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I. INTRODUCTION 

A. General  

This Phase  I1 repor t  describes the  results  of engineering analyses ca r r i ed  o u t  

t o  determine t h e  s a f e t y  of e ight  Soil Conservation Service  (SCS) flocd con t ro l  d a m s  

loca ted  in southwestern Utah, with respec t  t o  vibratory ground motion and s u r f a c e  

faul t  rupture  produced by a n  ear thquake of IVlagnitude 6 occurring In t h e  i m m e d i a t e  

vicinity of the  si tes.  The  Phase  I r epor t  previously submit ted t o  t h e  SCS provided a 

detailed description of t h e  field investigations, loca l  and regional geology a n d  

tectonics,  seisinicity of t h e  region, and  general  charac te r i s t i c s  of t h e  embankments  

and  foxndations of t h e  e igh t  SCS dams. 

Based on our review of ESA field d a t a  and iriformation available f r o m  t h e  

SCS, t h e  following four dams were  se lec ted  for detailed analysis: 

o Green's Lake Darn No. 3 

o Warner Draw Dam 

o F r o g  Hollow Dam, and 

o Ivins Diversion Dam No. 5 

Cr i t e r i a  t h a t  were  considered in making th is  selection were  summarized in OUT 

l e t t e r  t o  t h e  SCS da ted  December  15, 1981. Subsequently, t h e  SCS author ized 

additions1 simplified analyses t o  assist  in evzluating t h e  seismic s tabi l i ty  of t h e  

following four dams: 

o Green's Lake  Dam No. 2 

o Green's Lake Dam No. 5 

o Gypsum Wash Dam, and 

o Stucki Dam 

-, were  T h e  various simplified procedures t o  be  used in t h e  analyses of t h e s e  dam- 

described in a l e t t e r  t o  t h e  SCS da ted  J u n e  23, 1982 and a r e  discussed in deta i l  in 

th is  report .  
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B. P u r ~ o s e  and Scone 

T h e  major purpose and scope of t h e  Phase  I1 s tudies  are: 

o To establish the  magnitude and direction of su r face  rup ture  which coulu 

occur along faul ts  in t h e  foundation a r e a  of t h e  various d a m s  during a 

Magnitude 6 earthquake.  

o T o  develop an accelera t ion t i m e  history representa t ive  of t h e  ground 

motions expected t o  occur  at t h e  dam s i t es  f rom a Magnitude 6 

ear thquake occurring on a fau l t  in close proximity t o  t h e  d a m  sites.  

o T o  perform dynamic response analyses and simplified analyses  t o  

determine t h e  magnitude of earthquake-induced s t resses  to which t h e  

dams  would be  subjected t o  during a nearby Magnitude 6 ear thquake.  

o T o  establish t h e  s t a t i c  and cyclic s t reng th  characteristicts of t h e  various 

mater ia ls  comprising t h e  dam e ~nbankments  and t-heir foundat ions  by 

means  of laboratory tests on representa t ive  sainples obta ined dcring t h e  

Phase  I field investigation, 

o To evaluate  t h e  s t a t i c ,  seismic, and post-earthquake s tab i l i ty  of t h e  

four dams se lec ted  for  deta i led  analyses. Where appropr ia te ,  e s t i m a t e s  

of t h e  annount of deformation which the  dam embankments  might 

undergo due t o  vibratory ground motion were  made. 

o T o  evaluate  t h e  e f f e c t s  of f au l t  movement for  those  d a m s  s i t u a t e d  on a 

faul t  and t o  make recommendations regarding' r emedia l  measures  which 

would improve the  behavior of the  dam froin t h e  damaging e f f e c t s  of 

faul t  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 a s  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 a re  Don Wallin, Bob Nelson, Bob 

Rasely, and Claud Scoles. 

ESA personnel who have worked on the Phase I1 studies include: Julio 

E. Valera, who served as  overall project manager and assisted in the  fault  r u p t l ~ r e  

and engineering evaluations; IVIichael L. Traubenik, who reviewed and surnrnarized 

all of the available data, supervised the laboratory testing, and performed t h e  

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 faul t  

rupture offset on the dams and in providing recommendations for remedial. 

measures. The assistance from LRA is greatly appreciated. 
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11. SUMMARY O F  CONCLUSIONS AND RECOMMENDATIONS 

The  studies presented in this repor t  were  aimed at establishing t h e  perform- 

a n c e  of t h e  eight SCS dams  located in Southwestern Utah during and  a f t e r  t h e  

occurrence of a Magnitude 6.0 ear thquake in close proximiby t o  t h e  dam s i tes .  

Based on the  results  of this investigation and t h e  previous Phase  I investigation,  w e  

have arr ived at t h e  conclusions and recommendations outlined below. 

Most of the  conclusions have been based on d a t a  and analyses  which a r e  

explained in deta i l  in t h e  main t e x t  and appendices of this repor t .  While t h e  

analyses and d a t a  presented in this r epor t  tend t o  support  t h e  conclusions 

summarized below, i t  should be  noted t h a t  they a r e  based on a number of 

conservat ive  simplifying assumptions, two  of which a r e  t h a t  t h e  d a m s  impound 

some water  and significant portions of t h e  embankments  and  foundations a r e  

s a t u r a t e d  at the  t ime  of t h e  postulated earthquake.  These  assumptions a r e  

conservative since t h e  intended use of t h e  dams  is t o  impound ra infa l l  runoff w a t e r  

for  only brief periods of time. While these  conditions may be conservative,  t h e y  

a r e  not  impossible. However, i t  is our judgment t h a t  as long as t h e  impounded 

wate r  is rapidly discharged f rom t h e  reservoir  (as is intended), t h e s e  conditions 

would probably exist  for  only shor t  periods of t ime. Under these  conditions, t'ne 

potent ia l  of t h e  darns considered in this investigation would b e  g rea t ly  reduced. 

A. Conclusions 

Fau l t  Of f se t  

1. Of the  eight dams  studied during this investigation, f o u r  ( the  t h r e e  

Green's Lake  Dams and Gypsum Wash Dam) have s o m e  potent ia l  f o r  

f au l t  offse t .  T h e ~ e  is d i rec t  evidence of 2 inches  of d isplacement  

within t h e  foundation mater ia ls  underyling t h e  Gypsum Wash Dam 

during about  t h e  last 1500 years  and 4 o r  more  f e e t  during wha.t is 

es t imated  t o  be  t h e  last 10,000 t o  25,000 years. A t  t h e  Green's L a k e  

Dam sites,  no d i rec t  evidence of fau l t  o f f se t  in t h e  foundat ion of t n e  

dams  was established, but t h e  dams a r e  s i tuated within t h e  Hurr icane 

fau l t  zone which exhibits abundant fresh-appearing topographic 

fea tu res  t h a t  a r e  in terpreted t o  b e  re la ted  t o  su r face  fault ing.  
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2. For the  postulated Magnitude 6.0 ear thquake se lected fo r  analyses, a 

s u r f a c e  displacement of approximately 1 foo t  may t a k e  p lace  on t h e  

ear thquake producing faul t .  

3. Even though 1 foot  of o f f se t  could possibly occur through t h e  Gypsum 

Wash Dam during t h e  postulated Magnitude 6.0 ear thquake,  a rapid  

fa i lure  resulting froin piping or  erosion along t h e  plane of o f f s e t  

appears  t o  be  unlikely. 

4. Both the  embankment  and foundation of Green's Lake Dam No. 3 could 

be  subject  t o  piping or  erosion if 1 foo t  of o f f se t  was t o  occur  at th is  

s i te .  Only t h e  embankment  of Green's Lake Dam No. 2 appears  t o  be  

susceptible t o  this problem. Failure of these  dams could occur  within a 

period of a f e w  hours t o  a f e w  days. However, i t  should be  noted t h a t  

this type of fai lure can  occur  only if these  dams a r e  impounding w a t e r  

at the  t ime  of t h e  postulated earthqua-lte. Piping fa i lure  of Green's 

Lake  Dam No. 5 is  unlikely. 

Ground Shaking 

1. All of the  dams considered in this investigation may be subjected t o  

s t rong ground shaking during t h e  postulated Magnitude 6.0 ear thquake.  

For  seven ou t  of t h e  eight dams, peak horizontal accelera t ions  g r e a t e r  

than  0.60 g may occur  at t h e  s i tes  due t o  thei r  c lose  proximity t o  

e a r t  hquake-genera t ing faults .  

2. Ana.lyses indicate t h a t  if t h e  embankments and foundation soils a r e  

allowed t o  becorne sa tu ra ted ,  Green's Lake Darn 3 and  Ivins Diversion 

Darn No. 5 would perform poorly during and/or a f t e r  t h e  ground 

shaking produced by t h e  postulated Magnitude 6.0 earthquake.  

3. T h e  performance of Frog  Hollow Dam during and  a f t e r  t h e  postulated 

ear thquake should b e  sa t i s fac to ry  provided t h a t  repairs t o  this s t r u c t u r e  

are made in accordance with the  general  recommendations provided in 

th is  report .  
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-4. Warner Draw Dam should perform satisfactori ly during and a f t e r  t h e  

postulated earthquake.  

5. While detailed seismic s tabi l i ty  analyses were  not performed on Green's 

Lake  Dams No. 2 and No. 5, Gypsum Wash and Stucki Dams,  i t  is o u r  

judgment t h a t  these  embznkm erits should perforin sa t is factor i ly  during 

and a f t e r  t h e  ground shaking produced by t h e  postulated Magnitude 6.0 

earthquake.  

B. Recommendations 

1. The  following measures a r e  recommended t o  mit igate  t h e  potent ia l  

hazards  posed by t h e  possible fai lure of several  of t h e  dalns: 

a) I t  is our judgment t h a t  t h e  condition of t h e  Green's L a k e  Dam No. 

3 embankment  and foundation soils at this s i t e  a r e  s o  poor t h a t  

this s t ruc tu re  sI-lould be taken out  of service. If i t  is decided t o  

replace  this s t ruc tu re ,  t h e  guidelines provided in  Chupte r  VIII 

should be  aclhered to. 

b) T h e  reservoir  level  at Green's Lake Dam No. 2 should n o t  be 

allowed t o  reach ti ~e ern ergency spillway elevation. This would 

resul t  in only 2.5 f e e t  of freeboard. Because of t h e  potent ia l  fo r  

faul t  rupture  at th is  s i te ,  a minimum of 4 f e e t  of f reeboard should 

be m a i ~ t a i n e d .  

c )  T h e  cracks  present  in the  Frog  Hollow Dam embankment  should 

be  repaired in accordance with t h e  recommendat ions  provided in  

Chap te r  VIII. 

d) T h e  pussibility of sa tu ra ted  foundation conditions at Ivins Diver- 

sion Dam No. 5 should be investigated by installing p iezomete rs  

along t h e  downstream slope and t o e  of t h e  embankment.  

2. A number of sa fe ty  procedures have been recommended t o  ensure  t h a t  

all eight dams  perform satisfactori ly.  These are presented in C h a p t e r  

VIII. 
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111. FAULT RUPTURE POTENTIAL 

Tec ton ic  Se t t ing  

Of t h e  eight dams being evaluated during this investigation, four  ( t h e  t h r e e  

Green's Lake dams and Gypsum Wash Dam) may be  subjected t o  fau l t  o f f se t  during 

the i r  l ifet ime. A f a u l t  was also mapped in the  Triassic foundation rock of Warner 

Draw Dam but t rench exposures showed t h a t  it does no t  a f f e c t  overlying soi l  

deposits. This fau l t  is considered t o  not  b e  ac t ive  and i t ,  the re fore ,  is n o t  

discussed in th is  chapter.  

The  Green's Lake dams  are loca ted  within t h e  complex zone of faul t ing t h a t  

charac te r i zes  t h e  Hurricane Fau l t  in t h e  Cedar  Ci ty  area .  Although no d i r e c t  

evidence of fault ing within the  immediate  foundation areas of t h e  embankments  

was found by ESA in t h e  t renches  excavated during th is  investigation,  topographic 

f e a t u r e s  suggestive of Quaternary sur face  offse ts  are present in ad jacen t  a r e a s  

(see Figure  VIII-10, Photogeologic Map of t h e  Cedar  Ci ty  a r e a  in t h e  Phase  I 

report). Age dating of charcoal  col lected f rom deposits in the  Green's Lake  Darns 

2 and  3 a r e a  showed t h a t  d l u v i a l  fan  deposits  underlying these  embariltrnents range  

f rom 1060 - + 100 t o  4100 - + 660 years  old. Within t h e  trench exposures developed 

during th is  investigation, t h e r e  is no evidence of fau l t  o f f se t  of these  deposits. 

A t  Gypsum Wash, t r enches  excavated during this investigation exposed 

o f f se t s  within soil and bedrock mater ia ls  t h a t  underlie t h e  southern portion of t h e  

dam embanltment (see Figure VIII-6 of t h e  Phase  I repor t ,  map  showing f a u l t  and  

t rench locations at Gypsurn Wash). Very young-appearing alluvial f a n  deposi ts  

(es t imated t o  be about  1500 years  old) a r e  o f f se t  2 inches. Older  f a n  deposits  

(es t imated t o  be  10,000 t o  25,000 years  old) a r e  o f f se t  at least 4 fee t .  

T o  summarize,  t h e r e  is d i rec t  evidence of 2 inches of d isplacement  within t h e  

foundation mater ia ls  underlying Gypsum Wash Dam during about  t h e  last 1500 

years  and 4 o r  more  f e e t  during what  is es t imated t o  b e  t h e  last 10,000 t o  25,000 

years. A t  t h e  Green's L a k e  Dam s i t es  no. 2 and  3, no d i rec t  evidence of f a u l t  

o f f se t  in t h e  foundation of t h e  dams  was established, but  t h e  darns a r e  s i tua ted  
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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 darns and 

Gypsum Wash Dam are discussed in detail in Chapter VIII, Sections A, E, 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 a t  each of the four dams is summarized in 

Table 1x1-I. 

Expectable Size of Displace~nents 

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 darins. 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 a t  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 a t  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 111-2. (Slemmons, 1977; 1980; Bucknam et al., 1980; Arabasz, 

Personal Com munications, 198 2). 
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Table  111-1 

Summary of Dams With Fau l t  Rupture  Po ten t ia l  . -- 

Est imated A g e  Magnitude of 
T o t a l  of Last  Sur face  Apparent  Ver t ica l  

Dam Fau l t  Length (mi) Displacement (yrs) Measured Offse t  - 

Green's Lake  Hurricane 160 1060 - + 100 t o  
No. 2 4100 + 660 - No of f se t  in soils 

Green's Lake  Hurricane 160 1060 - + 100 to 
No. 3 4100 + 660 - No of f se t  in soils 

Green's Lake  Hurricane 160 Not established 3 f t  in old f a n  
NG. 5 

Gypsum Wash Washington 4 0 Less then 150~l;) 2 inches in young f a n  

10,000-25,000 3-4 f t  in old f a n  

(1) Based on radio-ca~bon age dat ing of mater ia ls  found in excava ted  trenches.  

(2) Based on es t imate  made by Dr. Roy Sklemon by visual observat ion in t h e  field. 

Earth Sc iences  Associates 



Sta t i s t i ca l  analyses of t h e  d a t a  presented in Table 111-2 w e r e  pe r fo rmed  to 

establish relationships between ear thquake magnitude and rnavirnum s u r f a c e  dis- 

p lacement .  Leas t  squares f i t  relationships of t h e  en t i re  d a t a  set, and  o f  t h e  d a t a  

corresponding t o  t h e  Basin and Range Province region only, were  determined.  

Mean and mean plus and minus one s tandard deviation relatio:lships, established on 

t h e  basis of t h e  l eas t  squares f i t ,  a r e  p lot ted  in Figures 111-1 and  111-2, toge ther  

with t h e  individual d a t a  points. 

Based on the  above analysis, average  values of nlaximum displacements  

corresponding t o  ear thquakes  of various magnitudes were  es t imated  and  a r e  

summarized in Tab le  111-3. Also given in this table  is the  recur rence  in terval  

corresponding t o  each ear thquake magnitude. These are t h e  s a m e  as those  

presented in the  Phase  I report .  F o r  the  postulated Magnitude 6 ear thquake,  an 

average sur face  displacement of about  1 foot  is obtained. For  a Magnitude 7 

ear thquake the  average displacement is about  5 fee t .  If i t  is assumed t h a t  t h e  4 

plus f e e t  of o f f se t  measured at Gypsum Wash occurred during one single even t  of 

Magnitude 7, then t h e  measured value agrees  rea-sonably well with t h e  available 

d a t a  (see Figures  111-1 and 111-2). In t h e  next c h a p t c ~  of th is  repor t ,  t h e  e f f e c t s  8nd 

consequences of t h e  es t imated  sur face  displacement occurring at e a c h  of t h e  dam 

sites l is ted  in Table  111-1, during t h e  postulated Magnitude 6 ear thquake,  a r e  

addressed. 
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Table 111-2 (Continued) 

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

Fuqui, Japan 

F t. Sage Mountain, California 

Fallon-Stillwater, Nevada 

Fallon-Stillwater, Nevada 

Dixie Valley, Nevada 

Fairview Peak, Nevada 

Baja California, Norte 

Hebgen Lake, Montana 

Ethiopia 

Gediz, Turkey 

Pocatello Valley, Idaho-U tah 
Border 

Oroville, California 

Fault 

- 
- 

Rainbow Mtn. 

Rainbow Mtn. 

Several 

Several 

San Miguel 

Several 
- 

Several 
- 

Cleveland Hill 

Date 
Length 
(km) 

Maximum 
Displacement (m) 

Afte? Sleininons, 1977, 1980; Bueknsm, Aigermissen anci Ancierson, 1980; Arabasz, Richins and Langer, 1981; Arabasz, Personal 
Communications, 1982. 



Table  111-3 

Magnitude 

6.0 

6.5 

7 .O 

7.5 

Summary of I teccurence Interval  and Est imated Maximum 
Displacement for Surface  Fault ing fcr Various Levels 

of Ear thquake Magnitudes 

Est imated 
Recurrence Average RlIaxirnurn Displacement ,  f t  
Interval  (yra) Basin-Range World wide 
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IV. - EFFECTS O F  POTENTIAL FAULT DISPLACEMENT ON DAM - 
EMBANKMENTS AND FOUNDATIONS 

While t h e  likelihood of faul t  rupture  through t h e  foundation and embankment  

of Gypsum Wash Dam or  thz  th ree  Green's Lake  dams during the i r  useful l i f e  is 

sl ight (see Chap te r  111), our evaluation indicates t h e r e  t o  b e  some potent ia l  fo r  u p  

t o  one foo t  of o f f se t  at any one of these  dam sites.  The  e f f e c t  of such a n  o f f s e t  

upon the foundation and embankment  of each dam is discussed below, in order  of 

decreas ing potent ia l  of occurrence.  

A. Gypsum Wash Dam 

A t  least 4 f e e t  of o f f se t  of t h e  soil/bedrock c o n t a c t  has occurred near  the 

south end of Gypsum Wash Dam within t h e  last 10,000 t o  25,000 years. T h e  

embankment  of Gypsum M7ash Dam is zoned and includes a chimney drain which is 6 

f e e t  wide. The mater ia ls  used for  embankment  constructiori a r e  inairily si l ty a n d  

clayey sands. T h e  foundation of t h e  dam consists of gypsiferous sha le  of t h e  

Moenkopi F o r m a t i o ~  of Triassic geologic age. 

Because t h e  embankment  mater ia ls  a r e  sandy, t h e r e  would seem to be s o m e  

potent ia l  fo r  erosion. However, even if 1 foo t  of o f f se t  was  t o  occur ,  t h e  6 f o o t  

wide chimney drain would s t i l l  function and thus prevent  migration of mate r ia l s  t o  

t h e  downstream f a c e  of t h e  dam during full  (or part ial ly full) reservoir  conditions. 

This should s e r v e  t o  prevent,  o r  at least to re tard ,  piping erosion along a s h e a r  

within t h e  embankment.  

T h e  Gypsum Wash Dam foundation rock is well consolidated and clayey, and  

no erosion of th is  mate r ia l  is 1il;ely t o  occur  along t h e  plane of a 1 foo t  offset .  

Thus, even though a 1 foo t  o f f se t  could possibly occur  through Gypsum Wash 

Dam under full (or part ial ly full) reservoir  conditions, a rapid fa i lure  (within a f e w  

hours) as a resul t  of piping along t h e  plane of o f f se t  appears  t o  be  unlikely. 
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D. Green's Lake Dams No. 2 and 3 

No of f se t s  were  found in t renches  excavated in t h e  foundation mater ia ls  of 

Green's Lake  Dams  No. 2 and 3 which were  determined t o  be about  1000 t o  4000 

years  old. I-Iowever, t h e  dams a r e  within t h e  complex zone  of faul t ing t i tat  

character izes  t h e  Hurricane fau l t  zone in this a r e a ,  s o  t h e r e  appears  t o  be s o m e  

chance of fau l t  o f f se t  during t h e  l i f e  of t h e  dams. T h e  embankments  of both d a m s  

a r e  unzone.d and consist  mainly of si l ty sand. The  foundation of Green's Lake  Darn 

No. 2 is clayey and gravelly a t  depth,  while t h e  foundation at Green's Lake Dam 

No. 3 consists of s i l ty  sand. 

If 1 foo t  of o f f se t  were  t o  occur through e i the r  of these  dams, t h e r e  appears  

to be some potent ia l  f o r  piping along t h e  fau l t  plane because  of t h e  sandy na tu re  of 

t h e  mater ia ls  involved. Both the  embankment arid foundation of Green's Lake Dam 

No. 3 could be a f fec ted ,  while only t h e  embankment  of Green's Lake  Dam No. 2 

appears  t o  be susceptible t o  this problem. The  t i m e  required f o r  a fa i lure  by piping 

to  occur along a fau l t  shear  plane cannot  be  accura te ly  es t imated.  Even at ful l  

reservoir  level, t h e  head actir,g on the failure plane would be re la t ively  low at 

these  dams, which is fo r tuna te  considering t h e  embankrn e n t  and  foundation 

conditions. 

In t h e  unlikely even t  t h a t  1 foo t  of f au l t  o f f se t  were  t o  occur  through e i the r  

of these  embankments  under full (or part ial ly full) reservior conditions, it is o u r  

opinion t h a t  the re  is some likelihood of a piping fa i lure  within a period of a f e x  

hours t o  a f e w  days. 

Green's L a k e  Dam No. 5 

T h e  main dam of Green's Lzke Dam No. 5 is loca ted  across  a s ide  canyon 

draining westward f rom t h e  broad north-south valley in which C e d a r  C i t y  is 

located.  As shown on t h e  diagramat ic  geologic cross sect ion presented in Figure 

VIII-5 of t h e  Phase  I report ,  f au l t s  (which a r e  pa r t  of t h e  complex Hurr icane f a u l t  

z c n e  ir. t h e  Cedar  C i t y  a rea )  form a graben bounding t h e  Green's L a k e  Dam No. 5 

reservoir a r e a  on t h e  west  and east. Although t h e  western  f a u l t  is n e a r  t h e  main 
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dain s i te ,  i t  t rends north-south just eas t  of t h e  embankment.  Consequently,  t h e r e  

is l i t t l e  likelihood of o f f se t  of the  main embanlcment. T h e  t w o  long, low subsidiary 

dikes could, however, be  o f f se t  by faul t  movement.  

Both the  embankment  and foundation mater ia ls  at Green's Lake Dam No. 5 

consist of c layey soils which are not  highly dispersive nor erosive. Consequently,  if 

1 foo t  of offse t  were  t o  occur  through t h e  embankment  o r  foundation of t h e  main 

dam, i t  is very unlikely t h a t  a piping failure wcruld occur. 
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V. GROUND MOTION - CHARACTEKIS'I'ICS 

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 e v a l ~ a t e d  for a Magnitude 6 earthquake. 

In order to carry out the proposed dynamic response analyses on the four 

selected dams, i t  was first necessary to develop an appropriate acceleration t ime 

history corresponding t o  a Magnitude 6 earthquake. In Table V-1, t he  closest faul t  

to each dam site, the distance from the fault to  the dam site, and the  

corresponding value of peak horizontal acceleration which would be expected to 

occur a t  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 tha t  

for seven o ~ l t  of t h e  eight dams considered, peak horizontal accelerations greater 

than 0.60g will develop due to  their close proximity to  the earthqriake-generating 

fault. 

In addition to the values of peak acceleration tabulated in Table V-1, other 

ground motion pararneters 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 accelerograin corresponding a near-field 

Magnitude 6 event. This accelerograrn was used in the dynamic response analysis 

performed on four of the  eight dams. 
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Table V-1 

Dam 

Values ~f Peak Horizontal Acceleration 
a t  Darn Sites Produced by a 

N ear-Field Magnitilde 6 Earthquake 

Closest Fault Distance 
to Dam Site --- (mi) 

Green's Lake No. 2 Hurricane 0 

Green's Lake No. 3 I-Eurricane 0 

Green's Lake No. 5 Hurricane 0 

Gypsurn Wash Washington 0 

Warner Draw Washington 1 

S tucki Washington 0.5 

Frog Hollow Hurricane 2 

Ivins Diversion Grand Wash 5 
No. 5 

Pealc 
Acceleration (g) 

0.66 

0.66 

0.66 

0.66 

0.66 

0.66 

0.66 

0.38 
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VI. EVALUATION 01; -- LIQUEFACTION POTENTIAL 

Introduction 

The various analyses thn t  were  performed t o  evaluate  t h e  l iquefaction 

potent ia l  of t h e  embankment  and foundation soils present a t  t h e  e ight  SCS d a m s  

loca ted  in Southwestern Utah are briefly described in this chapter.  Conclusions on 

t h e  l iquefzction and/or cycl ic  mobility of t h e  embankment and foundatiorl soils are 

summarized in t h e  l a s t  sect ion of this chapter.  A more detailed description of t h e  

analyses, results ,  and conclusions a r e  presented in Appendix G of th is  repor t .  T h e  

four  dams  t h a t  were  se lec ted  for  detailed stabil i ty and deformat ion analyses 

include: 

1) Green's Lake Dam No. 3 

2) Warner Draw Dam 

3) Frog Hollow Dam 

4) Ivins Diversion Earn No. 5 

In addition t o  the  analyses performed on these  four se lected dains, simplified 

analyses were  carr ied out  on t h e  remaining embankments t o  help in evatuct ing t h e  

performance of these  embanl<n~ents  during tl;e postulated ea r thquake  ground 

motions. Tile dams for which simplified analyses ;yere performed are: 

1) Green's Lake Dam No. 2 

2) Green's Lake Dam No. 5 

3) Gypsum Wash Dam 

4) Stucki Dam 

lZevierd of Procedures - Used t o  Evaluate  Liquefaction and Cyciic Mobility 

The  basic cause of l iquefaction or  cyclic mobility in a s a t u r a t e d  cohesionless 

soil  during an  ear thquake is the  result  cf a build up of excess pore  pressure  due t o  

the  application of cyclic shear  s t resses  induced by ear thquake ground motions. 

"Liquefaction" denotes  t h e  condition where t h e  porewater  pressure equals t h e  

e f fec t ive  confining stress. In th is  state, a soil will undergo continued deformat ion  
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a t  a low residual resistance. The occurrence of liquefaction will depend on the  

void ratio or relative density of the soil as  well a s  other factors. I t  may also be 

caused by a hydraulic gradient during an upward flow of water in a deposit. The 

"cyclic mobility" of a soil denotes the condition in which a number of cyclic stress 

applications develop pea!< cyclic pare pressures equal to the applied effective 

confining pressure and subsequer~t applied cyclic and/or s tat ic  stresses cause 

limited strains to develop- 

There are basically three methods available for evaluating the  liquefaction or 

cyclic mobility potential of a saturated cohesionless soil subjected to  earthquake 

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 condi tioils causing liquefaction or cyclic mob- 

ility of soils in the laboratory, and 

3. Comparisons of the gradations of soils with tile gradations of materials 

which have liquefied during past earthquakes and which a re  considered 

most susceptible to liquefaction in laboratory tests. 

The first method is based primarily on results of Standard Penetration Tests  

(SP'I') performed in saturated cohesionless soil deposits. In this method, corrected 

SPT blow counts obtained from a comprehensive collection of s i te  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 ('r/oOt) 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 si te  (subjected to a given earthquake ground surface acceleration) t o  

evaluate the possibility of liquefaction or the cyclic mobility potential. While this 

methcjd is intended for use in the evaluation of soil liquefaction and cyclic 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 liquefaction or cyclic rnobility of the soil is then 

based on a cornparison of the cyclic 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 characteristjcs 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. Corr~parisons of this type 

sklould only be used as a preliminary guide for establishing the liquefaction 

potential of a soil. The empirical relationships are based on observations which 

suggest that fine sands and silty sands (i.e., generally coilesionless soils) are most 

susceptible to liquefaction. Cohesive soils 'do not undergo liquefactior, and the 

liquefaction potential of gravelly soils is consicic~ed as being low, di:e to their 

generally high permsability 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 evaiuated using Methods 1 and/or 3. Methods I and 3 were used in the 

liquefaction evaluation of Green's Lake Dam No. 2, Gypsum Wash Dam and Stuclti 

Dam. I\jIethod 3 was used in the evaluation of Green's La!te Dam No. 5. Method 1 

was not used in the case of this dam since the embankment 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 embankment 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 t h r e e  methods were  used t o  evaluate  t h e  l iquefaction potent ia l  of t h e  

embankment  and foundation soils in the  cases  of Green's Lake Dam No. 3, Warner 

Draw Dam a r ~ d  Ivins Diversion Dam No. 5. Method 2 was employed in t h e  

evaluation of all t h e  above-mentioned dams  fo r  the  foUowing reasons: 1) 

laboratory tests were  per.for.rned on representa t ive  samples of t h e  embankrnent a n d  

foundation soils, and 2) t h e  co~npar i sons  of the  cycl ic  s t ress  ra t ios  induced by t h e  

postulated ear thquake ground motions with those  used in t h e  laboratory  tests 

provides an indication of the  behavior of the various soils during t h e  postulated 

ear thquake ground motions. Method 3 was used in t h e  case  of F r o g  Hollow Dam. 

Methods i and 2 were not employed in this c a s e  s ince  t h e  embankment  and  

foundation soils a r e  generally clayey in na tu re  and the re fore  t h e  soils can  be 

considered as having a loiv l iquefaction potential. 

Sumrnaryand  Conclusions - 

Each of t h e  analyses procedures outlined above t h a t  have been used t o  

evaluate  t h e  l iquefaction potent ia l  and/or cyclic mobility of t h e  embankment  and  

foundation soils a r e  described in deta i l  in A2pendix G of this repor t .  Resul ts  of 

these  analyses, as well a s  o ther  considerations, have been used as a guide in  

developing t h e  conclusions summarized in Table  VI-1 and in determining t h e  

behavior of t h e  dams when subjected t o  ground motions expec ted  during t h e  

postulated Magnitude 6.0 earthquake.  

I t  is our jadgment tha t ,  with the  exception of t h e  foundation soils at Green's 

Lake Dam No. 3 and Ivins Diversion Dam No. 5, t h e  embankment  and  foundation 

soils should behave satisfactori ly (i.e., should not  liquefy) during t h e  postulated 

Magnitude 6.0 earthquake.  During t h e  cycl ic  loading produced by an  e v e n t  of th i s  

magnitude, and under ce r ta in  in s i tu  conditions, t h e  various field and  laboratory  

test d a t a  suggest  t h a t  some excess pore  pressures may develop in t h e  e ixbankment  

and foundation soils t h a t  could produce moderate  reductions in t h e  shear  s t reng ths  

of these  soils. I t  is likely t h a t  only l imited cyclic straining would occur  which 

woilld not  impair  t h e  performance and operation of t h e  dams. S o m e  of t h e  

fou1:dation soils at Green's Lake Dam No. 3 and a t  Ivins Diversion Dam No. 5, on  

t h e  o ther  hand, may be subject  to  l iquefaction and/or excessive cycl ic  straining. 

Af te r  t h e  ear thquake,  significant levels o f  pore pressure could be built up which 

would result  in significant reductions in shear  s t reng th  in these  soils. 
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While the  analyses and d a t a  presented in Appendix G tend t o  support  t h e  

conclusions summarized in Table VI-1 and those discussed above, i t  should be no ted  

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

1. The  ear thquake ground motions tha t  have been postulated f o r  each  of 

t h e  dain s i t e s  a r e  based on the  closest  source-to-site distances. Based 

on published data ,  this assumption is probably conservative and should 

yield ground :notions which possess high levels of ground acce le ra t ion  

(and velocity) at  frequencies which a r e  in the  range of those  of t h e  dam 

embankments.  T h e  s t resses  induced in t h e  soils by these  motions a re ,  in 

our  judgment, conservative. 

2. The  resul ts  of cyclic tr iaxial  t e s t s  performed on mediun-! dense  t o  dense  

soils produce cyclic s t ra ins  and pore pressures t h a t  a r e  usually g r e a t e r  

than those t h a t  would be experienced by the  soils in s i tu  during a n  

earthquake.  Even though t h e  behavior of t h e  embankment  soils during 

cycl ic  loading was, in most cases,  qui te  good, i t  is our judgment t h a t  

t h e  in s i tu  beha.vior of these  soils, during t h e  postulated ea r thquake  

motions, would be be t t e r  than t h a t  observed in the  laboratory.  

3. Significant portions of the  embankments and the  en t i re  soil foundations 

(if present)  were  assumed t o  be sa tu ra ted  at t h e  t i m e  of t h e  ea r th -  

quake. This assumption is conservative since the  intended use of t h e  

dams  is t o  impound rainfall  runoff wa te r  for  only brief periods of t ime.  

While sa tu ra ted  soil conditions may be a conservative assumption, i t  is 

not  a n  tsimpossible" condition. Successive rainstorms coupled with t h e  

r a t h e r  pervious soils which corrlprise most of the  embankments  and 

foundations could produce sa tu ra ted  conditions. However, as long as 

t h e  impounded water is discharged rapidly this condition would probably 

exist  fo r  only brief periods of time. 

Since l iquefaction can only occur if sa tu ra ted  conditions exist ,  t h e  conclus- 

ions presented herein emphasize t h e  need for  ca re fu l  maintenance of sys tems  used 

t o  discharge rainfall  runoff. Conditions similar t o  those which existed during 1967 

at Green's Lake  Dam No. 3 (see Appendix G of Phase I repor t  - water  was  allowed 

t o  remain in the  reservoir  for up t o  3 months) should not be  allowed t o  develop in 

any of the  dams. 
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Table  VI-1 

Darn 

Green's Lake No. 2 

Green's Lake No. 3 

Gi.eenls Lake No. 5 

Gypsum Wash 

Warner Dam 

Stucki 

Frog Hollow 

Ivins Diversion No. 5 

Summary of Liquefaction Evaluation 
Conclusions - 

Liquefaction Poterltial 
Embankment Foundation 

Low Low 

Low High 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

Remarks  

High pore  pressures 
may develop in founda- 
t ion soils  dur ing cycl ic  
loading which may  cause  
l iquefaction,  excess ive  
cycl ic  s t ra ining o r  
s e v e r e  reduct ion in shear  
s t rength .  

Low 

Low t o  Excess p o r e  w a t e r  pressure 
Limited may develop in  s o m e  of t h e  

foundation soils at depth,  
having l i t t l e  o r  no  e f f e c t  
on t h e  embankment ' s  per-  
formance.  

Low 

High High pore pressures  
may  develop in founda- 
t ion soils during cycl ic  
loading which rnay cause  
l iquefaction,  excess ive  
cycl ic  s t ra ining o r  
s e v e r e  reduct ion in shear  
s t rength .  
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VII. - STABILITY ANALYSES - 

Introduction 

The  l iquefaction potent ia l  of the  various soils which comprise t h e  embank- 

ments  and foundations of t h e  eight dams considered in this investigation has been  

addressed in t h e  previous chapter  of this report. Based on t h e  resul ts  of t h e  

analyses and o ther  considerations presented in Appendix G and summarized in 

Chapter  VT, t h e  foundation soils at Green's Lake Dam No. 3 and  Ivins Diversion 

Dam Xo. 5 were  found t o  be  susceptible t o  l iquefaction if s a t u r a t e d  condit ions 

were  present a t  t h e  t i m e  of t h e  postulated Magnitude 6.0 earthquake.  T h e  high 

pore pressures t h a t  would be built up in these  soils during t h e  ea r thquake  would 

Ic2d t o  significant reductions in shear  s t reng th  a f t e r  t h e  earthquake.  T h e  

embankment  and foundation soils at t h e  remaining six dams were  found t o  have low 

liqilefaction potential ,  however, they could experience moderate  reduct ions  in 

shear  s t rength  as a result  of excess  pore  pressures produced by t h e  ear thquake.  

If l iquefaction and/or significant loss of shear  s t reng th  occurs  in t h e  

foundation soils at Green's Lake  Dam No. 3 and Ivins Diversion Dam No. 5 during 

t h e  earthquake,  then failure of these  emban!cments would be likely. I t  is, 

therefore ,  of in te res t  t:, evaluate  t h e  stabil i ty of these  two  embanicments assuming 

t h a t  the  following conditions might exist  at these  dam s i t es  at t h e  t i m e  of t h e  

earthquake: 

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

laboratory  tests;  

2) A lower  phrea t i c  su r face  than tha t  corresponding t o  t h e  s teady-s ta te  

seepage condition. 

A number of analyses were  p e ~ f o r m e d  t o  ascer ta in  t h e  e f f e c t s  of t h e  above two  

conditions on t h e  stabil i ty of these  two embankments.  In addition, s tabi l i ty  

analyses were  performed on representa t ive  cross sect ions  of t h e  Warner Draw and 

Frog I-Iollow dam embankments  under s ta t ic ,  seisrn ic, 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 maximurll 

cross sections. Water levels in the reservoir were assumed to be at  the principal 

(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. 

I A general purpose slope stability computer program developed at  Purdue 

1 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 circular failure surfaces, irregular failure surfaces of random shape, or 

sliding wedges. For purposes of this study, the circular failure surface option of 

the prograrn 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 parameteys 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 described 

herein are "averagett 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, i t  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 common in engineering practice to drill a limited number of exploratory 

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

particular locations at a site and to obtain representative soil samples for 
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laboratory testing. This infor rnation is suppl.emented by a geologic evaluation of 

the site and, as in the case of an earth embankment, available construction records 

in order to establish trreprese~~tative'r 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. SeismicStabilityit~cludingcumulativedeformationevaluation. 

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 unsiable 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 Ivins Diversion Dam 

No. 5 2re 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 iiollow Dams are then described. The last section of this chapter 

sunimanizes the results of all t h e  analyses and presents our conclusions regarding 

the overall performance and behavior of those dams during and after the ground 

shaking produced by the postulated Magnitude 6.0 earthq!lake. 

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

The static and post-earthquake stability of the upstream and dr~wnstream 

slopes of Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 near their 

m~ximunl cross sections was first investigated assuming steady-sta te  seepage 

conditions. The phreatic surfaces corresponding to the reservoir levels at  the 

principal (or primary) spillway crest elevations were developed using Casagrandets 

solution (EIarr, 1962). 
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T h e  e f fec t ive  s t reng th  pa ramete rs  summarized in Tab le  A-8 of Appendix A 

were  used in t h e  s t a t i c  stabil i ty analyses. The range of t h e  t e n  mos t  c r i t i ca l  

fa i lure  surfaces  for  the  upstream and downstream slopes of Green's Lake  Dam No. 

3 and Ivins Diversion Dam No. 5 undzr this loading condition a r e  summarized in 

Table  VII-1. For  corfiparitive purposes, t h e  f a e t c r s  of s a f e t y  f o r  infinite slope t y p e  

failures a r e  also given in th is  table. 

Table  VII-1 

Summary of Fac to rs  of Safe ty  Under Steady-State Seepage  
Conditions - Green's Lake No. 3 atid Ivins Diversion No. 5 D a m s  

Range of Fac to rs  of Safe ty  
for  t h e  10 Most Cr i t i ca l  

Fai lure  Sur faces  

Green's Lake No. 3 Ivins Diversion No. 5 
Type of Analysis Upstream Downslr2am Upstream Downstream - 

S t a t i c  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-Ear thquake - < 1.0 << 1.0 1.5 - 1.6 << 1.0 

For  t h e  upstream slopes of both embankments,  t h e  t e n  most  c r i t i ca l  fa i lure  

su r faces  vary frorn infinite slope type and shallow failures t o  deep-seated failures 

which involve a significant portion of t h e  embankments '  crests. F a c t o r s  of s a f e t y  

fo r  Green's Lake  Dam No. 3 range  f rom 1.9 t o  2.1 and 2.3 t o  2.9 fo r  Ivins Diversion 

Dan1 No. 5. Plots  showing failure surfaces  which involve t h e  d a m  c r e s t s  a r e  shown 

in Figures VII-1 and  VII-2 for  Green's Lake Dam No. 3 and Ivins Diversion Darn No. 

5, respectively. 

For t h e  downstream slope of Green's Lake  Dam No. 3, t h e  t en  mos t  c r i t i ca l  

fai lure surfaces  involve primarily t h e  embankment  soils. T h e  fa i lure  su r faces  

range from shallow infinite slope failures t o  fai lures s t a r t ing  at the  t o e  and ending 

up z l  t h e  c r e s t  of t h e  embankment.  Fac to rs  of s a f e t y  range f r o m  1.3 to 1.6. T h e  

t e n  most cr i t ica l  fai lure surfaces  for Ivins Diversion Dam No. 5 are deeper  fai lure 
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sur faces  invoiving t h e  dam cres t  and a r e  caused by t h e  weaker  foundat ion 

conditions at this s i te .  T h e  fac to rs  of sa fe ty  range from 1.2 t o  1.4. I t  is i m p o r t a n t  

t o  note  t h a t  t h e  f a c t o r s  of sa fe ty  for  the  downstream slopes of both etnbanltments 

a r e  significantly lower than  t h e  upstream slopes under s t a t i c ,  s teady-s ta te  s e e p a g e  

conditions. This is due t o  the  steeper downstream slopes which are 2(13):1(V) versus 

3(H!:l(V) for t h e  upstream slopes. 

The post-earthquake stabil i ty of the  upstream and downstream slopes of t h e  

two embankments  was  also evaluated assuming t h e  s teady-s ta te  seepage  condit ions 

described above. T h e  post-earthquake e f fec t ive  s t reng th  pa ramete rs  summar ized  

in Table A-14 were  used in these  analyses and the  fac to rs  of s a f e t y  a r e  l i s t ed  in 

Table  VII-1. With the  exception of t h e  upstream slope of Ivins Diversion Dam No. 

5, t h e  factors  of s a f e t y  for  this condition indicate  t h a t  fai lure of t h e  embankments  

wculd occii? during or a f t e r  the  ear thquake ground shaking postulated fo r  t h e s e  

sites. The high excess  pore  pressures t h a t  would be built up in t h e  foundation soils  

during t h e  ear thquake resul t  in a severe  reduction in t h e  shear  s t reng ths  of t h e s e  

soils. If s teady-s ta te  seepage conditions exist  at t h e  t ime  of t h e  ear thquake,  the 

stabil i ty analyses indicate tha t  e i ther  ditep-seated rotational-type fa i lures  and 

upstream and/or downstream movement of t h e  embankment  would occur.  Fai lures  

vv.ould involve the  dam c r e s t  and significant portions of t h e  foundation soils, leading 

t o  overtopping or breaching of t h e  embankments. 

While the  embanl<ments are u~?stable  under post-earthquake loading when 

s teady-s ta te  seepage conditions a r e  assumed, i t  is of in teres t  t o  invest igate  t h e  

s tabi l i ty  of t h e  darns if d i f ferent  conditions were  t o  exis t  at t h e  t i m e  of the 

earthquake.  

One of t h e  pa ramete rs  which great ly  a f f e c t s  t h e  results  of t h e  analyses  is t h e  

build-up in excess  pore pressure t h a t  occurs  during ear thquake shaking. T h e  resu l t s  

of cyclic tr iaxial  tests performed on t h e  foundation soils obtained f r o m  t h e  two  

em.bankmeilt s i t e s  indicate  t h a t  very high excess pore  pressures will develep dur ing 

cycl ic  loading (see Appendix A). If t h e  ac tua l  pore  pressures tha t  develop in t h e  

field a r e  less t h a n  those  measured in t h e  laboratory,  how much less d o  t h e y  have  t o  

be  in order t o  maintain s table  slope conditions? A number of s tabi l i ty  analyses  

were  performed t o  answer th is  question. 
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The  analyses were  again performed by assurnirig t h a t  s teady-s ta te  s e e p a g e  

conditions exist  a t  t h e  t i m e  of the  esrthqualce. T h e  pore pressure p a r a m e t e r s  of 

t h e  foundation soils were  varied until marginally s t ab le  slope condit ions w e r e  

obtained. Since  t h e  upstream slope of Iviris Diversion Dam No. 5 was found t o  b e  

s table  iii t h e  previous post-earthquake stabil i ty analysis, th is  slope was  no t  re- 

analyzed. Results  of the  analyses performed cn  the  downsteam slope of Green's  

Lake Dam No. 3 indicate  t h a t  t h e  in s i tu  pore pressures would have t o  b e  

approximately 60 percen t  less than those used in t h e  previous post-earthquake 

stabil i ty analyses in order for t h e  slope t o  be  nearly (or marginally) stable. 

Similarly, t h e  downstream slope of Jvins Iliversion Dam No. 5 becomes marginally 

s t ab le  if pore  pressures a r e  assumed t o  be approximately 70 percen t  less than those  

used in t h e  previous analyses. These  results  c lear ly  show tha t ,  if s teady-s ta te  

seepage condition? exist  at t h e  t i m e  of t h e  ear thquake,  even re la t ively  m o d e r a t e  

increases in pore pressures would cause  s t r e n g t l ~  reductions in t h e  foundation soils 

result ing in unstable slope conditions. 

The  stabil i ty of the  slopes is also a f fec ted  by t h e  position of t h e  phrent ic  

surface.  If a phrcs t i c  su r face  di f ferent  than t h e  s teady-s ta te  seepage  condit ion is  

assumed, do t h e  downstream slopes of t h e  embankments  become stable under post- 

ear thquake loading conditions? Analyses were  also performed t o  eva lua te  t h e  

influence of t h e  locat ion of t h e  phreat ic  su r face  on t h e  embankment  stabil i ty.  T h e  

two pllreatic surfaces  i l lustrated in Figure VII-3 were  assumed and  t h e  s tabi l i ty  of 

t h e  slopes under s t a t i c  and post-earthquake loading conditions was evaluated.  T h e  

e f fec t ive  s t rength  pa ramete rs  summarized in  Tables A-13 and  A-14 w e r e  used in 

t h e  s t a t i c  and post-earthquake analyses, respectively. F a c t o r s  of s a f e t y  f o r  t h e  

Case  A phreat ic  su r face  condition a r e  summarized in Table  VII-2. 
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Table VII-2 

Summary ol' 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 1 0  Most Critical 

Failure Surfaces 

Green's Lake No. 3 Ivins Diversion No. 5 
Type of Analysis Upstream - Downstream Upstream Downstream 

Stat ic  1.9 - 2.4 1.3 - 1.6 --- 1.7 - 1.9 

Post-Ear thquake - < 1.0 << 1.0 --- << 1.0 

The stat ic  stability of both dotlinstrea~n 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 dowfistream slape of Green's Lake Dam No. 3 a r e  

relativeljr shallow or are infinite slope type failures involving only embankment 

soils. The failure sui-faces for Ivins Diversion Dam No. 5 a re  also relatively 

shallow, however, they involve EI small amount of foundation soils. Typical failure 

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

The post-ear thquake stability of the downstrear,] slopes are  nut improved for  

the  Case A phreatic surface shown in Figure VII-3. The stability analyses indicate 

tha t  deep failures would still occur in these slopes. The upstream slope of Green's 

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

Finally, the stat ic  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. I t  is only for this condition tha t  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 a re  

saturated a t  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 

static, seismic, 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 embanlc- 

rnents were not subject to liquefaction but could experience moderate reductions in 

strength as a result of cyclic loading when saturat.ed. 

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 a t  the principal spillway 

crest elevations. Effective strength parameters for the Zone 111 soils comprising 

the shell of Warner Draw Dam were assumed to be equal 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 fi l l  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 embarlk~nents 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. 

2 6 Ear th  Sc i ences  Assoc i a tes  



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  iilost Critical 

Failure Surfaces 

Warner Draw Frog Hollow 
Type of Anal= 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 stabiiiiy after having been subjected to the postulated earthquaIte ground 

motions. For this case, the post-earthquake effeetive strength parameters listed in 

Table A-14, and the average post-cyclic 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 dov~nstream slopes of the two 

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

The failure surfaces for the downstream slope of Warner Draw Darn 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 analysjs due to the reductions 

in shear strength of the soils caused by cyclic loading. 

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

Hollow Dam are only slightly affected by cyclic loading. The factors of safety for 
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t h e  upstream slope, on t h e  o ther  hand, a r e  slightly g r e a t e r  than t h e  static s teady-  

state seepage condition. This is t h e  result  of the  higher cohesions exhibited by t h e  

c layey Zone 1 soils under undrained loading conditions versus t h e  smal le r  apparen t  

cohesion in drained loading. T h e  fa i lure  surfaces  for  t h e  post-earthquake s tabi l i ty  

analyses of t h e  upstream slope a r e  similar t o  those  obtained f r o m  t h e  s t a t i c  

analyses. An example which involves a portion of t h e  dam c r e s t  is shown in 

Figure  VII-5. 

The  results  of t h e  post-earthquake stabil i ty analyses described above  indicate  

t h a t  t h e  slopes of both Warner Draw and Frog Hollow Dams should remain  s t a b l e  

following t h e  postulated earthqualce. I-lowever, during ear thquake ground shaking, 

t h e  embankments  may undergo s o m e  permanent  deformations. T h e  following t e x t  

describes t h e  method used t o  e s t i m a t e  these  deformations. 

Cumulat ive  Deformation Analyses 

Pseudo-static methods of slope stabil i ty have o f ten  been used in t h e  pas t  t o  

evaluate  the  seismic stabil i ty of e a r t h  dams. This method is a limit-equilibrium 

method in which the  res is tance along a postulated failure su r face  is based on t h e  

s t a t i c  s t rength  of t h e  soil, and an addit ional horizontzl  f o r c e  is added t o  represen t  

t h e  iner t ia  forces  produced by t h e  design earthquake. 

With t h e  development of sophist icated analytical  techniques in r e c e n t  years ,  

t h e  pseudo-static method of analysis has o f ten  been cr i t ic ized as n o t  t ru ly  

representing t h e  e f f e c t s  of ear thquake loading on an  embankment.  T h e  a c c u r a c y  

of pseudo-static methods is l imi ted by two  factors.  T h e  f i r s t  is t h a t  t h e  a c t u a l  

iner t ia  forces  developed during aii ear thquake are cyclic in nature ,  r a t h e r  than  a 

single fo rce  act ing in one direction; and  t h e  second is t h a t  t h e  method, as usually 

applied, does not consider t h e  possible loss in s t rength  of soils subjected t o  cycl ic  

loading. This second f a c t o r  is especially important  for  loose s a t u r a t e d  granular 

soils and hydraulic fill  mater ia ls  which may develop large  cycl ic  o r  pe rmanen t  

s t ra ins  ~ l n d e r  undrained cyclic loading. Nonetheless, pseudo--static methods  of 

analysis have, until qu i t e  recent ly ,  continued t o  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 Newmarlt (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; itlakdisi 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 signif ieant strength loss under cyclic loading (Seed, 197 9 b). 

Since it  has been demonstrated in the previous section of this chapter tha t  both the 

Warner Draw and Frog Hollow Dams would remsin stable af ter  earthqualte shaking, 

this approach was used to estimate the amount of permanent defornlations 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, k corresponding to the  critical failure surface using pseudo-static 
Y' 

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 t o  

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 a s  the seismic 

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 Corresoondin~ to a Factor of 

Darn 

Warner Draw 

Safety of One 

Yield Acceleration, k (g) 
Y 

Downstream S l o ~ e  

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. A s  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 maxinlum acceler- 

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

once the maximum crest acceleration, u is known. For the postulated max' 
D/lagnitude 6.0 earthquake, the estimated maximum crest accelerations computed 

from the dyrlamic response analyses presented in Appendix F were found to be 

approximately 0.48 g and 0.45 g for the Warner Draw and Frog Iiollow Dam 

em bankrnents, respectively (see Table F-3). For critical surfaces which extencl 

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 critical 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 x e  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, a n  acce le ra t ion  ra t io ,  

ky/kmax' of 0.59 is o b t a i n ~ d .  A value f o r  U/kmax x g x To approximately  equal  
t o  0.01 is obtained f rom Figure  VII-6 for  a Magnitude 6.5 earthquake.  T o  comple te  

t h e  calculation of t h e  amount  of permanent  deformation,  t h e  fundamenta l  period, 

To, of the  embankment must be  known. This value was calcula ted in Appendix F 

and  is tabula ted in Table  F-4. A value of To approximately equal  t o  0.40 second  

was calcula ted using t h e  average shear  wave velocity obtained f rom t h e  dynamic 

response analysis of this cross section.  Using th is  value of t h e  fundamental  period, 

t h e  amount  of permanent  deformat ion expected to  occur  in t h e  downstream slope 

of Warner Draw Dam is es t imated  to b e  less than  1 inch. Thus, on t h e  basis of t h e  

cumulat ive  deformation procedure, virtually no deformat ion would be expec ted  t o  

develop in e i ther  t h e  Warner Draw o r  Frog Hollow D a m s  during t h e  postula ted 

Magnitude 6.0 earthquake.  

Other  Considerations Re la ted  t o  Dam Stabil i tv 

The stabil i ty analyses described above a r e  based on represen ta t ive  c ross  

sect ions  of the dam erilbankments developed f rom a review of SCS f i l e s  and resu1.t~ 

of our field investigation. S t reng th  pa ramete rs  used in t h e  analyses w e r e  based on  

resul ts  of s t a t i c  and cyclic tr iaxial  tests performed on soil samples  obta ined during 

t h e  Phase  I field investigation and engineering judgment. T h e  models of t h e  

embankment  slopes and foundation soils were  developed assuming t h a t  uniform soil 

conditions exist  throughout t h e  embankment  cross sections.  This assumption (or 

approximation) is one t h a t  is commonly made in analyses of this type. In  t h e  c a s e s  

of Green's Lake Dam No. 3 and F r o g  Hollow Dam, however, th is  assumption may  

n o t  be reasonable and is t h e  topic of t h e  discussions t h a t  follow. 

In t h e  Phase  I repor t  (see Appendix G), t h e  operat ional  problems t h a t  have  

occurred at Green's Lake Dam No. 3 were  summarized. T h e  dams  and  foundation 

soils have been subject  t o  subsidence and extensive cracking s ince  1963, Cracks  in  

t h e  embankment and foundations widened due t o  erosion and  piping and  s o m e  block 

rota t ion occurred along portions of t h e  dam cres t .  Repairs  t o  t h e  c r a c k s  in the 

e m b m k m e n t  and reservoir  a r e a  were  init iated in t h e  spring of 1969. C r a c k s  w e r e  

filled with large  quant i t ies  of soil-slurry mixture which was  pumped in to  t h e  voids. 

Most cracks  in the  dam were  found t o  be  interconnected while t h e  c r a c k s  in t h e  
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reservoir were found to be generally shallour and not usually connected. At the  

time of the field investigation conducted during Phase I, cracks 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 dovinstream slope of this embankment under s tat ic  steady-state seepage 

conditions indicate that i t  is stable (factors of safety range from 1.3 t o  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 "repairedtt embankment could not be meaningfully evaluated. I t  is our 

judgment, however, that if stability analyses could be performed on a reasonable 

representation of the repaired embankment, the factors of safety for s tat ic  steady- 

s ta te  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, i t  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 

construction of the  raised portion of the embankment in 1978 (see Appendix G of 

Phase I report). Cracks that formed were mostly transverse to  the centei'line of 

the embankment and were found to extend through the  entire embankment. They 

ranged from 3 to  9 fee t  in depth. The cracking has been attributed t o  desiccation 1 
of the fill materials. Longitudinal cracking was also noted along the upstream face  

of the embankment. A t  the time of the writing of this report, the  cracks in the  

embankment were not yet  repaired and this problem was under a thorough )I 
I 

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 a t t r ibuted t o  backfill which was poorly placed a f t e r  t h e  remova l  of 

an  old 24 inch corrugated m e t a l  pipe (see Appendix G, Phase  I report). While t h e  

laboratory  tests conducted on these  materials  are somewhat  weaker t h a n  t h e  Zone 

I mater ia ls  t h a t  were  also tes ted,  i t  is our judgment t h a t  i t  would n o t  have a 

significant e f f e c t  on the  stabil i ty of t h e  dam since i t  is confined t o  a relat ively 

narrow zone. 

The stabil i ty analysis of t h e  Frog  Hollow Dam embankment  presented in this 

chap te r  indicates tha t ,  if t h e  soils comprising t h e  various zones of t h e  embankment  

a r e  more or less "uniform", then  t h e  dam should be s t ab le  under all t h e  loading 

conditions considered in this investigation. As was t h e  case for  Green's Lake  Dam 

No. 3, t h e  cracking present within t h e  embankment soils makes t h e  a c t u a l  s tabi l i ty  

of t h e  dam extremely difficult  t o  assess unless t h e  cracks  a r e  properly repaired.  If 

i t  is decided t o  repair  the  cracks  in t h e  embankment,  we recornmend t h a t  t h e  

mater ia ls  within t h e  zone of cracking be  removed and replaced with a compac ted  

engineered fill. The repaired embankment  should then have proper t ies  which a r e  

similar t o  those used in th is  investigation and t h e  results  of t h e  s tabi l i ty  analyses  I 

previously described should be valid. 
I 

Summarv and Conclusions 

Detailed stabil i ty analyses have been performed on t h e  following dams: 

1. Green's Lake Dam No. 3 

2. Warner Draw 

3. Frog Hoilow, and 

4. Ivins Diversion Dam No. 5. 

Warner Draw and Frog Hollow D a m s  have been analyzed under s t a t i c ,  seismic,  and  

post-earthquake loading conditions. Because of t h e  poor foundation condit ions 

present  a t  Green's Lake Dam No. 3 and  Ivins Diversion Dam No. 5, these  dams  were  

analyzed under only s t a t i c  and post-earthquake loading conditions. T h e  resul ts  of 

t h e  s tabi l i ty  analyses and other  considerations indicate  t h e  following: 
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1. Unstable slope conditions may develop, even under static loading 

conditions, if s teady-s ta te  seepage conditions a r e  allowed t o  develop a t  

Green's Lake Dam No. 3. 

2. The  downstream slope of Ivins Diversion Dam No. 5 [nay be subject  t o  

fai lure under post-earthquake loading conditions if t h e  foundation soils  

a r e  allowed to become satura ted.  

3. Warner Draw Darn should behave satisfactori ly during a n d  a f t e r  t h e  

postulated Magnitude 6.0 earthquake.  Cumulative de format ions  consis- 

t ing of downstream movement,  se t t l ement ,  and/or c rack ing  should be 

negligible. 

4. F rog  Hollow D a n  sllould behave satisfactori ly during and  a f t e r  t h e  

postulated ear thquake if t h e  zones of cracking in t h e  embanknlent  a r e  

removed and repaired using a well-compacted engineered fill. 

5. !f t h e  foundations and emba.nkments a r e  unsaturated at t h e  t i m e  of t h e  

earthquake,  all of t h e  dams, with t h e  exception of Green's  L a k e  Dzm 

No. 3, should behave satisfactori ly during a.nd a f t e r  the  earthqualte. 

Under these  conditions, some minor darnage consist ing of surf ic ia l  

raveling and/or cracking may occur which should n o t  impair  t h e  

performance of t h e  dams. 
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VIII. EXPECTED PERFORSIANCE A N D  ItECOkIIMENDED RETiIEDIAL bIEASURES 

Potent ia l  causes  of damage t o  the  eight SCS dams  located in Southwestern  

Utah have been addressed in deta i l  in previous chapters  of this repor t .  T h e  e f f e c t s  

of f au l t  rupture  on those dams s i tuated on, or  in close proximity to ,  a c t i v e  fau l t s  

a r e  discussed in Chapter  IV. The e f f e c t s  of s t rong ground shaking on  t h e  various 

d a m s  associated with a near-field Magnitude 6 ear thquake a r e  addressed in 

Chapters  VI and VIT. Based on these  studies i t  has  been concluded t h z t  severa l  of 

t h e  dams  could suffer considerable damage  as a result  of e i the r  f a u l t  o f f se t  o r  

s t rong ground shaking if t h e  dams  impound a significant amount  of w a t e r  at t h e  

t i m e  of t h e  earthquake.  If the  dams  do not impound water  prior to, during, o r  a f t e r  

an  ear thquake t h e  hazards associa ted with these  dams would be significantly 

reduced. 

A summary  of the  major hazards  associated with each dam s i t e  a r e  t abu la ted  

in Table VIII-1, together  with t h e  expected performance of each emba.nkrnent a f t e r  

e i the r  fau l t  o f f se t  or ground shaking has occurred. This summary indicates  t h a t  

Green's L a k e  Darns No. 2 and 3 would have a high likelihood of a piping fa i lu re  

occurring within a period of a f e w  hours t o  a few days a f t e r  f a u l t  o f f se t  has  

occurred,  Gypsum iVash Dam should perform fairly well if o f f s e t  by f a u l t  

movement. While the  soils coinprising this embankment may be  sub jec t  to s o m e  

erosion and/or piping under high heads, t h e  "as-built" d ra~v ing  of th is  embankment  

indicates  t h a t  i t  has a six-foot wide chimney drain which would t end  t o  prevent  

erosion of t h e  embankment  materials. 

Table VIII-1 also indicates t h a t  Green's Lake  Dam KO. 3 and  Ivins Diversion 

Darn No. 5 would perform poorly during and a f t e r  t h e  occurrence of t h e  postula ted 

Magnitude 6 earthquake.  If t h e  foundation soils at these  two d a m s  a r e  al lowed to 

become sa tu ra ted ,  they could liquefy and/or suffer  a significant loss of s t reng th  as 

a resul t  of s t rong earthquake ground shaking. T h e  performance of F r o g  Hollow 

Dam during and a f t e r  t h e  postulated ear thquake should be  good provided repairs  to  

this s t r u c t u r e  are done in accordance with the  general  recommendat ions  provided 

l a t e r  in th is  chapter .  

Based on t h e  result  of our studies,  we recommend . that  t h e  following 

measures be undertaken t o  mit igate  t h e  potent ia l  hazards  posed by t h e  possible 

fa i lure  of tile above-mentioned dams: 
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Dam 

Green's Lake 
No. 2 

Green's Lake 
No. 3 

Green's Lake 
No. 5 

Warner Draw 

Gypsum Wash 

Stucki 

Frog Hollow 

Ivins Diversion 
No. 5 

Notes: General 

Table VIII-1 

Summary of I-fazards and Expected Performance 

Expected 

Liquefaction 
Potential 

Low 

High 

Low 

Low 

Low 

Low 

Low 

High 

Seismic 
Stability 

N.A. 

Poor 

N.A. 

Good 

N.A. 

N.A. 

~ o o d l  

Poor 

Active 
Fault a t  
Dam Site 

Yes 

Yes 

Yes 

No 

Yes 

N o  

No 

No 

perfor nlance 
After After 
Fault Ground 
Offset Shaking 

Poor Good 

Poor Poor 

Good Good 

N.A. Good 

Fair-Good Good 

N.A. Good 

N.A. ~ o o d l .  

N.A. Y oor 

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. 

'performanee should be satisfactory provided repairs to the embankment are done in 
accordance with the general recommendations outlined in this report. 
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1. I t  is our j~ldgment  t h a t  t h e  condition of the  Green's Lake  Dam No. 3 

embankment  and foundation soils a t  this  s i t e  a r e  s o  poor t h a t  th i s  

s t r u c t u r e  should be  taken ou t  of service. If i t  is decided t o  rep lace  th is  

s t ruc tu re ,  t h e  following guidelines should be  observed: 

a. Poor foundation soils should be  identified and  removed, o r  

improved, before construction of t h e  new embankment.  

b. T h e  new embankment  should be located,  if possible, so  as t o  avoid 

known ac t ive  o r  potential ly ac t ive  faults. 

c. Since unmapped splays of t h e  Hurricane faul t  sys tem could exis t  

at t h e  s i te ,  t h e  new embankment  should be  zoned t o  p reven t  

erosion and/or piping fa i lure  in t h e  even t  of faul t  rupture.  

d. T h e  new s t ruc tu re  should be operated in such a way as t o  release 

diver ted flood waters  as rapidly as possible. 

2. I t  is our judgment t h a t  t h e  reservoir  level  a t  Green's L a k e  Dam No. 2 

should not  be  allowed t o  reach t h e  emergency spillway e levat ion which 

resul ts  in only 2.5 f e e t  of freeboard. Because of t h e  potent ia l  fo r  f a u l t  

rup tu re  a t  this  s i te ,  a minimum of 4 f e e t  of f reeboard should be 

maintained. 

3. T h e  cracks  present  in t h e  Frog  Hollow Dam embankment  should be 

repaired.  Zones of cracking should be  removed and replaced with a well  

compacted engineered fill. The  fi l l  mater ia ls  should be s imilar  t o  t h a t  

used in t h e  original, raised embankment.  The  c racks  should no t  be  

repaired using a soil-slurry mixture. Measures t o  prevent dessication of 

t h e  embankment  soils may be desirable. 

4. T h e  possibility of sa tu ra ted  foundation conditions at Ivins Diversion 

Dam No. 5 should b e  investigated. This could be  accomplished by 

installing piezometers  along t h e  downstream slope and  t o e  of t h e  

embankment  and measuring wate r  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 

nieasures would most likely consist of removal and/or improvement of the 

unsuitable soils. 

To ensure that all of the eight darns 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 darns 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. 

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 Ivins 

Diversion Dam No. 5. If any dam sho~vs 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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5. An inundstion map should be prepared for areas downstream from all 

the  darns (if this has not been done) and copies should be made available 

t o  the local sheriff's departmerlts with jurisdiction over areas subject to 

flooding. 

6 .  An evacuation plan should be 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 

LABORPLTOKY JNVESTISATION 

Various laboratory tests were conducted on selected representative samples 

obtained froin several of the dsn: erxlba~lltments and their foundations. The 

following types of tests  were perforined: 

o Moisture and density 

0 Sieve analysis (13/4") 

o Hydrometer analysis 

o Atterbeiag limits 

o Standard Proctor compaction 

o Consolidated-andrained triasial; saturated with pore pressure rnessuye- 

men ts  

o Stress-corit~.olied cyclic triasinl and post-cyclic s tat ic  testing to failure 

o Pinhole dispersion 

o Organic sample age dating 

iYIois ture and density tests, sieve analysis, hydrometer analysis, and k t terberg 

limits tests were conducted to aid in identificatiorl 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 coinpsrisons are presented in Appendix G. Standard 

Procior 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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"rlverage" stat ic  shear strengtlls 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 Divexion No. 5 dams and engineering judgment. Pore pressures 

were n~easured during shearing of the samples to failure. The liquefaction 

p o t e ~ ~ t i a l  and cyclic strength characteristics of these materials under simulated 

earthquake loading conaitions were established by performing stress-controlled 

cyclic triaxial tests. Where applicable, residual shear strengths were also obtained 

by conducting stat ic  consolidated-undrained triaxial tests on samples initially 

subjected to cyclic loading. 

Pinho1.e tests were performed to establish the dispersion characterjsties aad 

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 investig a t '  ion. 

Classification and Index Properties Tests ---- 

Atterberg limits tests consisting of determination of the liquid limit, i,L, the  

plastic limit, PL, and the plasticity index (PI = LL - PL) were conducted on a 

numbe; of fine-grained soil samples to establish the degree of plasticity of these 

soils. nilany 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 Table A-2. In general, all of the soils tested have plasticity 

indexes less than 10 indicsting that the inaterials heve low plasticity. Liquid limits 

a re  in the range of 18 to 30 percent. Soil samples obtained from Ivins Diversion 

Dam No. 5 were found to  be non-pla-stic. 

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 stat ic  and cyclic 

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 a re  shown 

in Figures A-8, A-9, and A-10. 
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Dis~ers ion  Characteristics 

To  establish the dispersibility and/or piping potential of the embankment and 

foundation materials at those dams where fault rupture could ozcur, a number of 

pinhole tests  were condueted on selected samples. The pinhole test  was performed 

in zccordance 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 a r e  shown in Figures A-8 through A- 

10 from which i t  can be seen that the samples generally range from sandy clays t o  

clayey and silty sands. 

The pinhole tes t  result is evaluated from the appearance of the water, t h e  

ra te  of flow, and final size of the  hole in the specimen. The t e s t  is highly 

reproducible and the results of each individual tes t  can be categorized easily in to  

one of the six categories shown in Table A-1. 

Table A-1 

Categories of Pinhole Test  Results 

Classification of 
Individual Test  Eesults 

(1) 

D l  and D% 

ND4 and ND3 

ND2 and ND1 

Classification of Soil 
(2) 

Dispersive soils: fail  rapidly under 
2-in. (50-mm) head. 

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

Nondispersive soil: no colloidal e ~ o s i o n  
under 15-in. (380-mm) or 40-in. (1,020-mm) 
head. 

Results of the pinhole tests a re  tabulated in Table A-2. All of t h e  samples  

tested, except  for two, classified a s  nondispersive soils. The remaining two 

classified as intermediate soils. None of the  soils tested were found t o  be  highly 

dispersive on the basis of the pinhole test  results. 

A- 3 
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Table  A-2 

Summary of Pinhole Dispersion T e s t  Results  

T e s t  P i t  
or  

Bor irlg 

Soil 
Classifi- 
ca t ion 

Percen t  
Passing 
#200 

A t t e r b e r g  Limits 
LL - PI - 

Dispersion 
D e s i ~ n a t i o n  Dam Depth Mater ia l  

shell  (Zone I) 
foundation 
core  (Zone 11) 

Green's Lake  
No. 2 

Bulk 
Bulk 
PE-21s-1 

SM-SC 
SM-SC 
SM-SC 

ND1 
NDI  
NDl  

Green's Lake  
No. 3 

c o r e  (Zone 11) 
f oundation 
foundation 

non-plas t i c  
non-plast i c  

25.0 6.6 

Green's Lake  
No. 5 

Bulk 
Bulk 
PB-2/S-2 

embankment  
foundation 
embankment  

CL 
SM-SC 

CL 

shell  (Zone 111) 
c o r e  (Zone I) 
core  (Zone 1) 

Gypsum Was11 Bulk 
PB-613-6 
PB-2/S-2 

SM 
ML 

CL-ML 

ND1 
NDI 
ND1 

Warner Draw core  (Zone I) 
core  (Zone I) 

SM-SC 
SM-SC 

NDl  
ND1 

core  (Zone I) 
core  (Zone I) 
core  (Zone I) 

F rog  Hollow CL 
CL-ML 

CL 

ND1 
NDI 
NDI 



Radioact ive  Age-Dating Determinations 

Cliarcoal samples obtained f rom cer ta in  exploratory t renches  in t h e  C e d a r  

Ci ty  a r e a  were  submit ted fo r  Clq analysis in order t o  age-date t h e  enveloping 

sedimentary  deposits. These sarriples were  collected f rom selected horizoils in t h e  

t rench walls by Mr. Dwight Hunt, Senior Geologist of Ear th  Sciences  Associates,  

during t h e  Phase  I field investigation. 

T h e  samples were  air-dried and thoroughly exa.mined under a binocular 

microscope t o  remove all roo t  hairs and other  young organic mater ia l .  Consider- 

ab le  t i m e  was required per sample t o  remove the  visible organic contaminants .  

Because t h e  charcoal  grains were  smal l  and crumbly, no a t t e m p t  was  m a d e  t o  

s e p a r a t e  ihem from the  matrix. 

T h e  results  of the  a g e  dat ing determinations we summarized in Table  A-3. 

St reng th  Character is t ics  

A number of s t a t i c  and cyclic tr iaxial  tests were  conducted on representa-  

t ive,  relat ively undisturbed Pi tcher  samples  (3 inches in diameter)  of embankment  

and fou i~da t ion  soils, obtained during t h e  Phase  I field investigation,  t o  eva lua te  

thei r  behavior under s t a t i c ,  ear thquake,  and post-earthquake loading conditions. 

T e s t s  were performed on samples obtained f rom the following dams: 

o Green's Lake Dam No. 3 

o Warner Draw 

o F r o g  Hollow 

o Ivins Diversion Dam No. 5 

Where possible, samples were  se lected in pairs f rom t h e  s a m e  P i tcher  tube.  One  of 

t h e  samples  was failed s ta t ica l ly ,  and t h e  other  sample  was f i rs t  subjected t o  a 

prescribed cyclic loading and, then, subsequently fai led by application of a s t a t i c  

load. In some cases,  the  sample  liquefied dramatically during t h e  cyc l i c  loading 

portion of t h e  test and i t  was not  possible t o  perform t h e  post-cyclic static test. 

Ear th  Sc iences  Associates 



Table A-3 

Sumn~arv of Ape-Dsting. Determinations 

Sample ff 

GL-5a 

Sample Location and Testing 
Relationship t o  Fault(s) Laboratory 

Greerl's Lake Dam No. 5, Teledyne 
north dike; offset alluvium: Isotopes, 
east side of Cross Hollow N. J. 
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. 

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. 

Teledyne 
Isotopes, 
N, J. 

Geochron 
Laboratories, 
Mass. 

Geochron 
Laboratories, 
Mass. 

Geochron 
Laboratories, 
Mass. 

Teledyne 
Isotopes, 
N. J. 

Results -- 
Sample of insufficient 
volume; resubmitted to  
University of Arizona 
for testing by mass 
accelerator technique. 
Results anticipated 
in late 1982. 

Sample of insufficient 
volume; resubmitted to  
University of Ariaorla. 
Sample age: 3470 years 
B. P., 2 260. 

Ssmple age: 4100 years 
B. P. - + 660. 

Sample of insufficient 
volume. 

Sample of insufficient 
volume. 

Sample age: 1060 years 
B. P., - + 100. 



Prior to testing, the majority of the samples were initially saturated and 

consolidated isotropical!y (I< = 1) to a range of effective stress conditions c 
representative of t!lose existing in the field. In order to ensure con~plete 

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

Surrirnaries 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. 

Static 'Triaxial Tests 

A series of consolidated-undrained triaxial tests with pore pressure measure- 

ments were conducted to establish average effective and undrairled strength 

peranleters of the different soil types present at  the four dam sites under 

consideration. Test results i~lcluding stress-strain relationships for eaeh test are 

included in Appendix B. These results generally indicate an increase in deviator 

stress with increasing axid 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 ivas 

conservatively selected as an appropriate strain value a t  which to eva l~a te  

strength characteristics for stability analyses of the downstream and upstrear!l 

slopes of the selected darn 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 effective stress parameters. 0 1 1  

these figures, the value of 5 (i.e., 3i + c3/2) h s s  beec plotted against the slrear. 
- 

strength, q (i.e., o l  - z3/2). The straight line drawn through the data poinb 

represents the "a.veragett effective strength failure line (Kf line). Values of 

effective strength parameters established on the basis of these results are 

tabulated in Tzble A-8. 

Ear th  Sciences  Assoc ia tes  



-
-
-

-

TABLE A-4
SUMMARY OF TRIAXIAL TESTS

GREEN'S LAKE DAM NO.3

RELATIVE*
BEFORE CONSOLIDATION AFTER CONSOLIDATION

SOIL
03c Ole

TEST NUMBER BORINGI DEPTH (ft.1 LOCATION CLASSIFI- SOIL TYPE COMPACTION Kc % PASSINGSAMPLE NUMBER CATION BEFORE CONSOLo (psfl (P5f1 H W/C 1'dry H W/C 1'dry NO. 200
(%1 (in.) (%1 (P5f1 (in.' (%. (pcfl SIEVE

S·1A GL3-1/P82-S2 8.0-10.5 embankment SM silty sand 93 1.0 1109 1109 6.00 13.8 114.3 5.97 - - 40.6

S-18- " " "
..

" - 1.0 2218 2218 - - - 5.42 15.0 117.6 -en....
24.0·26.5 foundation SC clayey sand with gravel N.A. Ien S-2 GL2-1/P86-S5 1.0 2174 2174 5.98 12.2 116.8 5.92 13.0 117.4 35.9w....

...I S-3 GL3-1/P89-S8 35.5·38.0 foundation ML-CL clayey silt / silty clay N.A. 1.0 3053 3053 5.94 13.5 105.1 5.85 19.2 105.6 62.3«
X 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« - -
a:

" "
.. "

I
.... S-48 " - 1.0 4349 4349 - - - 5.48 16.5 112.5 -
0
.... S·5 GL2·1/P82-S1 8.0·10.5 embankment SM silty sand 96 1.0 I 1354 1354 5.89 8.5 118.4 5.84 13.9 118.7 38.8« i.... i
en 25.5-28.0 SM silty sand with gravel N.A.

I

I.L. S-6 GL3·2/P86-S4 foundation 1.0 I 2016 2016 598 12.4 119.9 5.95 13.9 120.1 16.4
0 I

> S-7A GL3·21P87-S5 29.5-32.0 foundation SM silty sand N.A. 1.0 i 3024 3024 5.98 22.8 99.7 5.97 36.5! _. -a: !
«

" " .. " - 6048 6048:!: S-78 1.0 - - - 5.91 19.8 100.0 -
:!:
:::l
en

C·1 GL3-1/P82-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 43.5

C-2 GL3·2/P86-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

en
GL3-2/P87-S5 29.5-32.0 foundation SM silty sand N.A. 1.0 3024 3024 6.00 13.5 108.6 5.97 21.8 108.8 10.9.... C·3en

w.... C-4 GL2-1/P82-S1 8.0-10.5 embankment SM silty sand N.A. 1.0 1354 1354 5.81 9.6 114.7 5.80 23.5 114.8 66.3
...I
«
X
«
a:....
0
...I
0
>
0
I.L.
0
>
a:
«
:!:
:E
:::l
en

I

~. -~--
_.

*Relative compaction determined from compaction tests performed during Phase I
on similar material types. "N.A" applies to those samples for which compaction
test data are not available.
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TABLE A·5
SUMMARY OF TRIAXIAL TESTS

WARNER DRAW DAM

BEFORE CONSOLIDATION AFTER CONSOLIDATION
SOIL RELATIVE-

a3c ale:
TEST NUMBER

BORINGI DEPTH 1ft.) LOCATION CLASSIFI- SOIL TYPE COMPACTION Ke: % PASSING
SAMPLE NUMBER CATION BEFORE CONSOLo (psf) (psfl H W/C l' dry H W/C l' dry NO. 200

(%) (in.) 1%1 Ipsf) (in.1 I~I Ipcfl SIEVE

S-l WD·l/PB2·S2 8.5-11.0 embankment SM silty sand 105 1.0 1440 1440 6.00 8.5 124.5 6.00 13.6 124.5 20.1

S·2 WD·l/PB6·S6 25.0·27.5 embankment SC-SM clayey sand/silty sand 111 1.0 2678 2678 5.97 12.7 122.1 5.91 11.8 122.5 28.1
CIJ
I-

WD·l/PB10·Sl0 41.0-43.5 embankment SC-SM clayey sand/silty sand 108 1.0 3902 3902 6.00 11.0 127.0 5.98 11.1 127.2CIJ S·3 20.5w
I-
...J S-4 WD-l/PB13·S13 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
<{

X S·5 WD-21PB6086 24.5-27.0 embankment SCo8M clayey sand/silty sand N.A. 1.0 2678 2678 6.00 9.4 130.6 5.97 10.5 130.8 24.7<{

a:
WD-2/PB2082 SC-SM clayey sand/silty sand 108 1.0 1440 1440 5.98 9.8 5.94I- S-6A 8.5-11.0 embankment 129.3 - - 23.0

(,,)

I- S-6B .. .. .. " .. - 1.0 2880 2880 - 5.68 11.1 131.6 23.0<{ - -
I-
CIJ S-7A WO·2/PB130813 52.5·55.0 embankment SC clayey sand 114 1.0 5198 5198 6.07 10.5 125.6 5.98 - - 34.2
~

0 ..
S·7B .. .. "

.. - 1.0 7790 7790 - 5.70 9.2 127.9> - - -a:
<{

~
~
::>
CIJ

C·l WD·l/PB2·S2 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 19.5

C·2 WD·21PB6086 24.5-27.0 embankment SC-SM clayey sand/silty sand N.A. 1.0 2678 2678 5.97 11.1 121.2 5.90 11.3 121.7 24.3
CIJ
I-

1.0 3902 3902CIJ C·3 WD-l/PB100810 41.0-43.5 embankment SC·SM clayey sand/silty sand N.A. 5.98 10.5 127.4 5.93 9.8 127.7 23.9w
I-
...J C-4 WD·l/PB130813 53.0-55.5 embankment SC-SM clayey sand/silty sand N.A. 1.0 4810 4810 5.97 11.3 124.7 5.88 10.1 125.3 24.4
<{

X
C·5 WD·21PB6·S6 24.5·27.0 embankment SCo8M clayey sand/silty sand N.A. 1.5 2448 3672 5.99 10.4 123.6 5.89 11.0 124.4 27.1<{

a:
I-
(,,)

:;
(,,)

>
(,,)

~

0
>a:
«
~
:E
::>
CIJ

-Relative compaction determined from compaction tests performed during Phase I
on similar material types. "NA" 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

RELATIVE-
BEFORE CONSOLIDATION AFTER CONSOLIDATION

BORINGI
SOIL

G3c G1cTEST NUMBER DEPTH (ft.! LOCATION CLASSIFI· SOIL TYPE COMPACTION Kc ",PASSINGSAMPLE NUMBER CATION BEFORE CONSOL (pstl (psi) H W/C "Ydry H W/C ')' dry NO. 200
(%1 lin.1 (%1 (psli (in.! ("'I (pctl SIEVE

S·1A FH·2/P86·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·18 " " " " " - 1.0 2707 2707 5.60 18.1 108.7- - - -
en
I-

FH·1/P86-S5 sandy clayen S-2 22.5·25.0 embankment CL 97 1.0 2707 2707 6.00 16.5 113.7 5.97 19.3 113.7 63.7w
I-
...J S·3 FH·1/P810·S9 38.0-40.5 embankment CL silty clay 100 1.0 3499 3499 6.00 17.9 113.0 5.93 18.3 113.4 91.7<t
X S-4 FH·1/P814-512 55.0·56.8 embankment CL sandy clay 104 1.0 4507 4507 5.98 11.7 122.5 5.90 13.0 123.0<t 61.6
a:
I- S·5 FH·4/P83·S3 53.0·55.0 embankment CL sandy clay N.A. 1.0 4501 4501 5.98 14.1 116.6 5.88 14.1 117.1 51.0
(.)

i= S-6 FH·2/P87·S5 27.0·29.5 foundation CL sandy clay N.A. 1.0 2189 2189 5.96 17.9 111.5 5.92 16.5 111.8 52.6<t
I-
en S·1A FH·1/P84·S3 14.5·17.5 embankment CL silty clay 91 1.0 2045 2045 5.00 19.8 109.0 5.96 79.1~ - -
0
> S·78 " " " " " 1.0 4090 4090 - 5.76 19.8 110.3- - - -a:
<t

S·8 FH·1/P812·S11 46.0-48.5 embankment CL sandy clay 4896 5.98~ N.A. 1.0 4896 13.8 122.2 5.90 11.6 122.7 51.0
:s:
::l
en

C·1 FH·1/PB4-53 14.5·17.5 embankment CL silty clay 97 1.0 2045 2045 5.98 18.6 108.8 5.96 18.9 108.9 78.4

C·2 FH·1/P86-55 22.5·25.0 ~mbankment CL silty clay 100 1.0 2101 2707 5.98 19.1 111.1 5.91 19.0 112.1 88.0
en
I-
en C-3 FH·1/P810-59 38.0-40.5 embankment CL silty clay 102 1.0 3499 3499 5.99 16.0 113.8 5.90 18.6 114.3 94.1w
I-
...J C-4 FH·1/P814-512 55.0·56.8 embankment CL sandy clay 94 1.0 4507 4501 5.99 17.9 110.1 5.87 15.6 110.7 58.6<t
X

C·5 FH·1/P810-59 38.0-40.5 embankment CL silty clay 100 1.5 3197 4795 6.00 17.5 111.9 5.91 17.5 112.7 85.1<t
a:
I- C·6 FH·1/P84-S3 14.5·17.5 embankment CL silty clay 100 1.5 1812 2808 5.95 17.0 112.5 5.89 19.6 112.8 86.5
(.)

..J
(.)

>
(.)

~

0
>a:
<t
:!:
~
::>
en

-Relative compaction determined from compaction tests performed during Phase I
on similar material types. "NA" applies to those samples for which compaction
test data are not available. 0118
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TABLE A-7
SUMMARY OF TRIAXIAL TESTS

IVINS DIVERSION DAM NO.5

RELATIVE * BEFORE CONSOLIDATION AFTER CONSOLIDATION
BORING/ SOIL

COMPACTION (73c OleTEST NUMBER DEPTH (ft.1 LOCATION CLA5.iIFI· SOIL TYPE Ke % PASSINGSAMPLE NUMBER
CATION BEFORE CONSOL (psfl (psf) H WIC '} dry H W/C 1'dry NO. 200

(%1 {on.} (%1 (psf) (in.) (%) hK:fl SIEVE

S-l IV-3/PBl-51 4.0-6.5 embankment SM silty sand 99.4 1.0 1181 1181 6.00 15.5 109.9 5.98 179 109.9 43.9

S-2 IV·21PB3-52 12.0·14.5 embankment SM silty sand 87.9 1.0 1253 1253 5.99 14.0 104.2 5.92 19.4 104.6 34.4
II) ,.
~
II) S·3A IV-l/PBl-51 4.0-6.5 embankment SM silty sand 95.6 1.0 720 720 6.08 12.5 116.1 6.06 - - 27.8w
~

....J S-3B " " " " " - 1.0 1440 1440 .. 6.05 13.7 116.3<t - - -
X IV-5/PB4-52 19.0-21.0 foundation SM silty sand 87.2 1.0 576 576 5.93 18.0 105.9 5.93 17.5<t S-4A - -
a: .. .. "~ " " - 1.0 1728 1728 5.83 19.3S-4B - - - 106.4 -
u
~ S-5A IV-4/P2-51 8.0-10.5 foundation SM silty sand 87.5 1.0 763 763 6.00 19.5 103.8 5.97 - 38.5<t -
~
II)

S-58 " " " " " - 1.0 1526 1526 5.83 18.7u. - - - 104.7 -
0
> S-6 IV-21PB4-83 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 28.4a:
<t
~

'-=::>
II)

C-l IV·l/PB1-Sl 4.0-6.5 embankment SM silty sand 98.7 1.0 720 720 5.99 11.5 117.0 5.99 14.4 117.0 24.4

C·2 IV-3/PB1-Sl 4.0-6.5 embankment SM silty sand 100.7 1.0 1181 1181 6.06 13.3 111.4 6.00 17.8 111.7 43.1
II)

~
II)

C-3 IV·2/P84-S3 16.0·18.5 foundation SM silty sand 82.1 1.0 1584 1584 5.93 14.3 97.4 5.87 23.2 97.7 25.3w
~

....J C-4 IV-4/PB2-51 8.0·10.5 foundation 8M silty sand N.A. 1.0 763 763 5.98 16.6 106.1 5.94 17.9 106.3 27.2<t
X
«
a:
~

u
....J
U
>
U
u.
0
>a:
«
~
~
::>
II)

*Relative compaction determined from compaction tests performed during Phase I
on similar material types. UNA" applies to those samples for which compaction
test data are not available.
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Table A-8 

Summary of Static Effective Strength Parane te r s  

Friction Angle 
$' (degrees) 

Embankment Foundation 

Green's Lake 35 
No.3 

Warner Draw 37 (core) - 

Frog Hollow 3 5 35 

Ivins Diversion 38 
No. 5 

Apparent Cohesion 
c' (psf 

Embankment Founda.tion - 

U~~drained strength parameters wcre established for the Frog ZIollow Darn 

materials from the results of the stat ic  tests. Plots of the shear stress on the  

fai11:re pla-ne a t  fail-ure, versus the effective coasolidation stress acting on the ff' 
failure plane oft, are presented in Figure A-15. From this plot, average undrairied 

strength parameters were developed and are listed in Table A-9. (This is f u r t h e r  

explained on page A - 1 6 . )  

Table A-9 

Average Static Undrained Strength Parameters 

Frog Hollow Dam 

Embankment 

Foundation 

Friction Angle 
- $ (degrees) 

Cohesion 
c (psf) 

Ear th  S c i e n c e s  A s s o c i a t e s  



Cyclic Strength  Charac te r i s t i c s  of Soils 
- 

"Liquefac tionti and "Cyclic Mobili tyTt - 

The  prediction of the  behavior of sa tu ra ted  cohesionless soils during ear th-  

quake? has been t h e  subject  of considerable research in t h e  pas t  1 0  t o  1 5  years.  

Two diff ererlt phenomena can  be  observed when a sa tu ra ted  cohesionless soil is 

subjected t o  cycl ic  loading, namely, liquefaction and  cycl ic  mobility. 

Casagrande (1971, 1975) proposed the  use of t h e  t e r m  "cyclic ~ n o b i l i t y ' ~  f o r  

t h e  cyclically-induced s t ra ins  observed in laboratory tests performed on medium- 

dense to  dense salzds. Cyclic mobility consists of gradually increasing cycl ic  

s t ra ins  along with accompanying increases in pore  pressure but  does no t  en ta i l  a 

significant loss in shear  strength.  

lTLiquefaction", on  t h e  o ther  hand, corresponds t o  a condition in which a loose 

sa tu ra ted  sand, under undrained loading conditions (ei ther s t a t i c  o r  cyclic), 

develops excess pore  pressures equal t o  the  e f fec t ive  ccnfining stress. A s  t h e  

mater ia l  begins to s t ra in ,  t h e  res is tance to deformation is qu i te  smal l  and does n o t  

change with the  s t ra in  level. Both l iquefaction and cyclic mobility have in common 

t h e  development of high pore  pressures at constant  volume. Liquefaction consis ts  

of a significant loss in shear  strength.  In this respect ,  licjuefaction is similar t o  t h e  

behavior of a sand in a flow slide in which t h e  sand suffers  such a substant ia l  

reduction of i t s  shear  s t reng th  t h a t  t h e  mass of soil seems  t o  f low l ike  a liquid. 

T h e  f a c t  t h a t  such failures resemble  t h e  flow of a heavy liquid is due  to t h e  f a c t  

t h a t  the  l a rge  loss in shear  s t reng th  a f f e c t s  a major portion of t h e  mass r a t h e r  than  

only t h e  soil along a sliding surface.  

Field experience and laboratory  tests results  indicated t h a t  l iquefaction c a n  

develop only in loose sand deposits, whereas, cyclic mobility c a n  be  induced in t h e  

iaboratory  even in t h e  densest  sand. Cyclic mobility of a sand would cause  l imi ted 

but, perhaps, damaging deformations of slopes o r  foundations. In t h e  case of a 

horizontal  ground sur face  with no s t ruc tu res  res t ing on i t ,  t h e  only evidence of 

cyclic mobility would b e  t h e  e f f e c t s  of t h e  dissipation of t h e  pore  pressure which 

could result  in s e t t l e m e n t  of t h e  ground sur face  and somet imes sand boils which 

are t h e  result  of t h e  upward flow of water.  
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Discussion of Cyclic Triaxial Test  
- 

The cyclic triaxial tes t  has been the most widely used laboratory t e s t  for  

evaluating the liquefaction potential, cyclic mobility, and cyclic s t rength charac- 

teristics of soils under simulated earthquake loading coiilditiom. However, i ts  use 

requires t he  application of various correction factors t o  the t e s t  da ta  and 

considerable engineering judgment in order t o  allow for i ts  l imitations and 

shortcomings. In a cyclic triaxial tes t ,  in situ loading conditions a r e  only roughly 

approximated. A correction to  account for differences in stress and deformation 

conditions between the cyclic triaxial t es t  and those believed to  exist in t h e  field 

during an earthquake a re  usually made. 

Two types of cyclic triaxial t es t s  may be performed. In order t o  represent  

field conditions where there  a r e  no initial shear stresses acting on horizontal planes 

(such as  those existing below a level ground surface), isotropically consolidated 

tes ts  a-re performed (see Figure A-16). Under these conditions, cyclic lorrding may 

cause increased pore pressures and cyclic strains but no permanent deformations 

a re  develcped. In order to  represent field conditions where there  a r e  i n i t i d  s h ~ a r  

s t resses  acting in tile horizontal direction (such as  in the case of sloping groand 

conditions), anisatropically consolidated tes ts  a r e  performed. The principal e f f ec t  

of cyclic loading under these conditions is that  per rnanent deformations will usually 

develop in the  direction of the  initial shear s t ress  and these may be aceomparlied 

by increasing pore pressures and cyclic strairls (see Figure A-1.7). 

The behavior of saturated cohesionless soils under simulated earthquake 

loading conditions is inost often investigated in the laboratory by performing cyclic 

triaxial tests on samples which have been initially consolidated under a n  all-around 

confining pressure. The sample is subjected t o  a cyclic deviator s t ress  of equal 

magnitude in compression and extension. Figure A-16 and the  following sum mar- 

izes the  events observed during the  test: 

1. Up t o  a cer ta in  number of cycles, the  strains that  develop during each 

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

increase. 

A- 8 
E a r t h  Sc i ences  A s s o c i a t e s  



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 sa i~~p le  momentarily drops 

to zero. This constitutes the onset of "initial liquefaction". 

3. After "initial liquefaction", the strains during each subsequent cycle 

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 (K = 1) to represent level ground conditicns. Tne 
0 

cyclic stress ratio (PC cyclic/o causing failure in isotropically consolidated cyclic 

triaxial tests are norinally reduced by sorne factor (in the range of 0.6 to 0.7) to 

obtain stress ratios representative of field si~nple shear conditions. Less research 

has been done on the comparison of anisotropically consolidated (Kc > 1) cyclic 

triaxid 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 

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

The results obtained from cyclic 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 cycle, 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 devel-opment 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 cycle. 

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

due to the tendency foi. t h e  cap to lift off the sample. 

4. Necking may develop arid 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 occur 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 cyclic triaxial tests on isotropically 

consolidated saturated sand samples a t  various densities to evaluate the effects of 

the above factors on the test results. By freezing samples after subjectirg them to 

cyclic 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 cyclic loading cannot be attributed 

entirely to the behavior of a uniform sarnple but probably depend largely on the 

development of loose zones which form within the sample during cyclic loading. 

Thus, ilie 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 

substa!~tially under large shear strains. During cyclic 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 cycle. The loosening and softening of a portion 
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of the specimen accentuates 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 cycled through the hydrostatic 

slate of stress, it develops a slightly contractive response over a srnall range of 

deviator stress and pore pressures will be induced. Pumping action of the vertical 

cyclic 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 t h e  specimens 

will provide a focus for concentrations of shear strains and increase in water 

content. 

Lzrger deformations are usually observed in extension than in compression in 

the great majority of cyclic triaxial tests in which the same deviator stress is 

applied in compression and extension. Since necking resulting from axial extension 

is peeilliar to the triaxial test and does not correspond to the field conditions one 

intends to represent in the laboratory, the cyclic triaxial lest will exaggerate the 

cyclic deformations that might develop in the field. 

From the above considerations, it follows that the cyclic triaxial test 

perforrned on isotropicdly 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 cyclic triaxial tests must be carefully eval.uated in 

light of the above factors and considerable judgment used in arriving a t  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 cyclic triaxial tests 

was conducted to establish the liquefaction potential, cyclic mobility, and dynamic 

strength characteristics of the various inaterials coniprising the dam embankments 

and their foundations, under simulated earthquake loading conditions. Cyclic 

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 liquefactiori potential, cyclic mobility, or 

limited strain potential (Seed, 1979a; Soil Dynan:ics Committee, 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 which they were 

consolids ted and other pertinent infor mation. Sixteen of the samples were 

isotropically consolidated (Kc = 1.0) and the remaining 3 were nnisotropically 

consolidated (Kc = 1.5). Samples were subjected to 8 uniform stress cycles a t  a 

frequency of 1 Hertz, or a fewer number if the applied cyclic load decreased 

signficantly. Studies by various investigators have shown that 8 cycles 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 cyclic 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 iibiaxial 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-controlled cyclic triaxial test performed on iridividua! 

samples are presented in Table A-10. For most tests, a cyclic shear s i r e s  ratio, 

'cy' 'mc' 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 cyclic shear stress ( 'ccy)avg, 

average cyclic shear stress ratio ( r  / o ~ ~ ) ~ ~ ~ ,  peal< pore pressure ratio 
c Y 

(Au/ o ~ ~ ) ~ ~ ~ ~ ,  peak-to-peak axial strain and peak permanent axial. strain (for 

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

In Table A-11, the data presented in Table A-10 have been summarized to 

indicate the range of cyclic strains, cyclic 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 cyclic triaxial test 

results. 
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TABLE A·10
SUMMARY OF CYCLIC TRIAXIAL TESTS

N = 8 CYCLES RESIDUAL

TOTAL NUMBER AXIAL STRAIN
SOIL a ie ame OF APPLIED

( Tey'avII. (~) ( ~;e)P"k
PEAK·TO-PEAK PEAK AXIAL ~ AFTER DYNAMIC

DAM TEST NUMBER LOCATION CLASSIFI- Ke (psfl (psf) CYCLES AXIAL STRAIN STRAIN COMMENTS
CATION Ipsfl ame aVII·

(%, 1%'
arne TEST

(%,

w C-1 embankment SM 1.0 1109 1109 8 517 0.47 0.94 1.01 - 0.51 0.21
~C")
<C.

C·2 foundation SM 1.0 2016 2016 8 945 0.47 1.00 6.04 0.93 ·3.1 Sample exhibited
"'0 -
snZ

tendency to neck

z~ C-3 foundation SM 1.0 3024 3024 8 1219 0.40 1.02 12.60 - 0.95 -6.5 .. ..
W<c
~o

C-4. embankment 8M 1.0 1354 1354 8 618 0.46 1.04 3.79 0.76 ·2.3C7 - .. ..

C-1 embankment SM 1.0 1440 1440 8 428 0.30 0.89 0.60 - 0.77 -0.80
~
<c C-2 embankment SC·SM 1.0 2678 2678 8 1029 0.38 0.93 8.95 - 0.82 -3.8a::
o~

C-3 embankment 8C-SM 1.0 3902 3902 8 1656 0.42 1.14 2.94 0.80 ·0.87a::<c -
Woz

8C-SM 1.0 4810 4810 8 2016 0.42a:: C-4 embankment 1.38 4.90 - 0.79 -1.35
<c
~ C·5 embankment SC-SM 1.5 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 -0.15

3: C-2 embankment CL 1.0 2707 2707 8 1082 0.40 0.70 0.47 - 0.28 -0.07
0... C-3 embankment CL 1.0 3499 3499 8 1442 0.41 0.55 -0.59... ~ 0.72 2.24 -
0<c { Sample taken from:J: O C-4 embankment CL 1.0 4507 4507 8 1691 0.38 1.12 10.8 - 0.87 3.2 _k embankment
C7
0 zone

a:: C-5 embankment CL 1.5 4795 3730 8 2088 0.56 0.89 1.90 1.49 0.49 0.75
u.

C-6 embankment CL 1.5 2808 1872 8 1133 0.52 0.90 1.49 1.16 0.43 0.06

z C-1 embankment SM 1.0 720 720 8 351 0.49 1.08 0.40 - 0.44 -0.23
0
cn ln C·2 embankment 8i\11 1.0 1181 1181 8 410 0.35 0.59 -0.0 - 015 0.00a::.
w O { Sample tended to>z C-3* foundation SM 1.0 1584 1584 3 698 0.44 1.08 5.45 - 0.95 4.97 . compr_ due to
-~0<c 8 277 0.36 1.08 9.67 - large decr_ in

(1)0 extension load
Z 0.93 .
> C-4 foundation 8M 1.0 763 763 8 312 0.41 1.07 2.49 - 0.87-

* Load dropped off significantly after 3 cycles, however test carried out to 8 cycles.
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I t  can be noted from the  d a t a  presented in Table A-11 t h a t  the  majori ty of 

the  embankment  mater ia ls  exhibited reasonably good behavior (with t h e  except ion 

of t h e  weak embailkrneni sample from Frog  Hollow alld one sample  f rom Warner 

Draw). This is t rue  even though most of t h e  samples  reached a condition of "initial 

l iquefactionf1 during cyclic loading. On the  other  hand, t h e  foundation mate r ia l s  a t  

Green's Lake  Dam No. 3 and Ivins Diversion Darn No. 5 behaved r a t h e r  poorlg7. 

These  samples deve!oped moderate t o  l a rge  s t ra ins  during cyclic loading and had, 

for all pract ica l  purposes, reached a s t a t e  of "complete l iquefactionff at  t h e  end of 

cyclic loading. 

T h e  above findings a r e  in general  agreement  with t h e  results  of t h e  f ie ld  

investigations in t h a t  t h e  embankment  mater ia ls  were  found t o  be  medium dense t o  

dense, whereas  s o m e  of the  foundation soils were  found t o  be loose t o  medium 

dense. They a r e  also supported by t h e  results  of t h e  s t a t i c  t r i a x i d  t e s t s  presented 

in Appendix B. The stress-strain charac te r t i s t i c s  of most of t h e  embankment  

m a t e r i d s  exhibited d i k t a n t  behavior which is charac te r i s t i c  of a medium-dense t o  

dense soil. Similar behavior was observed in the  medium-dense t o  dense foundation 

soils. IIowever, contract ive  behavior was noted in a number of t h e  foundation 

samples  t e s ted  which is characterZist ic of a loose inaterial. 

As previously discussed, t h e  results  of cyclic t r i a x i d  t e s t s  perforrnecl on  

medium-dense t o  dense soils would yield cyclic s t ra ins  and pore pressare  t h a t  a r e  

probably g r e a t e r  than those t h a t  would be experienced by t h e  soils in situ duriilg an 

earthquake.  Even though the  behavior of the  embarikment soils during cycl ic  

loading was qui te  good, i t  is our judgment t h a t  t h e  in si tu behavior of these  soils, 

during t h e  p o s t d a t e d  ear thquake ground motions, would be b e t t e r  than t h a t  

observed in t h e  laboratory (see  Tab1.e A-11). 

The results  of cyclic tr iaxial  tests performed on the  loose t o  medium-dense 

f o u n d a t i o ~ ~  soils present at Green's Lake Dam No. 3 and  Ivins Diversion D a n  No. 5, 

on the  o ther  hand, probably provide a reasonably good indication of the i r  in s i t u  

behavior during t h e  postulated Magnitude 6.0 earthquake.  Difficulty w a s  experi- 

enced in obtaining good quality Pi tcher  tube samples of the foundation soils a t  

these s i t e s  during t h e  Phase  I field drilling investigation. Some of t h e  foundation 

soils tended t o  fa l l  or  wash out  of the  Pi tcher  tube during sampling which suggests  

loose soil conditions. During the  laboratory tes t ing program, t h e  samples  of the  

foundation soils t h a t  were recovered were  extremely f ragi le  and di f f icul t  t o  
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extrude. The samples were wet and tended to  slump or t i l t  under their own weight 

during extrusion. Due to  these difficulties, the number of cyclic triaxial t es t s  of 

these soi!s had t o  be reduced since good quality samples could not  be obtained from 

the  available Pitcher tubes. 

In light of these sampling and testing difficulties, i t  is our judgment tha t  t h e  

"bestTf samples of t he  foundation soils present a t  these two dam sites were tes ted  in 

t he  laboratory. Based on these considerations, t he  in s i tu  behavior of t h e  

foundation soils during an earthquake should not be  expected t o  be any be t te r  than  

tha t  observed in the laboratory. 

Comparison of S ta t ic  and Post-Cvclic Stat ic  Test Results 

Consolidated-undrained triaxial tes ts  were performed on most of t he  samples 

subjected to  cyclic loading t o  evaluzte their post-cyclic stress-strain characteris- 

tics. For clayey materials, such as  those present at Frog Piollov: Dam, comparison 

of these data  with those obtained from s ta t ic  triaxial tests provides an indication 

of the  redtiction in s ta t ic  undrainzd shear strength due t o  cyclic loading. For  

embankn-lents and foundations consisting of sandy materials, the  pore pressure 

characteristics observed during the post-cyclic tes t s  permit an evaluation of t h e  

pore pressures which might exist in the fieid a f te r  the  occurrence of the  postulated 

earthquake. 

Results of the  post-cyclic triaxial tes ts  a re  presented in Appendix D. These 

results a re  similar in most respects t o  those presented in Appendix B for t he  s t a t i c  

tests,  however, there  a re  some significant differences which will be  discussed 

subsequently. 

The results of the post-cyclic tests, in terms of effect ive s t rength para- 

meters,  a r e  plotted in Figures A-11 through A-14. The da ta  points for t he  post- 

cyclic tes ts  a r e  shown a s  darkened symbols. I t  can be seen that  the majority of t h e  

points fall  on the  same failure envelope established from the s ta t ic  test results. 

The major difference is that  because of build up of pore pressure due t o  cyclic 

loading, the  points corresponding to  the  post-cyclic s t a t i c  tes ts  have been shif ted 

down the failure (Kf) line towards the  origin. 
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For clayey nlaterials, such as those found a t  Frog f-Iollow Dam, it is useful to 

plot the post-cyclic test data in the form shown in Figure A-15 (Lowe, 1967). In 

this figure, the shear stress, TfP acting on the failure plane at the peak principal 
- - 

stress ratio ( ol/ 03) is plotted versus the mean effective confining stress acting on 

the failure plane at the end of consolidation (oft). The data are plotted for both 

the static (open symbols) and post-cyclic static tests (darkened symbols). The test 

data plotted in this figure indicates that low to moderate strength loss has 

occurred as a result of cyclic loading as shown by the shear strengths exhibited by 

tests S-3 znd PC-5 (and PC-3). 

Comparisons of the stress-strain characteristics of static and post-cyclic 

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 occur in both the pore pressure and deviator stress 

characteristics. The tests which have been compared are tabulated in Table A-1.2, 

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 sirnilar 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 

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

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-cyclic static test which results in a lower shear 

strength. The post-cyclic static tests exhibit less dilatency 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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Comparison of Stat ic  and Post-Cyclic Static Triaxial Tests 

Remarks on Stress-Strain 
* (after cyclic loading) Dry Density Difference Characteristics of Static S( 

Test No. Kc * lc  (pf c) in Density Post-Cyclic Tests 
Dam - Static P.C. Stat ic  P.C. (psf) *U (psf) - - --  (%) - Static P.C. - - (pf C) 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  
Lake developed much 
No. 3 lower shear 

strengths. 
Mainly a re- 
sult ef large 
excess pore 
water pres- 
sure built-up 
during cyclic 
loading. 

Warner S-1 PC-1 1.0 1.0 1440 1109 -0.80 124.5 122.8 1.7 Similar shapes. 
Draw P.C. test ini- 

tially lower 
than stat ic  
tes t  due to 
excess pore 
pressure exist- 
ing a t  end of 
cyclic loading. 

Warner 3-3 PC-3 1.0 1.0 3902 3122 -0.87 127.2 127.7 0.5 P.C. test de- 
Draw veloped much 

lower shear 
strengths. 
Mainly a re- 
sult of large 
excess pore 
water pressure 
built-up during 
cyclic loading. "Values t a k e n  o r  computed from Table A-10. 

P.C. test 
behavior dif- 
ferent than 
static test. 
P.C. test did 
not exhibit 
same level of 
dilation pres- 
sent in s tat ic  
test. 

Similar shapes 
offset initially 
by an amount 
equal to excess 
pore pressure 
developed 
during cyclic 
loading. 

Somewhat 
similar curves. 
However, P.C. 
test did not 
exhibit same 
level of dila- 
tion as de- 
veloped during 
stat ic  test. 
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'I'oble A-12 (Continued) 

Comparison of Static and Post-Cyclic Static -- 'rriaxial Tests 

Remarks on Stress-Strain 
* (after cyclic loading) Dry Density Difference Characteristics of Static & 

Test No. Kc l c  (pf C) in Density Post-Cyclic Tests 
Dam - Static - P.C. - Static P.C. (J@ *ypsf) (%) Static P.C. (pfd Deviator Stress Pore Pressure - - 

Frog S-2 PC-2 1.0 1.0 2707 758 -0.07 113.7 112.1 1.6 Nearly identi- 
Hollow cal curves. 

Frog S-4 PC-4 1.0 1.0 4507 3921 
I-Iollow 

Ivins S-1 PC-2 i.0 1.0 1181 177 

123.0 110.7 12.3 P.C. test de- 
veloped much 
lower shear 
strengths due 
to large built- 
up of excess 
pore water 
pressure during 
cyclic loading. 

0.0 109.9 111.7 1.8 Nearly identi- 
cal curves. 

Nearly identi- 
cal curves. 
P.C. test 
curve offset 
initially by a 
small amount 
equal to ex- 
cess pore water 
pressure built- 
up during 
cyclic loading. 

Very different 
shapes. P.C. 
test exhibit 
no dilation, 
whereas static 
test exhibited 
moderate dil- 
ation for 
strains 2%. 

Nearly identi- 
cal curves. 
Both showed 
dilatant be- 
havior. 

"Values taken o r  completed from Table A-10. 



Table A-1.2 (Continued) 

Comparison of Static and Post-Cyclic Static Triaxial Tests 

Remarks on Stress-Strain, 
(after cyclic loading) Dry Density Difference Characteristics of Static e( 

Test No. Kc 
E (pfc) in Density Post-Cyciic Tests 

Dam - - - - a u  Static P.C. Static P.C. (psf) (psf 1 - (%) Static P.C. (pf C) Deviator Stress Pore Pressure - - 

Ivins S-5A PC-4 1.0 1.0 7 6 3 664  0.93 106.4 106.3 0.1 P.C. test de- 
veloped lower 
strengths due 
to large built- 
up of pore 
water pressure 
during cyclic 
loading. 

Similar s h ~ p c s .  
!iowevcry P.C. 
test offset by 
an amount 
equal to the 
excess pore 
water pres- 
sure. 

*Values t aken  or  conpleted from Table A - i O .  



3. In some cases,  t h c  di f ferences  in stress-strain behavior exist ing be- 

tween paired samples  is  probably due t o  differences in t h e  density of 

t h e  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 Darn, respectively.  

While some of t h e  cyclic tr iaxial  t e s t  samples of t h e  embankment  soils 

developed moderate  cyclic s t ra ins  and high pore pressure during cyc l i c  loading, 

most  of t h e  samples gained s o m e  s t rength  ra the r  rapidly (i.e., at smal l  ax ia l  

s t ra ins)  during the  post-cyclic s t a t i c  t e s t  due t o  thei r  d i la tant  behavior. T h e  post- 

cycl ic  shear  s t rengths  of most of t h e  embankment  soils were, in general ,  less than  

t h e  original s t a t i c  strengths.  The  clayey embankment  soils present at F r o g  EIollow 

Dam experienced the  least amount of s t reng th  reduction a f t e r  cycl ic  loading. T h e  

post-cyclic s t rength  of t h e  sandy embankment  and foundation soils w a s  dependent  

or, t h e  magnitude of the  pore  pressure t h a t  developed during cyclic loading, as well 

as t h e  degree  of dilation exhibited during t h e  post-cyclic s t a t i c  test. 

The  s t rength  pa ramete rs  of t h e  embankment and foundation soils  used in t h e  

post-earthqaake stabil i ty analyses described in Chap te r  ViI of th is  r epor t  w e r e  

developed f rom the  resul ts  of t h e  post-cyclic s t a t i c  test results  described above. 

In performing this type of analysis, s t rength  pa ramete rs  may be  specif ied  e i the r  in 

t e r m s  of undrained shear  s t reng ths  (Lowe, 1967) o r  e f fec t ive  s t reng ths  wi th  

es t imates  of t h e  in si  tu  pore pressures developed during t h e  ea r thquake  (Seed, 

197Yb). 

For  Frog  I-Iollow Dam, t h e  post-earthquake stabil i ty analyses was  performed 

using t h e  undrained s t reng th  soil pa ramete rs  determined from a comparison of t h e  

static and post-cyclic s t a t i c  s t rengths  measured in t h e  laboratory,  as was p r e -  

viously described. The test d a t a  plot ted  in t h e  form shown in Figure  A-15 (similar 

t o  Lowe, 1967) show t h a t  only a moderate  reduction in shear  s t r e n g t h  occurs  in 

these  soils due t o  cycl ic  loading. The average post-cyclic undrained s t r e n g t h  

pa ramete rs  developed f rom this d a t a  for Frog Hollow Dam are summarized in 

Tab le  A-13. 

For  those embankinents and foundations consisting of sandy soils, s t r e n g t h  

pararn e t e r s  for use in post-earthquake stabil i ty analyses were  def ined in t e r m s  
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Table A-13 

Embankment 

Foundation 

Average Post-Cyclic Uridrained Strength 
Parameters - Frog - .  Ilollow Dam -- 

Friction Angle 
4 (degrees) 

20 

20 

Cohesion 
c (psf) 

Note: 

"Developed from results of post-cyclic s tat ic  tests performed on embankinent 

soils. 

Table A-14 

Post-Earthquake Effective Strength Parameters ---- 

Dam 

Green's Lake 
No. 3 

Warner Draw 

Ivins Diversion 
No. 5 

Friction Angle Pore Pressure 
4 ' (degrees) Parameter,  rU 

Embankment Foundation -- -- Embankment Fouridation 

Earth Sc iences  Associates 



of effective strengths (Seed, 1979b). Post-cyclic strength parameters defined in 

this way require estimates for the magnitude of pore pressure thst will exist in the 

field after the earthquakes. The pore pressures induced by cyclic loading are then 

superimposed on the in situ hydrostatic pressures. Since an axial strain of 5 

percent was chosen as an appropriate strain value a t  which to evaluate the static 

strength of these soils, the pore pressure prese~lt at  this strain level in the post- 

cyclic 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, r u ' 
defined as the ratio of pore pressure e t  5 percent axial strain (Au) to the mean 

effective confining stress at  the end of consolidation (om,), ranges from 0.10 to 

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

The high values of the pore pressure parameter listed in Table 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 cyclic and post-cyclic static tests. It is 

significsnt to note that two of the four post-cyclic static test ssmples of these 

soils had very little oi. no strength after cyclic 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 tesi of cyclic test C-3 for Ivins Diversion Dam 

No. 5 could not be performed since the sample could not sustain any static load 

aftei cyclic loading. As vaas the case in the cyclic 'criaxial tests, it  is our judgment 

that the behavior of these soils during the post-cyclic 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 

cyclic loading, the post-cyclic 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 gair, some strength. 

The somewhat lower pore pressure parameters listed in Table A-14 for the 

embankn ent soils reflect the ciilatant behavior of these medium-dense to dense 

soils. Although, high residual pore pressures were developed during the cyclic 

tests, the pore pressures usually dropped to a lower value after a strain 
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15.0 - - 
). 

Y - 
12.0' - , PC-3 

9.0 - 

6.0 - 
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GREEN'S LAKE DAnl3: NO. 3 
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STRTIG TXxGLI KC-! .a 
GI 1 8-27?i3t3- 02 
ECP. IPjG: C 3 -  I SRt3'LE;;m2 
ZILTY FIRE Stj&@ 

ISOTRDPIC CONSOLIDATED UNDRAINED TRIAXIAL  TEST 
UITH YOKE PRESSURE nEASUREHENTS 

D118-UTAH DAtlS-GREENS LAKEI3 STATIC TXt1A STAGE 1 4 / 2 3 / 8 1  RED. R Y  RU 

SILTY FINE SAND 

h T  END O F  CONSOLIDATIOtt : 
SAKPLE HEIGHT .............. Q 5.970 INCHES 
shnPLE AREA-  .....,.......... = 6.335 SO. INCHES 
EFFECTIVE CONFINING STRESS . = 1109.  YSF 
EFFECTIVE HAJOR PRIN. STRESS = 1109. PSF 
PRINCIPAL STRESS RATIO ..... - 1.00 

.O 1109. 1109. 

.I B50. 1326. 

.3 691. 1394. 2.0 418. 1043.  1460.  351. 

. 4  619. 1457. 2.4 490. 1038.  1527. 419. 

.6 576. 1502. 2.6 533. 1039.  1572. 463. 
1.1 562. 1753. 3.1 547. 1157.  1704. 596. 
1.3 547. 1826. 3.3 562. 1187.  1748. 639. 
1.5 562. 1905. 3.4 547. 1233. 1781. 672. 
1.7 576. 2007. 3.5 533. 1291.  1824. 715. 
2.0 605. 2164 .  3 .6  504. 1384.  1089. 700.  
2.4 619. 2183.  3.7 490. 1 4 5 1  4 1941.  832. 
2.9 677. 2486. 3.7 432. 1582. 2014.  905. 
3.5 691. 2622. 3.0 410. 1657. 2074.  965. 
4.0 734. 2763. 3 . 8  374. 1749. 2123. 1014. 
4.6 763, 2009 .  3.a 346. 1826. 2172. 1063. 
5.0  792 .  299:. 3.8 317. 1893. 2210. 1101. 

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



STFITIC: TXeGLl0 KZ-!.C 
01 18-23fPR.32 
8GR 1G: GL3- 1 Sfl!I?L&:Pe2 
S I L T Y  =-iD 

3 

ISOTROPIC COHSOLIDATED UNIIRAINED TRIAXIAL TEST 
UITH PORE PRESSURE HEASUKEnENTS 

Dl l8-UTAH DAnS-GREENS L h K L t 3  S T A l l C  TX lGL l8  STAGE2 4 /23 /02  kEU. B Y  HU 

BDRING:GL3-1 SAHPLE:PB-2/S-2 C1EPTH:B.O-10.5 

SILTY SAND 

AT END OF CONSOLIDATIDH : 
SAHPLE HEIGHT ........... ... = 5.423 INCHES 
SRHPLE ARER .............. .. = 6.783 SQ. INCIlEFj 
EFFECTIVE CONFItlIHG STRESS . 2218.  F'SF 
EFFECTIVE HAJDR YRlN. STRESS = 2210.  YSF 
PRINCIPAL STRESS RbTIO ..... = 1.00 

- 0  2218.. 2210. 1.0 0. 2218. 2218. 
1 100.5. 2459. 1.3 331. 2173. 2504. 
- 3  1512. 2443. 1.6 706. 1978. 2683. 446.  
.5 1310. 2451. 1.9 9 0 7 -  1881. 2700. 570. 
-7 1210. 2517. 2.1 1000. 1863.  2871. 6 5 4 .  
- 9  1166. 2639. 2.3 1051.  1903. 2954. 736.  

1.3 1123. 2967.  2.6 1094.  2045. 3140. 922.  
1 - 5  1138. 3146. 2.0 1OBO. 2142. 3222. 10G4. 
1.9 1166. 3583.  3.1 1051.  2375. 3426. 1208.  
2.2 1230. 4082. 3.3 979. 2660. 363Y. 1422.  
2.6 1310. 4410. 3.5 907. 2964.  3871. 1654.  
3.0 1397. 5164. 3.7 821. 3281. 4101. 1804 .  
3.4 1469. 5631.  3.8 749. 3550. 4299. 2001.  
3.8 1555 .  6000.  3.9 662. 3022. 4409. 2267.  
4.2 1627. 6466. 4.0 530. 4047. 4637. 2420. 
4.6 1714. 6836. 4.0 504. 4275. 4779. 2561.  
5.0 1771. 7096.  4.0 446. 4433. 4000. 2661.  
5.4 1843. 7403. 4 0 374. 4623. 4998. 2700.  
6.0 1901. 7660.  4.0 317. 4785. 5101. 2884.  
7.0 2045. 8144.  4.0 175. 5094. 5267. 3050.  
8 .1  2131. 8435. 4.0 86. 5203.  5370. 3151. 
9.1 2232. 6693. 3 . 9  -14. 5464. 5449. 323?. 

10.0 2290. 8881. 3.9 - 7 2 .  5585. 5513. 3296. 

STATIC TR [AXIAL TEST: 5-1b 
GREEN'S LAKE DAM NO. 3 
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CCrds2 - ICRXIC UI.IF?F?I;LEO T Z I f ? Y [ c  x5 J 

i4 I Tti P@:?z P3CSTr-X f i ~ f l ~ p ~ g , ~ . ! ~  

9 
C STETIT TXnGLZ KL-1. ,z N 
52 2 ... 

fl! 1 6 - 2 2 2 ? ~ - ~ 2  $1 -. - - 
BCEi?.;: G!!Z-] 'jRi:Ptf: P,"s 

9 
0 s?;l>'E?-Ly cL.3yf-y st=+? 
c- e - 
9 
3 

I 

1 

1 

I 

I 
S - - 7 

0.0 3.0 n.n 3.0 !2.n 1s.o 0.0 3.0 8. 0 
I I 

3.0 12.0 (5.0 , 
S8;i':71:i j : ~  f'fPCi:hT- STRf? 1 3 I N  PEPCDfl 

1 
9 I 1SDTF.DPIC CONS~~LI I IATE[ !  LIYCi9:1.:5~! T h I A X I A L  TL5T 

2-, 
t-. 

u I r L 1  F'DFE F'RESSIJRE M E A S U F F . ~ E ~ ; S  
0116- 'JTAH DAYS-GKLCIiS L A h E f 3  S T A T i C  T Y t G L Z  4 / 2 2 / 0 2  hEI1IICE:I !lY FLi 

"-' B f l R I l l 5 :  G L ? - I  5A"F'LE:FR-6,s-5 I t tPTU:I '4.0-26.5 

o GRAVELLY  CLbYEY S ~ ~ C I  

R -1 
<-- 
4 A T  END OF COtISOLIDATION : 

SAMPLE HEIGHT ....,. s. . . . . . .  - - 5 . 9 1 6  INCIIES 
SnnPLE h c ~ h  ................ = 6 . ~ 0 6  S O .  I N C ! I E S  
EFFECTIVE CONFINING STRESS . = 2174.  1 3 F  
EFFECTIL'E MAJOR F'RIN. STRESS = 2 1 7 4 .  F'SF 
F 'K INCIPAL SThESS RATIO ..... = 1 . 0 0  

STFAIN SIGMA3E STGHf i lE  h A T I 0  FPEFSS F'::nh $TOT 0 
F'CT F'SF FSF S I G l E / S I ~ ? E  F'SF r SF F'SF P5F 

. 0  7 1 7 4 .  2 1 7 4 .  1.0 0 .  2 1 7 4 .  217.7. 0.  

. 3  1368.  3 0 1 5 .  - 7  Z..L 1106. . 2 1 7 1 .  ? 9 7 0 .  073.  

.D 1710.  3 6 7 9 .  3 . 0  9 6 5 .  ?.114. 3.10". 1 2 3 4 . '  
1 . 3  1257.  4466.  3 . 5  9 0 7 .  Z I 7 t . 7 .  377.1. 1 6 3 0 .  
1 . 7  1 3 1 0 .  4767.  3 .0  n ~ 4 .  1 1 3 7 .  4 ~ ~ 0 3 .  10-9 .  
7 . 4  1 4 1 1 .  5 5 7 7 .  4 . 0  7 6 3 .  3:,34. 4 2 6 7 .  2 0 ' 5 . .  
3.0 14PB. b O 6 l .  4.0 617.  3 7 7 9 .  4 1 5 5 .  2202.  
5 . 7  1 6 4 3 0 .  4 .1  55'0. 4 C l l .  4 5 0 1 .  Z.127. 
4 . 4  1 6 5 6 .  6 7 3 1 .  4 .1  5 1 0 .  4 1 9 & .  471:s. 2 5 4 0 .  
5 . 0  1 7 2 a .  7011. 4.1 446.  a113. 4r)17. 2 4 5 2 .  
5 . 6  1 7 5 7 .  7 1 6 5 .  4.1 418.  4 4 1 1 .  0 3 7 3 .  7 . 1 .  
6.6 l o l a .  7 4 4 2 .  4.1 3 ~ 0 .  cth:~. 4 9 8 9 .  1 0 1 4 .  
7.: lop&. 7690.  4 .1  1 n n .  3,-otr. :o:s. -cc:. 
0.4 1944.  7 0 9 7 .  4.1 2 3 0 .  4"' r L l .  515:. 2Q77.  
Y.4 1 9 7 3 .  0 0 7 5 .  4.1 207.  5 0 2 4 .  5 ? 2 5 .  3C51. 

1 0 . 0  2002.  0 1 9 4 .  4 .1  1 7 3 .  50711. 5 ? 7 0 .  3 C 7 L .  
1 l . g  2074.  049;. 4.1 101. 5x5. 5 3 9 5 .  3 - 1 1 .  
15.7 7 1 3 1 .  0 7 5 0 .  4.1 4 .  1 1 .  ! , . ) O D .  3 3 1 3 .  
1 0  2174.  0 7 9 9 .  4 .1  z . - r -  0. 55s:'. d.8 , ' .  3 3 7 7 .  

r ---I 

n. a I s 
3.0 C.O 3.0 12.0 15.0 

57FL1[ : j  I ?{  ~C.'CC;.IT STATIC TRlAXlAL TEST: S-2 
GREEN'S LAKE DAM NO. 3 

- \ - -  - CA - - - .  . . - 
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STRTIG T I G L ~ R  KC-1.0 E: Gll8-271Ti3-tjZ 
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I @OZiE.B:&3-1 Sflf!?LE:?6 2 :  
$1 
i 

C i R Y E Y  5983 
s 4 
- i  

2 
e W 

M -.{ c9 :I 1 
I 
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n 

i "1 
8- 91/ :I " 

0 

0 - 0 

I - r 1- 

0.0 9.0 S'IP~YH 0.0 I &  PCUCO.I'T 3.0 12.0 16.0 :I, 0.0 1.0 53R.91~1 8.0 lri PcRcctT 3.0 1i.0 15.11 

9 
0 

91 
! 

/- 
ISOTROPIC CONSOLIDATED UNPRATHED TRIAXIAL TEST 

UITH FORE PRESSURE HEASUREHENTS 
Dl18-UTAH DASS-SREEHS LOKEkS STATIC TXkGL4A STAGE1 4 /27 /87  RED BY BU 

B0RING:GLS-1 SAHPLEZPB-6/S-5 DEPTt4:?3.5-36.0 

CLAYEY SAND 

AT END O F  COHSOLIDATIOH : 
SAHF'LE HEIGHT ............ 5.721 INCHES 
SAtiPLE AREA ................ 6.554 SO. INCHES 
EFFECTIVE CONFINING STRESS . =Z 2174. PSF 
EFFECTIVE t!AJOR PRIN. STRESS = 2174. PSF 
YRINCIPkL STRESS RATIO ..... = 1.00 

STRAIN SIGHA3E SIGt iA lE RATIO PPRESS PEAR PTDT 0 
PC1 PSF YSF SIGlE/SIG3E PSF PSF P SF PSF 

- 0  2174.  2174. 1.0 0 .  2174. 2174. 0 .  
.1 1944.  2 6 4 i .  1.4 230. 2295. 2526 .  351.  
.2  1699.  2840. 1.7 475. 2270. 2745. 570.  
. 3  1512. 2914. 1 .9  662. 2213. 2875.  701- 
- 4  1382.  2979. 2.2 792. 2181. 2973.  798. 
.6 1296.  3043.  2.3 078. 2170. 3048 .  874. 
.7 1238.  3114. 2.5 936. 2176. 3112.  938. 
.9 1 1 B i .  3163.  2.7 994. 2172. 3165. 991. 

1.0 1152.  3239.  2.8 1022. 2 l 9 b .  3218.  1044.  
1.5 1123. 3460.  3.1 1051.  2292. 3343.  1169.  
2.2 1109. 3666.  3 . 3  1066. 2308. 3453.  1279. 
2.7 1123.  3775.  4 1051.  2449. 3500.  13?6.  

I ;- 
0 

3.2 1123 .  3067. 3.4 1051. 2495. 3546.  1372.  
3.7 1130 .  3930. 3.5 1037.  2534. 3571.  1396.  
4.1 1138. 3762. 3.5 1037.  2550. 3587.  1412.  
4.6 1152, 4024. 3.5 1022. 2588. 3611.  1436.  
5.0 1152. 4053.  3.5 1022. 2603. 3625.  1451. 

0.  I l I 8 
STATIC TRIAXIAL TEST: S - 4 4  

0.0 3.0 8.0 9.0 12.9 16.0  GREEN'S LAKE DAM NO. 3 
STRAIN I t i  P~RCUIT 

-.,- - 
L - 



STATIC; D,rGL43 KC-! .$ 

OtI8-27tl'R-$2 

aO? I N6: GL3- I 5fizPLct Ti36 
c L w r  SSSD 

ISOTROPIC CDNSOLIDATEU UNDRAIHED T R I A X I A L  TEST 
WITH PORE PKESSURE HEASUREHENTS 

D118-UTAH DAHS-GREENS LnKEt3 S T A T I C  T X t G L 4 B  STAGE? 4/27/87 RED. 

CLAYEY SAND 

AT END OF COtiSOI.IDATIDN : 
- 5.484 INCt iES SAHPLE HEIGHT ..........-... - 

SAMPLE AREA................. = 6.754 SO. INCHES 
E F F E C T I V E  CONFINING STRESS = 4349. PSF 
E F F E C T I V E  MRJOR P K I N .  STRESS = 4349. PSF 
P R I N C I P A L  STKESS R A T I O  ..... = 1.00 

STRAIN SIGHR3E S I G H A l E  
PCT PSF PSF 

.D 4349. 4349. 

.1 3730. 5624. 

.5 2952. 6599. 

.? 2707. 7103. 
1.2 2549. 7476. 
1.6 2462. 7750. 
2.0 2419. 7938. 
2.5 2376. 8133. 
2.9 2362. 8220. 
3.9 2347. 8393. 
5.0 2333. 8511. 
6.0 2347. 8602. 
6.9 2347. 0636. 
7.9 2362. 8682. 
8.9 2362. 8712. 

10.0 2376. 0727. 

R A T I O  T'PRESS 
S I G l E / S I G 3 E  P S F  

1 .o 0. 
1.5 619, 
2.2 1397. 
2.6 1647. 
2.9 1800. 
3.1 1084. 
3.3 1930. 
3.4 1973. 
3.5 1987. 
3.6 2001. 
3.6 2016. 
3.7 2002. 
3.7 2002. 
3.7 1907. 
3.7 1907. 
3.7 1973. 

F'BAR 
PSF 

4349. 
4677. 
4776. 
4905. 
5013. 
5106. 
5178. 
5254. 
5291. 
5370. 
5422. 
5475. 
5492. 
5522. 
e c ~ 4 3 7 .  
.!c ~ ~ 5 2 .  

PTDT 
PSF 

4349. 
5296. 
6172. 
6547. 
6013. 
6993. 
7108. 
7227. 
7778. 
7371. 
7430. 
7476. 
7493 .  
7509. 
75'4. 
7524. 

R f  BY  

0 
PSF 

D. 
947. 

1874. 
119a. 
2464. 
2644. 
2759. 
2878 .  
2929. 
3013. 
3089. 
3127. 
3145. 
3160. 
3175. 
3176. 

STATIC T R I A X I A L  TEST: S-4B 
GREEN'S LAKE DAM NO. 3 



W I T H  FOKE PRESSURE PlEiljUREPiCNT 

STATIC TXsGLS KC-1. G 

0 1 19-29?tFR. 82 

ED!? I i1G: GL7 - I 53iPLS: P22 
3 ; LT'i  5?;,:3 

ISOTLUF'IC CUtISOL.I[lnTEO U~:DRIII!IETI TRIEIXIAL I E S T  
U I  TH F'DPE I'ltESSlJRE HCQSUhLHEtJTS 

/ [IllB-UTAI4 IlhnS-GREENS L.hhEI3 5 1 A T I C  T X 8 G L S  4 i 2 9 / 8 2  REIILICEII R Y  nU 

SntIPLE A h E A  ................ = 6.553 SO. INCt lES 
FI-FECTICE CONFINING STRESS . * 1 3 5 4 .  F ' S f  
LFFECTIVE HAJCIR V k I t I .  STRESS = 1 3 5 4 .  P S F  
VRIIICIFAL STRESS RnTIO ..... = 1 . 0 0  

S T h A I t I  
I'CT 

.o 

.? 

.4 . h 
1 . 4  
1.6 
1 . 7  
2.4 
1 . 9  
3 .4  
3.9 
4.5 
5 . 0  
5 .7  
6 . 0  
6.3 
h . V  
7.7 
1 . 6  
U. 4 
9.3 

10.0  
10.7  
12.4  
14.7  

_7 1:..0 
I 

12.0 15.0 

S [ G n f i - t E  
F'SF 
1 3 5 4 .  

0 7 8 .  
770.  
706. 
Ah?. 
67 1 . 
7 4 7 .  
050.  
9 7 9 .  

1 0 7 4 .  
1 2 2 4 .  
1325.  
14.10. 
l!i.%l. 
1 6 1 3 .  
l ( ~ 4 2 .  
1742a 
1 / 7 1  s 

11J7V. 
l'/SO. 
2 0 0 1 .  
2 0 5 9 .  
?146.  

- 7261.  
1.1'90. 
2419.  

S I G n h l E  RATIO 
5 S I G l E / S I D 3 E  
1354.  1 .0  
1 7 9 9 .  ?.O 
l t ? 7 ? .  2.4 
1 7 5 1 .  2 .  U 
?h34.  4 .0  
21132. 4.1 
3 7 4 7 .  4.3 
31152. 4.5 
4414. 4 . 5  
4 '? 1 4 . 4 . 5  
5 3 6 1 .  4.4 
575:;. 4.3 
6 1 3 7 .  4.3 
n:,37. 4 .3  
4 / 3 5 .  4.: 
lrlll l '?. 4.2 
7 1 4 5 .  4.1 
2 ! 7 7 .  4.1 
7451,. 9.1 
7766.  4 . 0  
i lO01. 4.0 
0 2 1 0 .  4.0 
lJ42L1. 3.9 
t1n2:;. 3 .9  
9197.  3 .8  
'9292. 3 . 8  

PF'RESS 
I'SF 

0 .  
475.  
576.  
h411. 
1Y1.  
6A2. 
605.  
504.  
371.  
2 5 9 .  
1 3 0 .  

2 7 .  
- 0 6 .  

- 1 n 7 .  
- 2 5 7 .  
-:.on. - .1n7. 
- 4 l l l .  
- 4 7 5 .  
-57.4. 
-64n.  
- 70h.  
- 7 9 2 .  
- ')07. 

- 1 0 3 7 .  
-10Ab.  

F TOT 
I'S F 

1 3 5 4 .  
1 0 1 4 .  
1'JOl. 
1 7 7 6 .  
2 3 3 9 .  
::424. 
2 6 0 4 .  
2855.  
3 0 7 1 .  
3 2 6 4 .  
34.2. 
3 5 6 9 .  
3 7 0 ? .  
3 n 2 .  
.5715. 
3"1c. 
401;'). 
4 1 1 6 .  
4167. 
4:!7,7. 
4354.  
4 4 2 9 .  
4 4 9 5 .  
4 6 3 6 .  
4 7 5 7 .  
4 7 7 0 .  

STATIC TRlAXlAL TEST: S - 5  
GREEN'S LAKE DAM NO. 3 



I 

I 

I: 

t 
CC?lS i ) t ICRiEC UNCPfilEEC ?R I R X [ %  TEST 

5(! Tr! FC.%Z PPfS%!SE F(E$4URCEdT 

? 
0 

.- 
S i R T i G  l X M t 6  KC-1.C 

5 1 D1 ls-a-eh'-fiz 

I aEi?lF6:G43-2 SRi*!L&:PBi3 
2 j CLSYEY C2A8SE 99ND 

I 
u. I 
.24 D 

3: I 
I 

a, ii $1 (x gii] 1 
e - W r) 

W 

1 
oc \ 

" t i  
( T ) N I  I 3 7- 

lo- 
3 
a. I 

in ~q 1 g"ii &- + 

\ 

\ (D 

'\ 
& '. 

\ 
1. m 5 \ 0 

C) 

0 
0 w 9 

d 

1 :Lr a. a 3.0 0.0 , 9.0 I !2.o I 15.a -r a 0.0 3.0 0.0 , 3.0 I 12.0 , -- 7 15.0 

STPflIN I!{ PEPCUG .STWIN lfl P E F C O . ~ ~  

.. 
0 0 

dl ISOTROPIC CONSOLIDATED UHDRAINED TRIAXIAL TEST 
UITH PORE PRESSURE nEhSUREHENTS 

I DllR-UTAH DAiiS-GK'EENS t A I E t 3  STATIC TXIGL6 4 /29 /82  REDUCED P I  HW 

BDR1NG:GLS-9 SAliF'LE:PB-6/S-4 DEPTH:15.5-28.0 

r si C L A Y E Y  CDAiiSE SAND 

i A T  END OF COHSDLIDATION : .............. SAHPLE HEIGHT = 5.945 INCHES 
SAnPLE AREA ................ 6.632 SO. INCHES 

ii - -1 EFFECTIVE CONFINING STRESS . = 3016. PSF 

..... 1 
EFFECTIVE HAJOR PRIN. STRESS = 2016. PSF 

/-"-- 
PRINCIPAL STfiESS RATIO - 1.00 

STRAIN SIGnA3E SIGf lA lE R O T 1 0  PPRESS PBAR PTOT Q 
-0 PC1 PSF PSF SIGlE/SIG3E PSF FSF PSF PSF 

5 7  - 0  2016. 2016. 1 .O 0. 2016. 2016. 0. 

/ 61 1498.  2539. 1.7 518. 2018. 2537. 521. 
.2  1253. 2726. 2.2 763. 1989. 2753. 737. 

% j 

['' 
- 3  1094.  2912. 2.7 922. 2003. 2925. 909. 
.S 1037.  3176. 3.1 979. 2106. 3006.  1070.  

g 3 
.7 1008.  3708. 3.8 1000. 23961. 3406. 1390. 

1.0 1022.  4504. 4.4 974. 2763. 3757. 1741.  

1 1.3 1094.  5315.  4.9 922. 3205. 4126. 2110.  
W 1.6 1210. 6144. 5.1 006. 3677. 4483.  2467.  
0 I 
C 

2.1 1411.  7365. 5.2 605. 4308. 4993. 2977. 
2.5 1642.  8434. 5.1 374. 5030. 5412.  3396. 

E j 3.0 1814.  9311. 5.1 202. 5563.  5764.  3748. 
3.5 2016. 10061. 5.0 0.  6039. 6039. 4023. 

';I 4.0 2109. 10671. 4.9 -173. 6430. 6257. 4241. 
4.5 2333. 11165. 4.8 -317. 6749. 6432. 4416. 
5.0 2462. 11600. 4.7 -446.  7031. 6585.  4569. 
5.5 2563. 11957. 4.7 -547. 7260. 6713.  4697. 

C )  6.2 2693. 12386.  4.6 -677. 7539. 6862. 4846.  .= - 6.9 2779.  12724. 4.6 -763. 7752. L709.  4973. 
7.8 2866. PJOP?. 6 -850. 7982.  7133.  5117.  
8.6 2938. 13451.  1.6 -923. 0195. 7273. 5257.  
9.5 2995.  13722. 4.6 -979. 0558. 7377.  5 5 6 3 -  

11.7 3139.  14254. 4.5 -1123. 0677. 7573. 5557.  

0 13.5 3210,  14500. 4.5 -1224. 8710. 7686. 5670.  . - 15.0 3283.  14671. 4.5 -1217. 0977. 7710.  5694. - 
0 

0 s I I I I 

0.0 3.0 8.0 3.0 12.0 (6.0 
STATIC TRIAXIAL TEST: S-6  

S7f33!3 IM PCPCLYi GREEN'S LAKE DAM NO. 3 
-- 

C ,  - 
- .  - v 7- - 



STATIC TXnGL7R KC-! .Z 

31 18- 14l%Y$2 
SCR i P C :  23-3-2 SREPX; PE7 
9 I LTY 

57RSlh I N  PERCENT 

ISOTROPlC CONSDLIDATED UNDRAINED TRIAXIAL TEST 
UITH PDRE PRESSURE HEASURENENTS 

D118-UTAH DRnS-GREENS LAKE STATIC TXfGL7A STAGE 1 5/14/82 C'ED BY BU 

SILTY SAND 

AT EN[! OF CONSOLIDATION : 
snnlLE HEIGHT .............. = 5.967 INCHES 
Shtlf'LE AREA . . . . . . . . . . . . . . . . = 6.501 SO. I tlClltlS 
EFFECTIVE CONFIt4ING STRESS = 3024. F'SF 
EFFECTIVE HAJOR PRIN. STRESS = 3024. PSF 
PRINCIPAL STRESS RATIO ..... = 1.00 

STRAIN SIGNA3E SIGHAlE RATIO PPKESS PHAR PTOT 
PC1 PSF 

.O 3024. 3024. 

.2 2337. 4722. 1.9 792. 3227. 4019. 995. 
- 5  1806. 4018. 2.6 3130. 3352. 4490. 1466. 
.8 1786. 5435. 3.0 3238. 3610. 4848. 1024. 

1.0 1800. 6052. 3.4 1224. 3926. 5150. 2126. 
1.3 1872. 6703. 3.6 1 4207. 5439. 2415. 
1.9 2089. 7889. 3.8 936. 4980. 5924. 2900. 
2.5 2261. 8912. 3.9 763. 5587, 6350. 3326. 
3.1 2448. 9831. 4.0 576. 6139. 6715. 3691. 
3.7 2650. 10648. 4 - 0  374. 6649. 7023. 3999. 
4.3 2794. 11335. 4.1 230. 7064. 7295. 4271. 
4.9 2952. 11966. 4.1 72. 7459. 7531. 4507. 
5.0 2981. 13050. 4.0 43. 7515. 7559. 4535. 

0.0 - 3 . 0  
STATIC TRIAXIAL TEST: S-7A 
GREEN'S LAKE DAM NO. 3 



N 
SIRTIC  TXaGL7D KC-1.9 I 

21it3-I.d,~flz'~.2 
BCG!kG:GLZ-2 SRt:?LE;P87 
5 I LTY smo 

I 

I 

ISOTROPIC CONSOLIDATED UNORAINEU TRIhXlAL TEST 
UITH PORE PRESSURE MEASUREMENTS 

Dll8-UTAH LIAHS-GREENS LAKE STATIC TX170 STAGE 2 5/14/82 RED. bY BU 

BORINC:GL3-2 SAMPLE:PB-7/S-5 OEPTH:29.5-32.0 

SILTY SAND 

AT END OF CONSOI IDATION : 
SAnF'LE HEIGHT .............. = 5.913 INCHES 
SAHYLE bREA ..........,..... - 6.543 SO. INCHES 
EFFECTIVE CONFINING STRESS . = 604B. PSF 
EFFECTIVE HAJDE PRIN. STRESS = 6048. PSF 
PRINCIPAL STRESS RATIO . . . a .  1 1.00 

STRAIN SIGHAJE SIGMAlE RATIO PFRESS PBAR FTOT D 
PCT PSF YSF SIGlE/SIG3E PSF Y SF F'SF PSF 

.O 6048. 6040. 1 .O 0. 6040. 6048. 0 .  

.2 4205. 6191. 1.5 1843. 5248. 7091. 1043. 

.5 3139. 5767. 1.0 2909. 4453. 7362. 1314. 

.O 2606. 5511. 2.1 3442. 4059. 7500. 1452. 
1.0 2347. 55?7. 2.4 3701. 3937. 7638. 1590. 
1.3 2233. 5707. 2.6 3816. 3969. 7785. 1737. 
1.6 2203. 6015. 2.7 3845. 4109. 7954. 1906. 
2.1 2246. 6941. 3.1 3802. 4594. B395. 2347. 
2.7 2462. 0145. 3.3 3586. 5354. 0939. 2071. 
3.2 2750. 9885. 3.6 3290. 6318. 9615. 3567. 
3.8 3139. 11759. 3.7 2709. 7449. 10350. 4310. 
4.3 3485. 13677. 3.9 2563. 0581. 11144. 5096. 
5.0 3789. 16053. 4.0 2059. 10021. 12000.. 6032. 
5.7 4173. 1 R 2 1 5 .  4.1 1555. 11354. 12907. 6061. 
6.0 5155. 20075. 4.0 U73. 13015. 13900. 7860. 
7.9 5003. 23200. 4.0 245. 14501. 14746. 069B. 
9.0 6336. 25001. 4.0 -200. 1570R. 15420. 9372. 
10.0 6760. 26436. 3.9 -720. 16602. 15002. 9034. 

I -1 

0.0 3.0 0.0 3.0 12.0 16.0 

STPfllh 1 1 1  PtRCU.iT STATIC TRlAXlAL TEST: S-7B 
GREEN'S LAKE DAM NO. 3 

d.. ,, " - 



WARNER DRAW DAM 

E a r t h  S c i e n c e s  A s s o c i a t e s  





9 
SiRTiC TXnt iC2  KC-1 ,O 
61lS-ICc?9R-Y2 
BGZIbG: GJI-I SRflPLL:R3-6 
SANDY 2iRY 

\ 

\ \ 
0.0 3.0 0.0 9.0 12.0 1s.o 

STf:t:fN Ih  Ptr?CU.rT 

ISOTROPIC CONSOLIDATED UNORAINED TRIAXIAL TEST 
UITH POKE PRESSURE HEASUREMEHTS 

GI18  UTAH DAMS-UARNER 0RAU DAH STATIC TXtUO2 3 /10 /82  REDUCED BY BY 

SANDY CLAY 

0,- 
d 11 AT END OF COt~SDLIDATION 

SAflFLE HEIGHT . . . . . . . . . . . . . . = 5.907 INCliES 

I 
SAMF'LE AREA .+.............. = 6.398 SO. INCHES 
EFFECTIVE CONFINIIIG STRESS . = 2670. PSF 
EFFECTIVE MAJOR PRIN. STRESS 2678. PSF 

2" PRINCIPAL STRESS RATIO . . . a .  - 1.00 

STRAIN SIGHA3E SIGt lA lE R A T I O  FPRESS FBRR PrOT 0 
PCT FSF FSF SIGiE/SIG3E PSF F'SF PSF I'SF 

Ln - 0  2678. 2678. 1.0 0. 2678. 2678. 0. 
rr) ggj W a 1  '2304, 3316.  1.4 374. 2010. 3184. 506. 

- 5  1469, 3349. 2.3 1210. 2409. JblP. 940. 

!z ;-I 1.0 1224. 3474. 2.8 1454. 2349. 3803. 1125. 
v) 1.3 1181. 3602.  3.1 1498. 2392. 388Y. 1211. 

w 1.8 1152. 3870.  3.4 1526. 2511. 4037. 1359. 
0 2.1 1166. 4075. 3.5 1512. 2621. 4133. 1454. 
k 
c 2.6 1210. 4475. 3.7 1469. 2842. 4311. 1633. 

-0  
3.2 1267. 4920. 3.9 1411. 3098. 4509. 1030. 

7 .- 3.7 1354. 5470.  4.0 1325. 3412. 4737. 2050. 
LJ - 
0 

4.3 1469. 6057. 4.1 1210. 3763. 1773. 2294. 
5.0 1642. 6000. 4.2 1037. 4261. 5298. 2619. 
6.3 2030. 0401.  4.1 640. 5216. 5064. 3185. 
7.5 2405. 9757. 4.1 274. 6081. 6354.  3 6 7 6 .  

a 8.7 2765. 10967. 4.0 -01. 6066. 6779. 4101. ._ 
v- 9.9 3110. 12036. 3.9 -432. 7573. 7141.  4463. 

10 .0  3154. 12140. 3.9 -475. 7651. 7 1 7 5 .  4 4 9 7 .  
12.0 3614. 13483. 3.7 -736. 8549. 7613. 4934. 
13.5 3917. 14412. 3.7 -1230. 9165. 791'6. 5240. 
15.0 4190. 15286.  3.6 -1512. 9738. 8276.  5548-  

c. 

STATIC TRIAXIAL TEST: S-2 
WARNER DRAW DAM 



CON-XLIGRTEII  UN3TtIFCD T R I R X  1% 'K5T 
?fTH PGM: PRLSS't'fX VEfi5tlRKW*T 

.* 
a u  STRTIC D.&T2 KC-1.O . o 

61 18- 12rMP- 112 
i3OZlPiG: h2-! S???L&:PSl2 

o CL,SYEY S9XO 

W 
E 

1 
i 

0 

-3 1 - 
0.0 3.0 0.0 3.0 13.3 t5.0 I r I 

0.0 3.0 6.0 3.0 12.0 15.0 
SbJ5':1Ir~ I N  PCFCC! tT .Sffifli ti I f (  t7CPCOtf 

%o 

ISDTROFIC COHSOtIDATEn ONDRAINED TRIAXIAL TEST 
NITH FORE PRESSURE HEASUREIIktiTS 

6118 UTAH DAiiS-UAK'NER DkRU IIAH STATIC TXrUD3 3 /12 /82  REDUCED RY R U  

11ORINO:UD-1 SAHf'LE:PB-?O/S-10 DEFTV:41.0-43.5 

CLAYEY SAND U/OCCASSIONAL GRAVEL 

h T  E N D  OF CONSOLIDATION t 
SAMPLE HEIGHT . . . . , . . . . . ,. . , = 5.983 INCt l fS 
SAMPLE AREA . . . . . . . . . . . . . . . a  6.363 SO. INCHES 
EFFECTIVE CONFINING STRESS + = 3902.  FSF 
EFFECTIVE HAJOR FRIN. STRESS = 3902 .  PSF 
PRItlCIPAL STRESS RATIO . = 1.00 

i STRAIN SIGHASE SIGVR1E RATIO FFRESS PRAR FTOr D 
PCT PSF FSF SIGlE/SIG3E PSF PSF F'SF PSF 

.O 3902. 3902. 1 *O 0 .  3902. 3901. 0. 
$1 3338 .  5209, 1.7 064. 4123. 4907. 1085. 
- 3  2405. 5610. 2.3 $498 .  4007. 55Ob. 1601. 
- 4  2117. 5947. 2.8 1785.  4032. 5818. 1915. 
- 6  2002. 6411. 3.2 1901. 4206. 6107. 2204. 
,B 1987, 6972. 3.5 1915.  4480. 6395. 2497. 
$ 9  2045. 7671. 3.8 1850. 4859. 6716. 2013. 

1.4 2419. 10359. 4.3 1403.  6389. 7872.  3970. 
1.9 3095. 13941. 4.5 006.  0544. Y350. 5440. 
2.4 3960.  18354. 4.6 -58. 11157. 11099. 7197. 
3.0 5011. 23350. 4.7 -1109 ,  14181. 13072. 9170. 
3.4 6206. 28735. 4.6 -2306 ,  17471. 15167. 11265.  
3.9 7430. 341YO. , 4.6 -3528.  20810. 17282. 133BO. 
4.5 8669.  39525. 4.6 -4766. 2405'7. 19330. 15420.  
5.r 9893.  44650. 4.5 -5990. 27275. 21205. 17303. 
6.3 11981. 53189. 4.4 -8079. 37505. 24507,  20604-  
7.6 13162. 57324. 4.4 -9259. 35233. 25984. 27001. 
0.7 13680.  58377. 4.3 -9770. 36038. 262i. l .  27350-  

10.0 14069. 50306. 4.1 -10166.  36187. 26021.  22119. 
11.6 14342. 57471. 4.0 -10440, 35907. 25467. 21564. 

o 13.5 14515. 55997. 3.9 -10615. 35256. 24643. 2 0 7 4 1 . '  

6 - 15,O 14507. 55310. 3.8 -10685. 34949. 24264.  20361. 

r- --I I 
0.0 3.0 0.0 3.0 12.0 !5 .3  

STr7,qIl~ 111 PUFXlr7' STATIC TRIAXIAL TEST: S-3 
WARNER DRAW DAM 

". ... . -' 4 



-- - , - . , - . - - , - ,, - --  7 

CEMSCLiC?Taj  UNm[hEC T R I A X I E .  T E 5 T  I I 

h[M WLT P l i m  N E f l U R D r n T  

9 0 

STF!TIC. i Xa :4C l  KC-!. C 
Gl18-1xfl8-Ej2 
aaRit.F:!a-i s ~ ~ ~ , P L c : P ~ I ~  
SSSDY 3-?.l m I 

G-! 

\ 
Z 

W 

0.0 3.0 0 . 3  3.0 17.0 
',9$?;1\!{ I!! FCACZIC 572P!b I N  PCPCCi!I' 

"a 0 
7'- $ 

" -1 ISOTROPIC CDNSOCIDQTED UNLIRAINEB TRIAXIAL TEST 
UITkl PORE PRESSURE HEASUREHENTS 

6118 UTAH DAtlS UhRNER DRAU @AH STATIC TXOUD4 3/12/82 REDUCED BY R U  

P0RING:UD-1 ShHPLE:PB-13/S-13 DEFTW:53.0-55.5 

! SANDY CLAY U/GRAVEL 

AT END OF CONSOLIDATION : 
SAKPCE HEIGHT ... s.......... 5.923 INCttES 
SAHPLE AREA ................ 1 6.409 50. INCHES 

i 
EFFECTIVE CONFINING STRESS . = 4B10. FSF 
EFFECTIVE HhJOR PRIN. STRESS = 4010. PSF 
PRINCIPAL STRESS RATIO ..... a 1.00 

STRAIN SIGnA3E SIGnAiE RATIO PPRESS PRhR PTOT D 
PCT PSF P5F SItlE/SIG3E PSF PSF PSF  SF 

- 0  4010. 4UlO. 1.0 0. 4810. 4810. 0. 
.1 3030. 5050. 1 .S  979. 4840. 9019. 1010. 
.6 2491. 5484. 2.2 2318. 3988. 6305. 1496. 

1.1 ,2002. 5356. 2.7 2000. 3679. 6407. lb77. 
1.5 1043, 5407. 2.9 2966. 3625. 6591. 1781. 

I 

I 

1 

2 

1.8 1757. 5484. 3.1 3053. 3610. 6673. 10b3.' 
2.4 1670. 5662. 3.4 3139. 3666. 6905. 1996. 
2.8 lb56. 5029. 3.5 3154. 3742. 689b. 20B5. 
3.9 lbZ7. 6314. 3.9 3102. 3971. 7153. 2343. 
4.1 1642. 6427. 3.9 3168. 4034. 7202. 2393. 
4.4 1670. 6631. 4.0 3139. 4150. 7290. 2480.' 
5.0 1699. 6929. 4.1 3110. 4314. 7424. 2615. 
5.6 1742. 7319. 4.2 3067. 4531. 7598. 2788. 
7.0 1915. 8224. 4.3 2094. 5070. 7964. 3154. 
B.0 2030. 0813. 4.3 2779. 5422. 8201. 3391. 
8.9 2174. 9421. 4.3 7635. 5797. 8433. 3613. 
10.0 2347. 10112. 4.3 2462. 623r). Bb92. 3892. 
10.8 2462. 105VO. 4.3 2347. 6521. 8069. 4059. 
6 2606. 110D4. 4.3 2203. 6045. 9048. 4139. 
13.2 2066. 11956. 4.2 1944. 7411. 9355. 4545. 
1 0  3197, 12956. 4.1 1613. 8076. 9689. 4080. 

1 7 
12.0 16.3 0.0 3.0 0.0 9.0 

GfR' i [N IN P t x D i r  STATIC TRlAXlAL TEST: S-4 
WARNER D R A W  DAM 

1 
. -  - L -A,\ V. U I -.-- - I  - * k  

u , ,  ., .... 

' 
' 
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R STRTIC TXnWDS KC-1.0 
01 I ~ - ~ R - B Z  
i3GR ihG: i-2-2 Sfll!PLE:?8-6 

0 CLAYEY SSND 

2- 
LG- 

W 
\ 

y 1 
a-{ \ 

" i 

'\, 
\ 
\ 

\ '. 
\ 
\ 
-\ 

0 \ ?-C-- , I 1 )  '. 
3 .0  7.0 8.0 9.0 12.0 16.0 

STi7PiFI I N  PERCUdT 

ISDTROPIC CC)tlSOLIOhlED UUDRAINEO TRIAXIAL TEST 
UITH FORE PRESSURE HEnSUCEHENTS 

TRH DhSS-UAKNER DKbU DOH STbTIC TXlUD5 3 / 3 0 / 0 2  REDUCED DY PV 

CLAYEY SAND 

AT END OF COHSOLIDATION : 
SAHPLE HEIEbIT . . . . . . . . ... . . . 
SAHPLE AREP ....... a . . . . . . . .  

EFFECTIVE CONFINING STRESS . = 
EFFECTIVE HAJOR PRIN. STRESS * 
PRINCIPAL STRESS RATIO . . . . a  

STRAIN 
PCT 

.o 

.1 

.3 

.5 

.6 . 8 
1 .o 
1.2 
1.7 
2.2 
2.7 
3.2 
3.8 
4.3 
5.0 
5.6 
7.1 
8.6 

10.0 
11.5 
13.4 
15.0 

SIGHAlE RATIO 
PSF SIGlE/SIC3E 
2670. 1.0 
3521. 1.8 
3834.  2.4 
4195. 2.8 
4582. 3.2 
5035'. 3.5 
5545.  3.7 
6064. 3.9 
7/86.  4.2 
9637. 4.3 

11472. 4.2 
13270. 4.2 
15058. 4.1 
16785. 4.0 
10697. 4.0 
20299. 3.9 
23785. 3.8 
26500. 3.7 
20478. 3.7 
30223. 3.7 
31973. 3.6 
33005. 3.6 

5.966 INCI-IES 
6.376 SO. IEICNES 
2670. FSF 
2670. PSF 
1 .oo 

FFRESS 
YSF 

0. 
691. 

1051. 
1181. 
1230. 
1324. 
l l E l  . 
1123. 

821. 
410. 
-29. 

-504. 
-994. 

-1 469. 
-2050. 
-2506. 
-3571. 
-4421. 
-5026. 
-5550 
-6106. 
-6466. 

F BAR 
F'SF 

2678. 
2754. 
2731. 
2846. 
3011. 
3146. 
3571. 
3810. 
4022. 
5949. 
7090. 
0230. 
9365.  

10466. 
11703. 
11741. 
15017. 
16799. 
l 0 0 9 l .  
11230. 
20379. 
21075. 

PTOT 
PSF 

2670. 
3445.  
3702. 
4027. 
41q9. 
4470. 
4702. 
4933. 
5643.  
6367.  
7061. 
7726. 
0371. 
8997. 
9673.  

101.76. 
1 1 4 4 6 .  
11379. 
13065. 
13672. 
1'12/3. 
14609. 

STATIC TRIAXIAL TEST: S - 5  
WARNER DRAW DAM 



- "  , - . . -.. - - 
CCNSCU,ICRTEI? ? I N m [ b E C  'If?IP.XIc TEST 

t 
HI  Tti P G K  PPCSS-iSE N E ~ ~ S ~ J R E ~ O J T  

STRTIC TXn!$?$3 KC-!. 0 
fl116-3Cr?R-t32 
eORlPC:Gd?-2 SRKPLt:Pi3-2 
CLRYEY SAND 

I S O T R O P I C  COHSOLIDATED UNDfiAIHED T R I A X I A L  TEST 
U I T H  PORE FEESSURE HERSVREHfNTS 

D l 1 8  UTAH DAHS-UARNER DRAU DAH S T A T I C  TXtUD6R ( S T G  1 ) 3 / 3 0 / 0 2  RED.BY B 

CLAYEY SAND 

AT END OF CDNSOLIDATIDt l  : 
SAEPLE HEIGHT .............. = 5 .935  INCHES 
SAHPLE AREA +.....+......... 6 .305  SO. INCHES 
E F F E C T I V E  CONFINING STRESS . - 1 4 4 0 .  P S F  
E F F E C T I V E  MAJOR FRIN. STRESS = 1 4 4 0 .  PSF 
P R I N C I P A L  STRESS R A T I O  ..... - 1 . 0 0  

S T R A I N  S I G H h 3 E  S I G M A l E  R A T I O  PFRESS PFAR VTDT Q 
PC1 PSF FSF S I G I E / S I G 3 E  PSF T'SF PSF . PSF 

STATIC TRIAXtAL TEST: S-6A 
WARNER DRAW DAM 
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CCNSCP,IRRTfO UND<Rlt&EO TRIRXIRL T E S T  

STRTlC TXa!4EEiD KC-1. D 
D116-3CN61F-62 
BOR IhG: W-2 SflnPLL: Pi3-2 
CLSYEY SRNO 

fl I r I 1 
0.0 7.0 SfPf3il.c 0.0  i l l  PER2CIqT 3.0 12.0 15.0 

ISOTROPIC CONSULIDATED UNDRAItIECI TRIAXIhL TEST 
U ITH PORE FKESSUKE HEASUREHENTS 

D l 1 8  UTAH DAnS-UARNER DRAU DAn S T A T I C  TXeUD6B (STG 2 )  3 /30 /82  RCD. h i  11 

C L A Y E Y  SAND 

AT END OF CUNSOLXDATION : 
SAnFLE HEIGHT .............. 5.680 INCHES 
SAnPLE AREA ................ = ,  6.586 SO. INCHES 
EFFECTIVE CONFINIkiG STRESS . = 2800. PSF 
EFFECTIVE HAJOR PRIN. STRESS 2080. PSF 
FRINCIPAL STRESS RAT10 ..... = 1.00 

STRAIN SIGHA3E 
PCT F S F  

.O  2880. 

.O 2606. 
-1 7405. 
. Z  2333. 
.4 2419. 
- 5  2597. 
. B  3110. 

1.7 4435. 
2.6 5a5Y. 
3.6 6739. 
5.0 7993. 
5.6 8595. 
7 9153.  

10.0 9950. 

s I c i n A i c  RATIO 
PSF S IG lE /S IG3E 
2080. 1 .O 
3910. 1 .5  
4807. 2.0 
5 9  75. 2.6 
7387. 3.1 
9010. 3.5 

1763;. 4.1 
19151. 4.3 
23593. 4.2 
27470. 4.1 
31443. 3.7 
32605. , 3.9 
34904. 3.0 
377:'r). 3.7 

FFRESS 
FSF 

0. 
274. 
47s. 
547. 
461. 
280. 

-230.  
-1555. 
-2779. 
-3859. 
-5117. 
-5515.  
-127tt. 
-7070, 

F'BAR 
FSF 

2080. 
3262. 
3606. 
4154. 
4903. 
5801. 
7872. 

11843. 
14677. 
17080. 
19717. 
20500. 
11031.  
13507.  

FTOT 
FSF 

2000, 
3536.  
4001. 
4707. 
5364. 
6009. 
7642. 

10288. 
11890.  
13220. 
14605.  
14904.  
15753. 
16517.  

0 
FSF 

0. 
656. 

1201. 
1022. 
2404, 
310P. 
4762. 
7408.  
9018. 

10340. 
11725.  
12104.  
12073. 
13637. 

STATIC TRlAXlAL TEST: S-6B 
WARNER DRAW DAM 



STRllC TXaWC7R KC-! .O 
01 18-131AY82 
BORING: LC-2 5RKPLE:i%13 
CLflt'E'I S e N O  

STR?[N 1h PERCENT 

ISOTROPIC CONSOLIDATEb UNDRAINEO TRIAXIAL TEST 
UITH POKE PRESSURE HEASUREHENTS 

D118-UTAH KIAHS-UARNEK DRAW DAH SrATIC TX17A STAGE 1 5/13/82 RED. b'f RU 

B0RING:UO-2 SAHPLE:PEf-13,'s-13 IIEPTti:52.5-55.0 

CLAYEY SAND 

AT END OF CONSOLIOATION : 
SRHF'LE HEIGHT .............. = 5.977 INCHES 
SRHPLE AREA . . . . . . . . . . . . . + .  = 6.535 SO. I NCHES 
EFFECTIVE CONFINIWG STRESS . = 5190. PSF 
EFFECTIVE UAJOk PkIN. STRESS = 5198. PSF 
PRINCIPAL STRESS RATIO ..... = 1.00 

STRAIN SIGHA3E SIGtlklE RATIO PPRESS F'BAR PIOT 
PC7 FSF 

.O 5198. 5198. 

.O 5069. 5730. 1.1 130. 5399. 5529. 330. 

. I  4766. 6785. 1.3 432. 5526. 5958. 760. 
-2 4748. 6448. ' 1.5 950. 5348. 6298. 1100. 
.3 3744. 6402. 1.7 1454. 5073. 6528. 1329. 
-4 3326. 6189. 1.9 1872. 4808. 6680. 1481. 
.6 2995. 6195. 2.1 2203. 4595. 6790. 1600. 
-7 2736. 6106. 2.2 2462. 4421. 6883. 1685. 
.8 2549. 6088. 2.4 2650. 4319. 6968. 1770. 
1.0 2405. 6113. 2.5 2794. 4259. 7053. 1854. 
1.1 2390. 6145. 2.7 2909. 4217. 7126. 1928. 
1.3 2218. 6198. 2.8 2981. 4208. 7189. 1990. 
1.4 2146. 6372. 2.9 3053. 4309. 7261. 2063. 
1.7 2059. 6476, 3.1 3139. 4267. 7407. 2208. 
2.0 2030. 6714. 3.3 3168. 4372. 7540. 2342, 
2.4 2002. 6972. 3.5 3197. 4497. 7683. 2485. 
2.7 2030. 7205. 3.6 3168. 4657. 7825. 2627. 
3.0 2059. 7595. 3.7 3139. 4827. 7966. 2768. 
3.3 2102. 7910. 3.8 3096. 5010. 8106. 2908. 
3.7 2174. 8289. 3.8 3024. 5131. 8355. 3057. 
4.2 2275. 8822. 3.9 2923. 5549. 8472. 3273. 
4.7 2390. 9386. 3.9 2808. 5088. 0696. 3498. 
5.0 2477. 9782. 3.9 2722. 6130. 8851. 3653. 



,,..,, , "  . . P 

CCNS.9-I C R T Z I j  tiBCf?Z[F&ZC Tl?I RX It?- TEST 
G1ITrl FOR< PRfSSPf  HEASIJRff'Clff 

STqrlC TXzH37E KC-! .(! 
0118-1'3rS?r62 

ISOTROPIC CONSOI.I[tATEO UNDEAINED TRIAXIAL TEST 
UITH POhE FRESSURE tlCASUREHENTS 

DllB-UTAH DAKS-GARNER CIRkU DM STATIC TXt7B STAGE 2 5 / 1 3 / 8 2  P E U .  Ll'l IJU 

CLAYEY SAND 

AT END OF CONSOLIDATIOH : 
SAHF'LE HEIGHT .............. = 5.697 INCHES 
SAHF'LE A R E A  .......*........ = 6.761 SO. INCHES 
EFFECTIVE CONFINING STRESS . = 7770.  FSF 
EFFECTIVE HFtJOR F'RIN. SThtSS = 7770.  F'SF 
PRINCIPAL STRESS RATIO ..... = 1.00 

STRAIN 
PCT 

.O 

.O 

.1 

.1 

. 3  

.4 

.5 

.7 

. 7  

SIGHAlE 
PSF 
7790. 
9022. 

10194. 
11545.  
12834.  
14055.  
15167.  
16149.  
16958.  
17609. 
18169. 
19107.  
19940.  
20712.  
21814.  
22914. 
2398.2. 
25531 + 
26492. 
29060.  
31426. 
33604. 

RATIO 
SIGlE/SIG3E 

1 .o 
1.2 
1.4 
1.7 
2.1 
2 .5  
2.8 
3.1 
3.3 
3.5 
3.6 
3.7 
3.8 
3.8 
3.8 
3 .9  
3.9 
3.7 
3.9 
3.9 
3.9 
3.8 

PPRESS 
F'SF 

0 .  
216 .  
576 .  

1094 .  
1627 .  
2074.  
2390 .  
2578.  
2678.  
2722.  
2707.  
2621 .  
2506.  
2362.  
2117.  
1886.  
1613.  
1238 .  

994 .  
331.  

-331. 
-950. 

PBAR 
FSF 

7770.  
8778.  
8704 .  
9120.  
7499. 
9886.  

10283.  
10681.  
11035.  
11 339. 
11626.  
17138.  
12612. 
13071.  
13744.  
14409.  
1 5080. 
16041.  
16644.  
18260. 
19774.  
11172.  

PTOT 
PSF 

779 0. 
8514. 
9200.  

10215.  
11126. 
11959.  
1 2 6 1 4 .  
13250.  
13713. 
14061.  
14333. 
14759. 
15118.  
15437.  
15861.  
16295. 
16693. 
17280.  
17630.  
18591. 
17443.  
20:22. 

STATIC TRlAXlAL TEST: S-7B 
WARNER DRAW DAM 



FROG HOLLOW DAM - 

Earth  Sc iences  A s s o c i a t e s  







ISOTROPIC CONSOLIDATED UHDRAIHED rRIAXIh1 TEST 
UITH PORE PRESSURE MEASUREHENIS 

DII8-UTAH DAHS-FROG HOLLOW STATIC TXtFH? 4/5/01 REDUCED BY .PiJ 

B0K'ING:FH-1 SAHPLElF'lr-61s-5 DEPTH:??.S-25.0 

CLAY U/GKAVEL 

0 
w- 
m ,  

- 0 

AT END OF CONSOLIDATION : .............. SAHPLE H E I G I i T  5.965 INCHES ................ S ~ ~ P L E  A R E A  = 6.519 SQ. I ~ I C H E S  
EFFECTIVE CONFINING STRESS . = 2707. F'SF 
EFFECTIVE HAJOR BRIM. STRESS 2707. FSF ..... PRINCIPAL STRESS RATIO = 1.00 

L 2 &I STRAIN SIGHA3E SIGnAlE RATIO PFRESS FBAR PrGT / PCT PSF 
a 

- 1 
FSF SIOlE/SIG3E PSF PSF FSF I'SF 

$ 0  2707. 2707. 1 .O 0. 2707. 2707. 0. 

/'/ 2 I .1 20886 3523. 1.7 619. 2806. 3425. 718. 
- 3  1728. 3807. 2.3 979. 200B. 3787. lO?lO. 
.4 1598. 4174. 2 6  1109. 2806. 3995. 1288. 

5'1 .6 1541. 4463. 2.9 1166. 3002. 4160. 1461. 
1.1 1526. 5462. 3.6 1181. 3494. 4675. 1960. 

0 
1.3 1570. 5848. 3.7 1138. 3709. 4846. 2119. 

I 1.4 1613. 6276. 3.9 1074. 3944. 5039. 2331. 
a 
- 0  

1.6 1670. 6717. 4.0 1037. 4194. 5230. 2523. .-.>I 1.9 1814, 7687. 4.2 893. 4757. 5645. 271). 

- 1 ,/// 2.3 2.6 3.0 2362. 2174. 1773. 10771. 8713. 9752. 4.6 4.4 4.5 533. 734. 5343. 5963. 6077. 6496. 33/0. 3789. 
346. 6566. 6912. 4205. 

3.3 2978. 11770. 4.6 130. 7174. 7303. 4596. 
3.6 2000. 12734. 4.5 -101. 7771. 7670. 4763. 

, i 4.0 3010. 13622. 4.5 -302. 8316. 0013. 5306. 
d -? 4.3 3211. 14462. 4.5 -504. 8037. 8337. 5625. 

4.7 3427. 152Pl. 4.5 -720. 9359. 8t-37. 573?, 
5.0 3614. 16004. 4.4 -907. 9009. 8702. 6175. 
5.0 4032. 17526. 4.3 -1325. 10779. 9459. 6747. -1 8.5 6.7 5170, 4450. 21507. 19032. 4.2 -2462. 13337. 10877, 8170. 

4.3 -1742. 11741. 9998. 7 2 9 1 .  
7.6 4824. 20347. 4.2 -2117. 12506. 10469. 7762. 

9.4 5472. 22187. 4.t -2765. 13900. 11215. 8500. 
1000 5630. 22999. 4.1 -2923. 14315. 11392. 8684. 
11.8 6091. 24404. 4.0 -3384. 15240. 11864. 9157. 

0 13m7 6437. 25403. 4.0 -3730. 15960. 12230. 9523. 

0 - - , 1 1  
15.0 6653. 26003. 3.9 -3946. 16368. 12422. 9715. 

1 I 

0.0 3.0 3.0 9.0 12.0 L5.3 
STP4IN ]!I PCRCC!lT STATIC TRlAXlAL TEST: S-2 

FROG HOLLOW DAM 
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C C N = I C R X I I  iibil;FF?ibE2 T R I A X I F r , .  T E T  
h I TH F'GW P?CSS2?iE Nt'fls'URt'm<T 

2 STRrlC MnFH3 KC-1.0 0 

2l f-\ E l  18-WT-82 "'1 I 

/ 8CRlF.G: f-H-1 SRCPLC:PBlC i 4: \ SILrY m y  :{ 
:I 

i 

i \ T: 

0 I 
YI -1 I !"------._ \\, $1 

l3 - I M 
Qcq, ',, $ $1 I 

! ! I ,  \ '\ 1 

Brs g z 4  " I  

I 

i 
9 
,j 

1 

7 i 
i 

0 !I 0 0 

8 ,  I r 

. 

, 
I 

1 

3 

0.0 3.0 8.0 3.0 15.5 0. 0 9.0 12.0 15.0 

ST;:?!!( ]h ?:F?mT s i R 8 1 I - 1  I t +  PCKCO4T 

'b,? 
x C1-' 

0 

?$ - 

ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST 
UITH PORE FRE3SURE HEASUREHENTS 

D118-UTAtI DAMS-FRDO HDLLOU STATIC TXIFH3 9 / 5 / 0 2  REDUCED BY Fld 

BORIt1O:FH-1 SAHPLEIPB-lO/S-9 IIEPTH:38.0-40.5 

1 SILTY CLAY 

AT END OF CONSOLIOATION I -1 SAHPLE HEIDHT . . . . a .  ..... . 5.931 INCttES 

CT 
SAHPLELREA,...+...........= 6 .517SD. INCHES 
EFFECTIVE CONFINING STRESS . - 3499. PSF 
EFFECTIVE HAJOR PRIM. STRESS = 3.t99. PSF 

I PRINCIFAL STRESS HATID . . . . a  1 1.00 

STRAIN SIGHASE BIOHnlE RATIO FFRESS PPhR P T D T  0 
FSF SIO lE /S IG3E FSF 

0 %9. 3499. 
FSF PSF f S F  

1.0 0. 3499. 3499.  0. 
.1 3254. 3895. 1.2 245. 3575.  3019. 32C. 
- 1  2837. 4337. 1.5 661. 3587. 4249. 750. 
.2 2534. 4562. 1.8 965. 3540. 4513. 1014. 
.4 2333. 4776. 2.0 l l b b .  3555. 4721. 1222. 
.5 2189. 5003. 2.3 1310. 3596. 4906. 1407. 
- 7  2102. 5263. 2.5 1397. 3603. 5080. 1580. 

hi. - 8  2016. 5501. 2.7 1483, 3753. 5242. 1742. 
w L 1.0 1987. 5795. 2.9 1512. 3891. 5403.  1904. 

1,s 1973. 6467. 3.3 1516.  4220. 5746. 2247. 
1.4 1987. 4823. 3.4 1512. 4405. 5917.  2418. 
1.7 2030. 7610. 3.7 1469. 4820. 6289. 2790. 
2.0 2131. 0451. 0 1368. 5291. 6659. 3160. 
2.4 2275. 9351. 4.1 1224.  5813. 7037.  3538. 
2.7 2419. 10246. 4.2 1000.  6333. 7413. 3913. 
3.0 2606. 11157. 4.3 893. 6002. 7774. 4275. 
3.4 2008. 12160. 4.3 691. 7484. 8175. 4676. 
3.7 3024, 13084. 4.3 475. l l054.  8529. 5030. 
4.1 3254, 14016. 4.3 245. 0635.  8D80. 5391. 
4.5 3499. 14916. 4.3 0. 9208. 9208.  5708. 
5.0 3802. 16019-  4.2 -302. 9910. 9600.  6109. 
6.0 4392. 18021. 4 1  -893. 11206. 10314, 6814. 
4.9 4925. 17749. 4.0 -1426. 12337. 10911.  7412. 
7.9 5427. 21279. 3.9 -1930. 13354. 11424.  7925. 
8.9 5846.  22614. 3.9 -2347. 12230, 11803.  0384. 

10.0 6270. 23918. 3.8 -2779. 1 ~ 0 9 0 .  12319. 8020. 
11.9 6926. 25791. 3.7 -3427. 16399. 12931.  9432. 
13.9 7502. 27250. 3.6 -4003, 17376. 13373.  9874. 
15.0 7762. 27915. 3.6 -4262. 17838. 13576.  10077. 

1 ' 1  I * 
0.0 3.0 0.0 3.0 !2.0 !s.a 

STRPI!+ I t (  PEPCDqT STATIC TRlAXlAL TEST: S-3  
FROG HOLLOW DAM 

7 
I - - 



C~HXLIORTU? U N D f 3 f P f  [3 Ti?If!XI% TEST 
1 

@lTH PORE P R C S W E  NERSURf VtYC 

STRTIC TXnFH5 KC-1.0 
0 

OllB-I2-PR.82 
B0RIM;:FH-I SRtlPLC:PBI4 I 

SILTY C L A Y  V) 

1 

I 

, 

, 

STRA[N IN PEPCfNT 

2% 

' I ISOTROPIC CONSOLIDATED LlNDRF!INED TRILXIAL TEST 
UITt i  FORE PRESSURE HEASLIEEHENTS 

D118-UTAH DAtfS-FROG HOLLOU STATIC TX1FH4 4 /12 /82  REDUCED RY RU 
1 

BOR1UG:Ftl-1 SAtlPLE:PB-14/S-12 DEFTH:55.0-56.8 :{ I 
SILTY CLAY UfSOHE FINE SnND 

I AT END OF CONSOLIDATION t 
SAHPLE HEIGIIT . . . . . +. . . . . . . 5.896 It iCtlES 

o SAtIPLE AREA ................ = 6.290 SO. INCHES 

21 EFFECTIVE CONFINING STRESS . = 4507, FSF 
EFFECTIVE HQJOR F'RIN. STRESS 0 4507. F'5F 

I FRIHCIFAL STRESS R A T I O  ..... - 1.00 

STRAIN SIGHAXE SIGHAlE RATIO PPRE5S PEAR F'rOT 0 
-0 PCT FSF PSF SIGlE/SIG3C YSF F'SF PSF PSF 
k el .O 4507. 4507. 1.0 0. 4507. 4507. 0 .  

% 1 .2 3470. 5368. 1.5 1037.  4419. 5156.  947, 
- 3  2794. 5281. 1.9 1714.  4037. 5 7 5 1 .  1243. 
* S  2405. 5183. 2.2 2102.  3794. 5fIP6. 13R9. 

8 / .7 2174. 5175. 2.4 2333. 3674. 6007. 1500. 
69 2016. 5192. 2.6 2491. 3604. 6095. 15BU. fi 21 1.1 1072, 5246. 2.8 2,535. 3559. 6194. 1687. 

1.3 1800. 5348. 3.0 2707. 3574.  6281. 1774. 
Q! 1.5 $742.  5509. 3.2 2762. 3AZ6. 6390. IDR3. 
0 1.7 1714. 5675. 3 . 3  2794. 3694.  64lIO. 1901.  

5. /' 2.3 2.1 1699. 1685. 6138. 6384. 3.8 2022. 4034. 6057. 2359, 
3.6 ?GOD, 3919.  6727.  2220. 

2.5 1699. 6657. 3.9 280R. 4178. 6986. 2479. z w ;  2.6 1728. 6966. 4.0 2779. 4347. 7126. 2619. 
2.8 1771. 72BR. 4.1 2736.  4530. 7266. 2758. 
3.2 1872. 7987. 4.3 2635. 4929. 7565. 3057.. 
3.6 1973. 8L82. 4.4 2534. 5327. 7R62. 3354.  

:- / 
4.0 2117. 9570. 4.4 2390. 5743. 8134. 3627. 
4.4 2275. 10024. 9.4 2232. 6150.  8382. 3074. 
4.8 2419. 10573. 4.4 2000. 6496. 8504. 4077. 
5.0 2520. 10914. 4.3 1987. 6717. 8704. 4197. 
6.0 2037. 11944, 4.2 1670 .  7391. 9061.  4554. 
7.0 3110, 12759. 4.1 1397 .  7935. 9332. 4024. 
8.0 3326. 13417. 4.0 1181.  8372. 9553. 5045. 

& -i, 9.0 3520. 13905. 4.0 979. 0757. 9736. 5229.  
10.0 3658. 14433-  3.9 050. 9045. 9095. 5380.  

0 

0 

11.U 3000. 15058. 3.9 6 9  9473. 10092.  5395.  
14.1 4118. 15604. 3.8 389. 9061. 10250. 5743.  
15.0 4176. 15735. 3.8 331. 9955. 10207. 5779. 

0. a 5.0 0.0 9.0 12.0 16.0 

57Rfllrr Iri  P t q C D t T  STATIC TRlAXl  AL TEST: 5 - 4 '  
FROG HOLLOW DAM 

I - - 



- 

C O N Y 3 L I D A m  UNWJ3IPEO T R I f l Y  I R  E S T  
h1Tn PORE PRCSS19;E NEASURWiZW 

I S O T K O P I C  CONSOLIDATED U N D K A I N E D  T K I A X I A L  T E S T  
U I T t l  POKE I 'RESSUitE I IE l t 5UREHENTS 

D 1 1 8 - U T A H  [IAfiS-FROG HDLLOU S T A T I C  T X 1 F t t 5  4 / 1 2 / 8 1  REDUCED B Y  BW 

S I L T Y  C L A Y  U/SOftE F I N E  SAND 

RT E N 0  OF C D N S O L I D A T I D N  : 
S A t l P L E  H E I G H T  .,.....,...... = -  5 . 8 7 5  I N C H E S  
S A I I F L E  AREA ................ = 6.623 SO. I N C H E S  
E F F E C T I V E  C O N F I N I N G  STRESS . = 4 5 0 7 .  FSF 
E F F E C T I V E  HhJOk Y R I N .  STRESS = 4 5 0 7 .  F S F  

/ 
P F i I N C I Y A L  STRESS R A T I O  ..... = 1 . 0 0  

S T R A I N  S I G H A 3 E  S I G I I A l E  R A T I O  FF'RESS PBI IS  P T O T  D 
F C T  P S F  F'SF S I G l E / S I G 3 E  F'SF F'SF T'SF P S F  

STATIC TRlAXlAL TEST: S-5 
FROG HOLLOW DAM 



STATIC TXhFH6 KC-1 .O 
0! 15-2fWR-fj2 

LICE! ib3:Fi-l-2 SRK?L&~F'B-7 

ISOTROPIC CONSOLICIATED UNPRAINED TK'IAXlAL TEST 
UITH PORE PRESSURE HEASUREHENTS 

0110-UTAH DAMS-FROG t10LLOU STATIC TXtFI l6  4/20/!32 REDUCED BY BU 

SILTY CLAY 

AT END OF CONSOLIDITION : 
SAMPLE HEIGHT .............. = 5.920 INCHES 
SAMPLE AREA ................ = 6.489 SO. INCHES 
EFFECTIVE CONFINING STRESS . = 2109. PSF 
EFFECTIVE HAJDR PRIN. STRESS = 2189. FSF 
PRINCIPAL STRESS RATIO .,,.. = 1.00 

STEAIN SIGMA3E 
PCT .YSF 

.o 2189. 
- 2  1512. 
.4 1181.  
.6 1037.  
a9 965. 

1.1 922, 
1.3 064. 
2.1 835. 
2.3 064. 
2.8 070. 
3.2 936. 
3.6 994. 
4.1 1008. 
4.5 1051. 
5.0 1000. 
5.4 1109. 
6.5 1166. 
7.6 1224. 
8.6 1253.  

10.0 1202.  
10.7 1182. 
12.9 1310. 
15.0 1325. 

SIGHhlE 
PSF 
2189. 
2797. 
2038, 
2911. 
3011. 
3138. 
3228. 
3574. 
3726. 
3942. 
4115. 
4287. 
4114. 
4527. 
4622. 
4710. 
4001. 
4999. 
5086. 
5156. 
5184. 
5234. 
5267. 

RATIO PPRESS 
SIGlE/SIG3E PSF 

1.0 0. 
1.8 677. 
2.4 1008. 
2.8 1152. 
3.1 1224. 
3.4 1767. 
3.7 1325. 
4.3 1354. 
4.3 1325. 
4.5 1310. 
4.4 1253-  
4.3 1195. 
4.4 1181.  
4.3 1130.  
4.3 1109. 
4.3 1000. 
4.2 1022.  
4.1 965. 
4.1 936. 
4.0 907. 
4.0 907. 
4.0 B7D. 
4.0 064. 

F'DAR 
PSF 

2189. 
2154. 
2010. 
1974. 
1985. 
2030. 
2046. 
2705. 
2295. 
2410. 
2525 .  
2640. 
2711. 
2789. 
2051. 
2913. 
3024. 
3111. 
3169. 
3119. 
3'33. 
3202. 
3276. 

PTOT 
FSF 

218P. 
2831.  
3018. 
3126.  
3212.  
3297. 
3371.  
3558.  
3620 .  
3721. 
3778.  
3035 .  
3892.  
3927. 
3960.  
3993.  
4046. 
4076. 
4105. 
4126. 
4140. 
4161. 
4160. 

STATIC TRlAXlAL TEST: S - 6  
FROG HOLLOW DAM 



ISOTROPIC COHSOLIOATEO UNDRAIYCD TRIAXIAL TEST 
U IT t l  FORE F'RTSSURE nEASU1;EHCNTS 

Dl l8-UTAH tlAnS-TROn l1DLLOU STATIC TX4FLi7A STAIjEI 4/2O/R7 RED. 

BORINnlFH-1 SAHPLE!PR-4/S-3 DEPTH:14.5-17.5 

SILYY CLAY 

AT END DF COIISOLIDATION : 
SAHPLK llEIOHT . + .  . . . . 6 .  = 5.957 INCHES 
9nnPt.E AREA ......+........, - 6.453 SO.  IHCIIES 
LFFECTIVE CONFININ0 STRESS . 2045. PSF 
EFFECTIVE HAJOK PRIN. STRESS - 2045. FSF 
PRINCIPAL STRESS RATIO ...., = 1.00 

STRAIN SIOtfA3E 91CH1llE RATIO YPRESS FRAR PTOr 
PC7 PSF PSF SIOlE/SIOJE F'SF F'SF P!;F 

.O 2045. 2045, I .O 0. 2045. ?045. 
' 1  1 6 f b .  2652. 1.6 374. 2 l b l .  1555 .  
- 3  1325. 3061. 2.3 720 .  2193. 2913. 
.5 1195. 3461. 2 0 9  850. 2320. 3178.  
- 7  1166. 3849. 3.3 870. 2508. 3386.  
a 9  1181.  4300. 3.6 864. ?740. 3604.  

1.1 1195. 4770. 4.0 850. 2983. 3832.  
1.3 1253. 5282. 4.2 792. 3167. 4059. 
1 . B  1411. 6364. 4.5 634. 3088. 4921.  
2.3 l A 1 3 .  7458. 4.6 432.  4536. 4960.  
2.7 1800. 0572. 4 + 8 245. StBh. 5431. 
3.1 2016. 9495. 4.7 29. 5755. 5784.  
3.6 2203. 10424, 4.7 -158. 6314. 6155. 
4.0 2419. 11376. 4.7 -374. 6098. 6523.  
4.4 2635. 12278. 4.7 -590. 7457. 6866.  
5.0 2938. 13516. . 4.6 -893. 0227. 7334.  

2 STRTIC TXu7P. KC-L.0 o 

1 QliB-2CWR.62 

I ZCRlPib':  W- I SRCPLCI F'B-4 
SILTY CLBY 

I 
H' r\ 
Q 

aii a 1 \\ 

STATIC TRIAXLAL TEST: S-7A 
FROG HOLLOW DAM 

W 
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.STRPII{ 111 r3ct;Ct:rdi- 



I 

I 

' 
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F '- 

- - .  . - 

CCNSCLICR'IW UNCWIFJJn? 7 R I R X  1% EST 
kITH P O X  PRCSSdW MEI~SURCKJ.(T 

z 0 
STRTI C TXaFt!79 LC-1 .E 

. 51 n i  ~ e - n z ~ q - f i z  
I BCt?IpG:FH-1 5RHPLE:PEf-4 1 $r\ SILTY M 3 y  

0 

0 0 .m L:i 2 - \ [ 

W 

\ ;?, 1 2 ;I 
-my' I $2 a \ g! 

\ 
--. 
I n  I 

2: , i I  21 

I 9 \ 

3 4 " 

: i 

I 

\ 

I 4 1 
\ 

2 -. L.- 2] , , , , ; 1 
F 

, 9 .-. 
r -t I 

0.0 3.0 0. C 3.0 12.0 !S.O 
0.0 3.0 0.0 3.0 12.0 15.0 . I 

.. 57F;ftlfi IF,{ PCFCCI.rT .S7P17lt.{ I N  PCRXfiT 

4.I 
. i 

-4 ISOTROPIC CDNSOLIDATEn UNDRAINED TRIAXIhL  TEST 

7 UITH FORE PRESSURE MEASUREtlENTS 
Dl18-UTAH DAMS-FROG IIOLLOU STATIC TXbFH7P STAGE2 4/70/D2 RED.BY nu 

R0RINO:FH-1 SAttPLE:PB-4/S-3 DEf'THt14.5-17.5 9.i SILTY CLhY 

AT END OF CDNSDLIDATIDN ! 1 SAMPLE HEIGHT .............. s 5.756 INCHES 
SAMPLE AREA ................ = 6.611 SO. INCHES 

z oj EFFECTIVE COHFINING STRESS . n 4090. PSF 
EFFECTIVE HAJOR PRIN. STRESS = 4090. PSF 

c G ,  PRINCIPAL STRESS RATIO ..... = 1.00 
u 

STRAIN SIGHA3E SIGt lA lE RATIO PPRESS PPAR I'TOT D 
PCT F'SF PSF SIGlE/SIG3E PSF PSF FSF F'SF 

- 0  4090. 4090. 1 0 0. 4090. 4090. 8 " :-I /---- 
a 1  a 2  3254.  3730. 5667. 4926. 1.3 1.7 835. 360. 4328.  4461. 4680. 5296. 1206.  598. O- 
- 4  2981. 6453. 2.2 1109. 4717. 5826. 1736. 
.5 2909. 7393. 2.5 1181. 5151. 6332.  2342. 
.7 2952. 8444, 2.9 1138. 5698. 6835.  2746. 
.9 3053. 9635.  3.2 1037. 6344. 7301.  3291, 

1.1 3211. 10965. 3.4 078. 7088. 7967.  5077. 
1.5 3542. 13861. 3.9 547. 8707. 9249. 5159.  
1.9 3830. 16454. 4.3 259. 101-12. 10401. 6312. 
2.4 4 1 4 7 .  18414. 4.4 -58. 11200. 11223. 7133. 
2.8 4 4 7 8 .  19947. 4.5 -309. 12213. 11824.  7734. 
3.3 4795. 21200. 4.4 -706. 12990. 122YZ. 8703.  
3.8 5098. 22239. 4.4 -1OOD. 13668. 12660. 8 5 7 1 .  

I 4.3 5386.  23024. 4.3 -1296. 14205. 22909. 8819. 
5 . 0  5746.  23684. 4.1 -1656. 14715. 13059. 8969. 
6.2 5976.  24151. 4.0 -1086. 15064. 13177. PODO. 
7 . 5  6134. 24149. 3.9 -2045. 15142. 13097. 9007.  

10.0 6163. 23534. 3.8 -2074. 14849.. 12775. 8605. 
0 

0 

0 
I r I -I 1 

0.0 3.0 8.0 3.0 12.0 15.0 
STRAIFi I l l  PERCCI.IT STATIC TRtAXIAt  TEST: S-7B 

I FROG HOLLOW DAM 

- 
L " -  -. L - ,  



I b o  ISOTROPIC CONSOLIDATED UElDXRIHED TRIAXIAL TEST 
UITH PORE PRESSURE HEASUREHENTS + 

- 1 Dl l8-UTAH DAHS-FROG HOLLOU STATIC TXhFHB 5 /13 /82  REOUCEO BY EU 

BOR1NG:FH-1 SAHPLE:PB-12/S-11 0EPTH:Jb.O-48.5 

ShNUY CLAY :I AT END OF CONSOLIDATION : 

i SAHPLE HEIGHT .............. = 5.897 IUCIIES 
SAHPLE AREA .....-.......... = 6.423 SO. INCttES 
EFFECTIVE CONFINI!4G STRESS . = 4896.  PSF 

0 I 
EFFECTIVE HAJOR F'RIII. STRESS = 4896. F.SF 

21 FRINCIPAL STRESS RATIO ..... = 1.00 

I i STRAIN SIGHA3E SIGHAlE RATIO PPRESS PBAR PTOT 

i 
a 

PCT PSF YSF SIGlE/SIGSE PSF PSF PSF P SF 
SO 4896. 4896. 1.0 0 .  4896. 4896. 0 .  / .1 4061. 5910. 

- 0 '  1.5 835. 4Y90. 5825. 929. 

k d! - 3  3398.  5892. 1.8 1598. 4595. t l 9 3 .  1297. 
- 4  2822-  5815. 2.1 2074. 4319. 6392. 1496.  5 - 6  2520. 5775. 2.3 2376. 4140. 6524. 1628. 
- 7  2318. 5813. 2 . 5  2579. 4066. 6644. 1748. 

L o  I - 9  2189. 5901. 2.7 2707. 4045. 6752. 1856. 'J, 1.0 2059. 5987. 7.9 2837. 4023. 6860. 1964. 5 1.2 1987. 6153. 3.1 2909. 4070. 6979. 2083. 
u?-, 

/" 
1.3 1930. 6532. 3.3 2966. 4131- 7097. 2201. 

cc : 1.5 1901. 6562. 3.5 2995. 4231. 7226. 2330. 
1.7 1872. 6942. 3.7 3024. 4407. 7431. 2535. 

1 2.1 18290 7754. 4.2 3067. 4792. 7059. 2963. 

-O 5 i 2.3 1858. 8273.  4.5 3030.  5065. 0104. 3208. 

O i  / 2.6 1901. 8026. 4 - 6  2995. 5364. 8359. 3463. &id 2.8 1973. 9449. 4.8 2923. 5711. 8634. 3730. 
3.2 2117. 10690. 5 .1  2779. 6403. 9183. 4287. 
3.5 2333. 11531. 4.9 2563. 6932. 9475. 4599. 
3.7 2477. 12450. 5 . 0  2419. 7463. 9803. 4907. 
4.1 2765. 12880. 5 . 0  2131.  8327. 10454. 5558. 

24 4.5 3053. 1525U. 5 . 0  1043.  9155. 10978.  6102. 
5.0 3/50. 17219. 4.6 1158.  104811. 11b;!b. 6730.  
5 . 4  3030.  10227 .  4.8 1066. 11029. 12094. 7190. 
5.9 4176. 17493. 4.7 720. 11835. 12555. 7659. 
6.5 4600. 20674. 4.5 700.  12651. 12939. 8043.  
7.2 5155. 22312. 4.3 -257. 13734. 13474. 8578. 
8.0 5507. 23hOR. 4.2 -691.  14570. 13907. 9011. 
0.7 5910. 24491.  4.1 -1022.  15205. 14182. 9286.  
9.4 6221. 25284. 4.1 -IS?;. 15752. 14427. 9531. 

10.0 6457. 25929. 4.0 -1541. 16103. 14642. 9796. 
11.6 6955. 27264. 3.9 -?O5Y. 17110. 15030. fO154. 

o 1 3 3  7330. 2030[1. 3.9 -2434. 17019. 153U5. 1098?. 
0 .  ! l x  a. n 3.0 a.n -. 3.0 ;2.0 , 1s.n . 15.0 7146. 27123. 3.8 -2750. I o3n5 .  156x4. 10780. 

.STPHI 1.1 111 Pf RCC1dT STATIC TRlAXlAL TEST: S-8 
FROG HOLLOW DAM 

, " .  
h V 7 -  n - r -  L - " I -  " h < - " "  ' ' I  
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IVINS DIVERSION DAM NO. 5 
- 

Ear th  S c i e n c e s  A s s o c i a t e s  



STRTfG TXalVI. KC-[ ,Q 

@118-IfF8.fj2 
BCRIM=:IV-3 SRt!PtC:m-I 
SILTY SFYJD 

ISOTROPIC COMSOLIOi~TEO UNDRAINED TRIAXIAL TEST 
WITH PORE PRESSllRC HEASUBEIIENTS 

D118-UTAH DAHS-IVINS IlIVERSION STATIC TXSIV I  4 / 1 / 8 2  REDUCED BY RU 

RORINOIIV-3 SAHPLELPB-1/S-1 UEPTH14.0-6.5 

SILTY SAND 

AT EN0 OF CONSOLIDATION : 
SAHPLE HEIGHT . ...,.. . ...... = 5.979 IHCMES 
SAHPLE AREA ................ = 6.530 SD. INCHES 
EFFECTIVE CONFINING STRESS . = 1181.  PSF 
EFFECTIVE MAJOR PRIN. STRESS - 1181. PSF 
PRINCIPAL STRESS RATIO ..... = 1.00 

STRAIN SIGHA3E SIGHALE RATIO FFRESS PRAR FTOT 
PCT PSF 

.o  11Bi .  1181. 

.2 864. 1055. 2.1 317. 1359. 1676. 495. 
- 3  778. 2074. 2.7 403. 1426.  1829.  648. 
.5 749. 2328. 3.1 432. 1539.  1Y71. 790. 
- 7  734. 2574. 3.5 446. 1654. 2101. 920. 
.9 763. 2840. 3.7 418. 1801.  2219. 1038.  

1.2 821. 3391. 4.1 360. 2106.. 3466. 1305. 

1.8 950. 4242. 4.5 230. 2596. 2826. 1646. 
2.4 1123. 5136. 4.5 58, 3114.  3172. 1991. 
3.0 1282. 5882. 4.6 -101. 3582. 3481. 2300. 
3.6 1469. 6614. 4.5 -288. 4042. 3754. 2573. 
4.2 1613. 7254. 4.5 -432. 4433.  4001. 2021. 
5.0 1814. 7794. 4.4 -634. 4904. 4271. 3090. 
6.1 2059. 8050. 4.3 -878. 5454. 4576. 3395. 
7.0 2203. 9422. 4.3 -1072. 5812.  4790. 3609. 
7.7 2304. 9016. 4.3 -1123. 6060. 4937. 3756. 
8.6 2448. 10309. 4.2 -1267. 6378.  5111. 3930. 
9.5 2970. 10759.  4.2 -1397. 6668. 5272. 4091. 

10.0 2650. 10965. 4.1 -1469. 6807. 5339.  4158. 
10.6 2722. 11195. 4.1 -1341. 6958.  5418. 4237. 
1 l . B  2051. 11502. 4.1 -1670. 7216.  5545.  4365-  

14.3 3053. 12109. 4.0 -1872. 7581. 5709. 4528. 

15.0 . 3082. 12191. 4.0 -1901. 7636 .  5736. 4555. 

. - STATIC TRlAXlAL TEST: S-1 
IVlNS DIVERSION DAM NO. 5 
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Bc- 7 

C C N S E I  4WEC UNBW [KEG i R  i RX IF- E S T  

i4ITtl PCM: I?fiC%LfT EE3SURCt'q.IT 1 

0 

STET I Z  Ms iV2 
o i l s - t m - g n  
2CSiPG: I Y - 2  SREPLC: f%-3 
9RN3Y SILT 

"1 
0 P -1 
di\ 
-1, \ I 

(L g $1, - \ 
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:- /"------ 
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\, 
la.l 9 E -  Lii I j i' 
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I n  

W 
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0.0 3.c E . O  9.0 12.0 15.0 STATIC TRIAXIAL TEST: S- 2 

STPF;[I4 I N  FCPCU~T lVlNS DIVERSION DAM NO. 5 
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STRFIIFi Ill PCFCCr.rl STRFiIh I f (  I'tFCC?!? 

0 

$1 ISOTROPIC CONSOLIDATED UHDRhINEn TRIhXIAL TEST 
WITH PORE PRESSUhE nEASU"EHENTS 

c? 1 D118-UTAH DAHS-IVINS DIVERSION STATIC rXIIV2 4/1/82 REDUCED DY PW 

81 B0RING:IV-2 SAfiPLE:PB-3/S-2 DEPTH:12+0-14.5 

SANDY SILT 

AT END OF CONSOLIDATION : 
SCiHPLE HEIGHT .............. = 5.919 INCHES ................ SAHPLE AREA = 6.365 SR. INCHES 
EFFECTIVE CONFINING STRESS . = 1253. fSF 
EFFECTIVE HAJOR PRIN. STRESS - 1253. F'SF ..... PRINCIPhL STRESS RhTIO 1 1.00 

STRAIN SIG!iR3E SIGnklE RATIO PPRESS FFAR PTUr a 
PCT PSF PSF SIGlE/SIG3E FSF FSF P5.F PSF 

a0 1253. 1253. 1 .O 0 .  1253. 1253. 0. 
-3 896. 1551. 1.9 446. 1179. 1625. 372. 
.4 691. 1502. 2.2 562. 1097. 1658. 406. 

1.7 634. 2391. 3.8 619. 1512. 2131. 875'. 
1.9 662. 7572. 3.9 590. 1617. 2207. 955 .  
2.2 720. 2888. 4.0 533. 1804. 2337. 1084. 
2.8 792. 3321. 4.2 461. 2057. 2518. 1265. 
3.4 878, 3713. 4.3 374. 2311. 2685. 1431. 
3.9 965. 4116. 4.3 288. 2540. 2018. 1576. 
4.6 1066. 4456. 4.2 187. 2761. 2948. 1695. 
5.0 1123. 4691. 4.2 130. 2907. 3037. 1784. 
5.8 1210. 5003. 4.1 43. 3106. 3149. 1896. 

- 
4 

6.4 1267. 5246. 4.1 -14. 3757. 3242. 1990. 
7.1 1325. 5445. 4.1 -72. 3385. 3513. 2060. 
7.7 1368. 5627. 4.1 -115. 3497. 3301. 2129. 

I' 
8.4 1426. 5799. 4.1 -173. 3612. 3440. 7107. 
9.0 1454. 5920. 9.1 -202. 3687. 3486. 1233. 
9.7 1498. 6053. 4.0 -245. 3776. 3531. 2278. 
10.0 1512, 6114, 4.0 -259. 3813. 3534. 2301., 
11.2 1570. 6289. 4.0 -317. 3929. 3611. 2360. 
13.5 1670. 6561. 3.9 -418. 4116. 3698. 2446. 
15.0 1714. 6694. 3.9 -461. 4204. 3743. 2490. 
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BCZiPiG: i'J-: SfiEPLZ:PZ-: 
S i L T Y  5 3 0  

7 

-1 r l  i r 
, I 

W 
r? 

I - ,  
w 0  
2 ~j - -* 
u 

,. v. 

I 
I 
8 

0 ~4 

w - 4 

9 
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-_ 
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0.0 5.0 0.0 9.0 !?.a 15.0 
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0.0 3.0 
1- 

8.0 9.0 12.0 15.0 
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30 
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17 1 - 
ISOTPOPIC CDNSOLIbnTED UNDKAINED TR lAX lAL  TEST 

U I T H  PORE F'ICESSURE HEASUREHENTS 
DI10-UTAH 119hl;-IVINS [IIUFRSION STATIC TXbIV3A STAGE1 4 /28 /82  RED. BY PU 

I HOR1NG:IV-1 5At i fLE:FR- l /S-1 I J E T T H : ~ . O - ~ . ~  

SILTY SANCI 

F\T E N ~ I  OF COtlSOLICJATIDN : .............. SOHF'LE HEIGHT = 6.059 INCHES 
SAnFLE RREA ................ = 6.542 SO.  INCHES 

Ul EFFECTIVE CONFINING STRESS . = 720. PSF 
rr) 
W $;I EFFECTIVE PRINCIPAL HhJOR STRESS PKIN. RATI'O SThESS ..... = = 

770. 1.00 PSF 

E 2- 
" I STLAIN SIGHA3E SIGHAlE RATIO F'FRESS PRAR PTOT R 
W PCT PSF F'SF S IG lE /S IG3E F'SF F'SF PSF F'SF l .O 720. 770. 1 .O 0. 720. 720. 0. 

a .1 562. 1221. 2.2 158. 891. 1050.  330.  

- 0  I . 3  490. 1571. 3 .1  230, 1006. 1736.  516.  
=- w ~ d  .4 518. 1834.  3.5 202. 1176.  1370.  658. 

* I .5 562.  2138. 3 . 8  158. 1350.  1508.  788. 
.B 677. 2700. 4.0 43. 1692. 1736. 1016.  

1.0 749. 3132. 4.3 -29. 1991.  1962.  1242.  
1.3 078. 3833. 4.4 -158. 2356. 2190. 1478. 

o 1.5 979. 4425. 4.5 -259. 2702. 2443, 1723. . - v 1.8 1109. 5064. 4.6 -389. 3086. 2698. 1978.  
2.1 1282. 5787. 4.5 -562. 3534. 2973. 2253. 
2.5 1 6964. 4.6 -793. 4238. 3446. 2726-  
3.1 1944. RB94. 4 .6  -1214. 5419.  4195. 3475.  
3.8 2434. 10924. 4.5 -1714. 6679.  4965. 4245. 
4.5 2766. 13018. 4.4 -2246. 7992. 5746.  5026. 
5.0 3398. 14711.  4.3 -2678. 9055. 6376. 5656. 

0 

a ,  , I . 
0.0 3.0 0.0 3.0 12.0 15.0 

STATIC TRlAXlAL TEST: S-3A 

STHfl[N IF{ PCPCCI,JT 
IVlNS DIVERSION DAM NO. 5 

i - - , . . - . . . - - . . . . .  



ISOTROPIC CONSOLIDATED UNDRAINED TRIAXIAL TEST 
UITH PORE PRESSURE HEhSUREtlENTS 

D118-UTAH DAMS-IVINS DIVERSION STATIC T X t I V 3 8  STAGE? 4 / 2 8 / 8 2  RED BY PU 

SILTY SAND 

AT END OF CONSOLIOATION : 
snnPLE HEIGHT .............. = 6.052 INCHES 
SAMPLE AREh ................ = 6.547 SO. INCHES 
EFFECTIVE CONFINING STRESS . = 1440. PSF 
EFFECTIVE HOJOR PRIN. STRESS a 1440. PSF 
PRINCIPAL STRESS R n r r o  ..... = 1.00 

STRAIN 
PET 

.O 

.2 

.4 

.5 

.7 

.9 
1.1 
1.2 
1.4 
1.9 
2.3 
2.8 
3.3 
3.0 
4.3 
4.a 
5 . 0  
5 . 1  
6.6 
7.4 
0.3 
9.2 

tO.0 

SIGtlA3E SIGMAlE 
PSF PSF 
1440. 1440. 

835. 1296. 
590.  1138. 
475. 1066.. 
432. 1065. 
346. 1021. 
317. 1035. 
302. 1084. 
331. 1177. 
360. 1503. 
490. 1908. 
619. 2715. 
873. 3956. 

1310. 5754. 
1757. 7966. 
2333. 10604. 
2570. 11667. 
3'~2U. 15679. 
4594. 17903. 
5&30. 25751. 
6501. 27114. 
7459. 30072. 
8150. 32420. 

RATIO 
SIGlE/SIG3E 

1.0 
1.6 
1.9 
2.2 
2.5 
3.0 
3.3 
3.6 
3.6 
4.2 
3.9 
4.4 
4.4 
4.4 
4.5 
4.5 
4.5 
4.4 
4.3 
9.2 
4 .1  
4.0 
4.0 

PPRESS 
F'SF 

0. 
605. 
050. 
965. 

1008. 
1094. 
1123. 
1138. 
1109. 
1080. 

950. 
821. 
547. 
130. 

-317. 
-093. 

-1138. 
-2DDB. 
-3154. 
-4190. 
-5141. 
-6019. 
-6710. 

YBAR 
P SF 

1440. 
1066. 

864. 
771. 
749. 
684. 
676. 
693. 
754. 
932. 

1199. 
1667. 
2424. 
3532. 
4861. 
6468. 
7122. 
9604. 

12249. 
1*601. 
16848. 
18766. 
20285. 

PTDT 
PSF 

1440.  
1671.  
1714.  
1735.  
1757.  
1770. 
1799.  
1831.  
1863. 
2012. 
2149.  
2488. 
2971. 
3662.  
4545. 
5575. 
5985. 
7516. 
9095. 

10491.  
11707. 
12746. 
13575. 

a 
PSF 

0. 
231. 
274. 
295. 
317. 
358. 
359. 
391. 
423. 
572. 
709. 

1049. 
1531. 
2222. 
3105. 
4135. 
4545. 
6076. 
7655. 
9051. 

10267. 
11306. 
12135.. 

STATIC TRIAXIAL TEST: S-3B 
IVlNS DIVERSION DAM NO. 5 
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5CNS.EkIC;1EC ClhZ?F!IXCC ? R I F ; X ; E ~  TEST 
3 

aim PC?: FPCSS:L+Z !YEASD?EKNT 

C 0 
D sIar[G TYbiV1R KC-! -3 
E l  G i  1 E-2STP-S'i 

BCz ir:C: 1\3-5 SRTiJLC: ?i3-4 

9 I LTY 3 Y 3  C D  

C- n c. ?I  "-I i 
i ! 

0 L $1 -. 1 
! 
I 

" I ?I 
u 
r: 0 

/ 
- i 
4 ;I 
CS 

3 / 
9 4q 

1. 

-_ 
4 

' 1  " 
OD $ 1  , -- ---.--.---,-- -, I o - 0.0 ------r?--- -7- r 1 

3. (1 0.0 3.0 0.0 3.0 12.0 !S.O e. o I). u 12.0 15.0 

S ? ~ ~ : \ I N  It{ C'EPCWK STHRIN ltq PEPCDiT 

3. 
8, 
9.' i 

L 

3 if;; 

! 

7 1 t g-l I s o r f i o P x c  CONSOLIDATED U~IDRAIIIED TRICIXIAL TEST 
.D UITH PORE FRESSURE MERSUREtlENTS 
?- I c1118-urnH n n n s - r v ~ t l s  C~IVER~ION S T ~ T I C  r x t r v 4 n  STAGEI 4 /28 /82  RED. BY HU 

i tlORItIG: XU-5 SAtlFLE:FB-4/S-2 DCPTH:19.0-21.0 

- 9 ,  
SILTY SAND hgj 

- I AT END OF CDtlSOLIURTION : 
SAnFLE HEIGtlr .... ... . .. . . . . = 5.979 IIICHES 

V, ! SAnF'LE RLEA ................ = 6.299 SC1. INCHES 

ZO! EFFECTIVE CONFINING STRESS . = 576. PSF 
EFFECTIVE MAJOR PRItl .  STKESS = 576. PSF 5 $! F'RIt lCIPbL STRESS RRTIO ..... = 1.00 

STRAIN SIGnh3E SIGMAlE RATIO FF'RESS PBhR PTOT 0 
F'CT PSF PSF SIGlE/SLC3E PSF PSF PSF PSF 

5 s ;  - 0  576. 576. 1 .O 0. 576. 576.  0. 
e l  518. 930. 1 . Q  58. 714.  702. 206. is 94 .2 490. 1105. 

2.3 
1 C 

86. 770. 004. 308. 

a x i  64 504. 1256. +. J 77. @DO. 952.  376. 
. 6  547. 1569. 2 . 9  19. 1050.  1087.  511. 
- 7  605. 1D96. 3.1 -77. 1250.  1221.  645. 

0 .  1.2 677. 2'35. 3,3 -101. 1456.  13;5. 779. g.1 1.5 772. 2638. 3.3 -216.  1715.  1477.  923.  
1.0 f l b 4 .  3018. 3 5  -288. 1 9 1  1L53.  1077. 
2.1 979. 3440. 3.5 -403.  2210.  IDOL. 1230. 

I 
5 /  

2 . 4  3.2 1066. 4 3UlO. 4'140. 
3.6 -490. 243U. lr>4U. 1572. 
3.6 -770. 3147.  ? J b Y .  1793. 

3.9 1485. 620D. 3.7 -1107.  3947.  2U30. 2261. z?, 5 . 0  2160. 7737. 3.7 -1504.  5040,  3464, 2888. 

0 

d l- -.- -.- a - STATIC TRlAXlAL TEST: S-4A 
0.0 3.0 0.0 9.0 12.0 15.0 

S'JRPIN I?{ PCPCUJT 
IVlNS DIVERSION DAM NO. 5 

- -  . - ,  

I 

I 

I 

. 



? 
~ ~ i 3 i i ~  TYsi\;<J KC-1 

$7 v' ', 01 15-2SeF$-32 

Y %I?ihG: 1';-3 5???L&: - I 'I SILTY C,s2 

i POKING: I V - 5  SAnPLf.:i fc-4/S-2 11C:PTH: 1 9 . 0 - 2 1  .O 

AT c t l n  OF CI~I~S[ILIDATION : 
SAMPLE HEIGt l l  . ........ .. ... = 5 . 0 3 1  ItiCtfES 
SnnPcl: n f tEn ................ 1 6 . 3 7 7  s o .  I N C ~ ~ ~ I S  
E F F E C T I V E  COt4rINItIG STRESS . - 17.711. I 'SF  
EFFECTIVE HnJOR F l : IN .  SIKCSS - 1 7 2 0 .  PSF 
PI:INCIPAL !;TRESS K h T I G  . . ... = 1 .OO 

SIGtlA3E 
PSF 
1 7 2 0 .  
1 4 1 1 .  
1 1 0 7 .  
965. 
t173. 
035. 
0b4.  
5'07. 

lo?: ' .  
1 1 0 1 .  
1 4 11 ;1 . 
11112. 
?.!YO. 
7 7 6 5 .  
3 7 0 3 .  
3/,5!l. 
35'07. 
4910.  
3111 El. 
6 6 6 7 .  
7 4 3 0 .  
0 3 6 b .  

S I G n h l E  h A T I O  
F'SF SIGlE/SIT,3EI  
172U. I .O 
1931.  1 .4  
107'J. 1.7 
1043. 1.V 
11101. 2 .1  
1 0 6 7 .  2.5 
? : ! S O .  2.6 
?4h9.  1 . 7  
3!)01. :! . 9 
3hb4.  3.1 
4'770. 3 . 4  
b!a71. 3 .5 
o.tn:;. 3.7 

10319. 3.7 
12306.  3 .0  
l J U 6 0 .  3 . 0  
15110.  3 .0 
111525. 3 . 0  
21749.  3.7 
24b9P. 3 . 7  
2 7 2 4 h .  3.7 
30101.  3.6 

V T G i  
1 SF- 

1 IYI1. 
1 p u n .  
1 1 1 1 .  
1 1 6 7 .  
.,-.%., -..&-. 
2 3 4 s .  .. ,, -. - -1 .  
;*:;ov. 
1 7 1 0 .  
1 9 7 0 .  
3 4 7 1 .  
9 0 7 / .  
417h.  
>;to. 
6 2 1 9 .  
f~U3.1. 
7 - 0 7 .  
11535. 
9hVf i .  

10741 .  
1 l b 3 6 .  
11575. 

STATIC TRIAXIAL TEST: S-4B 
IVlNS DIVERSION DAM NO. 5 



I 

1 
CCEJP-ICRTEC UNC?IINEC ?RIRXCRL Tf57 

;.lITki PGM: P R C S S E  VEflSURCrEI4T 

9 STRTIC TXPIVSR KC-! .O o 

O l  lb-3C;Fsf-'R.82 1 
6 

BG?IhF3: 1V-4 SRWLC:FB-2 I c 

SILTY Sf3ND 

11 

bL 

Q 

I8 
.b 

2-J 

EFFECTIVE MAJOR F'KIN; STRESS = 763. F'SF 
PRINCIPAL STRESS RATIO ..... = 1.00 

STRAIN SIGHA3E SIGHAlE RATID PPltESS YPAR PTDT D 
F'CT F'SF F'SF SIGlE/SIG3E PSF YSF YSF PSF 

- 0  763. 763. 1.0 0.  763. 763. 0 .  
.2 518. 1054, 2.0 245.  786. 1031. 268. 
.4 475. 1100. 2.3 288. 787. 1075.  312. 

1.2 461, 1412. 3.1 302, 936. 1339.  476. 
1 3  475. 1513. 3.2  280. 994. 1282.  5 1 9 -  
1.5 490. 1592. 3.3 274. 1041.  1314.  551. 
1.8 533. 1763. 3.3 230. 1148. 1379.  615. 
2.2 562. 1920. 3.4 202. 1?41. 1442. 679. 
2.5 590. 2097. 3.6 173, 1344.  1516 ,  753. 
2.8 634. 2265. 3.6 130. 1449. 2579. 8 l b .  
3.1 677. 2455. 3.6 86. 1566.  1652.  889. 
3.6 749. 2690. 3.6 14. 1719. 1734.  971. 
4.2 792. 2894. 3.7 -29. 1843.  1814. 1051.  
4.6 850. 3091. 3.6 -86 ,  1970. 1804. 1121. 
5.0 893. 3331. 3.6 -130. 2062. 1932.  1169. 

STATIC TRIAXIAL TEST: S-5A 
0.0 3.0 0.0 3.0 12.0 16.0 lVlNS DIVERSION DAM NO. 5 

.S7R4!N IN PERCfM" 
-- "h . h W  m fi 

CU - 
(P 

I I I I 
0 .  

I s I r r I 

0.0 3.0 8.0 9.0 12.0 15.0 0.0 3.0 (1.0 3.0 12.0 15.0 
STRAIN IN PEPCENT STRFIIf i  J]N PER&NT 

z 

1 
I 

ISOTfiOPIC CDNSOLI~IATED UNUhAINED TRIAXIAL TEST 
WITH PORE PRESSURE ttEASUhEnEHTS 

D118-UTAH DAHS-IVItlrJ DIVE#SION STIITlC TX*IVSA STAGE1 4 / 3 0 / 8 7  RED. BY 8 U  

b0RING:IV-4 SAI1T'LE:F'B-2/S-1 CIEPTH:B.O-~O.S 

SILTY SA:(I! 

AT E N D  OF CONSOLIDATION : 
S6MFLE HEI5WT .........,.... 3 5.965 INCHES 
SRnF'LE AREA ................ = 6.433 SO. INCHES 
EFFECTIVE CQtlFINING SThESS . = 763. F'SF 



STRrlC T X ~ ~ V S B  K C - i . 2  

Gl iE-3CWP.E2 
aCRINZ: iV-4 SRnPLC: Pa-2 

SILTY C&D 

ISOTROPIC CDNSDLIDATEU UNDRAINED TRIAXIAL rEST 
UITH FORE PRESSURE HEASUREHENTS 

t1118-UTAH [IAKS-IVINS [rIVERSION STATIC T X t j B  STAGE2 4 /30 /8?  RED. B Y  BY 

SILTY SAND 

AT END OF CONSOLIbATIDN : 
SAnPLE HEIGHT .............. = 5.025 INCHES 
SAKF'LE AREA .......... e . . . . .  = 6.541 SO. INCHES 
EFFECTIVE CONFINItIG STKESS . = 1526. PSF 
EFFECTIVE HAJDR F'F;IN. STRESS = 1526. PSF 
PRINCIPAL STRESS RATIO ..... = 1.00 

0 
I I r I -l 

C. @ 3.0 E.0 9.0 !2.4 ! L C  
STRAIN IN PEPCENT 

STRAIN 
PC1 

.o 

.I 

.3 

.5 

.7 
1.0 
1.2 
1.4 
1.7 
2.1 
2.4 
2.7 
3.2 
3.8 
4.3 
5.0 
5.9 
6.8 
7.8 
8.7 

10.0 

SIGKA3E 
PSF 
1526. 
1123. 

907. 
806. 
749. 
734. 
749. 
778. 
821. 
893. 
965. 

1066. 
1195. 
1354. 
1498. 
1605. 
1886. 
2030. 
2174. 
2275. 
2448. 

SIGHAlE RATIO PFRESS 
PSF SJGlE/SIG3E PSF 
1526. 1.0 0. 
1629.. 1.5 403. 
1566. 1.7 619. 
1573. 2.0 720. 
1602. 2.1 778. 
1802. 2.5 792. 
1945. 2.6 778. 
2124. 2.7 749. 
2487. 3.0 706. 
2Y20. 3.3 634. 
3351. 3.5 562. 
3850. 3.6 461. 
4583. 3.8 331. 
5273. 3.9 173. 
5880. 3.9 29. 
6558. 3.9 -158, 
7272. 3.9 -360. 
7814. 3.8 -504. 
8286. 3.8 -648. 
8647. 3.8 -749. 
9125. 3.7 -922. 

F'IcAR 
PSF 

1526. 
1376. 
1336. 
1190.  
1175. 
1268. 
1347. 
1451. 
1654. 
1906. 
2158. 
2458. 
2009. 
3313.  
3689. 
4121. 
4579. 
4922. 
5230. 
5461. 
5787. 

PTOT 
PSF 

1526.  
1779.  
1856.  
1910. 
1953.  
2060. 
2125. 
2200. 
2359. 
2540. 
2719. 
2919. 
3220. 
3486.  
3717. 
3963.  
4219. 
4418. 
4581. 
4712. 
4865. 

STATIC TRIAXIAL TEST: S-5B 
IVINS DiVERSlON DAM NO. 5 



' sri=r[c T)(UIVB KC-I .O 
0 

0118-14WY$2 
BORI&:IV-2  SRt!PL&:PB-4 
sr;rr 2%~ 

ISOTROPIC CDNSOCIDATED UNDRAIHED TRIAXIAL TEST 
UITH FORE PRESSURE MEASUkEtlENTS 

D1lB-UTAH DAMS-IVINS DIVERSIOH STATIC TXt IU6 5/14/82 REDUCED BY PU 

B0RINS:IU-2 SAnf'LE:PB-4/S-3 DEPTH:16.O-lR.S 

SILTY SAND 

AT END OI CONSOLIDATION : 
SCr.?LE HEIGHT .............. = 5.773 INCHES 
SAWLE AREA ................ = 6.425 SO. INCHES 
EFFECTIVE CONFINING STRESS . = 1584. PSF 
EFFECTIVE MAJOF: F'RIN. STRESS = 1584. F'SF 
PF.IHCIPAL STF:ESS RATIO .... . = 1.00 

STRAIN SIGWA3E SIGnAlE RATIO F'F'RESS F'BAU FTOT 
PC1 PSF F'SF SIGlEfSIG3E F'SF 

.O 1584. 1584. 1 .O 0. 1584. 1584, 
- 2  1109. 2004. 1.8 475. 1556. 2031. 447. 
.5 864. 2024. 2.3 720. 1444. 2164. 580. 
.8 778. 2067. 2.7 806. 1422. 2229. 645. 

1.9 734. 2317. 3.2 850. 1526. 2375. 791. 
2.3 720. 2385. 
2.6 734. 2459. 3.3 850. 1597. 2446. 862. 
3.1 749. 2552. 3 - 4  835. 1650. 2485. 901. 
3.6 778. 2657. 3.4 B06. 1717. 2524. 940. 
4.1 792. 2726. 3.4 792. 1759. 2551. 967. 
4.6 821. 2809. 3.4 763. 1815. 2578. 994. 
5.0 811. 2044. 3.5 763. 1832. 2595. 1011. 
5.8 850. 2961. 3.5 734. 1905. 2640. 1056. 
6.7 870. 3054. 3.5 706. 1966. 2672. 1088. 
7.5 907. 3146. 
8.4 922. 3221. 
9.3 950. 3209. 3.5 634. 2120. 2753. 1169. 

10.0 965. 3345. 3.5 619. 2155. 2774. 1190. 
10.8 979. 3377. 3.4 605. 2178. 2783. 1199. 
11.7 994. 3427. 3.4 590. 2210. 2801. 1217. 
13.5 1008. 3470. 3.4 576. 2239. 2815. 1231. 
15.0 1022. 3499. 3.4 562. 2261. 2822. 1238. 

I -1 

STATIC TRIAXlAL TEST: S-6 
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GREEN'S LAKE DAM , -- NO. 3 

Ear th  S c i e n c e s  A s s o c i a t e s  



- * - -.- 

'O'.OO 2l.00 4I.00 6100 8100 d 
NUflBER OF CYCLES 

[ 

I 

I 

CYCLIC TRIAXIAL TEST: C-1 
GREEN'S LAKE DAM NO. 3 

I l l l e - U T A H  [IAHS-GREENS LASE CYCLIC TX tGL \  TESTED 8/10/8:! REIIUCED RY P U  
PORINCi:GL3-1 SAflFLE:PP-2/S-2 CLAYEY SAND 

I N I T I A L  DRY DENSITY = 116.2 PCF 
MOISTLIRE CONTENT = 1 2 . 3  PERCENT 

DRY DENSITY AFTEh: CONSOL = 116.4 F'CF 
HOISTURE CDNT AFTER CONSOL = 1 5 . 2  F'ERCENT 

SIGl = 1108.6 FSF 
SIGS = iio8.s FSF 

K C =  1.0 
SIGHEAN = 1108.8 FSF 

CYC. PORE CYCLIC SHEAR CUHIJL. TNJ/SIG,\IEAN AXIAL S R N  . 
NO. FRCS. PUP/SIG3- STRESS(PSF) AVE. CYCL. FEhCENT . 

(FSF' ) COHP. TENS. SHEAR STRESS f .TO F. HEAN 



-- 

CYCLIC TRlAXlAL TEST: C-2 
GREEN'S LAKE DAM NO. 3 

I 

It118 ?ITAI4 IlkYS FSEEt4S LAhE CYCLIC T X t G L 2  TESTED 8/1?/82 REDUCED EiY ZrU 
BOF:IIJG:GL.~-2 SAMF'LE:F'F-61s-4 DEPTH: ?5.5-?a .O SIC r~ sfitin 

I t J S T I A C  DRY ~ I E N S I T Y  = 113.5 F'CF 

( 

0 <" 

8 
v, - - 

t- 

z g  
C.) 
KO- 
LLI 
a 

Z 
-c? C. 

z ,- ..-. 
rl: 
LT 
C 
Co 0 c. 

H .  

Y. 

a~ 
0 

LC,.. ' 

0 
? 
0 

HOISTClRC CONTENT = 13.3 F'CRCENT 
IIRY DENSITY AFTER cnplznt. = 113.  e F'CF 

KO!STIlS'C CONT AFTER CONSOI- = 1 4 . q  PFF'CENT 
SIGl = 2016.0 F'SF 

N U M E E K  UF CYCLES 

. . 

_-___--------- 
$;-rv-- -p -'.. 

\---- -- -- - ------- 
----- r - - - - r - - - 7 - r  ' 1 

'0.00 2.00 4.00 6.00 8.00 I 

CYC.  F'flF'C CYCLIC StltAk CUVIIL. Tk!liSIG*E,>t< A Y I A C  STRN. 
NO. F'FES. PUF'/SIG3 S TFI-ISS(F'SF ) A V 5 .  C i C L  . PERCENT 

( F  C-F COt5F'. 1EtIS. SUEhR STLESS P . 1 0 P .  MEAN 
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a 
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11118 IJTAH ttfiMS GTF>lS LhhE CYCLIC TXtGL3 TESTEEI 13kUG.6r l  SEII'JCCD E:Y W 
BOh'INB:(;!.3-3 SAHF'LZ :F'B-7/S-5 PEPTI1 : 1 9 . 5 - 3 2 . 0  CLA'tEY SAND 

II4ITIAL FRY I l i t J S I l Y  = lOn.6 F'CF 
HOIS IU": CCONTEll'r :: 1 3 . 5  F'EIICEPT 

r w  IIENT:ITY ~FTFF: COIISOL = lot).  F; F'CF 
~ I S I U P ~  cnt l r  AFTER CONSOIL = 2 1 . 0  F'C'KCEIJT 

SIGl :: 7079 - 0  F'Sk 
SIG3 3034.Q FSE 

KC I- 1 . o  
sIcnr-btj -: 362.1 . r, e,:;r.- 

I 

NUIIRER OF C Y C L E S  

i ~ - - - - - - - -  

-r 
.OO 2'.@0 4.00 6'.'00 8'.@0 I Q  

- 

C Y C .  F ~ P E  C'I'CL ? C CCiChf< I'UN14L . TAI I/SI C-MEAN rlX',;IL ST RN . 
0 F'RCS. F'WC'/SIF3 STR<SS( F SF) irC'E. 5 Y C L .  , PES'CENT 

f F ' V )  CONF'. TEPIS. S5TAFi ST?ESS P . T O F .  hZAN 

-00 

C 

a a 

CYCL1C TRlAXlAL TEST: C - 3  
GREEN'S LAKE DAM NO. 3 





WARNER DRAW DAM 

Earth S c i e n c e s  A s s o c i a t e s  



Dl 15-.UTAH DAMS-UAI:?lEF; LRhU CYCLIC T>:+UL!l TESTElt 7 '20/87 REK'UCELI LIY i:U 
BgFiItjr;: WCI-.I SAMPLE :PB-Z/S-~ CL.+-IYEY SkVJt! 

I 

I N I T I A L  :I~.:Y r1tw:ITY = 1 1 1 . G  F C F  
t l r ) I ! ;TURE CObJTL'tJ' = 9. '7 PERCENT 

r w  II[-IIT,ITY ~ F T E ~  C V ~ J E  PL :: I??. 7 F'CF 

r-' , - ' ' 

CYC. P O W  CYCLIC C'tiCAfi CIJMl_ll.. TAU/SIG!tI:A?l :I'~IAL 5 T K . N .  
!ID. F.T\'ES. F'UI;'/SItiJ STkECJ5(F%:I- ) AVE. CYCL. F-EkCEt(T 

(F'SF) COt!I'. TENS. Sl4t:i~Fi STRESS F'.TO C '  . hEAt4 

j 

CYCLIC TRIAXIAL TEST: C-I 
WARNER DRAW DAM 

- 



I! 
I'i'JIILJL.I\ U l  I L L L J  

t11lC-UTAH LiAHS--LIAf.'NER ItUAW CYCLIC TXiULl? TESTEI~ 7/10/81 REDUCED bY E:U 
BCIF;!NG:UO-7 SAHF'LE :PB-6/S-6 CLAYEY Sp>N[I 

I 

I 

1 

I N I T I h L  Itf;Y LlENSITY = l :! l .?FFCF 
flOISTUF'E CntJTEtIT = 1 1 . 1  F ESCEtJT 

Ilh'Y ~ IEFISI  TY AFTEK COtlSOL = 171 . 7  f r F  ~~ ~- - .  

HO!STU::'E CONT AFTC!? COEISOL = 1 1  . 3 F'ESCEtjT 
SIGI = 2 A 7 8 . 4  F'SF 

r - - 

CYCLIC TRIAXIAL TEST: C-2 
WARNER DRAW DAM 

- -. . - 

CYC. F'OF'E CYCLIC SI!FrlR CUttIJL. TOIJ/SIFHEAtI A X I A L  ST!<N. 
0 .  F'F:ES. F'WF'/SIGJ STRESS( F'SF ) ACE. C'fCL . F ERCENT 

( f 'SF ) C O ~ .  T C ~ I S .  SPEGR STRESS F . T D  P.  M A N  

I 

I 

I 

h 





I I !~G- - IJTAI I  D:tt?'j-WirF:tlER LIF;AW CYCLIC TXtWD.1 TESTED 7 / 2 1 / 6 2  AEDUCELI EY LU 
EOS1hJG:UD -1 ShHF'LE :F'R-13;s-13 CLAYEY SANE1 

4 

I N I T I A L  DRY [ IE~~C:ITY = 124 .7 F'CF 
MI15 TIJPE CO>JTENT = 11.3 PERCENT 

[IKY I I E I J ~ I T Y  AFTER CUtJEOL = 125.3 VCF 
t i O 1 S T U R ~ C t J T  TAFTEH CUEISO!_ - 10. 1 FERCEttT 

SIG1 = " 0 0 9 . 5  F'SF 
SXG3 = -lSOP. 6 PSF 

h C  = 1.0 
SIG!iEAbi = 4900.6 F'SF 

'f - -  

I 

CYCLIC TRlAXlAL  TEST: C-4 
WARNER DRAW DAM 

- . .- - .  

CYC.  F'OF:E CYCLIC SHEAR cvnut. TAIJ/SIGHEAN A X I ~ L  STRN. 
tJI), F'FE3. F'UI:'/SIG3 STRESS(F'SF ) FIVE. CYCL. F ERCENT 

( f'6F ) COHF'. TENS. SHEAR SThESS P.TO f'. MEkN 



D118-UTAH DABS-UARIiER bRAU DAH CYCLICtUDS TESTED 8 /16 /82  MDIICE1? BY W T  
POFlTt.I(;:UU-l SAMPLE:FB-6/S-6 S ILTY  SAND 

I N I T I A L  DRY LIENSITY = 123.6 F'CF 
HOISTLIKE COtlTENT = 1 0 . 4  PERCENT 

IlRY l lENSITY AFTER CONSOL = .O FCF 

I 

I 

I 

1 

I 

ROISTLIRE CONT AFlER COtJSOL = .O F'ERCENT 
S I G l  = 3673.0 PSF . 
S I G 3  = 2448.0 PSF 

K C -  1.5 
SIGMEAtl = 7856.0 FSF 

- . - - 7 

i 

CYC. F'OKE CYCLIC SHEAR C l J H l R .  TNJISIGBEAN A X I A L  STFN. 
NO. F'hES. F'UF'/SIG3 STRE'JS(F'SF) AVE. CYCL. PERCENT 

( F'SF ) CO~F' .  TENS. SHEAR STRESS F.TO F'. HEAN 

I 

I 

I 

I 

CYCLIC TRlAXlAL TEST: C-5  
WARNER DRAW DAM 

h - - . - 



FROG HOLLOW DAM - 

Ear th  Sc iences  Assoc ia tes  



0 

9 
0 
-4 2!! 0 .oo 2'.00 NUflBER 4l.00 OF C Y C L E S  6l.00 8.00 

II118-IJTAH DRHS-*OG HOLLOU CYCLIC TYtFH-1 TESTED 7 / 1 6 / 8 2  REDCICED BY RU 
BORINF:Ft!-1 SA?lF'LE:F'D-4/S-3 [IEF'TH:14.';-17.5 S ILTY  CLAY 

-- . - - -  - w 

CYCLIC TRIAXIAL TEST: C-1 
FROG HOLLOW DAM 

- - .  . 
L.. " 

I N I l I I i L  DRY IENSITY  = 1 0 8 . 8  F'CF 
HOISTlJFiC CONTENT = 1 8 . 6  FEhCENT 

IlRY LlENSITY AFTER C@HS@L = 1 0 8 . 9  F'CF 
tlOIS1UliE CONr AFTER CONSOL = 1 8 . 9  F'ERCENT 

SIFl = 2044.0 F'SC 
SIG3 = 7 0 3 4 . 8  FSF 

h C =  1 . 0  
SIGnEAN = ' 044 .8  PSG 

I 

CYC. FORE CYCLIC SHEAR CIJHUL . Tfil l/C,lGHEAN AX1 kL STRN . 
t!0. F'RES. F'tlF'/SIG3 STRESSCF'SF) AVE. CYCL. F'ESCENT 

( F'SF ) COVP. TENS. SHEAR STRESS P.TD F'. M L N  





I 
. O O  2:00 4.00 ~ ' . o G  8'. 00 I 

NUrIGER OF C Y C L E S  

I FCFf .-\,-, - 3 , -  - - .;bj=-i. - 3  CllilllL . TilU/SI iii?EAtt A X I A L  SThN . 
f.r-5,; Fb;,c ,;I133 * :T=z- - ' r  - . -  - - j  Ar.'<.CYCL. 

cc;;. , -- F EfiCEtII 
, ; <c j s =!as. St lE i~ i< Sii,~ESS F ' . l O  f ' .  M E W  

f 1 2 .  .- -I - . -1431. 1441. -41 1.02 .03 . -,.--' 
L 1 3 3 2  . - I , ?  -1.131 . 14.12. ..I1 1.36 .07 
: I:>:;, .,o -153;. 1.142. :I: 1.55 .10 
. p.) I - 1  - -11it I .  I l.ln . 1-1 

21 :.: --. . .cr? 1 1 -  : - ! . IZi .  l.\-l:!, . .I 1 1.2'0 .14 
> .t5 - 1 - i J L  1 -1 .1 2 . . J l  2.3.5 .lil z : - , j ,  c.2 :-It.?. .-14>1 . 14.\:!. . 4 1  2.10 .17  

*-,a: 5 .72 1 -14l1 I . .  .41 2.21 .17 

CYCLIC TRlAXlAL TEST:C-3 
FROG HOLLOW DAM 



r,... - 

CYCLIC TRIAXIAL TEST:C-4 
FROG HOLLOW DAM 

- 
d - - 



D118-UTAtl DAIS-FKOG HOLLOU DAN CYCLlCIFt lS TESTEI\ 8/16/82 RELUCEIl RY t%T 
EORIN6:FH-1 SAHF'LE:PB-lO/S-9 S I L T Y  C V I Y  

I N I T I A L  DRY DENSITY = 1 1 1 . 8  PCF 
tlOISTUK'E CONTENT = 1 7 . 5  PEkCENT 

! 

I 

IISY IlENSITY AFTER CONSOL = 1 1 2 . 7  F'CF 
EOISTLJRE CONT AFTER CONSOL. = 17.5 f'ERCENT 

SIGl = 4 7 9 5 . 2  PSF 

t"'"' ' 
- 

7 

- - 

S I G 3  = 3 1 9 6 . 8  PSF 
K C =  1 . 5  

SIGHEAN = 3 7 3 3 . 6  F'SF 

CYCLIC TRlAXlAL TEST: C-5 
FROG HOLLOW DAM 

CYC. PORE CYCLIC SHEAR ClJKCIL . TA(J/SIGHEAN A X I f i L  STRN. 
N O .  F'h'ES. F'UP/SIG3 STRESS(F'SF) AWE. CYCL. VEXCENT 

( F'SC COKF. TENS. SHEAR STRESS F . T O  P .  HEAN 



11113 IJTAH llAHS FF:OF HqLLOLI CYCLIC T ~ I F H ~  TESTED 3WllG.F2 CEDUCEIl BY EU 
hnR1tlG:Flt-1 SAPF'L5:F'B-4/S-3 DCPTH:14.5-17.9 S ILTY  CLnY 

I 

I 

I N I T I A L  t1RY IlEElSITY - !?1.5 F'CF 
H~)ISTUSE C c N r E w r  = 17.0 F'E!~CENT 

IlfiY IIEtJSITY ACTCR COEISOL = 1 ! 1 . E F'CF 
HOlSTllRE COMT ACTER CO).ISt)'. = 1 0 . 6  E'ERCENT 

SICil = 1300.0 b'?F 
SIG3 = 1872.0 F'St 

hr: = 1 .5 
SIGHCAP = 1 1 8 4 . 0  F.Sc 

7 , -  . - - - -  - - ,  

I 

CYCLIC TRIAXIAL TEST: C,- 6 
FROG HOLLOW DAM 

L . . " - 

CYC. POPE CYCLIC SIIEAk CUUr(LL. TAlJ/CIGH5Atl A X I A L  STF.I.4. 
t i  F'RCS. F'L'i'/SIG3 STRESS(F'SF) AWE. CYCL . F'CF:CENT 

(F'SF) COHU'. 1EtJS. SHEhR STRESS P.TO f. HEAN 



IVINS DIVERSION DAM NO. 5 

E a r t h  S c i e n c e s  A s s o c i a t e s  



Ll1!8-UTAH DkHS- IVINS'DIVERSI@N CYCLIC TX I V 1  IESTEI I  7 / 3 0 / 6 1  RED. PY W 
P X I N G  I V - I .  S A M R E  F'B-1/S-1 DEPTH 4.0-6.5 - SILTY SAND 

I 

h 

I N I T I A L  ClRY ItEtlSITY = 117.0 FCF 
HOISTURE CONTENT = 1 1 . 5  PEkCENT 

DfiY I lENSITY ArTER COblCOC = 117.0 F C F  
HOIS1Ufi:E CDNT RFTER CDNSDL = 1 4 . 4  F E M E N T  

S I G l  3 7'10.0 F,SF 
S I G 3  = 7 1 0 . 0  F ' F  

h C U  1 . 0  
SIGHEAN = 730.0 F5F 

CYC. PORE CYCLIC SHEAR CUtlUL. TAUt'SIGtlEAN AXIAL STAN. 
NO. F'RES. PUF'/SIG3 STRESS(F'SF) AVE. C Y C t .  F'EFCENT 

(F'SF ) C O W .  TENS. SHEAR STEESS P . T O  P, HEAN 

I 

I 

CYCLIC TRIAXIAL  TEST: C-1 
lVlNS DIVERSION D A M  NO. 5 

-~ - 

I 



CYCLIC TRIAXIAL TEST: C-2 
IVINS DIVERSION DAM NO. 5 

L I ~  18-IJTAH IIAHS-IVIEtS D I V E F ~ S I O N  C Y C L I C  TX ItJ2 TESTED 7 / 3 0 / 8 9  RE11 . KY iYlJ 
EcOF\'II.:G I U - 3  SAMPLE PB-1/S-1 [IEPTH 4 -0-6.5 - S I L T Y  SAND 

I N I T I A L  DRY TENSITY = 1 1 1 . 4  F'CF 
HOI5. l  URE COtI1 EIJT = 13.3 FEKCENT 

t1RY I IENSITY AFTER CONSOL = 111 .7 F t F  
KOISTUPE CONT AFTER CONSOL = 17.V F'EI?CENT 

S l G l  - 1 1 6 0 . 8  PSF 
S I G 3  = 1 1 5 0 . 8  F'SC 

h C =  1 . 0  
SIGMEAtl  = 1 1 0 0 . 8  F'SF 

CYC. F'ORE CYCLIC S!!EAR CUHUI- . 1AU/SIGHEAt.( A X I A L  STRN. 
t40. F'RES. F'LIP/SIC3 STRESS(FSF) AVC . CYCL. PERCENT 

(F'SF ) COHF'. TEtfS. SHEAR STRESS P . T O P .  WEAN 



D118-UTPIH DAMS-IVINS I l IVERSION CYCLIC T R I A X I A L  I V t 3  8 /4 /87  BU 
BORING 1')-2 SAMFIE PB-4/S-3 I lEP lH  1 6  .O-18.5 S ILTY  SANK! 

I 

I 

I 

I N I T I A L  PRY DENSITY = 9 7 . 4  F'CF 
HOISTUFiE CONTEEJT = 1 4 . 3  PERCENT 

DRY LlENSITY AFTER CONSOL = 9 7 . 7  F'CF 
HOISf l lRE CONT AFTER CONSOL = 33.2 F'EF.:CENT 

S IG1  = 1 5 8 4 . 0  F'SF 
S I G 3  = 1 5 8 4 . 0  PSF 

K C a  1 . 0  
SIGflEAN = 1 5 8 4 . 0  PSF 

CYC. PORE CYCLIC SHEAR C'JHW. TAUISIGMEAN A X I A L  STRN. 
NO. PRES. PUP/SIG3 STRESS(F'SF) AVE. CYCL. PERCENT 

(F'SF ) conr. TENS. SHEAR STRESS P.TO P. ~ E A N  

r% - -  -- 

I 

CYCLIC TRlAXlAL TEST: C-3 
IVlNS DIVERSION DAM NO. 5 

, .,. -. 
- d Y -  " I . . .  ' - " l . - l . . l - - -  -- 

I 



D118-UlAH I lAUS-IVINS DIVERSION CYCLIC T R I A X I A L  IV14 8/4/02 W 
BORING I V - 4  SAMPLE PB-21s-1 DEPTH 8 . 0 - 1 0 . 5  S I L T Y  SAND 

I N I T I A L  DRY IIEI.(SITY = 1 0 6 . 1  PCF 
nOISTlJRE CONTENT = 16.6 PERCENT 

DRY I lEt lSITY AFTER COtiSOL = 106.3 F'CF 
HOISTlJRE CONT AFTER CONSOL = 1 7 . 9  F'EKCENT 

S I G l  = 763.2 PSF 
S I G 3  = 763.2 F'SF 

h C r  1.0 
SIGHEAN = 763.1 PSF 

CYC. FORE CYCLIC SHEAR CURUL. TAU/SIGflEAN A X I A L  STRN. 
NO. F'RES. PUF'/SIG3 STRESS(F'SF) AWE. CYCL. PERCENT 

( F'SF ) COUP. TENS. SHEAR STRESS F.10 F. BEAN 



RESULTS OF POST-CYCLIC TRIAXTAZ TESTS .------ 

Earth Sciences Associates 



GKEEN'S LAKE DAM NO. 3 - - - 

E a r t h  S c i e n c e s  A s s o c i a t e s  



I 
1 

, 

i 

, 

* - 
CONSOLIOATED UNORRINED TRI A X I R L  TEST 

WITH PORE PRESSURE NEASURENENT 

? PST. CYC. STRT,KC-I ,  0 0 

8- 6- 
01 18-10RUG82 
BORING: GL3- 1 SRPlPLE: PB- 
CLAYEY SEND 5 - 

0 
4- 

ln 
I4 - 

W 
M 
2 

m I 

ln 
cd - 

0 

d - 

ln 

I 

? 
I -7 I 

0.0 3.0 6.0 0.0 12,O 15.0 0.0 3.0 6.0 0.0 12.0 15.0 
STRRII4 I N  PERCENT STRAIN I N  PERGErfr 

=! 

s 

5- ISOTROPIC CONGOLIIlATED UNIIRAINEII TRIAXIAL TEST 
UITH PORE PRESSURE KEASUREHENTS 

Dl18 UTAH DAMS-GREENS LAKE FOST CYCLIC STATIC TXtGtl  ESTED B/10/82 m ~ '  
9 BORING:GL3-1 S4HFLE:F'H-2/S-2 llEF'TH:8.0-10.5 
8- 
!?? CLAYEY SAND 

AT END OF CONSOLIDATION : .............. SAHF'LE HEIGHT = 5.983 INCHES 
SkHFLE AREA . . . . . . . . . . . . . . . .  = 6.344 SO. INCHES 
EFFECTIVE CONFINING SThESS . = 1109. F'SF 
EFFECTIVE HAJOR FRIN. STRESS = 1109. FSF 
PRINCIPAL STRESS RATIO . . . . .  = 1.00 

STRAIN SIGMA3E SIGHhlE RATIO F'PRESS FEAR PTUT 0 
PCT F'SF F'SF SIGlE/SIG3E PSF F'SF FSF FSC 

.O 547. 547. 1 .O 563. 547. 1109. 0 .  

.2  403. 721. 1 .8 706. 562. 1267. 159. 

.3 389. 955. 2.5 720. 672. 1392. 283. 

. 4  374. 1076. 2.9 734. 725. 14.59. 351. 

.4 389. 12'5. 3.2 720. e07. 1527. 418. 

.5  399. 1337. 3.4 720. 863. 1583. 474. 
1 .O 432. 2018. 4.7 677. 1230. 1907. 798. 
1.9 662. 3244. 4.9 446. 1953. 2400. 1291. 
3 .0  907. 4145. 4.6 202. 2536. 2728. 1619. 
4.0 1094. 4777. 4.4 14. 2935. 2950. 1841. 
5.1 1230. 6747. 4 .1  -130. 3143. 3113. 2004. 
6.0 1354. 55F0. 4.1 -145. 3467. 3272. 2113. 
7.0 1440. s e x ,  4.1 -331. 4 .  3314. 2205. 
8 .2  1526. 6111. 4.0 -418. 3819. 3401. 2293. 
8.8 1555. 6213. 4.0 -446. 3884. 343R. 2329. 
9.7 1584. 6360. 4.0 -475. 3973. 3497. 2380. 

11.0 1670. 6618. 4.0 - 6 .  4144. 3583. 2474. 
12.4 1742. 6033. 3 .9  -634. 4287. 3654. 2545. 
12.9 1757. 6899. 3.9 -640. 4310. 3680. 2571. 
13.8 1706. 7011. 3.9 -677. 4398. 3721. 2513. 
15.6 1843. 7228. 3.9 -734, 4536. 3801. 2692. 

I .  1 -7 
0.0 3.0 6.0 0.0 12.0  15.0 

P0STCYCLlCSTATlCTEST:PC-I  

STRAIN I N  PERCENT GREEN'S L A K E  DAM NO. 3 

-, - , "  A 2 m u -  ~ 
- L 
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GOIISOL~Df I lCD UIIDRAIf IED TRIAY.lflL TC'51 , 
bil l H  PURC PEESSIJRC NEH5UFiE~lENT 

z i- 
0 

9 
8- 
'U 

C, 

- 8- 
:;i 2 
CL .- 
W 
g a 
3 d ,In .c.- 

, 

PSI. CYC. 5 T R T . T X .  KC- I .O  
0 

u, - 
# 

D118-19fKIG.R3 
EOE!116; GL3-2 SATlPLE:: FBG 
SILTY SRIIO a 

i-~,-, .. - - r 
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5TRR 11.1 I II F'EF:CEfIT SJ'ENII~I I N  FIT;F:C;EI.IT 
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Ln 
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fi; z-  
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4 
I 

?SOTF.:OFIC CGt4SOLIDfiTED lfNDRA'I!<ED - ? I A Y I A I -  TEST 
UITU :'OFF PRESSL5E tIFASCIS:fiNTCJ 

9!:9 l'rhc! tbif4S C.f<CE).iS LA!,: POST CVCI :P, Z-.\T:'3 TXIOL:! S / Z ? / 6 1  9CD. FY P-l 

p~C"lh+G:CL:-:! SF.r:c'l C:F'F-6/3-4 D E p T H = 2 5 . 5 - 2 8 . 0  

S:LTY SAiJI l  

*.-' 4T EIJTI nF COttSQLIDr'lTiOt4 : .............. ,,,.'- SL.PE'tC t!SZGHT = 5 . F :  Z k . : E c  
, .. . . . . . . . . . . . . . .  , F*."L'Ct AC:EA = 5 .  t-'2 5 0 .  1t)lIKES 

.../' ETZCCTI1.:: Cgr!'I*>IEJrj ;T?E55 , = 201,. :;= 
/' E ' C ~ C T ~ l . , I ~  fiiJQ9 L'SIH, STF:EFS = ?.::&.. +tC 

..... 
/' 

"?.INCiF'AL STRZSS KAT:C = L .C.3 

ST9AIS SIGHA3E SlG'.!AlE %AT:'> T'c'=.ESS ?PAR F'TOT I( 
5 . ~ 7  ~ z r  F'Sr SIGlE/?IG3E '5- csz F S= =.,-- . 3i 

/" , f J 4 .  144. l.9 ? r 2 .  $2:. 2016, 
. 

0 .  
.. ' ?A6. 1.6". L . 3  1723. 12-1. 205.1. 33. 

.A 43. 1 4 0 .  3 . 3  >@-S.  2- . . 1065. 4 9 .  
L ." 20.  147. 5 . :  1057. 13. 2e;'J. 5 .  

.Q 27.  ?5U. 5.5 ::97. "3. 20R0. 64. 
t .  - .  i n .  1 5 4 .  7 -11:..32. . . 202s. 

-. , .) . 

/ ? . J  ?A. !64.  !I,*! LC'??. EG.  ?'~\ '1.  -t- :.,. . - - . .  4 185. 12.8 2 C G Z .  i ,-, . -* . 1101. . .c 65. 
1.3 1 316. 15.0 ?C':?, . . A .  2:17. :91. 
2. d 23. :?? 2 , 9.5 :*>j- . 153. 2123. 122. 

/ 2 7 4.3. 332. 7 . 6  5 .  :?4. 21L.D. 
3--  

I"-'. 
3 , :  4 3 .  411. 9.5 1 ~ 7 1 .  '%-c,.>. l(3.1 . --. . -- 
3 . 4  7 2 .  '95.1 . 7.7 I@-'.\. 3:3. 22'87. 241. 
3.7 7 2 .  703. 7 . 8  1?JJ.  333. 2334. 313. 
J . !  I .  e m .  6." :C4?1. =8.1z. 24-12. 426 .  
4 a 1SE. l?GE. 

..- 

i 3.1 13:8. 1-3.  1 =AS. 
4 . 7  ?27. 14-14. 8.E :?,I". $15. 27-33. 722. 
5.ir 253. ?G.?r*. 7.9 1 .  ?lL; ,? .  5 8$0. 
. 4%;. ?.lzv;. 5.4  IT..\:. ---'- ...";.. 7.3.w. 1 3 3 n .  
$ 9  6?7.  :!937. 5.9 1 .  3 .  3.j.13. 16-50. 

i 3.1 2.4. 4709. 5 . 4  I .  2 7 2 ~ .  3738. 1 ~ 2 2 .  

i 3 . 9  777. 5106. 5.2 5 . .  3..'.+3. 4077. 2 0 ~ 7 .  
:L? 2 ~l~fi .  !;x~(J, 5.0 1.>7. :--- 

11." 1191 .  5755. --,,. 
. -1232. 2216. 

i 4 . 3  . 3962. 4'503. 22s:. 
2 1257. 5929. 4.7 753. 3531. JJSJ. 2372. 
1 .  1337. 6187. 4.6 4 .  374 3 .  4440. 2424. 

-.d' . 134Q. L'?';3. 4.6 ~ 4 9 .  5BS0. 4500. 2-39?. 
.-----.'c 15 .0  13'27. 6454. 4.4 61e.. 37?6. 4 5 4 5 .  ' 5 2 9 .  

C.-L-_---- r------ 
0.0 7. <I 6. 11 e. II 12.0 IS.(! 

SPER I I d  I I.1 PEF:C;EIIT 
POST CYCLIC STATIC TEST: PC-2 

GREEN'S LAKE DAM NO. 3 
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S ILTY 5;HlKl c 

cd - 

(D 

S T E R  I IJ IF1 F'EFXENT STRR I I4 I N  PEFiCENl 

:SpTF'c?TC ~ Q F ~ I - ~ ~ I , \ T ~ ~ I  ':':i'r'A!>;.:!i IC:IA'<IAi 
*J!Tb C+>r  - .- K.~:zsa;BJC.z .?:PC;.-- Z,<:bJT< 

r111P- tTA.4 :.:.UT-F.-.CryS I .'\',E C.f>C.r ,-{;'-IT_ rT. \T IC -'(t1;1-1 4,'T)-/E? ::It- >y :r 

SILTY C:.'JIl 

E=:::Jc!PF- STKSS RSTX . . . . . = . -. ,--- +. 

: C  !.Î  

3 .c  1 4 4 .  

3 . 2  23' 1 3 4 .  
7 .  :?S lt34. 
3 " 371. 105:. 
. 537. 339 .  

13. C ! 7P7. 504-5. 
1 is1-5. &?-\?. 
5 .  2 .  6251. 

POST CYCLIC STATIC TEST: PC-4 
GREEN'S LAKE DAM NO. 3 
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C J  

A '.. -...-, 

ISOTROF I C  CONSOLIElATEIl UEJDRAINEII TRIAXIAL TEST 
WIT3 POPE F'RESSUk'E HEASUREKENTS 

D11B-UTAH DiaMS-LhRtJER I~h'hU F'OST CYCLIC STATIC T X C I  7/20/82 RED. bY 1:U 

F:ORItJ(;:WD-1 S:~?F-:E:T'B-?/S-? LIEF TH: 8.5-1 1 .0 

CLh'tEY S;iHT? 

AT EElil OF COt;?OLIDi~T Inti : 
St\EII-'LE tiEIGLii . . . . . . . . . . . . . . =  6.054 IEICIES 

. SAMI"1.E &PEA . . . . . . . . . . . . . . . . =  0.414 SR. ItICIiES 
EFFECTI'JE Cr;:;rI t tI t (G STKESS . = 1440. F'SF 

,/" . . . . . .  EFF!:CTI1.'E t';i-C6' F R I t l .  STVECS = 1440. F'SF- 
F'K'ItJCIF'AL STfiESS R A T I O  1.00 

STHC\I14 SIZ;WA?E SIGKFilE W T J @  FF'RCSS F'BAR F'7OT 0 /.'. 
F'CT PSF F'SF S I G 1 E ' 5  1 G3E F'3F F'SF F'SF F'SF 

/" 
.O 331. 331. 1 .0  1199. 331. 1440. 

7 - 0 .  
. 2  21.5. 4'35. . I .  350. 1 , .  134. 
. 4  I @ ? .  6111. 3 400. 312. 
.6 X 2 .  G4". 2 :  1733. L-7.2 

.>-4. 1764. 324. 
.E 230. 11SU. 5 . 1  1210. 709. 1 1  -I7?. 

1 .2  3.51. 1907. 5 1107. ~ i i n .  ;:?a. ' ~ T S .  
1 . 6  575. 255'7. 5.5 965. 1536. L'GCI1. 1061. 

," 
2 . C  634. 3319. 5 .2 RC6. 1976. 3783. 1343. 
2.3 792. 3C77. 5.9  699. 3382. 3330. 1550. 

/ 3.7  9hS. 4657. 4.8 -175. 2R11. 3.?8.5. 1846. 
3 . 0  1152. 5375.  4 .  7 2 , .  326.1. 3551. 21 12. /" 3 . 4  1525 4075. -1 . 6 11;. 3100. 3'315. 2375. 
3 .E  15:!6. CW0. 4 . 5 -06. 4173. 4l307. 7647. 

/' 4 . 1  1714. 7547. -1. -274. 4650. 4337. 2917. 
4 . 5  1915. M306. 4 . 3  -475. 5110. 4635. 3195. 

/' 5 . 0  2-45, 943.1. 4 . Z  --8'?h. 9840. 50.1 .  35534. 
5 . 3  7411. 10157. 4 . 2  -919. 6185. 5:?GC. 3S69. 

/' 4 7  526". 1-?19'? 4.0 -113.17. 0.134. 6405. W A S .  
0 4167. 1!.:'-0?. 3 . 9  --7-?-> ..... O ? .  7510. 60;O. /' 

10.0 5'77. 20453. 3.7  ' 11875. 701 7. ;':if i . 

," ' 10.C 5 6 1 C .  719C3. -5.  C -4370. 1 JV05. 3 .  r17C:.3. 
1 1 . 1  4135. 2,s 5G2. 5.0 - 4 1 ' .  19097. 10014. 357.1. 
12.6 4610. 1 4 b ' d .  5.7  -5170. 1563:!. 10.143, 7073. 

r-.----r-- ' .----.r- - ----7 t 3 .  6Q';g. 2?i73'? ,'. 3 . 7  - 1  1A371. L0Ch7. 9 4 2 2 .  
1 73Y7. 271JY. 3 . 7  -5997. 17263. 1131L. YU7A. 

0.0 7.0 F. '2 ?. 0 12.0 15.0 

jTP,fi! l l  l i I  PCF'CEIIT POST CYCLIC STATIC TEST:PC-1 

\ y ;* 

k? -- 
\ -------__ 
'\ "/, rq],l r; 

C; -1 I 
\, I I I! 

'\ I! 
\\, *n ', 

.id 

-1.- 

\\ - ,  G 1 
r . . . . . . .  ...... 6.1 - - - - - -  - . . . - T  - ---AT 

I---- I - - 1  
0.0 3.0 E .  s e. 0 12.0 !5.0 c.3 2. g c .  12 9. ~3 12.0 15.9 

STF:AI!: i ' l  FERCEIIT STERII I  I l l  fi;i 'Ct;ilf 
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COElSOLIOF3TED U:.IURR INLD TRI R X I R L  TEST 
W 1 iH PORE FRLSSURE tYERSLIREI'1ENT 

PST. CYC, S T H T I C  KC-i.0 
D11%-2@JULl'S2 
60RING: bi0-2 SR:.I?LE; FS-S 

CLRYCY SRNO 

/ 
ISOTROF'IC ~COtJEOL1rI:rTtll UFiIIFiAIKED TRIAXI:bL TEST 

WITH F'ORE F'RESSUICE ttEASUSEHEt4TS 
:Il lF--UTAH DAtIS-U:if<tJEFi LIf<AW F'OST CYCLIC STATIC 1x43 7 /20 /R1  FiFIII. BY F:U 

AT EtJD OF COt.(SOLIllATIOt4 : 
TAHF'LE I iE I l ~ ! i T  . . . . . . . . . . . . . . - 6 . 1 1 E  IEICtiES 
S;IMF'L.I: h f X A  . . . . . . . . . . . . . . . . = 6.339 SO. I I . ICtlt3 
EFFEC 1 I'JL-: COEJFblIE?~; STF:ESS . = 1 6 7 8 .  F'SF 
EFFEC:TI',~EI nn. jm F'HIN. STHESS = 2 6 7 ~ .  F'SF 
F'RINCIF'AL. srr,r-Is:; RATIO . . . . . = 1 .oo 

STF:Al tl 
F'CT 

- .O 
. ? 

S1rl;M:ilE 
F'SF 

-175. 
c-., .,/-. 
:;el. 
596. 
(.?5. 
693. 
7U3.  
C93. 

l O L ' 3 .  
1147. 

F'I!AFi 
F'SF 

4 7 5 .  
459. 

0 F'C - JF 

0. 
113. 
1 4 7 .  
l h t l .  
1Y0. 
734. 
277. 
319. 
3c7. 
4 3 4 .  
476. 
230. 
60,). 
661. 
732. 
31.3. 
5'41. 

tCC37. 
1.147. 
135'7.  
1 9 4 6 .  
l h 3 5 .  
1767. 

POST CYCLIC STATIC TEST: PC-2 
WARNER DRAW DAM 



F'LT. Gl 'C.  T'TAT. 7 %  t;C-I. I! 
D l  lti-T.?_IL':"'iS.1! 
t ; l l R l l l l ; i  l!E;-- I Sf:li7i.C1Ti'lO 
CLfifCY ?Aft!:[! 

STRRI  PI I 1 1  FEF;CEII'I 

ISOTF<OF'IC CONSOLI DATEfl UNIIT;AINE~~ TRIAXIAL TEST 
WITH PORE F'RESSURE P',EASUI?EfiENTS 

111 10--UTAH DANC~-W~IR~I€~R DRAU F-OST CYCLIC STATIC TXP3 7/32/82 REII. HY PW 

t:r3fiING:WD.-l SAI1F'LII:F'U-?O/S- DEf'Tli: 41 .0 -43 .5  

CLAYEY SAt111 

AT Etlri of CDlJ50LILl:1TI@rt : 
SF4HF'L.E HEIGtiT . . . . . . . . . . . . . . = 5.5'65 ItlCHES 
Sl~t i f ,LE kRCn . . . . . . . . . . . . . . . . = 6 . 4 4 0  S O .  INCHES 
EFFECTI'JE COlJFItIItJG STRESS . = 3902. F'SF 
EFFELTI'JE HhJPR FhIt4. STFcESS = 3907. F'SF 
F'kItICIF'RL STRESS FAT10 . . . . . = 1.00 

.G 763. 763. 1 .O 3139. 763. 35'02. 

. 3  433. 766. 2.3 3570. 699. 4170. 267. 

. 6  ,360. 1093. 3 . 0  3542. 726. 4261. 3'6. 

.9 :346. 1 270. 3.8 3557. 012. 4373. 476. 
1.1 331. 1546. 4 . 7  3571. C3C. 4510. 607. 
1 . 9  360. 19/9.  
1 . 7  410. 73?8. 
2 . 0  475. 338-%. 5.1 3427. 1679. 510;. 120-1. 
2 .2  576. 3524. A .  1 5376. 7050. 5376. 1474. 
2 . 5  671. 4197. t.1 3211. 2444. 5655. 1753. 
2 . 8  ex%. 4917. . 3347. 1876. 5943. 1041. 
3 . 1  1093. 597:;. 5 . 8  1 W 4 .  34-11. 6336. 7.133. 
3 , *A 1?74. 6913. 5 . 6  1678. 496G. 6757. 1E44. 
3.9 1440. ROO?. 5.6 2.iX2. 7 2 5 .  7107. 3705. 
4.7 1677. 5'1C.t. 5.4 1703. 5 \ 4 2 .  7645. 3741. 
5.0 1761. t16:19. 5 . 1  1 2  6750. 8 3 1 .  460'3. 
5 . 6  2736. 1355.5. 5.0 11L6. 0146. 9317. 5410. 
6 .  1 3176. lr5'10,5. 4 . 8  677. 9316. 9773. 6090. 
6 . 7  37:50. 17217. 4 . 4 173. 10471. lC1L4.1. 6741. 
7 .  .5 4705. 1f?09:3. 4.5 -3.32. 11546. 1 7341. 
7 . 9  41CO. 20464. 4 . 4  -7;C. 1:!571. l l / Y 4 .  7592. 
0 5";44. ?:5343. 4 -1.512. 14463. 1Zf"' . 0717. 

10.0 6197. Yj506. 4.1 -7230. 4 .  17\59. Y6b7. 
11.0 6754. 2724.5. 4.0 - X C l .  1677!3. 1 J i  t 7 .  101?45. 
12.0 7286. 2eE;41. 4 .0  -57.74. icoe,4. 1 4 ~ 0 .  1077C. 
13 .0  7704. 3 0 3 h l .  1 . 7  -3.702. 1B:3U.!. l>rJ?l. 11178. 
1 4 . 1  &0:,0. 511361. 3 . 9  -4147. 1Y:,Y4. 1t.447. 11544. 
1'5.0 R3013. 311305. - 5 . 9  -4306. 20904. 1 .  1179t3. 

--r-----7--T------ l  POST CYCLLC STATIC TEST: PC-3 
STRR 1 tl 1 C I  FEI?CEIIT WARNER DRAW DAM 
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I 

: , 

F 
CONSOLIDATED UNL FRINi;D TR IRXIRL  TEST 

H I M  PORE PREjSURE I'1ERSUSEilEIJT 

4 o PST.CYC. S'IflT.TX. KC-1 , O  4' 

?2-- 
c d - -  

0 1 18-22JCLY82 
BORING; LID-1 SRi;F'LEiFB13 

9 CLAYEY SnND ffi 

8 - d- 
2 

g. w d - 
2 

9 0 

L 8- d- __T_ 
rn s? 
a rn 

M 
w 2 
5 :  fJ-J F* cn a- \ 6- 8 2 [,J 
CS 
e 2 m 
W 0 c 6 C 
0 
CL g- ri - 

? ffi 8- - 

, 
I 

4 . 4  1 Sd'.';. 1 3 2 .  3471. 4 . .  Z-IS';. 
4 . 7  1216. 6'! , l .  . 3'~19. 387Y.  7397.  7IX3. 
0 1 C , ? 5 3 .  4 . '  I .  41Y3. 7b77. 1 7 h 7 .  
5.6 I.!,??. I;::". .I.!. J l ? 0 .  -17R9. 7 Y W .  5G10. 
7 . 7 2 .: !;, . '? .";6 . 5 2'?i . l .  6 0320.  J>l '> .  
? . 1 7:',')3 . J :';, ?;,.) . :! C i  1.11 1. €:0711. 1 .  SLz;. 

10.9 391,,. 1.1 , ; I > .  .; . '' ! 33!:5. 103.3/. Y ~ l 7 .  
11Cb 41ra.*. 17:'*19. -1 . 1 61':. 0 .  1 L5:"'/. 
1 1 . ' I '  , . 11, 54.). 4 . 6 . . 1 1 ' .  1 4') i . l .  
I:'.',' 4..: '3. l ' z  '.- 4. 4 . 0 * 1:"J'i7. 1 :.'3h9. 7; 'SV. 
1 .  ',It:'. ::c?lhi. .3 . 7 302. I.!bJi?. 1.: 5 5 1 .  #' 2). 
l!, . O . ..'/(J. :")~.#'Y!. 4 .  Y - 1  . t I .  I .:.t:o. I ( . lP .  

7- - -  .- - -r. -- - - - .I 

0.0 3.0 6.0 3.0 13.0 1S.r) POST CYCLIC STATIC TEST:PC-4 
s r ~ n l r l  111 PERCENI WARNER DRAW DAM 

L T  - 
4 

2 % - .- - 

0 
ISnTROFIC CONS@LIllATETI UtJLlh4It4ETt TRIAXICX TEST 

*.- 
UITt! FORE PKESSUI?E f!EASUF:EnENTS -. ?llB-UT;4I I~SHS-U:II<~.IEK LlRAW F.OI;T CYCLIC STATIC TX14 7/22/62 RED. B.1 FU 

FORJtli;: UD-1 ShI7F'L.C :PI:- 13/5-13 CIEF'T'I: 53.0-55.5 

0 
CLAYEY FAtlTt 

n - .. n~ LNII or I:CINSOI.III~T 1011 : 
SI'IPIT'LE t i ~ ~ r ; t i r  . . . . . . . . . . . . . . - - 5 . ~ 6 3  I~JCC~ES 
Snfrr'LE i ~ f iEA  . . . . . . . . . . . . . . . . = 6 . 4 ~ 2  S~J.  I ~ ~ C I I E S  
Erf4lr:TI'JE COtJFINIllG STRESS . = 4310.  PSF - 0 
FFF LCTI'IL HA-lor; W ~ N .  S~F:I:I;S = 4 ~ 1 0 .  PP,F 

55 i- F'RItJC1l''AL STPESS TiZITIIJ . . . . . = 1 . 0 0  

0- STPA!  t1 SIGf4tl3E SIGt3AI C %',TI0 f'FI.I.SS 1 1 1 OT 0 
F'CT F'5F I:'SF I / S I S  F :;I '  F,SF FST f'Sf - 

CD .O 1 lo??. 1 . 0  37C7. lo:!?. dk.10. 0 .  
8 3 704. 1354.  1 4109.  9i34. 5OQ0. ",'G - *  . 
CT 0 . I .  590. 1 3 1 .  1.3 2 ,  7l >?,PO. 3CQ. 

.'? 1 14;;. .?.a *l::.rA. J - , ) ? .  4;;. 
1 0 4 .  14';q. 3.3  4:!9%5. 100;:. :i:!kIl. L7U. 

OC 
0 1 . 7 .lr.'O. It>:?/. 2 .  43.'9. 1 1 .  2 .  1 

2 . 0  ;la. ?x" .1.3 .1?Y1 . 137s .  :;66Y. 060 .  
2 . 4  5'2. 2.!113. 4.1 42.93. 1440. 56110. 8711. 
' . 7 !+>'.I . 3 3 2  . 4.R 4 .  1754.  'JS!,B. 114?. 
3 . 0  677: 34.1). 5.1 1 2061. 61"*1. 13;5. 

0 3 . 4  7 7 C .  -\OIL. 5 . 2  4332. 2397. 6427.  1415'. 
3 . 7  S"d. . t ' ; A l .  5 . 2  5731. 2710 .  66'71. 1641. 
A . 0  10* j2 .  ;l ,.:. ! 1 3 3091  . 6 .  1Cr13. 

0 w 
c: - d - 

? 
8 ? 7'------ 1 

D . 

' 

j 

I 

- - . -. - . . . . - - - - - , - . . . . . - - . -, . - - - - . 
1 - - . I  

0.0 3.0 6.0 0.0 12.0 15.0 (1.0 3.0 6.0 B. 0 12.0 15.0 

STRAIN I C I  PERCENT Sl'fifiIfl III IEiil:Ctli ' 

G? 
x 5- 
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- - 7 

COtJSOLIDRTED UIIDRAI N D  TRlRXl RL TCSI 
W 1 rH PORE PRESSURE NERSURENElfl 

PST.CYC, STRT,KC-1.5 .4 cd- 
D l  1 8- 1 ERUG02 

BORII~GI  UD-I SRHPLEI PB-6 
SILTY SAFiD h 

vf - 

9 
P) E! - d- 

c :- ; - 
rn 
0- W 

W 
M 

49 2 m m 
$j !- 23 4 4- 

E 2 
tn 

82 
0 g- 4 

R 4- 

h 
t4 - 

9 g - n 
rf - 

f 
D 

I ? 
I I I I 

C1 

0.0 3.0 6.0 Q. o 1a .o  1s.o 

S T R A I N  IN PERCENT 

' 

I 

1 I---- I 1 7  
0.0 3.0 6.0 0.0 13.0 15.0 

S T R A I N  I N  PERCENT 

'bo 
T i- 

0 

i - 

0 

z- 

r- 0 

ti- - 

AHISOTWPIC CONSOLIIIATED UNDRAItiED TRIAXIAL TEST 
UITH W R E  PMSSURE nEASUREHENTS 

Dll8-UTW 5HYS-UWEE DRAU IlAH POST CYCLIC STATIC TXIUCl5 TESTED 8/16/01 

W(;IM3:UCc-1 SAWLE:FR-6/5-6 DEPTH:24.5-17.0 

SILTY SANK1 

AT END OF CONSOLIDATION : 
SahFLE PEIMT .............. = 5.734 INCHES 
SAnPiXE AMA . . . . . . . . . . . . . . . . = 6.715 SO. INCHES 

m EFFECTIVE CPNFINIHC STRESS . = 3448. F'SF 

B-  EFFECTIIC FRIN. STRESS = 3672. FSF 
PRIr(C1PAL STRESS RATIO ..... = 1.50 

t- i- rn STRAIN S I W E  SIGnAlE RATIO PPRESS FBAR PTOT 0 
PCT FSF FSF SIGlOSIG3E FSF PSF FSF F'SF E .O 605. 1784. 3.0 1043. 1194. 303H. 590. 

50 .1 533. 3 5 4 .  3.9 1915. 1293. 3109. 761. 

& i- .3 518. 2231. 4.3 1930. 1375. 3304. 856.. 
.5 576. 3063. 5.3 1871. 1619. 3691. 1243. 

0 1 .O 763. 4647. 6.1 1685. 2705. 4390. 1943. 
2.0 1310. 6897. 5.7 1238. 4053. 5393. 3844. 
3.0 1800. 9343. 5.2 648. 5571. 6219. 3771. 
4.0 3 .  11817. 4.6 -14. 7140. 7135. 4677. 

o 5.0 3331. 14136. 4.6 -634. 6609. 7975. 5517. 
d- 6.0 3744. 16550. 4.4 -1296. 10152. 8856. 6408. 

6.9 4377. 1B460. 4.3 -1829. 11369. 9540. 7092. 
8.2 JW7. 21005. 4.2 -2549. 13001. 10452. 8004. 
9.1 5414. 31390. 4.1 -2966. 13903. 10936. 81tJ8. 
10.0 5774. 23549. 4.1 -3326. 146.52. 11335. 8887. 
11.3 6221. 24055. 4.0 -3773. 15538. 11765. 9317. 
3 1 M38. 25749. 3.9 -4190. 16194. 13003. 9555. 
15.1 6911. 25,945. 3.8 -4464. 16429. 11965. 9517. 

2 I - I - - 7  - 7 I 
0.0 3.0 6.0 0.0 11.0 15.0 POST CYCLIC STATIC TEST: PC-5 

STRAIN IN PERCENT WARNER DRAW DAM 
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CONSOLIDRTED UNDRRINU3 TRIRXIRL TCSl 
HITH PORE PRESSURE HEflSUfiENClJT 

9 
PST. CYC, STRT, KC-1 ,O o 31 vl- 
Dl 18-28JULY82 
BORINGt FH1 SRI~PLEIPB~ 
SILTY CLOY V) 

$ - 

0 
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V) 

r j  - 
W 
M z 
50 0 4 86- 
4 

fr! 
rn 

V) 

6- 

s - 

9 
4 

Q 

0 

"I 
5: \ 9 

1 - 1  
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I 1 

0.0 3.0 6.0 9.0 15.0 15.0 
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I I 1 1 I 
0.0 3.0 6 0  0.0 12.0 15.0 ' 

STRAIN I N  PERCENT SfRRIN IN PERCENT 
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o 
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ISOTROPIC COf(SC9ILlATED IJtlOciAIh'ED TRIAXXAL TEST 
WITH PORE F'RESSUSC HCASUREMENTS 

DllZ-IJTAH DAHS-FROG HOLLOIJ F'OST CYCLIC STkTIC TXCFHI 7/18/82 RED. PY F'U 

E@%It;G:FH-1 SAHF'LE:F'F-4/S-3 IIEF'TH:14.5-17.5 
I 

SILTY CLAY 

AT END OF CnttSOLItIATIOI4 : 
SArC.LE HEIGHT .............. = 5.5'67 INCHC-S 
ZWELE AKEA ................ = 6.479 SO. INCHES 
fT-'ECTIL'E COtJFXNIt4G STRESS . = 1045. F'Sc - o EFFECTIVE HAJOK F'RIN. SThESS = x-15. F'SF ..... % i- FX'Lb?SICAL STRESS RATID = 1 .OO 

5 STFAIN SIGHA3E SIGHAlE RATIO F'F'KL'SS F'F:CiK F'TOT n 
F'CT F'SF F'SF SIGlE/SIG3E F'SC F'SF F'SC F S C  

.O 1426. 1436. 1 .O 619. 1436. 1045. 0. 
.3 1008. 2315. 2.3 1037. 1662. 2698. 654. 
.6  036. 2880. 3.1 1 1 0 9 . ' 1 9 0 e .  3017. 977. 
.9 907. 3353. 3.6 1133. 2085. 3 7 3 .  1178. 

1.3 912. 3664. 4.0 1 3  1293. 3416. 1371. 
1.6 950, 4078. 4.3 1094. 2514. 3608. lC&4. 
1 . 9  994. 4Z14. 4 .6  1 0 .  2759. 3810. ' 17t5. 
2.3 1056. 4997. 4.7 977. 3031. 4010. 1966. 
7.6 1153. 5459. 4.7 - 693. 3306. 4176. 3154. 
2 . 9  1234. 5 7 2 ~ .  4.a 8'1. 3575. 4315. 2351. 
3.3 1310. 63E4. 4.9 734. 3097. J503. '537. 
3 . j  1426. 6967. 4.5 619. 4145. 476.5. 1771. 
4 . 1  1570. 7537. 4.8 475. 4553. r.028. 2984. 
4 . 9  1685. 7770. 4.7 360. 4033. 5113.3. 3143. 
5.0  1872. %SO. 4 .6  133. 7261. 5434. 33C?. 
5.5 1316. 9201. 4.6 19. 5607. 5637. 35O3. 
6.0 "03. 9769. 4.4 -i.;e. r,scs. ~ Y Z G .  3793. 
4 .5  2367. 10321. 4.4 -317. 6342. 6025. 3980. 
7 .0  1534. 10C43. 4 . 3  -490. 6609. 6199. 4154. 
7.5 3693. 11305. 4 3 -648. 6999. 6351. 430.5. 
9.0 2866. 11776. 4.1 -831. 7321. 6500. 4455. 
3.1 3168. 12623. 4 .0  -1113. 7396. 6772. 4728. 

:0.0 3370. 13134. 3.9 -1325. 6391. 6977. 4937. 
10.8 3571. 13016. 3.9 -1526. 8694. 7157. 5122. 
?I . 7  3750. 14354. 3.5 -1714. 90.51. 7343. 5z08. 
1 . 4  -31. 14059. 3.8 -1Of34. 9400. 7514. 5449. 
13.5 4090. l'i361. 3.8 -2045. 97?5. 7681. 5636. 

0.0 3.0 a o 0.0 19.0 l i . ~  15.n 4349. 1.5043. 3.7 -1304. 10175. 7W7. 5047. 

STRRIN I N  PERCENT POST CYCLIC STATIC TEST: PC-1 

i ,. - - -  
FROG HOLLOW DAM 
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H-ITH PORE PRESSURE HERSURENWI 

~ 
1 I I 1 

i- PST. CYC. STAT, KC- I ,  0 z- 
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D l  18-28JULYB2 
BORINOI FH-I  SRMPLCI PB-6 
SILTY CLflY V) 

4- 

0.0 3.0 6.0 0.0 11.0 15.0 0.0 3.0 $.o 8.0 12.0 15.0 

STRRIN I N  PERCENT STRRIN IN PERCENT 
. I  

. - 
'b 0 
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E ,  
cn 0 
\ 6- 
W, 
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r i -  

9 0 

ra- 

9 
8- 9-1 - 
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sc 

'2 s- 

9 
8- 

o 
* - 
0 

- o 

2 ?.- 

IS01 FiOF'IC CONSOL1 tlATED UNLlRAINEIt TRIhXIAL lEST 
UITII POW F'RESSUfE HEASUREMENTS 

II1lE-UTAH IIAfiS-FhQG HOLLO'J CYCLIC STAlIC TXtFHT! 7/18/82 LED. SY PU' 

FOR1NG:FH-1 ShHr'LE:F'k-6/S-5 IIEF'TH:2?.5-25.0 

SILTY CLAY 

AT EHIl OF CONSOLIrIATION : 
SAMPLE HEIGHT .............. = 5.916 INCtiES 
SAMPLE CIREA ................ = 6.479 SO. INCIIES 
EFFECTI'A- C11NFINING ST6ESS . = 7707. F'SF 
EFFECTIVE HAJOR F'KIN. STKESS = 2707. FSF 
F'RIFICIF'AL STRESS R A T I O  ..... = 1.00 

STRAIN S I G ~ A ~ E  S I~HFI~E RATIO F'F'RESS F'RAF: F'TOT (1 

F'CT F'SF F'SF SIGlE/SIG3E F'SF PSF F'SF F'Sc 
. O  1758. 1958. 1 .O 747. 1958. 2707. 0. 

5 r' .3 1454. 2095. 2.0 1253. 2175. 3438. 771. 
.4 .1362. 3639. 1.6 1325. 2511. 3836. 1129. 
.6 1354. 3961. 7.9 1354. '657. 4011. 1304. 

1.0 1539. 4773. 3.6 1368. 3056. 4434. 1717. 
1.2 1382. 5357. 3 .9  1325. 3370. 4694. 19r37. 
1 ..5 1454. 6?04. 4.3 1253. ~ e 2 9 .  sos:!. 2x7,. 
1.0 1570. 7134. 4.5 1130. 4352. 54E9. 77E2. 
2.1 1714. 8129. 4.7 914. 4922. 7,915. 3'09. 
2.5 1006. 9140. 4.0 1 5517. 63313. 3631 .  
2.8 2074, 10153. 4 .9  634. 6114. 6747. 4040. 
3 . 1  3773. 11190. 4.9 432. 6731. 7164. 4477 .  
3.6 2606. 11739. 4.9 101. 76.7.1. 7773. --OC6. 
4.3 3081. 14737. 4.8 -374. 8713. 8536. Y.32'3. 
5 . 0  3557. 16567. 4.7 -050. 10063. 9213. 6595. 
5.5 3717. 17003. 4 . 5  -1310. 10950. 9650. 6943. 
t . 0  4?48. 15915. 4 .5  -1541. 1 1  10041. 7334. 
6 .5  456.5. 17775. 4 .3  -1058. 1 1 1 0 .  0 7515. 
7 .0  4053. 203ES. 4 . 2  -3146. 12121. 10475. '769. 
7 .6  5054. 2 C 0 ' i O .  4.1 -23.17. 17752. 10605. 7873 .  
7.9 5170, 21773. 4.1 -7462. 13711. 1.07L~9. EOC.2. 
8 . 4  5314. 21787. 4.1 -2606. 13553. 10744. 9237. 

I 8 . 0  5443. 3 2 6 1 .  4 .1  -?73i,, 13052. 11116. e-109. 
9.3 5573. 12671. 4.1 -2866. 14172. 11256. 954?. 

10.0 5760. 23303. 
11.0 6005. 34050. 

4 . 0  -3053. 14532. 11479. 8772. 
4.0 -3790. 15033. 11735. 00-9. 

11.9 6191. 24600. 4 .0  -5405. 15396. 11911. 9204. 
12.0 6379. 25072. 3 .9  -3477. 15735. 11063. 9354. 
14.0 6h10. 15713. 3.9 -3Y03. 16161. 12359. 9552. 
15.0 6710. 26017. 3.9 -4003. 16364. 12351. 9654. 

STRAIN IN PERCEt4T POST CYCLIC STATIC TEST: PC-2 
FROG HOLLOW DAM 

L ,  - - ,  - 



I 

I 

P .  
CONSOLIORTEO UIIDRRICIED 'XI  RXIRL TLST 

WITH PORE PRESSURE HEASURErlEPIT r 
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Psr. CYC. STAT. T X  KC-I. o ;- 
DL 18-26JULYS2 
BORING; FH-1 SHMPLE: PGIO 
SILTY CLRY LD 
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In 
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cn Q 
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W, 
2 
m 

LrJ 
ri- 

0 

ri- 
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----- "\. ? -r - - s - - s - r - - -  ----- "- 
0.0 - 3.0 6.0 9.0 I d .  0 15.0 

I 

-- -I----- - I - - I  
0.0 3.0 6.0 0.0 12.0  15.0 

22 

j T R f i I I 1  If1 PERCEI.IT S T R R  I N IF1 FERCEIII: 

x '2- 

0 ..- d 

0 

FI - - 

ISOTF.:OF'IC CCiF4SOL.I Il;+TtU L;i:DR:iit:ED TF;I:tXIAL TEST 
U IT!{ WJRE PI3E:J';lJR';: nEA'>I.l&'EfiCNf 3 

:It l C-I_IT:~li Il;~tlF:- l ::nl; I!r~t.!.ilU [.?ST CYC1.f C. STAT I(, T*+3 7 .'2&/g2 :ED. E;)' E:U 

T.C'F'I!?G :I'!{- 1 S;jltFl-.E :['L:--1G/I;- ,i :iEF'll+:38. Q-.\O .; 

S' l~TY CLCIY 

AT Etfll CQr. C ~ : t l ~ ~ ~ L ~ I l ~ t i l  I C I I J  : 
5>+'IP!-E t l 5 G t i T  - cn--,, .,. I . > . .  IIJCI IES . . . . . . . . . . . . . .  
f:.t5f.'l.F i,l,.f ;I . . . . . . . . . . . . . . . .  = 6.532 SCc. !tICI:II: 
ErFEl:T II)E C())JY [t(Itll; S rp5.j ; . .= 3-19.?. F'SF 

. t:?l-CTIW MAJOR [?<ItJ. STtcLSS = 3 I?'?. ?'SF ..... - 0 
F'EI!:SIPI~I. STGL?! K h T i r )  = 1 .GO 

CL - U3 2- 5.1 ~iro! t J  SIC:KA7t: SIGHAIC RCI 1 IU F'F'F\t.C,S F'PWi 1'1 131 

a- 0 
F C r  FSF . I :  S IG IE 'S ICXE F'SF F'SF PSF F'Sc 

m . C? 0 .  1570. 1.0 1920. 1570.  3 4 C C .  0 .  

(n . 3  1267. 2010 .  1 . 6  "232.  1657. 3874.  3'75. 
.C, ?I?-?. 2176. 2 . 0  23-37. 2 .  4671. 5 7 7 .  
. S 10:<(j. ?,$,]:!. ., ...., .2 l ? .  I : .  43,013. 0 9 1 .  

1 . 3 10Ll. 3:!'5f . 3.0  1-13).  214s. 45S2. 1'283. ....... 1 . 5  1994. 3311. 3 . 5  .,>,-,c 24.68. 4'273. 1373. 

? .?  1152. 4367. . 2347. 7 .  5i07. 16C'E. 
2 .  2 1210. ,\:X::;. -1.0 . 3 5f.3;. 113b3. 
?.4 1 .  5773 .  4 . 1  1 3277.  1 . .  1795. ', P. ... > 1::53. 571 1. 9.2 2151. 5:;3'7. 5 \ 7 1 .  7 1 7 1 .  
3 . 3  14?6. 6117 .  .I.;€ 7 . 3  3:'71.. "" au...~. L'3"O. 
5 ,  1 .5:;'17. 1 .  j 1 4507. ;P'i-. Z.177. 
1 . 1  1L4:!. 7076 .  4 . 3  1 J.i1,'?. 6 1 1 ! c . .  2117 .  
7 3 1:3-1.1 77/~';. 4 . 3 5 , .  ) ',> 1 . ,>'<.>j. .Y!.%t . . . , . . 0 ' .  . XA7. 1 1.1.10. 1 .  (.;..PC. :'.2:84. 
, , 1 21 1 1 . *>'><*I, . . I.;,:'. I ,  I 1 4 4 1 .  '. :9:*.3/,. r;r.jl:!, . . 1 ,  5 .  ; 7 J ! 31.3:. 
- .  1 ?%#'4. Y?!.:. 4 . 2  t l . ! ; .  .',t:.l. -'..'/. 5:'~'rI. 
7 .  :", i ,~. 1r;,::.::. .? , ? ,%,. . (.\<,'I. ?.?'.I. .??',I. 
:; 1 :?/,.?I . 10:?'lJ, . 4 . 1  3/!;. 6,*33. / , , I . ? .  411:'. 
2 . J .  2/73. ll:,/!.. 4 .  1 ,'.\9. 701;'. 77'.1). .l:'?.>l . 
' ? I 4  11/,11. 4 .1  6 - 5 4 .  7:: 5:;. /.I,'.:. 4 $7:;. 
9.  . ">LA, t i ' / ~ t .  4 .0 . 7.1~19. Y*;C,I . 4.1i::. 

I ,-, ,.a '!()'?/. . 1 ?+) 1 , +\ . ' I  .I*> ;. //',*. !>t., ;. -1/,',4. 
! 3:'c.S. t**::1:;. .r . '9 , t ; ' j . \ r .  x;L'/.t. .I/:....;. 
1 . o  y;,,.. I?,::>. 5 . 8 :  , I t .  ; I  i . sol/, . 
1 ' -  ' . / I t ? .  1404. ' .  ;.I: - :. \,.I. t:k.'i:. ; I .  1 ~ : .  5 1  4'2. 
I { ' i l l .  191.::. 1 . 1  . . \ t i ) .  : .  ::,.::. - , . : 7 : ; . -  

-r-I 1 ' .  ,, .\t,tr:. 1,!1.\3. ;./ 
3.0 6.0 0.0 12.0 15.0 

1 :  S 4 ! 0 ,  I !  ;.11.!. 
0.0 

S T R R I N  IC1 FERCEP,IT POST CYCLIC STATIC TEST: PC-3 
FROG HOLLOW DAM J 

i - 



SILTY CLFIY 

!?:'JTF:OT'IC LPtl5,i'LII:ATCTI LItIIIFii\If:CII T F i I A X I i t L  TEST 
WlTtl F'Oi:.E I~'IEE!;SU!7E ~IKP\S~JI;E~IEIJT:; 

- 1 '  ! ;: - 8  ITfi i l  LlhMS-F!'C\G II?\LL(:IJ f 'C1ST L ' i i  LIC. ST:!> 1C T:\14 7 / 1 ? / B L '  L E D .  l:Y i-.U 

' 9 : !rfY. 1 I C,: 4 . 3 ->r:.\E:. c C! l . 4'- <? . -I:<. 
J . 3  7/4. 1 l : ; l .  I .  5 t .  4 . 7 . .  .17L 3 . 4':': . 
; ,  9 ::PC:. ' </ 1, . .! . 7 .* :* 1 :> . . -  .. .,. ;.3 I., , r-. , . 

.# - . 
5 .5  .511. t'-,l(,. I ; !  I . .  ',:14. 1 .  z.~:...!. 

. , ) 371 . 1 !,7-; , , 1 .!:;L. f , j O . ! .  51. ;.:. <.?:. 
/, . t; 37.1 . 1'3 ' > ,  5 ,  . I l l $ .  1 . '  >.!';). I,;? 
.' 9 .\o'#. . 't7,' : 2 , , .. .... . . l ' l ' b .  l? ' l t> .  :.!:,.-*. c ; 1 : .  
:.5 ,?.'>I , : - . . 5 , * ; .  :, . IJ 4,) I,>. I 5 ' >  5 .  ' P  1.1,;. ..' ' . .. , >  . 
: . o  '~0.1. :.'..‘,,J. ', I - ':*:i. I :  'L,. . lC'5.1. 
? , .; ; , :~;;,:?ci. ' " ' 9  ... I ,  ! 11:';. 
9 ,  ! .' ?::. cl:,.', . 4 . 'i 11, :'.,'. . 1'.,.->2. '!/, 1 . 1 ::. I . 

1,; . I >  1 '  ; . I : > $  . 4 . 11 . ,, 
re:... 

/ : .  : 1 . .... .i.(. 1 , ,:. . 
I * - , ' ;  , . . L . r  . . I . ,  ; ;':.I;!. , ,  . 1.1 ; 5 .  

:/ . . '1 :<.:. 1 "-"' .).,? 3 . : .  619.). 15.3 ' .  
1 ! . 1 1 <av-.1 . ,l.!',; . 1 .  ; ?/:,'I. L.11':~. l y l ~ : .  

I r-- 7 I I I .  .I/.:.;.. a\.: 39;4. ::s#ol. /,::/I. 13.2:. 
0.7 7.0 6.0 8.0 12.0 1 S . C  ! . , . f ~  1 : : I t r .  , \ 'M*/, .  .\.L . . tJ.4. 1 1:;. 

5 JRHIIJ I l l  FEP,CEI:I'I POST CYCLIC STATIC TEST:PC-4 
- - -. FROG HOLLOW DAM- - 
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CONSOLIDATED UNORRINED TRIRXIAL rcsT 
H I M  PORE PRESSURE NERSURENENT 
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cd-1 

2 .  

/ ANISOTROPIC CONSOLIDATEII UNDRAINED TRIAXIAL TEST 
UITH PORE FRESSURE MEASUREMENTS 

D11S-!JTRH DAHS-FROG HOLLOU DAM POST CYCLIG STATIC TX#FM TESTED 8/16/82 

BDR1NG:FH-1 SAMF'LE:F'B-1O/S-9 IIEF'TH:38.0-40.5 

SILTY CLAY 

AT END OF CONSOLIDATION : 
SAHPLE HEIGHT .............. = 5.861 INCF!ES 
SAHPLE AREA ................ = 6.544 sa. INCHES 
EFFECTIVE CONFINING STRESS . = 3197. PSF 
EFFECTIVE HAJOR F'RIN. STFiESS = 4795. PSF 
F ' R I N C I P A L S T R E S S R A T I O . . . . . =  1.50 

STRAIN SIGHA3E SIGHAlE RATIO FFRESS FRAR PTOT Q 
F'CT YSF FSF SIGlE/SIG3€ PSF PSF F'SF P S K  

.O 1368. 2952. 2.2 1829. 2160. 3969. 792. 
. 3  1 1 0  3983. 3.6 2088. 2546. 4634. 1437. 
-5 1094. 4783. 4.4 2102. 1939. 5041. 1844. 

1.0 9 6545. 5 . 5  2002. 2870. 5972. 2675. 
2.0 1641. 9296. 5.7 1555. .,469. 7024. 3827. 
3 .0  2102. 11458. 5.4 1094. 6780. 7874. 4678. 
3.9 2520. 13015. 5.2 677. 7773. 8449. 5253. 
4.9 2309. 14318. 4.9 289. 8614. 8901. 5705. 
6.0 3335. 15603. 4.7 -158. 9479. 9321. 6114. 
6.9 3701. 16491. 4 .5  -504. 10096. 959Z. 6395. 
R . l  4075. 17425. 4.3 -878. 10750. 9872. 6675. 
9.9, 4349. lROa7. 4 .2  -1152. 11218. 10066. 6869. 

10.0 4t08. 18701. 4 .1  -1411. 11654. 10343. 7046. 
10.8 4795. 19156. 4.0 -1578. 11976. 10377. 7181. 
11.0 4838. 19266. 4.0 -1642. 12052. 10410. 7214. 
12.0 5054. 19802. 3.9 -1858. 12478. 10571. 7374. 
12.8 5213. 20191. 3.9 -2016. 12702. 10686. 7489. 
23.7 5371. 20561. 3.8 -2174. 13966. 10791. 7595. 
15.1 5630. 21152. 3.8 -2434. 13391. 1095R. 7761. 

I 

r 1 -r-- r -  I 
0.0 3.0 6.0 0 .0  12.0 15.0 POST CYCLIC STATIC TEST: PC- 5 

STRAIN I N  PE:HCENT 

I 

1 29 
x 2- 

PST. CYC, STRT, KC-1.5 0 

d- 
DL 18-16RUG82 
BORINGIFH-1 SRMPLEtPB-1 
SILTY CLRY 
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0.0 3.0 6.0 0.0 12.0 15.0 

1 ---r------- -- 
0.0 3.0 G. 0 0.0 12.0 15.0 

STRAIN I N  PERCENT STRAIN I N  PERCENT 
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COI~JSDLIDR'TED UIiDRfllNED TRIAXIRL ICS? 
H I  TH PORE PRESSURE HE~SUKEP.ICf4T 

PST. CYC, STAT, 7X. K C - 3 . 5  
D l  18-23RUG. 82 
B O R I N G I  FH- 1 5fillPLEt PB4 
S ILTY  CLRY 

d 1 
i: ----I-- I T  

- 
I 7  

0.0 3.0 6.0 0.0 1a.o 15.0 

STRAIN I N  PEECEb.IT 

AN1 SOTROF'IC COtlSSL I I IATE~I  IJfJ1lRAINE.D TF:IAXIAC TEST 
UITI! ='OPE F'RFSSURE HCASUREHEtITS 

I l l l e  I I T ~ H  II,?HS FROG HoLLr39 POST c y c r l c  STATIC I X ~ F F A  8 /23 /62  RED. FY E;?I 

. . . . . . . . . . . . . . . .  SAhc'LE ASEA = 6 . 3 5 7  SO. INCHES 
EFFECTIIJE CO?J'=INLNI; STRKSS . = 1872. F'SF 
EFFXTI 'JF ?A-'Pl; L.F:!N. STSESS = 2804:. F.SF 
PSJtJCIPALSTRC_SSF\ 'ATIO.  . . . . =  1 . 3 9  

SIGMAIE R A T I O  FF'SESS 
?SF SIG?E/SIG3E E'5c 

F'P:W PTOT 
p;,r !:.<r 

1400. 1335. 
1513. 2550. 
167s. 2763. 
1939. 9 7 5 .  
3401. 3366. 
1-71?. 3997. 
"&7. 3lC4. 
3374. JO50. 
2.774. 4335.  
9157.  4605. 
4555. 4E58. 

a 
F'SF 

4 5 1 .  
673. 
671 .  

POST CYCLIC STATIC TEST: PC-6  
FROG HOLLOW DAM I 
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CONSOLIDR'TEO UNDRAINCO T R l R X l  RL TEST 
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Appendix E 

POSTULATED EARTHQUAKE GEOUND MOTIONS FOR 

MAGNITUDE 6.0 NEAR-FIELD EARTHQUAKE -- 

An accelerogram representa t ive  of a near-field Magnitude 6.0 ea r thquake  i s  

developed in this appendix. This event  could occur  on e i the r  t h e  Hurr icane or 

Washington fau l t  zones in the vicinity of t h e  dam sites.  T h e  acce le rogram 

described herein was used in arlalyses t o  evaluate  the  dynamic response of severa l  

representa t ive  cross sect ions  of t h e  following dams: 

1. Green's Lake Dam No. 3 

2. Warner Draw Darn 

3. Frog  Hollow Dam 

4. Ivins Diversion Dam No. 5 

Although various procedures may be used fo r  developing an  accelerogram 

corresporlding t o  a part icular ear thquake level  for  a given s i te ,  t h e  rnost d i r e c t  

procedure vvrculd bz to  use an a c t u a l  ear thquake record which is similar t o  t h e  

design ear thquake in al l  of t h e  following aspects:  

1. Ear thquake magnitude. 

2. Fau l t  rupture  mechanism ( type of faulting, foca l  dcpth ,  amount  of 

displacement,  etc.). 

3. Distance f rom source t o  site. 

4. Transmission path. 

5. Regional and local  geologic conditions. 

Because of t h e  l imited number of exist ing s t rong  rriotion accelerograms,  i t  i s  

generally not possible t o  find an accelerogram which sa t is f ies  all of t h e  above 

cr i ter ia .  Therefore ,  i t  is usually necessary t o  modify existing acce le rograms  o r  t o  

develop synthet ic  records  which m e e t  most of t h e  c r i t e r i a  specified f o r  t h e  design 

earthquake.  
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The mean peak horizontal  accelera t ions  l isted in Table V-1 for  e a c h  of t h e  

four  darn s i tes  were se lected as representa t ive  values which cou!d be  expected t o  

occur  in t h e  foundation rock during a Magnitude 6.0 ear thquake on  t h e  nearby 

faults .  These values were  established on t h e  basis of a t t enua t ion  relat ionships 

proposed bjr Seed (1980) and  Campbell  (1981). The  following c r i t e r i a  were  a lso  

established for  t h e  postulated Magnitude 6.0 earthquake: 

1. Tota l  durat ion of about  20 t o  25 seconds. 

2. Bracketed duration of accelera t ion above 0.05 g of about  10 t o  1 2  

seconds (Bolt, 1973). 

3. A n  interval  between P- and S-wave onsets of about  2 t o  3 seconds. 

4. A pulse following t h e  S-wave arr ival  t h a t  models the  "fling" of t h e  f a u l t  

rebound as t h e  rupture  goes  by t h e  si te.  This should appear  at  abou t  3 

seconds f rom the  beginning of the  record. 

5, A pseudo-relative velocity spectrum t h a t  resembles in shape and level  

various spec t ra  obtained from ear thquake ground motions of a number  

of pas t  events  of similar magnitudes. 

In developing a r e p r e s e i ~ t a t i v e  accelerogram t o  be  used in t h e  dynamic 

response analyses, one  of t h e  major cr i ter ion was t o  establish t h e  response 

spectrum shape appropr ia te  for  rock s i t e s  for a Magnitude 6.0 near-field ear th-  

quake. An appropriate ear thquake response spectrum was chosen f rom a 

compilation of resporlse spec t ra  t h a t  have been presented in t h e  l i t e r a t u r e  o r  

recommended by various regulatory agencies. A brief review of t h e  findings and 

recommendatiorls made by previous investigators i s  provided in t h e  folloiving t ex t .  

The  spec t ra l  response of ear thquake ground motions has been t h e  topic of 

many investigations (Newmark and Hall, 1969, 1973; N e w ~ n a r k  et al., 1973; Mohraz, 

1976; Flall e t  al., 1976; Guzman and Jennings, 1976; Johnson and Traubenik, 1978; 

Johnson, 1980). Results  of these  investigations, in t h e  form of general ized 

response spec t ra l  shapes,  have been recommended for  use in design of various types  
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of important facilities, such as  nuclear power plants (Newmark and Hall, 1969; 

NRC, 1973; Guzman and Jennings, 1976), pipeline facilities (Newmark, 1975) and 

offshore drilling platforms (API, 1978). Previous investigatioris have analyzed 

nunlerous response spectra  generated from available strong motion records tha t  

have been compiled over the years. 

The importance of local s i te  geologic conditions on spectral  shape has been 

widely demonstrated (Seed e t  al., 1974; Mohraz, 1976) and has been generally 

accepted a s  a criterion for the selection of appropriate design response spectra  

(Guzman and Jennings, 1976; Johnson and Traubenik, 1978; Johnson, 1980). Seed et 

al. (i974) s ta t is  tically analyzed spectral shapes of over 100 ground motion records 

and showed that  clear differences in s p e c t r d  shapes exist for different local  

geologic conditions. Mohraz (1976) arrived at similar conclusions. Because of t h e  

lack of strong motion records prior to  the  1971 San Fernando earthquake, a 

disproportionate number of accelerograms from tha t  event was included in both 

studies. Seed e t  al. (1974) recognized this limitation in the da ta  s e t  used in their  

investigation and developed anticipated mean site-dependent response spectra  only 

for a Magnitude 6.5 earthquake at a distance of 8 and 32 kilometers. Results 

presented by hIohraz, although not explicitly s ta ted in his investigation, a r e  also 

only applicable to spectral shapes corresponding to  a Magnitude 6.5 event.  

Johnson (1980) and Johnson and Traubenik (1978) in their investigations of 

magnitude-dependent near-source ground motion response spectra  concluded t h a t  

spectral  shape is a function of earthquake magnitude, geologic s i te  conditions, and 

source to  s i te  distance. PJIcGuire (1977) arrived a t  basically the  same conclusions 

in his investigation of Fourier amplitude spectra. Thus, t he  results of these 

investigations suggest tha t  the amplitude and shape of the response (or Fourier) 

spectrum should change to  ref lect  distance and geologic effects  and increased long 

period motions associated with increasing earthquake magnitude. 

From our review of available SCS geologic reports and information obtained 

during the Phase I investigation, t he  local geologic s i te  conditions present at t h e  

four dam sites was established. Warner Draw and Frog Hollow dams have been 

constructed on bedrock near their maximum cross sections. Green's Lake Dam No. 

3 and Ivins Diversion Dam No. 5 dams have been constructed on relatively shallow 
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alluvial/colluvial deposits. As is described in Appendix F, t h e  one-dimensional soil 

column models of t h e  two dams t h a t  a r e  founded on t h e  alluvial/colluvial s i t e s  

(namely, Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5) include t h e  

foundation soils t o  an  assumed average bedrock depth. Since these  models include 

t h e  foundation soils, t h e  grouild motions used as input t o  t h e  models should be 

representa t ive  of t h e  type of motions expected t o  occur  on bedrock during t h e  

design earthquake.  T h e  one dimensional soil coluinn models of t h e  remaining two  

dams  (i.e., Warner Draw and  Frog  Hollow Darns) include only t h e  embankment  soils 

t o  bedrock. Therefore,  t h e  ground motions used as t h e  input  t o  these  lnodels should 

a lso  be representa t ive  of bedrock ground motions. I t  is for  t h e s e  reasons  t h a t  only 

o n e  representa t ive  accelerogram,  appropr ia te  for  a rock s i t e ,  had t o  b e  developed 

fo r  t h e  purposes of this investigation. 

The ear thquake response spectrum shown in Figure E-1 was  s e l e c t e d  f o r  use 

in t h e  development of t h e  accelerogram used in this investigation. This spec t rum 

was chosen f rom a compilation of spec t ra  t h a t  have been recommended in t h e  

l i tera ture .  In our judgment, t h e  broad-banded spectrum shown in th i s  f igure is a 

conservative es t imate  of the  spectrum tha t  would be  colnputed f rom ground 

motions recorded on bedrock during a Magnitude 6.0 earthquake.  

Having established the  shape of t h e  response spectrum for  t h e  Magnitude 6.0 

design earthqualte, i t  was then necessary t o  produce an  acce le rogram which 

satisfied,  a s  closely as possible, all of the  o ther  various requ i rements  previously 

specified. A number of s t rong  motion accelerograms f rom pas t  ea r thquakes  with 

magnitudes of about  6.0 a r e  available. Unfortunately,  these  records  do no t  sa t is fy  

all the  c r i t e r i a  (such as source-to-site distance,  faul t  rup tu re  mechanism,  s i t e  

conditions, etc.) t h a t  were  previously mentioned. I t  is for  these  reasons  t h a t  we 

chose not  t o  modify a n  existing accelerogram. Instead,  a syn the t i c  accelerograni  

was developed. 

A number of synthet ic  accelerograms are current ly  available. T h e s e  include 

accelerograms developed by investigators at t h e  California Ins t i tu te  of Technology 

(Jennings et al., 1968, 1969)? and t h e  University of California a t  Berkeley (Seed and 

Idriss, 1969; Bolt, 1979). Portions of t h e  Cal-Tech A-1 syn the t i c  acce le rogram 

were  modified and used in combination with a synthet ic  accelerogram developed by 
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Professor  Bruce Bolt t o  const ruct  t h e  accelerogram used in this investigation. T h e  

frequerlcy content  of t h e  const ructed accelerogram was modified s o  t h a t  i t s  

response spectrum closely matched  the  5 percen t  damped spectrum shown in Figure  

E-1. T h e  resulting accelerogram was then baseline cor rec ted  t o  ensure  t h a t  t h e  

veloci ty  and displacement were  approximately ze ro  at t h e  end of t h e  record.  

T h e  final  accelerogram used in t h e  analyses of t h e  four embankments  has  t h e  

charac te r i s t i c s  l isted in Table  E-1. These  correspond closely t o  t h e  values 

previously specified. I t  should be  noted t h a t  t h e  bracketed durat ion (Bolt, 1973) of 

t h e  accelerogram is nearly 1 8  seconds when scaled t o  0.66 g, and  1 2  seconds  when 

scaled t o  0.38 g. Originally, a bracketed duration of 10 t o  1 2  seconds  w a s  

specified;  however, i t  was extremely difficult  t o  obtain this value  and  at t h e  s a m e  

t i m e  sat is fy  t h e  response spec t ra l  shape  requirement.  

Plots  of the  baseline cor rec ted  acceleration,  velocity, and  displacement  t i m e  

histories for t h e  Magnitude 6.0 design ear thquake scaled t o  I g a r e  presented in  

Figure  E-2. I t  can be noted f rom t h e  velocity t i m e  history t h a t  th is  rnotion has  a 

"fling" component which occurs  at abou t  3 seconds a f t e r  t h e  beginning of t h e  

earthquake.  A comparison of t h e  5 pe rcen t  damped "target" spec t rum with t h e  

spec t rum obtained from t h e  synthet ic  accelerogram (scaled t o  1 g) is shown in 

Figure  E-3. As can  be seen f rom this figure, t h e  two  s p e c t r a  m a t c h  very closely 

over most  periods. Acceleration and velocity spec t ra  computed f rom t h e  syn the t i c  

accelerogram (sealed t o  1 g)  a r e  plot ted  in Figure E-4 for  2, 5 and  1 0  percen t  

damping. 

Earth Sc i ences  Assoc ia tes  



Table E-1 

Characteristics of Synthetic Accelerogram Developed to Represent 
a Magnitude 6 Earthquake on a Nearby Fault 

Total Duration 

Significant Duration 

= 20.7 seconds 

= 8.9 seconds (based on Arias Intensity) 

Scaled Peak Acceleration 0.66 g 

Peak Velocity 34 cm/sec 

Peak Displacement 22.5 cm 

Bracketed Duration 17.8 seconds 

Response Spectrum See Figure E-3 

0.38 g 

19.6 cm/sec 

13.0 cm 

12.0 seconds 



0.01 0.1 

Note: Spectrum Normalized to 1.0 g. 
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Note : Time-Histories Normatized T o  1.0g. 
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N o t e  : Spectra Normal ized t o  1.0g. 
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Appendix F 

DYNAMIC RESPONSE ANALYSES 

Introduction 

A ser ies  of one-dimensional wave propagation analyses were  performed t o  

establish the  dynamic response of four se lected dams during a Magnitude 6.0 

ear thquake.  The  four dams for  which one-dimensional dynamic response analyses 

were  performed are: 

1) Green's Lake Dam No. 3 

2) Warner Draw Dam 

3) Frog  Hollow Darn, and 

4) Ivins Diversion Dam No. 5 

Since each of the  dams  Listed above are loca ted  close (generally less t h a n  8 

krn) t o  potential ly act ive  esrthquake-producing faults ,  analyses were  pe r fo rmed  

using a synthet ic  accelerogram which was developed utilizing ea r thquake  ground 

motion cr i ter ia  considered appropr ia te  for  a nearby hlagnitude 6.0 ea r thquake  (see  

Ap2endix E for deta i ls  on t h e  postulated ear thquake ground motion accelerogram).  

Results  of these  analyses were  used t o  es t imate:  1) t h e  distr ibution of induced 

dynamic shear  stresses,  2) t h e  peak accelera t ion at the  c r e s t  of e a c h  embankment ,  

and  3) t h e  fundamental  period of t h e  embankments  during t h e  ea r thquake  ground 

motions postulated for  each si te.  In addition, results  of the  analyses  were  used as a 

guide in establishing t h e  induced dynamic shear  s t resses  of t h e  four  o ther  d a m  

embankments  (and foundations) for  which dynamic response analyses  were  n o t  

performed. 

Analyses were  carried ou t  using t h e  computer  program SHAKE (Schnabel et 

al., 1972). Results  of these  types  of analyses have been shown t o  c o m p a r e  

favorably with those evaluated using more  sophist icated f in i t e  e l e m e n t  techniques 

(Vrymoed et al., 1978). This appendix describes t h e  models and  analyses  t h a t  have 

been carr ied out  t o  evaluate  the  dynamic response of the  four  dam embankments.  

In addit ion t o  the  one-dimensional dynamic response analyses, simplified analyses  

were  performed on representa t ive  cross-sections of Ciypsum Wash and  Stucki  dams. 

These  analyses were  used t o  e s t i m a t e  t h e  levels of s t resses  induced by 
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the earthquake grourid motions postulated for these sites and were used to  evaluate 

the liquefaction potential of the embankment and foundation soils. These 

simplified analyses are described in the last section of this appendix. 

The results and conclusions derived from the analyses described in this 

appendix are  discussed in Appendix G and are also summarized in the main text of 

this report (see Chapters VI and VII). 

One-Dimensional Soil Column Models 

A total  of six one-dimensional soil column models were developed and 

analyzed as part of this investigation. Four of the soil column models were used t o  

represent profiles through each dam crest a t  i ts  maximum cross section. Since the 

Warner Draw and Frog Hollow Dam emba~kments  are founded on bedrock a t  their 

maximum cross sections, the soil colun~n models used in the analyses of these dams 

included o~!y embanl<ment materials as  shown in Figure F-IA. Green's Lake Dam 

No. 3 and Ivins Diversion Dam No. 5, on the other hand, a r e  both founded on 

shallow soil foundations. Therefore, the soil column models of these darns included 

both the embankment and foundation soils to bedrock, as  shown in Figure I?-1B. I11 

addition to the four soil column models described above, two soil column ~ilodels 

representing the foundation soils near the upstream toes of Green's Lake Dam No. 

3 and Ivins Diversion Dam No. 5 were also developed and analyzed (see Figure F- 

IB). Information pertaining t o  all the soil column models is summarized in Table 

F-1. 

Dynamic Soil Properties 

Dynamic soil properties consisting of dynamic shear modulus and hysteretic 

soil damping, and their variation with the  level of cyclic shear strain are  required 

for the dynamic response analyses described above. These properties a re  usually 

established on the basis of field downhole or crosshole geophysical surveys and 

laboratory testing programs. Field geophysical surveys and laboratory testing 

prograrns of this type can be quite expensive even when the dynamic properties for 

only one dam embankment need to be established. The cost of performing these 

investigations on the dams considered in this study prohibited their application. 
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Table F-1 

Summary of Soil Column Models Analyzed 

Thickness of 
Height of Foundation 

Embankment ( f t ) /  Soils ( f t ) l  
Number of Number of 

Approximate To ta l  Soil Layers Soil Layers Range of 2 Depth t o  
Profi le Sta t ion Depth of Representing Representing Layer Phrea t i c  

Dam R e p e s e n t e d  of Profi le Prof i le  ( f t )  Embankment Foundation Thickness ( f t )  Sur face  (ft)  

Green's Lake  Embankment 11+00 68 
No. 3 and foundation 

t o  bedrock 

Foundation -- 5 0 
near upstream 
t o e  

Warner Draw Embankment t o  16+-00 68 
bedrock 

F r o g  Hollow Embankment t o  11+77 5 8 
bedrock 

Ivins Diver- Embankment 20+00 60 
sion No. 5 and foundation 

t o  bedrock 

Foundation - - 4 0 
near upstream 
t o e  

Notes: - 
(1) T h e  profiles are loca ted  near maximum cross  sect ion of embankment. For  profi les through embankments, top  of profi le 

is at t h e  dam crest .  

(2) T h e  depth  t o  the  phreat ic  surface  fo r  t h e  profiles representing t h e  dam embankments  was established by assuming t h e  impounded 
reservoir  elevation at e i ther  t h e  principal  spillway c res t ,  R/C chute  or  in le t  r iser c r e s t  elevation. 



Therefore ,  t h e  dynamic soil properties for e a c h  of t h e  dams  fo r  which dynamic 

response analyses were  performed were  established on t h e  basis of published and  

unpublished da ta ,  as well as engineering judgment. 

Results  of a number of studies performed by various investigators have shown 

t h a t  for  mater ia ls  similar t o  those comprising t h e  dam embankments  considered in 

this investigation, t h e  dynamic shear  modulirs is a function of t h e  mean e f f e c t i v e  

confining pressure (Hardin and Black, 1968, 1969; Hardin and Drnevich, 1972; Seed  

and Idriss, 1970; Anderson et al., 1978; Stokoe and Lodde, 1975; Stokoe et al., 

1978). A comprehensive survey of t h e  f a c t o r s  a f fec t ing  t h e  shear  moduli and  

damping character is t ics  of soils and expressions for  determining these  proper t ies  

have been presented by Hardin and Drnevich (1972). Relationships were  presented 

l o  establish t h e  maximum shear  modulus, Gmax, corresponding t o  essential ly z e r o  

shear  strain.  The  expression used fo r  evaluating t h e  maximum shear  modulus is: 

where 

Gmox = maximum shear  modulus (psf) 

e = void r a t i o  

OCR = overconsolidation ra t io  

a = a paramete r  t h a t  depends on t h e  plastici ty index 
of t h e  soil, and 

' m' = mean e f fec t ive  confining s t r e s s  (psf). 

Equation (1) may b e  rewr i t t en  t o  have t h e  form: 

1. 

G - 
max - 1000 KZmax 

where  
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When moderate to  high levels of cyclic strain ore anticipated, the values of Gmax 

evaluated using Equations (1) or (2) need to be modified to  account for the 

reduction of Gmax with increasing cyclic strain. 

For those dams for which dynainic response analyses were performed, values 

Of K2max were estimated for the various soils comprising the dam embankments 

(and their foundation soils, if present) using Equation (3). The void ratios of the 

various materials were estimated using the equation: 

where 

Gs = specific gravity 

Yw = unit weight of water (equal t o  62.4 pcf) 

Yd = dry unit weight of the soil (psf). 

Average values of the dry unit weight of the soils were established from 

compilations of data obtained from 1) in situ density tests performed during 

construction of the embankments available in SCS files, 2)  in situ density tests  

performed during the Phase I field investigatjon, and 3) laboratory tests  performed 

during Phase 11. Average specific gravities of the soils were either determined 

from results of laboratory tests available in the SCS files, or  estimated from 

published data for similar soil types. Since most of the embankment and 

foundation soils a re  probably normally consolidated, the term (OCR) a in Equation 

(3) is equal to one, and values of may be easily evaluated. Values of yd, Gs, 

and K ~ m a x  estimated for the various soils comprising the  dams and their 

foundations are  summarized in Table F-2. The values of KZmax listed in Table F-2 

a re  within the range of values reported by Seed and Idriss (1970) for similar types 

of site conditions. The values of KZmax reported by Seed and Idriss (1970) a re  

based on results of both laboratory test and in situ shear wave velocity rneasure- 

ments. Therefore, the values of KZmax listed in Table F-2 are  probably within the  

range of values which would be obtained from field geophysical surveys performed 

on the dam embankments and their foundations. 
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Having established values of KZmax appropriate for low levels of strain, 

values of the corresponding dynamic shear modulus, Gmax, a t  any depth in the  

profile inay be computed from Equation (2). Values of dynamic shear modulus and 

soil hysteretic damping a t  other cyclic strain levels can be evaluated from the  

relationships shown in Figure F-2. The relationships shown in this figure were 

selected from a review of published and unpublished data and a r e  based on both 

field and laboratory test data for sands and clays. Similar relationships have been 

used by other investigators to evaluate the dynamic response of other dam 

embankments similar to  those considered in this investigation. 

Discussion of Results 

Restfits of the one-dimensional wave propagation analyses carried out on the 

six soil profiles are presented in Figures F-3 through F-14. Results a r e  in the  form 

of plots showing 1) acceleration time histories obtained a t  the surface of the 

profile, 2) response spectrum of the surface motions, and 3) shear stress time- 

histories for various depths within the profiles analyzed. 

The peak accelerations obtained a t  the surfaces of the various soil column 

models are summarized in Table F-3. These values are  compared with the peak 

bedrock accelerations used as  the input motion a t  the base of each profile. From 

the  results presented in Table F-3, i t  can be seen that, with the exception of the  

profile representing the foundation a t  the upstream toe of Ivins Diversion Dam No. 

5, the peak accelerations a t  the top of the soil profiles are, on an average, about 28 

percent lower than the peak bedrock accelerations. This reduction of peak 

acceleration a t  the surface of the profile was used as a guide in establishing the  

peak ground accelerations for the  remaining four dams for which detailed dynamic 

response analyses viere not performed. 

Shear stress time histories a t  three depths within each of the soil column 

models are  shown in Figures F-9 through F-14. All shear stress histories show a n  

increase in magnitude with increasing depth. 

In addition to the results of the dynamic response analyses presented in 

Figures F-3 through F-14, induced cyclic shear stress ratios were computed and 

plotted versus depth for each of the profiles analyzed. For those embankments 
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Table F-3 

Dam 

Greents Lake 
No. 3 

Warner Draw 

Frog Hollow 

Ivins Diver- 
sion No. 5 

Comparison of Peak Bedrock Accelerations with Peak 
Accelerations a t  Top ofprof i le  

Profile 

Embankment 
and Foundation 
to  Bedrock 

Foundation 
Near Upstream 
Toe 

Embankment 
t o  Bedrock 

Embankment 
t o  Bedrock 

Embankment 
and Foundation 
to Bedrock 

Foundation 
Near Upstream 
Toe 

Peak 
Acceleration 

Peak Bedrock a t  Surface 
Acceleration of Profile 
(C (g) Remarks 

36% 
Reduction 

24% 
Reduction 

27 % 
Reduction 

31% 
Reduction 

24?6 
Reduction 

11% 
Increase 



and f o u n d a t i o ~ ~  consisting primarily of sandy (cohesionless) soiIs, the induced 

cyclic shear stress ratio was computed by dividing the "average" dynamic shear 

stress, by the effective overburden pressure, oo, corresponding to the 

depth considered. The average dynamic shear stress was computed as 65 percent 

of the maximum dynamic shear stress induced within a soil layer by the earthquake 

ground motions (Seed, 1979). The cyclic stress ratio (r was computed in 
c Y 

this manner for the following dams: 

1. Green's Lake No. 3, 

2. Warner Draw and 

3. Ivins Diversion No. 5. 

A large portion of Frog Hollow Dam consists primarily of clayey soils. The 

average cyclic shear stress ratio for this dam was computed as ( r  /Su)avg, where 
c Y 

Su is the average uridrained shear strength of the soil a t  the depth of interest. The 

cyclic stress ratio (:CY/SU)avg, computed in this manner is a more useful 

parameter by which to judge the severity of earthquake loading for clayey soils. 

Cyclic stress ratios computed from the results of the dynamic response 

analyses described above were used to establish the testing conditions for labora- 

tory cyclic triaxial tests. Comparisons of the results of the dynamic response 

analyses with the results of the laboratory tests are presented in Appendix G of 

this report. For those embankments and foundations consisting of primarfly sandy 

soils, the cyclic shear stress ratios computed from the results of the dynamic 

response analyses are also compared with the cyclic stress ratios required to cause 

initial liquefaction computed from results of Standard Penetration Tests. Com- 

parisons of this type are useful in evaluating liquefaction potential of the various 

soils comprising the embankments and foundations. These comparisons are 

presented in Appendix G of this report. 

Fundamental Periods of Embankments 

The fundamental period, To, of an embankment is one of the parameters used 

in methods to estimate the amount of permanent deformation that the embank- 

ment might undergo as a result of earthquake ground shaking. Values of To may 



be es t imated  using t h e  relationship (Makdisi and Seed, 1979): 

where 

h = height of the  embankment (ft),  and  

v = average shear  wave velocity of the  embankment  soils during 
S ear thquake ground shaking (fps). 

Average shear  wave velocities, vs, of the  embankment  soils obtained f rom 

t h e  resul ts  of dynamic response analyses a r e  summarized in Table F-4. T h e  

fundamenial  periods, computed fo r  each embankment  using t h e s e  values of vs and 

Equation (5) a r e  also l isted in Table F-4. 

Simplified Procedures to  Determine Cyclic Shear  Stress  Rat ios  fo r  Gypsum -- - - - 
Wash and Stucki Dams 

In addition t o  the  one-dimensional dynamic response analyses described 

above, anaigrses were  performed on representa t ive  cross-sections of Gypsum Wash 

and Stuclti Dams. These analyses were used to  est irnate the  cyclic shear  stress 

ra t io ,  ( r  / ~ J I ~ ) ~ ~ ~ ,  versus depth profiles induced by t h e  ear thquake ground motions 
c Y 

postulated for these  sites. Results  of these  analyses were  used along with resul ts  

of Standard Penetra t ion T e s t s  (sPT) t o  help eva lua te  t h e  l iquefaction potent ia l  of 

the  soils comprising the  embankments and foundations of these  dams  (see  

Appendix G). 

The cyclic s t ress  ra t io  versus depth  profiles for Gypsum Wash and Stucki  

Dams were  es t imated  using t h e  simplified procedure described by Seed (1979a) .  In  

this method, t h e  cyclic s t ress  ra t io  at any depth  of a soil profi le may be es t imated  

using t h e  relationship: 

*o 
CY avg  

X - x r  ( T  '"0) = 0.65 x amax 
0 

d 

where, amax = peak accelera t ion at t h e  su r face  of t h e  profile, oo  = t o t a l  

overburden pressure a t  a given depth; * ' = ef fec t ive  overburden pressure; and rd = 
0 

a s t ress  reduction fac to r  varying from a value of 1.0 at  t h e  ground sur face  t o  a n  

average  value of approximately 0.6 at a depth of 100  fee t .  



Table F-4 

Average Shear Wave Velocity and Fundamental  Periods 
of Embankments 

Dam 

Green's Lake No. 3 

Warner Draw 

F rog  Hollow 

Ivins Diversion No. 5 

Average Shear 
Wave Velocity- 

v" (fps) 
U 

Computed 
Fundamental  

Period - To 
(see> 



The peak horizontal bedrock aecelerations expected t o  occur a t  each dam 

si te  during the postulated Magnitude 6.0 earthquake have been discussed in 

Chapter V of the main text of this report. The results of the one-dimensional 

dynamic response analyses summarized in Table F-3 indicate that  the  peak 

acceleration expected to occur a t  the surface of the soil column profiles are, on 

the average, 28 percent less than the input peak bedrock accelerations. Based on 

these results, the value of amax used in equation 6 for Gypsum Wash and Stucki 

Dams was assumed to be approximately equal to 1 2  percent of the peak bedrock 

acceleration values listed in Table V-1. The total and effective overburden 

pressures in equation (6) were calculated for various depths within representative 

profiles of these two dams using estimated average total and buoyant until weights 

of the embankment and foundation soils. 

Profiles showing the variation of the cyclic stress ratio with depth for the 

profiles representing Gypsum Wash and Stucki Dams are presented in Appendix G. 
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Appendix G 

LIQUEFACTION POTENTIAL EVALUATION OF 

EMBANKMENT AND FOUNDATION SOILS - 

Introduction 

T h e  procedure which was used t o  es t imate  the  magnitude of t h e  earthquake- 

induced deformations of t h e  four se lected dam embankments  is descr ibed in 

Chap te r  VIE of this report .  The  procedure used is s t r ic t ly  valid fo r  e m b a n l m e n t s  

which a r e  constructed of soils t h a t  maintain most of thei r  original  s h e a r  s t r e n g t h  

a f t e r  ear thquake shakicg. Tha t  is, t h e  procedure is valid f o r  embankments  

const ructed of soils which do not liquefy. The  four  darns t h a t  w e r e  s e l e c t e d  f o r  

deta i led  stabil i ty and deformat ion 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 t o  the  analyses performed on these  four. s e l e c t e d  darns, simplified 

analyses were  carr ied out  on t h e  remaining embankments t o  he lp  in evaluat ing t h e  

performance of these  embankments  during t h e  postulated ea r thquake  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) S t u c k i D a m  

This appendix describes t h e  various analyses tha t  were  pe r fo rmed  t o  eva lua te  

t h e  l iquefaction potent ia l  of t h e  embankment  and foundation soils. Resul ts  of e a c h  

analysis procedure a e  discussed within the  t ex t  and a r e  summar ized  in the last 

sect ion of this appendix. 
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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 res-dt of a build up of excess hydrostatic pressure 

due to the application of cyclic shear stresses induced by earthquake ground 

motions. "Liquefaction" denotes the condition where the porewater pressure equals 

the effective confining stress. In this stzte, a soil will undergo continued 

deformation a t  a low residual resistance. The occurrence of liquefaction will 

depend on the void ratio or relative density of the soil a s  well as  other factors. I t  

may also be caused by a hydraulic gradient during an upward flow of water in a 

deposit. The "Cyclic Mobilityf7 of a soil denotes the  condition in which a number of 

cyclic stress applications develop peak cyclic pore pressures equal to  the applied 

effective confining pressure and subsequent applied cyclic stresses cause limited 

strains to develop. 

There are basically three methods available for evaluating tho, licluefac tion or 

cyclic mobility potential of a saturated cohesionless soil sltbjectrd t o  earthquake 

ground shaking (Seed, 197Ya, SW-AJA, 1972). They are: 

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

earthquakes, 

2. NIethods based on evaluation of stress conditions in the  field and 

deter minations of stress conditions causing liquefaction or cyclic mobil- 

i ty of soils in the laboratory, and 

3. Comparisotls of the gradations of soils with the gradations of materials 

whieh 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 deposits. In this method, corrected 

SPT blow counts obtained from a comprehensive collection of s i te  conditions, 

where evidence of liquefaction or no liquefaction was ltnown t o  have taken place 

during past earthquakes, were used to develop empirical relationships which 

correlate the values of cyclic stress ratio (~1001) required to cause liquefaction or 
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liquefaction with limited shear strain potential. Relationships of this type have 

been developed for earthquakes of various intensity levels. The relationships shown 

in Figure G-1 were proposed by Professor H. B. Seed (1979a) and can be used for 

any given si te  (subjected to  a given earthquake ground surface acceleration) t o  

evaluate the possibility of liquefaction or the cyclic mobility potential. M7hile this 

method is intended for use in the evaluation of soil liquefaction and cyclic mobility 

for level ground conditions, results of this method provides a useful guide in the 

evaluation of the liquefaction potential for other ground conditions. 

The second method requires two independent determinations consisting of: 1) 

an evaluation of the cyclic stresses induced a t  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 liquefaction or cyclic mobility of the soil is then 

based on a comparison of the cyclic stresses induced in the field wi th  the  stresses 

required to cause liquefaction or limited straining in representative laboratory tes t  

samples. 

The third method simply requires a cor~lparison of gradations of the soils for 

which the liquefaction characteristics are being assensed with a coinpilation 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 establishing 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) a re  most 

susceptible to liquefaction. Cohesive soils do not undergo liquefaction and the  

liquefaction potential of gravelly soils is considered as being low, due t o  their 

generally high permeability which prevents the build up of high excess pore water 

pressures. 

For those embankments for which detailed dynamic response 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 Stuclci 

Dam. klethod 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 embankment and foundation soils a r e  

generally clayey (cohesive) in nature and since this method is only applicable 
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t o  generally cohesionless soils. Since cohesive soils do not undergo liquefaction, 

comparisons of the  gradations of the embankment and foundation soils with t h e  

gradations of soils susceptible to  liquefaction ara presented for  completeness only. 

Method 2 was not used in t h e  liquefaction evaluation of t he  four dams mentioned 

above since this method requires results of a relatively detailed laboratory tes t ing 

investigation which was not included in the scope of work of this study. 

All  three methods were used to evaluate the liquefaction potential  of t he  

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 t he  

evaluation of all t he  above-mentioned dams for t he  following reasons: 1) 

laboratory tests were performed on representative samples of the  embankment and 

foundation soils, and 2)  the  comparisons of the  cyclic s t ress  ratios induced by t h e  

postulated earthquake ground motions with those used in t he  laboratory tests 

provides an indication of the  behavior of the various soiIs during the  postulated 

earthquake ground motions. Method 3 was used in the case of Frog Hollow Dam. 

&lethods 1 and 2 were not employed in this case since t he  embankment and 

foundation soils a re  generally clayey in nature and, therefore,  t he  soils can be  

considered a s  having a low liquefaction potential. 

Table G-1 summarizes the analysis procedures that  were performed on each 

dam considered in this investigation. 

The following sections of this appendix describe the analyses procedures 

outlined above. Results of these analyses (where appropriate) a r e  also discussed. 

A summary of the  conclusions reached is given in the  las t  section of this appendix. 

METHOD 1 - -- Method Based on Observations of Performance in Previous Earthquakes 

This approach was used to  evaluate the  liquefaction potential  of t h e  

embankment and foundation soils of the  following dams: 

1) Green's Lake Dam No. 2 

2) Green's Lake Dam No. 3 

3) Gypsum Wash 



Table  G-l 

Dam 

Green's Lake No. 2 

Green's Lake No. 3 

Green's Lake No. 5 

Gypsum Wash 

Warner Draw 

Stucki  

F r o g  Hollow 

Ivins Oiversion No. 5 

Summary of Analysis Procedures Used 
in Liquefaction Potent ia l  Evaluation 

Analysis P rocedure  

Method Method Method 
1 2 3 

Yes No Yes 

Yes Yes  Y e s  

N. A.* No Yes  

Yes No Yes 

Yes Yes  Yes  

Yes No Yes 

N. A.* Yes  Yes 

Yes Yes  Yes  

This method not used since i t  is no t  applicable t o  soils which are generally c layey 
(cohesive) in nature.  



4) Warner Draw 

5) Stucki 

6) Ivins Diversion Dam No. 5 

As was previously noted, the soils found a t  Green's Lake Dam No. 5 and Frog 

Hollow Dam are generally clayey in nature. Therefore, this procedure was not used 

in the analyses of these dams since these types of materials have not been known 

to  undergo liquefaction during previous earthquakes. 

The approach used in this method consisted of the following steps: 

1) Measured SPT blow count data available for each dam were corrected 

to account for the effects of effective overburden pressure present a t  

the time of drilling. Blow count data obtained during the  Phase I field 

exploration program and data obtained from SCS files were utilized. 

2) Profiles representing the subsurface conditions beneath the centerline 

of each dam and, if appropriate, the foundation conditions along the  

upstream toe of each embankment were developed. Conservative 

estimates of the phreatic surfaces exi-sting in the  ernbankn~ellts and 

foundations during flood stage were assumed. 

3) Corrected SPT blow count data along with empirical relationships were 

used to estimate the cyclic stress ratios required t o  cause liquefaction 

with limited shear strain potential for the postulated earthquake. 

4) Cyclic stress ratios induced by the postulated earthquake ground 

motions a t  various depths within the representative dam and foundation 

profiles were calculated. 

5) The stress ratios computed in Step 3 were compared with those 

obtained in Step 4 to identify those soils mast susceptible to lique- 

faction and/or which may exhibit liinited shear strain potential during 

cyclic loading during the postulated earthquakes. 



Step 1 - Correction of SPT Blow Count Data 

Use of SPT blow count data for evaluating the  liquefaction potential of a 

saturated cohesionless soil deposit requires that measured blow counts be corrected 

for the effects of effective overburden pressure. The "corrected" blow count of a 

soil can be determined using the relationship: 

where N1 is the corrected blow count in blows/foot, CN is the correetion factor  

and W is the measured blow count. The values of CN have been routinely 

determined in the past using relationships developed by Gibbs and Holtz (19571, 

Marcuson and Bieganousky (1977a,b), Seed (1979a)) Peck - -  et al. (1973), among 

others. For this investigation, the value of CN was calculated from the  

relationship: 

where uOf is the effective overburden pressure in tons per square foot (tsf) (Peck - et 

al., 1973). - 

SPT blow count data obtained from the boreholes drilled during the Phase I 

field program and from borehole logs available in the  SCS files were corrected for 

the effective overburden pressure. Effective st~.esses were evaluated for the  

conditions present a t  the time of the drilling operations. Since, in all cases, no 

groundwater was noted in any of the logs of boreholes, the effective overburden 

pressures were evaluated using the average moist unit weights. 

Step 2 - Development - of Representative Subsurface Profiles 

Subsurface profiles representing the soil conditions beneath the centerline of 

each darn near the maximum cross section were developed. For those embank- 

ments resting on soil foundations, profiles representing the subsurface conditions 

either along the upstream toe of the embankment or beneath the dam abutments 

were also developed. Water levels were assumed for each of the  profiles analyzed. 

For the profiles representing the dam centerlines, water levels were based on 

G -  6 
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estimates of the steady-state phreatic surface within each dam embankment 

assuming that  the water level within the impounded reservoir was a t  the  principal 

(or primary) spillway crest elevation. The profiles that were analyzed and other 

pertinent information are summarized in Table G-2. For the profiles representing 

the dam foundations along the upstream toe of the embankment, the  water level 

was assumed to  be present a t  the ground surface. I t  should be noted that  the water 

levels listed in Table G-2 a re  probably conservative since i t  is unlikely that  the 

embankments and foundations would become completely saturated during the brief 

periods of time the dams impound water. 

Step 3 - Estimation of Cyclic Stress Ratios Required to  Cause Liquefaction 

The empirical relationships showing the correlations of the  field liquefaction 

behavior of saturated saqds for level ground conditions and penetration resistance 

are  shown in Figure G-l (Seed, 1979a). The corrected blow cqunt da ta  were used 

along with the relationship shown for a Magnitude 6.0 earthquake to evaluate the 

liquefaction potential of the various soils. The cyclic stress ratios obtained from 

this relationship and the corrected SPT blow counts are shown in Figures G-2 

through G-7 as individual data points for each of the dams considered in this 

analysis. In these figures, SPT blow count data yielding a cyclic stress ratio (r /oat) 
greater than 0.60 are shown with arrows pointing to  the right. Those blow counts 

which may be affected by the presence of gravel (i.e., the blow count value may be 

too high), are indicated by an asterisk (*) next to  the data point. Blow count 

measurements taken in generally cohesive soils are shown by a darkened symbol. 

As  previously discussed it  is highly unlikely that  these soils would be subject t o  

liquefaction. However, these data points are shown for completeness only. 

Step 4 - Calculation of Cyclic Stress Ratios Induced by Earthquake Ground 
Motions 

Cyclic stress ratios ( T / induced by the postulated earthquake ground 

motions a t  various depths within the representative dam and foundation profiles 

were calculated. Cyclic stress ratios were computed from the results of one- 

dimensional dynamic response analyses using embankment and foundation soil 

column models (see Appendix F) of the following dams: 

1) Green's Lake Dam No. 3 

2)  Warner Draw Dam 

3) Ivins Diversion Dam No. 5 

Ear th  Sciences A s s o c i a t e s  
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Tabie G-2 (continued) 

Dam 

Ivins Diversion 
No. 5 

Notes: 

(1) 

Method 1 - Summary of Profiles Analyzed 

Approximate ~ e ~ t h ~  
Profile Station of 

Represented of Profile Profile (ft) 

Embankment 29 + 00 
and foundation 
to bedrock 

Foundation near 
upstream toe 

For profiles through embankments, the profiles are located near maximum cross 
section and top of profile is a t  dam crest. 

~ e ~ t h l  to  
Phreatic 
Surface 

The depth of the profile determined by either the known (or assumed) depth to bedrock, 
or is the deepest depth of available STT blow count measurement. 

The depth to the phreatic surface for the profiles representing the dam embankments 
was established by assuming the  impounded reservoir elevation at either the principal 
spillway crest, R/C chute, or inlet riser crest elevation. 



Since the embankment and foundation conditions at  Green's Lake Dam No. 2 

are similar to those at Green's Lake Dam No. 3, the cyclic stress ratios computed 

from the one-dimensional dynamic response analyses of Green's Lake Dam No. 3 

were also used for Green's Lake Dam No. 2. For the remaining two dams that were 

analyzed using this method (i.e., Gypsum Wash and Stucki Dams), the cyclic stress 

ratios were computed using a simplified procedure outlined by Seed (1979a). This 

procedure is also discussed in Appendix F. 

The cyclic stress ratios induced in each profile by the postulated earthquake 

ground motions are shown as lines in Figures G-2 through G-7. The cyclic stress 

ratios are shown only for those depths which are below the assumed water level 

depth and for which SP?' blow count data are available. 

Step 5 -.Cornpaison of Induced and SPT Cyclic Stress Ratios 

Comparisons of the stress ratios computed from the SP'r blow count data in 

Step 3 with those estimated in Stap 4 (as shown in Figures G-2 through G-7)  help 

identify those soils that might be susceptible to liquefaction and/or which nlay 

exhibit limited shear strain potential during the postulated earthquake ground 

shaking. When the cyclic stress ratio evaluated from a SPT blow count measure- 

ment  is less thsn (i.e., falls to the left of) the induced cyclic stress r a t i ~  at a 

particular depth, liquefaction of the soil may occur during the earthquake. If the 

cyclic stress ratio computed from the SPT blow count exceeds the induced stress 

level, liquefaction of the soil is unlikely. 

From the comparisons shown in Figures G-2 through G-7, the liquefaction 

potential of the soils comprising the dams and their foundations has been evaluated 

and is summarized in Table G-3. In this table the l'iquefaction potential of the soils 

has been described as either low, limited or high. The term fthightf is used to 

describe those cases where rnost of the SPT blow count measurements indicates 

liquefaction or where excessive cyclic straining may occur. "Lirnitedlf describes 

cases where some data suggests liquefaction or limited cyclic skaining may occur, 

or where the stress ratios from the SPT blow count data are nearly equal to the 

cyclic stress ratios induced by earthquake ground motions. Finally, the term "low" 

is used in the cases where - most of the SPT blow count data suggests liquefaction 

will not occur. 
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Table G-3 

Evaluation Summary of Liquefaction Potential 
Method 1 

Liquefaction Potential 
Embankment --- Foundation Dam Profile 

Green's Lake 
No. 2 

Embankment and 
foundation 

Low Limited 

Foundation near 
upstream toe 

-- High 

Green's Lake 
No. 3 

Embankment and 
foundation to  
bedrock 

Low High 

- 

Low 

Limited to  high 

High 

---- 

---- 

Low 

Foundation near 
upstream toe 

Gypsum Wash 

Warner Draw 

Embankment 
t o  bedrock 

Embankment 
to bedrock 

Foundation below 
crest a t  le f t  
abutment . . 

Low Embankment and 
foundation 

Low 

Low 

'Limited to  high 

Limited to high 

Foundation near 
upstream toe 

Ivins Diversion 
No. 5 

Embankment and 
foundation to bedroclc 

Low 

Foundation near 
upstream toe 

Explanation 

Low - Most data suggest liquefaction andlor excessive cyclic straining will not occur. 

Limited - Some data suggest liquefaction and/or excessive cyclic straining will occur. 

High - Most data suggest liquefaction and/or excessive cyclic straining will occur. 

Earth Sc iences  Associates 



From the summary provided in Table G-3, the liquefaction potential of the 

soils comprising most of the embanltments, as evaluated from the  available SPT 

blow count data, appears to be low or limited. This seems to  be a reasonable 

conclusion in light of the  fac t  that  all the embankments were built using modern 

compaction techniques which were (generally) carefully monitored during consiruc-- 

tion. The only exception to this appears to  be Warner Draw Dam. In this case, 

some of the SPT blow counts below a depth of 30 fee t  yield cyclic stress ratios 

which are less than the induced stress levels. The foundation soils of some of the  

dams, however, may liquefy (or may devclop significant cyclic shear straining) 

during the postulated earthquake. This appears to  be the case for Green's Lake 

Dams No. 2 and 3 and Ivins Diversion Dam No. 5. 

METHOD 2 - Comparison of Induced Cyclic Stresses with Laboratory Test Behavior 

As was previously described, this method requires two independent determin- 

ations consisting of: 1) an evaluation of t h e  cyclic stresses induced a t  different 

levels in the deposit by earthquake shaking, along with 2) a laboratory investigation 

to establish the cyclic stresses which will cause the soil to liquefy or undergo 

limited cyclic straining. The liquefaction potential of , the. soil is based on a 

comparison of the cyclic stresses induced in the field with the  stresses required t o  

cause liquefaction in representative laboratory test samples. This method of 

analyses was used to evaluate the liquefaction potential and/or shear strain 

potential of the soils co.mprising the following dams a i d  foundations: 

1) Green's Lake Dam No. 3 

2) Warner Draw Dam 

3) Ivins Diversion Dam No. 5 

A series of stress-controlled cyclic triaxial tests were performed in the  

laboratory on representative, relatively undisturbed Pitcher tube samples obtained 

from the field. A detailed description of the tests performed and the  tes t  results 

are presented in Appendices A, B, C, and D for each of the dams listed above. 

Cyclic triaxial tests were performed mainly on samples consolidated isotropi- 

cally (Kc = 1.0) to represent the expected range of stress conditions in the  



embankment and foundation profiles. A limited number of tests were also 

conducted on samples consolidated nnisotropically (Kc = 1.5). Samples were 

subjected to a maximum of 8 cycles of loading. This number of equivalent uniform 

stress cycles was selected as a conservative estimate of the number of cycles 

expected to develop in the field for the postulated Magnitude 6.0 earthquake (Seed 

e t  al., 1975). A correction factor ranging from 0.60 to 0.70 is normally applied t o  

cyclic triaxial tests performed on isotropically-consolidated cohesionless soils to  

account for differences between the laboratory conditions and those believed t o  

exist in the field during an earthquake. However, for the purpose of this 

investigation no correctioil factor was applied to the  laboratory test results when 

presenting laboratory test  data. 

Results of the laboratory tests are shown in Figures G-3, G-5 and G-7 as  

individual data points for the cyclic tests  performed for Green's Lake No. 3, 
Warner Draw and Ivins Diversion No. 5 Dams, respectively. The laboratory tes t  

data points shown in these figures are plotted a t  depths corresponding t o  the major 

principal stresses to which the samples were consolidated to  in the laboratory. In 

some cases, the data are platted on both soil column profiles (i.e., the profile a t  

the rriaximum cross section and the profile near the upstream toe) although the 

samples may not have been obtained a t  the locations of the profile rep~esented.  

Even so, the consolidation stresses used in the laboratory tests  were equivalent to  

stress conditions representative of the location a t  which the data were plotted. 

The percent of axial strain developed a t  the end of 8 cycles of loading are  also 

indicated next to each test  data point. 

From the comparisons of the cyclic stress ratios induced in the field with 

those used to test  the laboratory samples as shown in Figures G-3, G-5 and G-7, the  

following conclusions regarding the possible behavior of the various soils during 

earthquake loading were developed: 

1. Cyclic triaxial tests on the embankments soils developed low t o  

moderate cyclic strains (less than 10 percent) during the levels of cyclic 

loading expected to  occur in the field. In some cases, high levels of 

pore water pressures developed during cyclic loading, however, all t e s t  

samples of these materials were capable of sustaining s ta t ic  loads after  

cyclic loading (see Appendix A,  C, and D). 
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2. Cyclic triaxial tests performed on the soil samples obtained from the 

foundatioils of Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 

developed moderate to large axial strains during cyclic 1oadil;g. IIigh 

levels of pore water pressures developed in these test samples, Some of 

these samples were unable to ma-intain static loads after cyclic loading 

indicating that liquefaction and significant strength loss of these 

samples had occurred. 

These conclusions are generally supportive of those reached from the results 

of the Method 1 analyses, that is, the embankment soils will probably not liquefy 

during the postulated earthquake ground motions, however, they may develop small 

to moderate levels of cyclic straining. Results of the cyclic triaxial tests of the 

foundation soil of Green's Lake No. 3 and Ivins Diversion Dam No. 5, on the other 

hand, suggest that liquefaction and/or excessive cyclic straining may occur during 

the earthquake ground motions postulated for these sites. 

While it has been previously mentioned that the clayey soils which eornprise a 

major poriion of the embankment and foundation soils at  Frog Hollow Ilam are not 

subject to liquefaction, it is, nevertheless, interesting to examine the laboratory 

behavior of the cyclic triaxial test sanples in comparison with the field loading 

conditions. The field loading conditions expressed in terms of the cyclic stress 

ratio ( QJT /SU)UVg, were calculated using results of the dynamic response analyses 

and average undrained strength parameters obtained from static triaxial tests (see 

Appendix F). The cyclic stress ratios computed in this way for the Frog Hollow 

Dam maximum crosssection are shown in Figure G-8. Also plotted in this figure 

are the results of the cyclic triaxial tests performed in the laboratory on the 

representative undisturbed samples obtained from the field, These ~*esulb are 

shown as individual data points. The cyclic stress ratio for these tmts were 

calculated from results of paired static and cyclic triaxial tests. The undrained 

shear strength was established from a static test on a test sample, whereas.the 

cyclic shear stress corresponds to that used in the accompanying cyclic test (see 

Appendix A). The laboratory test data points are plotted a t  depths corresponding 

to the major principal stresses to which the samples were consolidated in t h e  

laboratory. Values of percent axial strain developed at  the end of 8 cycles of 

loading are indicated next to each test data point. 
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The data plotted in Figure G-8 show that the soils do not exhibit excessive 

amounts of straining during levels of cyclic loading similar to  tha t  expected t o  

occur in the field during the postulated earthquake. With the exception of only one 

test sample, axial strains were less than 3 percent. The one tes t  that developed an 

axial strain of about 11 percent was performed on the material obtained from the 

"weak" embankment zone found during the  field drilling investigation (see Appendix 

B of phase I report). 

From the results plotted in Figure G-8, i t  appears reasonable to conclude that  

the  soils comprising a major portion of the Frog Hollow Dam (i.e., Zone I) will not  

develop excessive amounts of strain during the levels of cyclic loading considered 

in this investigation. Some of the test  samples did experience moderate amounts 

of shear strength reduction as a result of cycli2 loading (see Appendix A). These 

reductions were considered in subsequent slope stability analyses and are  discussed 

in Chapter VIII of the main text  of this report. 

RilETHOD 3 - Comparison of Gradational Characteristics - - .  

Another factor which may be considered in evaluating the liquefzction 

potential of a soil is the gradation characteristics of the material. A compilation 

of the ranges of gradational characteristics of soils which have liquefied during 

past earthquakes and/or are considered mast susceptible to  liquefaction in the  

laboratory is shown in Figure G-9. 

The ranges shown in Figure G-9 have been compiled by Lee  ,and Fitton (1968), 

Seed and Idriss (1967), Kishida (1969), and Youd (1982) and appear to  indicate tha t  

the  soils types most susceptible to  liquefaction consist of primarily poorly graded 

silty sands and sandy silts. It  is important to note that  all t h e  gradational ranges 

shown in Figure G-9 have less than 1 0  percent by weight clay size particles (i.e., 

particles less than 0.002 mm) suggesting that clayey (cohesive) soils have a low 

liquefaction potential. Gradational characteristics typical of gravels and gravelly 

soils a re  also absent from Figure G-9 suggesting, in part, that  these types of soils 

may not be capable of developing high excess pore pressures either because they 

are  capable of draining rapidly during the cyclic loading or because these types of 

materials are usually more efficiently packed (i.e., denser) in situ than soils that  

consist of uniformly sized particles. 
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While the liquefaction potential of a soil is dependent on many factors other 

than gradation (such as the relative density of the soil, the  intensity and duration 

of cyclic loading, among others), comparisons of the gradational characteris tics of 

a soil with those ranges shown in Figure G-9 provides a useful guide in establishing 

the liquefaction potential of a soil. 

The gradational characteristics of the various soils which comprise the 

embankments and foundations of the eight dams considered in this investigatio~? 

were compiled from laboratory test data available in the SCS files and from 

laboratory tests performed during this investigation. In the cases of the zoned 

earthfill embankments, the gradational characteristics of the varicus fill materials 

were grouped together by zone (if the data permitted) and were compared 

separately. The comparisons of the gradations of the embankment and foundation 

soils for each dam with the ranges of gradations of the sandy soils shown in Figure 

G-9, a re  presented in Figures G-10 through G-20. Conclusions on the liquefaction 

potential of varioils material groups which are  based on the comparisons shown on 

these figures are summarized on Table G-4. The material groups have been 

identified as having low or high liquefaction potential. "High" liquefaction 

potential has been assigned to those material groups which, in our judgment, have 

gradational. characteristics which are reasonably close to the gradational charac- 

teristics of liquefiable soils (Figure G-9) and generally have less than 15 percent 

clay-size particles. A "low'1 liquefaction potential designation has been assigned t o  

those material groups which, in general, have more than 15 percent of clay-size 

particles and/or are well graded. 

Other Considerations Related to Liquefaction Potential 

Observations made during field exploration and laboratory testing may also 

provide information which may be useful in determining whether or not a saturated 

cohesionless soil is susceptible to liquefaction. Observations which answer the  

following questions help identify those soils which may be loose and, therefore, 

liquefiable: 

1. During drilling and sampling of the exploratory boreholes, were there 

any materials that  drilled or sampled quickly indicating a loose deposit 

or fill? Were there any soils that were difficult to  sample, that  is, did 

the samples have a tendency to fall out of the Pitcher tube or was 

sample recovery poor? 
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Table G-4 

Summary of Liquefaction Potential Evaluation 
Method 3 

Liquefaction 
Potential Dam Material Remarks 

Green's Lake 
No. 2 

Embankment 
(Zone I and 11) 

Low Limited data 

Foundation 

Core (Zone 111) 

Low 

High Limited data  - 
however, consistent 

Green's Lake 
No. 3 

Shell (Zone I) Limited data - 
however, consistent 

Low 

High 

Low 

Foundation 

Green's Lake 
No. 5 

Embankment and 
foundation 

Limited data  -- 
however, consistent 

Core (Zone I) High 

Low 

Low 

High 

Low 

Gypsum Wash 

Shell (Zone (1x1) 

Core (Zone I) 

Shell (Zone 111) 

Warner Draw -- 

Limited data  

- Foundation 
(Left abutment) 

Stucki Embankment 
(Zone I and 111) 

Low 

Foundation 

Core (Zone I) 

Shell (Zone 111) 

High 

Low 

Low 

Probably Low 

Frog Hollow 

Limited data  

Old embankment No data, however, 
probably similar 
t o  Zone I11 

Low Limited data Foundation 
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Table G-4 (Continued) 

Dam - 

Ivins Diversion 
No. 5 

Summary of Liquefaction . - Potential Evaluation 
IVIethod 3 

Material 

Embankment 

Foundation 

Liquefaction 
Potential 

High 

High 

Remarks 

Limited data  - 
however, consistent 

Explanation 

Low - In general, material groups has more than 15 percent clay size particles - 
and/or a re  uniformly graded. 

High - Material group has gradational characteristics which are reasonably close to  
those shown in Figure G-9 and have less than 15 percent clay size particles. 
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2. During laboratory testing, were there materials that were extremely 

difficult to extrude and se t  up in the  triaxial chamber? Did the  samples 

slump or tilt under their own weight af ter  being extruded? 

In general, the drilling of most of the  exploratory boreholes during the 

Phase I field investigation proceeded well. Some soils were difficult t o  sample 

became of their high gravel content, however, an adequate number of testable 

Pitcher tube samples of the finer-grained soils (and prabably those materials more 

subject to liquefaction) were obtained. Some difficulty was experienced, however, 

in obtaining Pitcher tube samples of the foundation soils at Green's Lake Dam 

No. 3 (see Appendix B of Phase I report, log of borehole GL3-2 a t  a depth interval 

of 4.0 t o  16.0 feet). Some of the soils encountered in this borehole were difficult 

to sample, had relatively low SPT blow count measurements, and tended to  fall  or  

wash out during sampling. Similar sampling difficulties were encountered a t  Frog 

Hollow Dam in the  boreholes drilled along the dam crest and at the  upstream toe of 

the embankment (see Appendix G of Phase I report and Appendix B, log of borehole 

FH-2) and a t  Ivins Diversion Dam No. 5 (see logs of boreholes IV-1, IV-2, IV-4, and 

IV-5). While the materials that were difficult to sample a t  Frog I-Ioliow Darn were 

cohesive in nature and, therefore, probably not subject t o  liquefaction during 

earthquake loading, the materials a t  Green's Lake Dam No. 3 and Ivins Diversion 

Dam No. 5 were generally silty sands. As was described in the  previous section of 

this appendix, these materials can be susceptible to liquefaction. 

Few drilling- and sampling difficulties were encountered and noted at the  

remaining dam sites and recovery of attempted soil samples was quite good (see 

Appendix B of Phase I report). 

During the laboratory testing program, the samples of the foundation soils 

that  were recovered from Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 

were extremely fragile a ~ d  difficult to  extrude. The samples were wet and tended 

to slump or tilt under their own weight during extrusion. Since many of the  

sampling at tempts during drilling yielded l i t t le  or no sample, i t  is our judgment 

that the "best" samples of the foundation soils present a t  these two dams were 

tested in the laboratory. These considerations suggest that  foundation conditions 

a t  Green's Lake Dam No. 3 and Ivins Diversion Dam No. 5 are  unsatisfactory. 
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Conclusions on Liquefaction Potential 

The results of the various analyses and the discussion of the other considera- 

tions presented in this appendix provide a basis upon which to  judge the lique- 

faction potential and/or cyclic mobility of the various soils comprising the 

embankments and foundations of the dams during the postulated earthqualte ground 

motions. Our conclusions, which are also based on our engineering judgment, a re  

summarized in Table G-5 for ecch of the dams considered in this investigation. 

I t  is our judgment that,  with the exception of the foundation soils a t  Green's 

Lake Darn No. 3 and Ivins Diversion Dam No. 5, the embankment ma te r ids  and 

foundation soils, where present, should behave satisfactorily during the  postulated 

Magnitude 6.0 earthquake. During the cyclic 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 water pressures may develop in the  

embankment and foundation soils that could produce a moderate reduction in shear 

strength cf the soils. I t  is likely that  only limited cyclic straining would occur 

which would not impair the performance and operation of the  dams. Seine of the 

foundation soils a t  Green's Lake Da.m No. 3 and a t  Ivins Diversion Dam No. 5, on 

the other hand, may be subject to liquefaction and/or excessive cyclic straining. 

After the earthquake, excessive levels of pore water pressure could be built ilp 

which would cause rather significant reductions in shear strength in these soils. 

While the analyses arid data presented in this appendix tend t o  support the  

conclusions summarized in Table G-4 and those discussed above, it should be noted 

that they are based on a number of conservative simplifyi~lg 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 because it 

results in ground motions which possess high levels of ground acceler- 

ation (and velocity) a t  frequencies which are in the  range of those of 

the dam embankments. The stresses induced in t h e  soils by these 

notions are, in our judgment, conservative. 
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Significant portions of the embankments and the  entire foundations 

were assumed to be saturated a t  the time of the earthqilake. As was 

previously mentioned, this 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, i t  

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, a s  long as  the  

impounded water is discharged rapidly, this condition would probably 

exist for only brief periods of time. 

Since liquefaction can only occur if saturated conditions exist, t h e  analyses 

and discussions presented herein en~phasize the need for careful maintenance of 

systems used to discharge rainfall runoff. Conditions similar t o  those which 

existed during 1967 a t  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. As long as the darns are operated as temporary flood control 

structures, liquefaction (accompanied by a severe loss of strength) of the soils 

comprising the embankments and fouridations should, in our judgment, be consid- 

ered unlikely. 
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Table G-5 

Dam 

Green's Lake No. 2 

Green's Lake No. 3 

Green's Lake No. 5 

Gypsum Wash 

Warner Dam 

Stucki 

Frog Hollow 

Ivins Diversion No. 5 

Summary of Liquefaction Evaluation - 
Conclusioris 

Liquefaction Potential  
Embankment Foundation Rernarlts 

Low Low 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

High High pore pressures 
may develop in founda- 
tion soils during cyclic 
loading which may cause 
liquefaction, excessive 
cyclic straining or  
severe reduction in shear 
strength. 

Low 

Low 

Low to 
Limited 

Low 

High 

Excess pore water  pressure 
may develop in some of the  
foundation soils a t  depth, 
having l i t t l e  or no af fec t  
on the embanltnlentls per- 
formance. 

High pore pressures 
may develop in founda- 
t ion soifs during cyclic 
loading which may cause 
liquefaction, excessive 
cyclic straining or  
severe  reduction in shear 
strength. 
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