA cevireersesvanss = 6.607 SQ. INCHES
2 EFFECTIVE CONFINING STRESS » = 1800. FSF
= EFFECTIVE MAJOR FRIN. STRESS = 1800, FSF
f PRINCIPAL STRESS RATIO cevvs = 1.00
ol STRAIN SIGHA3E SIGHAIE  RATID PPRESS PBATR PTOT 0
Gl pCT PSF PSF SIGIE/SIG3E  PSF FSF FSF FSF
34 .0 1800, 1800, 1,0 0. 1800, 1800, °.
=1 A 1051, 2375, 2.3 749, 1713, 2462, e62.
i K 835, 2455, 2.9 965, 1645, 2610, 810,
{
1.4 763, 2634, 3.5 1037. 1498, 2735, 935,
o 1.5 734, 2687, 3.7 1068, 1711, 2776, 976.
i 1.7 720, 2755, 3.8 1080, 1737, 2817, 1017,
=k 2.8 704, 3056, 4.3 1094. 1001, 2975. 1175.
3.0 720, 3129, 4,3 1080, 1925, 3005, 1205,
3.2 731. 3202, a4 1066, 1948, 3034, 1234,
3.4 743, 3347, 4.4 1037, 2055, 3092, 1292,
- 4.0 778, 3477, 4.5 1022, 2127, 3150. 1350.
d 4.4 806, 3579, a4 9974, 2193, 3186. 1386.
3 4.7 821, 3667, 4.5 979, 2243, 3222, 1422,
5.0 650, 3769, 4,0 950. 2309, 3260, 1460,
-
6’77 T ¥ L LS Al
0.0 1.0 0.0 9.0 12.0 15.0

STRAIN I PERCENT

STATIC TRIAXIAL TEST: S-1A
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DEYIRTOR STRESS [PSF)

PORE PRCSSURE (PSF)

1€00.0
—med

CONSCLICATED UNCRRINGD TRIBXIFPL TEST
WITH PORE PRESSURE NEASUREMENT

STIRTIC TX=FH1B KC-i.0

o
w
0118-22(FR. 82 1
SORING:TH-2 SAHPLE:PB-6
o
g4 / SILTY OLAY
wr
- H -
)
.
o
- <
S -+~
Q
1 )
M
o fda]
4 pad
. vy ¢
[« N e
2 hN
145}
o
2
S [
=]
5 o
3 o
e
24 w
<7 =
o
. =]
(-4 .
0.0 3.0 0.0 3.0 12.0 18 - P v ’ y —
. " STRAIN 1y PCRCENT ) 5.0 0.0 3.0 8.0 3.0 12.0 15.0
' NoPLELLNT STRAIN IN PERCENT
<
g‘l ISOTROPIC CONMSOLIDATED UNDRAINED VRIAXIAL TEST
B2 WITH FORE FRESSURE MLASUREHENTS
D118-UTAH DAHS-FROG HDLLOW STATIC TX$FHLIR STAGER 4722782 RED BY kW
o BORINGIFH-2 SAMPLEIFB-4/S-4 DEPTHI23,0-25,5
(=]
S_‘ SILTY CLAY
8
AT END OF CONSOLIDATION ¢
SAHPLE HEIGHT essvosccscrrses = 5,604 INCHES
o SAHPLE AREA sveeesvvresncinss = 6.793 50, INCHES
3 / EFFECTIVE CDNFINING STRESS . = 2707. PSF
g— EFFECTIVE HAJDR FRIN, STRESS = 2707.
* / PRINCIPAL STRESS RATIOD seees = 1.00
STRAIN SIGHAZE SIGHALE RATID PPRESS FBAR PTOY 14
o PCT FSF FSF SIBLE/SIG3E FSF FSF FSF PSF
S’ 0 2707, 2707. 1.0 0. 2707, 2707. O.
N“ 2 2074, 3132, 1.5 634, 2603, 3236, 529.
Ld 4 1757, 3172, 1.8 250, 2464, 3415, 707.
b 155S. 3199, 2.1 1152, 2377. 3529, 'o822.
-~ 8B 1426, 2564 2.3 1282, 2341, 3622, 915.
o / 1.0 1339, 3355. 2.5 1348, 2347, 3715. 1008,
Q‘ 1.2 1282, 3482, 2.7 1426, 2382, 3807, 1100,
?" 1.4 1253, 3616, 2.9 1454, 2434, 3889, 1181.
J 1.7 1224, 3973, .2 1483, 2599, 4082. 1375.
2.1 1195, 4328. 3.6 1512, 2762, 4274, 1566.
2.5 1210. 4722, 3.9 1498. 2766, 4454, 1756,
o 2.7 1238, 4950, 5,0 1469, 394, 3563, 1855,
3 3.1 1267, 5314, 4,2 1440. 3290, 4739, 2023.
g" 3.7 1354, 5845, 4.3 1354, 3599, 4953, 2246,
- 5.3 1426, b214. 4,4 1282, 3020, $10%. 23%8.
5.0 1512, 6527 . 4,3 1195, 401%. 5215, 2507.
6540 1642, 6863, 4,2 1066, 4252, 5318. 2410,
o 7.0 1714, 7057 q.1 ?74. 4385, S37%. 28672
. 8.0 1786. 7188, 4.0 922, 4487, 5408, 270%.,
§" 7.0 1B829. 7307, 4,0 878, 4568, 5444, 2739.
10.0 1B72. 7424, 4,0 835, 4648, 5483. 2776,

a.ce

0.0

3.0 5.0 5.0
STRA[N IR PERCINT

STATIC TRIAXIAL TEST: S-1B
FROG HOLLOW DAM

/|




COMSCLIPATER UNCRRAINED TRIAXIFL TEST
MITH PORC PRESSRE HEASURCMENT

STRAIN Ih PERCENT

o
. STRATIC TX*FH2 KC~1,D -
T w
& 0118-5AFR_82
BCRING:FH~] SAMPLE:PB-6
o
P’ CLAY -
3 ¥
/
]
Z *'/A\ b —
g1 - TTT——
e \ wl |
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bt 178}
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0.0 3.0 .0 3.0 12.Q 15.0 0.0 1.0 8.0 3.0 12.0 ts.a
STRA[N IN FERCENT STRAIN IN PERCENT
be
v——g_‘
ISOTROPIC CONSDLIDATED UNDRAINED TRIAXIAl TEST
o MITH PDRE PRESSURE HEASUREMENTS
e D118-UTAH DAKS-FROG HOLLOW STATIC TX$FH2 4/5/82 REDUCED BY W
[
BORING:FH-1 SAHPLEIFE~8/S~5 DEPTHI22,5-25.0
CLAY W/GRAVEL
| AT END OF CONSOLIDATION ¢
b SANPLE HEIBHT vuvevvrosvnesss = 5.965 INCHES
SAMPLE AREA sovrerossasvosans = 6.514 S0. INCHES
EFFECTIVE CONFINING STRESS . = 2707, FSF
EFFECTIVE HAJOR FRIN. STRESS = 2707, FSF
J PRINCIPAL STRESS RATIOD seeee = 1.00
| U
& £ STRAIN SIGHAZE SIGHALE RATIO FPRESS PBAR PTOT a
o / pcT PSF PSF  SIGIE/SIG3E  PSF PSF FSF PSE
— .0 2707. 2707. 1.0 0. 2707, 2707, 0.
w 1 2088, 3523, 1.7 619, 2804, 3425, 718,
. .3 1728, 3887, 2.3 979, 2808, 3787, 1000,
& o .4 1598. 4174, 2.6 1109, 2886, 3995. 1288,
n = - .6 1541, 4463, 2.9 1166, 3002, 4168. 1461,
1,1 1526, 5462, 3.8 1181, 3494, 4475, 1968,
o 1.3 15720, 5848, 3.7 1138, 3709, agas, 2139,
oA 1.4 1613, 6276, 3.9 1094, 3944, 5039, 2331,
@« 1.6 15670, 6717, 4.0 1037, 4194, 5230, 2523,
Pl 1.9 1814, 7689, 4.2 893, a7s2, 5645, 27317,
927 2.3 1973, B713, 4,4 734, 5343, 6077, 33/0.
=} 2.6 2174, 9752, 4,5 533, 5963, 6496, 1789,
‘ 3,0 2342, 10771, 4.6 345, 6566, £912. 4205,
3.3 2578, 11770, 4.6 130. 7174, 7303, 4596,
3.6 2808, 12734, 2,3 ~101, 7771, 7670, 4963,
et 4,0 3010, 13622, a.s -302., 8314, 8013, 5306.
5t 4.3 3211, 14482, 4.5 -504, 8837, 83371, 5625,
4,7 3427, 15291, 4.5 ~720. ?359. 8639, seaz, |
5.0 3614, 16004, 4.4 -907, 9809, B702. 8195,
5.8 4032, 17524, 4.3 -1325. 10779, 9454, 6747,
6.7 4450, 19032, 4,3 -1742, 11741, 9998. 7291,
'3__J 7.6 4824, 20347, 4.2 -2117, 12586, 10469, 7762,
- 8.5 5170, 21509, 4.2 -2462, 13337, 10877, 8170,
9.4 5472, 22487, 4.1 -2765. 13980, 11215, 8508.
10,0 5630, 22999, 4.1 ~2923, 14315, 11392, 8684,
11.8 6091, 24404, 4,0 -3384, 15248, 11864, 9157,
P 13,7 6437, 25483, 4.0 -3730. 15960, 12230, 9523. |
a . . . . . 15,0 6653, 26083, 3.9 -3946., 16348, 12422, 9715,
8.0 3.0 6.0 9.0 12.0 5.2

STATIC TRIAXIAL TEST: S-2
FROG HOLLOW DAM




CONSOLIDRTED UNCPRINED TRIAXIRL JEST
RITH PORE PRESSURE MEASURCMENT
Q
8. STRATIC TX=FH3 KC-1.0 o
- f\\ 6118-SAFR. B2
/ \ BCRIMG:FH-1 SAMPLL:PBIC
=) SILTY CLAY »
§—‘J -l
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o ‘:-
o
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0.0 3.0 N u.? wa.s 12.0 15,2 0.0 1.0 8.0 5.0 12.0 5.0
STFAIN IN PEFIENT STRAIN 1t} PERCENT
He .
Xo
ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TESY
WITH PORE FRESSURE MEASUREMENTS
D11B-UTAH DAKS-FROG HOLLDW STATIC TX4FH3 4/5/02 REDUCED BY RW
o
& BORINGIFH-1 SAHPLEIPE-10/5-9 DEPTH!38.0-40.%
BILTY CLAY
AT END OF CONSOLIDATION $ .
< SAHPLE HEIBHT vevescssossane ™ 5.931 INCHES
= SAHFLE AREA +ovennseovasanes ® 6,517 SD. INCHES
EFFECTIVE CONFINING STRESS o = 3499, PSF
EFFECTIVE HAJOR PRIN. STRESS = 3499, FSF
PRINCIFAL STRESS RATID svses = 1.00
ce S5TRAIN SIGMAZE BIBMALE RATID FPRESS PRAR PTDT o
o ] PCT PSF PSF  SIBLE/SIG3E  PSF FSF PSF PSF
o .0 3499, 3499, 1.0 0. 3499, 3499, o.
o1 3254, 3895. 1.2 245, 3575, 3819, 320,
[0} .1 2837. 4337, 1.5 662, 3587, 4249, 750,
a .2 2534, 4562, 1.8 965, 3548. 4513, 1014,
Estq .4 2333, 4776, 2.0 1186, 3555, 4721, 1222,
—dd .5 2189. 5003, 2.3 1310, 3596, 4906, 1407.
.7 2102. 5263. 2.5 1397, 3483, 5080, 1580,
% .8 2014. 5501, 2.7 1483, 3758, 5242, 1742,
e 1.0 1987. 5795. 2.9 1512, 3891, 5403, 1904,
el 1.3 1973, 6467, 3.3 1524, 4220, 5746, 2247,
—o 1.4 1987. 6823, 3.4 1512, 4405, 5917, 2418,
Il 1.7 2030, 7610, 3.7 1469, 4820, 6289, 2790,
a 2.0 2131, B4St. 4.0 1368, 5291, 6659, 3160,
2.4 2275, 9351, 4.1 1224, 3813, 7037, 3538,
2.7 2419, 10246, 4.2 1080, 4333, 7413, 3913,
3.0 2606, 11157, 4.3 893. 6882, 7774, 4275.
o 3.4 2808, 12160, 4,3 591, 7484, 8175, 4675,
o] 3.7 3024, 13084, 4.3 475, 8054, B529. 5030,
4.1 3254, 14016, 4.3 245, 8635, 8880, 5391.
4.5 3499, 14916, 4.3 0. 9208, 9208, 5708,
5.0 3802, 16019, 4,2 -302, 9910, 9608, 6109,
6.0 4392, 18021, 4.1 -B73. 11206, 10314, £B14A,
o 6.9 4925, 19749, 4,0 -1424, 12337,  1091t. 7412,
- 7.9 5429, 21279, 3.9 -1930. 13354, 11424, 7925,
8,9 5846, 22614, 3.9 -2347. 14230, 11803. B384,
10.0 6278,  23918. 3.8 -2779. 15098, 12319, 8820,
11,9 8926, 25791, 3.7 -3427. 16359, 12931, 9432,
o 13.9 7502, 27250, 3.4 ~4003, 17376, 13373, 9874,
o 15.0 7762, 27915, 3.6 -4262, 17838,  13576. 10077,
] g 1] ¥ R 3
0.0 3.0 8.0 3.0 (2.0 15.0

STRA[N N PERCENT

STATIC TRIAXIAL TEST:S§8-3
FROG HOLLOW DAM




IPSF)

PORE PRCSSURE

DEVIATOR STRLSS (PSR}

CONSCLIRATEDR UNDRAINED TRIAXIARL TEST
WITH PORE PRESSURE MEASURCHENT

(=]
4 o
- SIATIC TX=FH4 KC-t.0 s
018~ 127PR. B2
BORING:FH-1 SANPLE:PBI4
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0.0 3.0 6.0 3.0 12.0 15.0 0.0 3.0 5.0 3.0 t2.0 15.0
STRAIN IN PERCENT STRAIN IN PERCENT
o
@
ISOTROPIC CONSOLIDATED UNDRATIMED TRIAXIAL TEST
MITH PORE PRESSURE MEASUREMENTS
D11B-UTAH DAMS-FROG HOLLOM STATIC TXEFH4 4/12/B2 REDUCED RY BW
o PORINGIFH-1 SAMPLEIPB-14/5-12 DEPTHI55.0-56.8
-
- SILTY CLAY N/SOHE FINE SAND
AT END DF CONSOLIDATION
SAHPLE HEIGHT covevsensrines = 5.896 INCHES
=4 SANPLE AREA svcvrenssssssess = 6,290 50. INCHES
(ol EFFECTIVE CONFINING STRESS . = S07, PSF
EFFECTIVE MAJOR PRIN. STRESS = 4507, PSF
FRINCIPAL STRESS RATIO ciuu