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[I. .NTRODUCTION

A. Pumose

An investigation has been conducted of the stal ility of a landslide complex
present in the hills north of the General Electric Test R :actor (GETR) facility near
Pleasanton in Alameda County, California. The objective of this invest ‘gation was
to evaiuate and characterize the potential hazard, if any, to the GETR or
appurtenant safety-related facilities posed by the presence of the landslide
complex. In particular, possible loadings on the proposed Fuel Flooding System
(FFS), a portion of which crosses the surface projection of the basal shear of the
landslide complex, were evaluated. This study is responsive to the Nuclear
Regulatory Commission staff positior that an investigation program should be
conducted to evaluate the potential landslide hazard at the GETR site (NRC. 1980).
The scope, objectives, and proposed methodologies of this investigation were
reviewed by the NRC staff prior to the start of the program.

B. Related S:udies

The results of several earlier studies related to the issue of landsliding at the

GETR site have previously been submitted to the NRC. Geologic evaluations pased
on field mapping, aerial photo interpretation and some subsurface expioration of
both the large-scale, deep-seated landslides and surficial slides were presented in
the Phase I and Phase II Geologic Investigation reports for the GETR site (ESA,
1978a, 1979). In another investigation the relative stability of the landslide

| complex was assessed in terms of geologie, geomorphie, and eclimatic conditions
and stability analyses were performed based on data available at the time (ESA,

| 1978b). An imdependent evaluation of potential landslide hazard at the site was
included as part of the geologic studies conducted by the California Division of
iines and Geology (1979).

C. Investigation Procedure

The investigation of the stability of the landslide complex in the hills north of

the GETR included review of geologic evidence, field and laboratory investigations

' and analysis and interpretation of the data coilected.
Extensive geologic studies have been conducted at the GETR site as part of
' earlier investigations (ESA, 1978a; 1979). The geologic data relative to the

' -1 Earth Sciences Associates
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III. SITE CONDITIONS

A. Geologie Units And Strueture
The regional and site geology of the Vallecitos Nuclear Center vicinity have

been described in detail in previous reports (ESA, 1978a, b; 1979). Of most interest
for this investigation are the character and distribution of geologic units and strue-
tures within the Vallecitos hills just north of the GETR. The geologic section in
this area consists predominantly of dense gravels with thinner interbedded very
stiff to hard silty clays, both units being of the Livermore Gravels, and dipping
gently to moderately to the northeast. The generalized distribution of these
material types within the hillslope is s*~wn on Figure 2, Ge« iogic Section X-X'.
The contacts shown on Figure 2 were interpreted from -~tensive trench data,
geologic mapping and lithologic and geophysical logs of borings. Where boring
control was not available contacts were projected to depth based on the dip of the
section as exposed in the trenches, in outerop, and in the Fuel Flooding System
(FFS) cut.

Predominantly fine-grained materials were encountered throughout boring
RD-1 and the middle portions of borings RD-2 and RD-4, although at leazt the
upper 15-20 feet of RD-1 is known from previous studies to include late Quaternary
colluvial deposits and superimposed paleosols derived from the Livermore Gravels
(ESA, 1979). As a result, the samples from RD-1 cannot be considered represent-
ative of the materials existing down dip within the hills to the north. The fine
grained units >ncountered in RD-2 and RD-4 include units of clayey silt to silty
clay in the up er part of the section. The section grades to more plastic fin. .
downward and ncludes variable amounts of sand and gravel. The interpretation
shown on Figure 2 assumes that this generally fine-grained section consists of
either material type 1 or material type 3 as defined in Appendix B.

The lower parts of borings RD-2 and RD-4 and of Shannon and Wilson's (1973)
borings B-1/B-1A and B-2 all encountered clayey sand and gravel which has been
designated as material type 4 as described in Appendix B. This material is
interpreted to underlie the fine-grained unit discussed previously to the depths of
interest in this study.

An interbedded sequence of fine and coarse grained units was encountered in
the upper half of boring RD-3 as shown by the combined lithologic-geophysical logs
on Figure A-2. Samples from the fine-grained units have been designated as

-1 Earlh Sciences Associates
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A. Geologic Evidence
The southern slope of the Vallecitos hills has been interpreted

erosional remnant of an ancient, massive landslide complex (ESA, 1978a,b,;

¢

1979). Geologic evidence exposed in exploratory trenches at the toe of the slide

mass indicates that principal movement of greater than 80 feet oceurred more than

100,000 years ago (ESA, 1979). Minor additional movements tot ling 6 to 12 feet

occurred between about 17,000 to 100,000 years ago. There is evidence that no

at least the last 8,000 vears. This evidence is

movement has occurred auring

compatible with the deep erosional dissection, subdued and modified ceom rphice

expression and overall gentle slope of the remaining landslide mas
3 s

Vallecitos

reologic interpretation suggests that the landslide complex in the

ly activated during a pluvial epoch when the climate was much

Hills was initial

wetter and erosional base levels were significantly lower than at present. There

] ST12) ' \ M \ ISy frnn ™oL y Ty ’ N y N
also evidence that the Vallecitos hill front mav have been over-steepened bv a

™ 1t}

previous west-northwest flowing drainage. The role of earthquake loadings in the

initiation of movement is not known, but mav well have been a contributing factor.
The absence of movement during the past 8,000 years and the difference

b ™ N 13 ¢ v - N N - ‘ y -
between the climatic and geomorphic conditions existing todav and those inter-

nr 1 H = . Y ' \ oy " 1o T F H r }
preted to have existed at the time of major movement of the slide complex bot

the present stability of the remaining landslide mass. Based on estimates

rep 1 al f la rore o ™ \ g \ -~ ’ b, £
>currence Intervals for large earthquakes on the nearbv 1laveras fault,

seems likely that the land 2 &S Deen subjected to at lea several

episodes ol very strong ground shaking during the past 8,000 vears.

there s 10 evidence of ffse auring 1€ Ime 1ndaicates

landslide complex is stable even

Stability Analysis
e Sl SRS TR 38
Even though geologic evidence indicates that the landslide

hills north of the GETR is stable, a seismic stability analvsis was D¢

estimate the magnitude of permanent deformations which might

earthquake loading conditions. The methodologies and results of these

analyses are described in detail in Appendix C and summarized briefly here.
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lhe basic technique of analysis derives originally frem the method of
Newmark (1965) in which the landslide mass is considered capable of limited slip
whenever the seismic coefficient acting on the mass causes shear stresses to exceed
the yield stresses on the failure plane. Knowledge of ( seismic coefficient
acting on the mass during the design earthquake and (b) the seismie co

‘cessary to cause incipient yielding are required as input. The

analysis is net final slip at the end of the earthquake.

lo evaluate (a), we have determined that the design N o earthquake will

cause seismic coefficients up to 0.34 to act on the landslide mass. T? IS estimate is

conservatively high because it neglects the "tau" effect arising from the great size

the landslide.
l'o evaluate (b), the coefficient causing yield of the landslide mass, we have
determined the yield shear strength of the soils which we infer to lie along the

3 ~ — < sriert b raal s 11 | ~ B
Indrained or remolded strength values ire used, on the

faillure plane. The residual

the materials are disturbed by past Jandsliding, and that the disturbance
"healed". Usirg these strength values, the seismic coefficient causing

Incipient movement is determined by trial-and-error stabilitv alysis. The yield

elsmice r"j(‘:ﬂr‘]("(’”t IS shown to be 0.18. This estimate

the conservative interpretation of the laboratory test results

stabuity analyses indicate that

could oceur along

ovement
rmanent deform
subDjected to se¢
3,000 or more vears.
Based on the results
complex poses no
18 em of movement of the landslide complex
accomodated in the design of the proposed F
value 15 well below the one meter

accepted as part of the seismie des
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EXPLANATION

RD-2 G Exploratory boring - ESA, 1980.
B2 O Exploratory boring - Shannon and Wilson, 1973.
G-1 oA,
M Exploratory trench - ESA, 1979,
>|( >’(' Line of geologic/stabi!ity analysis section, see Figure 2
NOTE

Base map from Figure No, 2, ESA, 1979, See Figure No. 2, ESA, 1979, for
complete explanation of other map symbols.
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APPENDIX A
FIELD INVESTIGATION

Introduction

Subsurface exploration for this investigation was conducted during late June
and early July of 1980. The field investigation involved drilling, logging, sampling
and standard penetration testing of four rotary-wash borings in the GETR viceinity.
Piezometers were installed in all borings and water levels are being monitored. All
borings were drilled using a Failing 1500 truck-mounted drill rig. The borings were
located as shown on Figure 1, Exploration &nd Geology Map. The borings,
identified as RD-1, RD-2, RD-3, and RD-4, were sampled using Pitcher Barrel and
Modified California Drive Samplers to obtain materials for laboratory index
property determination and testing. The borings ranged in depth from 30 to 433
feet, with a total footage of 673 feet. Standard Penetration Tests were performed
in 3 of the 4 borings.

Drilling operations were conducted by J.N. Pitcher Drilling Company of East
Palo Alto, California, under the direction and field supervision of Earth Sciences
Associates (ESA). All boring were logged by ESA personnel and copies of the field
boring logs are included #{ the end of this appendix. ESA personnel handled,
packed and transported all samples to the ESA geotechnical laboratory in Palo
Alto, California.

Sa leing

Samples for index property determination and laboratory strength testing
were recovered from all borings using either a Pitcher Barrel Sampler (3-inch OD)
or a modified California Drive Sampler (3-inch OD). The Pitcher Barrel Sampler
yields relatively undistrubed samples except in gravelly materials and was used
whenever possible to obtain good quality samples. ESA's field engineer en-
countered numerous difficuic.>s in using the Pitcher Sampler in the formations
being drilled. The local substrata consisted predominantly of clayey, gravelly sands
to sandy gravels. Scattered cobbles up to several inches in diameter were common
in mueh of the section penetrated. As a result two particular problems often
occurred. First, cobbles protruding from the side wall of the bore hole often
blocked lowering of the sampler to the bottom of the hole, or the end of the sample
tube was bent as it was introduced. The borehole then had to be reamed with a
rock bit before a new sample run was attempted. This procedure was time-

A<t Earth Sciences Associates



consuming and often occurred repeatedly so that further attciupts at sampling
those intervals were abandoned. The second problem would occur when coarse
gravel clasts or cobbles were present in the material being sampled. These
materials would bend the tube as it was advanced and caused poor recovery and
very disturbed samples. These problems were most prevalent in RD-2, RD-3, and
RD-4. No sampling was possible at depths greater than about 200 feet in boring
RD-3 although several attempts were made. RD-1 yielded, for the most part, good
quality Pitcher Barrel samples. Average Pitche~ oarrel sample recovery was 88
percent for RJ~1, 79 percent for RD-2, 72 percent for RD-3, and 61 percent for
RD-4. Overall average recovery was 78 percent.

A modified California Drive Sampler was used to obtain blow count data as
well as 2% inch diameter, slightly to highly disturbed samples. Either a 140 1b or
300 Ib hammer was used to drive the sampler depending on the hardness of the
formation encountered. Average recovery for the California Drive samples using
the 300 Ib hammer was 73 percent for RD-3 and 63 percent for RD-4. Overall
average recovery was 70 percent. Use of the 140 lb hammer yielded lower
recoveries. Interpretation of blow count values fromthe modified California Drive
Sampler are discussed under Field Testing.

In general, target sampling epths were chosen on the basis of geologic
projection of shear planes observed in Trench B-3 and computer generated failure
surfaces from preliminary stability analyses. Sampling was not, however, re-
stricted to these depths since the field engineer tried to avoid sampling the very
gravelly material which tended to result in poor to no recovery. Finer grained silty
and clayey units were the preferred sampling horizons.

Samples were handled and transported carefully to minimize additional
disturbance. After the sample was removed from (he hole, it was logged, labelled,
capped and sealed with tape and wax. Samples were transported to ESA's
geotechnical laboratory in Palo Alto oy ESA field personnel.

Field Testing

Standard Penetration Tests (SPTs) were performed using a standard 2-inch
OD spoon with a split inner barrel. The tests were conducted by driving the
sampler a distance of 18 inches using a 140 1b hammer and a 30-inch drop. The
number of blows required to advance the sampler each of three successive 6-inch
increments was ' corded. The sum of the blows for the last two increments is the
Standard Penetration Resistance (NSTD) in blows/ft. These values are plotted

Earth Sciences Associates
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versus depth on Figure A-1.
A modified California Drive Sampler was also used to obtain penetration

resistance data. This sampler consists of a 3-inch OD thick-walled barrel with

1 N\ - g 2 ~ 2 2 2
three 2i-inch OD, 6-inch long steel liners. The liners facilitated handling,

transport, and storage of recovered sa mples. Penetration tests using this sampler

were conducted in the same way as the SPTs, except that a 300 1b hammer was
used in very dense or hard materials. In order to compare the penet.ation
resistance determined by these tests with the SPT values a correction factor was
applied to the California Drive Sampler test results. The correction factor
accounts for the difference in input energy wh different hammer weights are
used and for the difference in wa.l thickness of the samplers. The co: ‘ection

factor is calculated as follows:

where,

correction factor, dimensionless
STP - equivalent penetration
resistance, blow /ft

field blow count for modified

California Drive Sampler,

drop, inches
» o | > ———
sampiler outer dia

sampler inner dian

'he SPT-equivalent standard penetration resistance values from

California Sampler tests are plotted versus depth on
SPT results.
Estimates of in-situ strength can be made based standard

Using published relationships of

2enetration resistance summarized on Figure A-1,
unconfined compressive strength to standard penetration resistance suggests that
the undrained shear strengths of the fine grained soils tested in-situ i on the o: 2r

of 5,000 to 10,000 psf to depths of about 100 feet (NAVF AC DM-7, 1971). Similar

Earth Sciences Associates




relationships between friction 1dard
indicate

about 40 feet

imbe and Whitman, 1969).
Pocket penetrom

henever possit

1ed shear
most cases the sample strength
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too gravelly to
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Piezometer readings from borings RD-2 and RD-4 are plotted on Figure A-4
and those from RD-3 are shown on Figure A-5. The piezometer installed in boring
RD-1 remained dry througncut the monitoring period shown on Figures A-4 and A-
5. As seen on Figure A-4, the upper piezometer in RD-2 ar< the deep piezometer
in RD-4 are recording very low heads and the fluid levels appear to be declining
slowly with time. The readings in these piezometers may actually be residual
drilling fluid which was not removed by the compressed air flushing. The readings
in the deep piezometers in RD-2 are erratie, out also show a general decline in
fluid level with time. During the blow-out operation, compressed air input at the
bottom of the deep piezometer in RD-2 caused some fluid to be blown out of the
top of the shallower piezometer. This indicates that some hydrualic connection
exists between these staged piezometers in spite of the presence of two bentonite
seals. A conservative interpretation of these data is that the fluid recorded by the
deeper piezometer in RD-2 is Jue to a zone of perched ground water above the top

of the piezometer in boring RD-4. The maximum head due to this inferred perched
zone would be about 20 feet of water.
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HOLE DEPTH (MIN) 40ft.  (MAX)_119.1f1

REMARKS poor SP response

SPONTANEOQUS ESISTIVITY —=

NATURAL GAMMA
POTENTIAL

RAY INTENSITY—=

See Drilling and Sampling Log in Appendix A for detailed descriptions.
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APPENDIX B
LABORATORY INVESTIGATION

Introduction

The purpose of the laboratory testing program was to evaluate the statie
strength characteristies of the various subsurface soils found in the vicinity of the
GETR faeility. To fulfill this objective, various laboratory tests were performed
on selected samples of the subsurface

materials obtained during the field investi-
gation conducted as part of this study (see Appendix A). Moisture and densitv
tests, grain size analyses and Atterberg limits tests were conducted to aid in the
identification and correlation of the various soil types.
the various m¢

Static shear strengths of
iterials were evaluated by performing consolidated-undrained triaxial
tests with pore pressure measurements and concolidated-quick

relatively undisturbed Pitcher

iirect shear test

S Of
In addition to the static shear strength

tests on undisturbed Pitcher samples noted above, a series of consolidated-quick

samples.

direct shear tests were perfermed on remolded test

samples. To expedite the
laboratory testing program, three triaxial tests and the direct were
performed at Dames and Moore, San Franciseo

It should be noted that

Of previous investigations (Dames and Moore,
1960; Shannon and Wilson, series of consolidated-undrained triaxial
were performed. he previous triaxial tests were conducted using ver low
consolidation stresses which are not. ir within the range of stress
appropriate for the analyses conducted investigation. In addition.
previous triaxial tests were performed the total shear strength
characteristics of the materials and therefore the test results could not be used to
evaluate effective shear strengths. Al hough the previous triaxial test results are
limited, they were used to the fullest extent possible to supplement the test results

oDtalned during this investigation.

Viateria wDes
lat il Types

As discussed in a previous section of this report, four material types were
selected for testing. The description of each of these material types is summar-
ized as follows:

Material Typ

(10 YR 4/2) to

Y CLAY/CLAYEY SILT (MI

light olive gray
Y 5/2); SA

S .
. to CL/ML);: low

Earth Sciences Associates




some hard cemented

plastic fines, some fine sand; pervasive carbonate with

Zones; very dense to hard; moist

2 brown (10 YR 5/4);: CLAYFY

Material Type 2 Moderate vyellowis!

SILT/SILTY CLAY (ML/CL);

sand; very

;V\.‘l

slight to low plas it om n

stiff to hard, moist.

'O GRAVELY

ND
ivi

ate 3 Moderat: brown (5 Y CLAY

AY

rravel; very stiff to

M -

|

15
12

erial Type

o8 |
sticit ¢coarse sand;

CL (CL); medium high

Material Type 4 Moderate vyello

GRAVELY SAND (

. -
i SC) low to medium

1
i
i

to coarse gravel; very dense; macist.

Mat al pe——— .
\laterial types and characteristically contained some randomly

arier v | 1im g ] i Pilacmin . > p
oriented slickensided fissures. Static triaxial tests performed on these materials

r v f 1o al~ b r . P2
renerally falled along these pre-existing fissures.

toct rociilt by 4 - B = .
tes esults obDtained for selected samples are plotted

Atterberg lim

B-1 nat the materials have a relativelv wide rance
3 ide rang

Figure

- hrrg

: -
r ity e . | mnla N
plastiecity. curves for seiected samples are shown on Figures |

5 'TWitﬂrlul tvpes 1 hrt resnectivelv Cirad tog Woeres no v 3
ty 1 thru 4, respectively. Gradation tests were pertormed on

for
not

£ adAition e, L
1GJIT10N les which were

of the triaxial test samples in

most

i 1 P
ined [rom

and results

iradation Atterberg limits test

triaxially

+

triaxial

Lest

tested.
t samples performed by other investigators (Dames and )

¢

oore

, 19603

4

19

were considered appropriate for the analyses

and Wilson, 1973) which

Shannon

4
i
purposes.
: ¢

1ed parative

perforn for this investigation are shown for com

Sample Preparation

are from

Samples designated for static triaxial testing were extruded wit}

Sample tubes were cut to a

the sampling tubes to minimize sample disturbance.

1 ami & 2 P S > i .
length of approximately 6 inches using a speed motor driven horizontal

b e w ™ r " 1 y
bandsaw. 'he cut portion was then vertically extruded into a

e draulic extruder. Samples were then trimmed.

}
44 n\

me a motor driven hy

mbrane usir
th

the triaxial testing apparatus.

-

weighed, and measured prior to placing them into

Earth Sciences Associates




'ne soil samples that were triaxially tested were generally extruded with
considerable ease. Some difficulty was encountered, however, when trving to
extrude testable samples of aterial type 4. Because of its high gravel content,
sampling of this material during the field exploration program was extremely

difficult. Extruded samples were oft
of coarse

for this material type.

gravel. It is for these reasons that

'n disturbed or contained lar re voids or

only one testable sample was

Yleces

obtained

Only one sampie (RD-3/PB-3, material type 1) designed for triaxial testing
~as unintentionally disturbed juring sample preparation. During trimming, the
sample split down a pre-existing fracture plane and the sample had to be discarded.

Direct shear test samples of relatively undisturbed materials were extruded
using the same procedures as the triaxial test samples. Samples were trimmed to a
diameter of approximately 2.4 inches in order to fit into the direct shear testing

ipparatus. Some samples had to be slightly patcehed since some sr all voids were
created along the sides of the sample juring the trimming process.

Remolded direct shear samples were preparec Dy compacting the selected
naterials into one-half inch direct shear testing rings to an estimated in-situ
daensity and fully saturated moisture content. \fter the compaction process. the
two direct shear testing rings were put together and placed into the direct shear
testing apparatus. I'his procedure resulted in an artifical planar discontinuitvy
within the sample along which shear displacement occurred during the test.

Static Triaxial Tests

\ series of static triaxial tests were conducted on relatively undisturbed
‘iteher samples (3-inch OD) of the various material types selected for testing. A
total of 11 samples were tested. A sumi \ary of the static triaxial tests performed
during this investigation along with pertinent te sting and sample information is
presented in Table B-1.

Prior to testing, all sampl.s were fully saturated and consolidated iso-
tropically to a range of effective stress *onditions representative of those existing
it considerable depth. It should be noted that in most cases the samples that were
tested were obtained from relatively shallow depths (45.0 to 62.0 feet) and that the

effective stresses to which the samples were consolidated are considerably higher
than the stresses the samples had experienced in-situ. This procedure was used to

determine the material strength charac

appropriate for the stability analyses.

teristics over a range of stress

\‘\
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['ests were run at strain rate ranging fre
reasonable pore pressure equilization throughout t| \ s Th [ dure was
followed to allow for the evaluation of effective
various materials even though the

gn 1ain ot )c'l‘?.'v"‘

evaluate total strength parameters.

Most tests were continued until axial strains

of approximately 20 percent had
developed, however, some nly be continued to appr«
to 15 percent due to the failure of the ples. Stress
corresponding to each test are

failed triaxial test soil

n rig o roughn
As can ! seen by the stress - NShips
photographs of specimens, the vari

Dahavior during axial loadings. ['he

reaches distinet

oint

1lent

€ deviator stress inereasi

! ne sou strength
fined by the rat (

was essentially constant for axial strair

than 9 percent

leviator stress were recorded

tests show a drog

increase percent.
the result of breaking of n bonds
g fracture planes.

percent.

mee the peak streng

as reached the strenctt
wa iched, the trength
neasured at gher strains probably represents t} residual
strength along the failed fracture plane.

o 3 17 |
stiding f{rictional

The second mode of behavior exhibited by h remaining triaxial
specimens was a general increase in deviator stress recorded the entire
Fhis behavior was prevalent in material tvpes which te to
failure versus those that failed along a pre-existi fracture plane.
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“ i
test resulis shown in Figure B-12 shows a decrease in deviator stress for strains
rreater than 4 percent, however, the photograph of this san ple shown in Figure B-
16, shows that this sample tilted and bulged to one side which mav explain this
sample's strength behavior.
Direct Shear Tests

A series of !'(')H\(‘!llfﬁ{lo‘tf—«;t‘j('k direct shear tests were r’\e'f‘f“:[‘”,o’«} on bot!
relatively undisturbed and remelded soil pecimens of material types 1 and 2
samples of material tvpes 3 and 4 could not be tested In direc. shear since theov
contained a large percentage of fine to coarse gravel. Undisturbed an? rem~ided

soll samples of material types 1 and 2 were prepared for testing as previously

described in the section titled Sample Preparation

. Each sample was submerged in
water and consolidated to a specified normal pressure Dy applying incremental
staged loadings. After consolidation , the samples were stressed to failure by

applying a shearing load to the top ring of the direct shear testing apparatus.

I'he direct shear tests vere performed at strain rates which would

the test in approximatcly 10 to 20 minutes. The shear

Y 1 strengths derived fron these
tests represent the soil's total strength since the she iring rates were too fast to

allow drainage of the developed excess pore

pressures. lherefore, these direct
shear test results can only be used to develop total strength parameters for the
materials tested.
A\ summary of the direct shear tests performed during this investigation along
with pertinent testing and sample information IS presented in Table B-2.
shear force ver us shear deflection for each test ire plotted on Figures 18 and B-
19 along with axial deflection versus shear deflection. It should be not that the
irea of the failure plane in a direct shear sample decreases as the deflection of the
>ampie 1s increased. Therefore, the norma! and shear stresses applied during the
lirect shear tests must be corrected to account for the ct anges in the area >f the
failure planes, particularly at higter sample leflections. \ summary of the

uncorrected and corrected direct shear test results is given in Table B-3 for both

the peak shear force measured during the test and at a deflection corresponding to
10 percent shear strain.

lhe direct shear test resuits for material type 1 indicate that the strength of
the undisturbed soil samples have a strength behavior wihieh appears to be

independent of the applied normal stress. Fhis may be the result of the varying

amounts of cementation found in this material type

whic! iy tend to mask anvy
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e remoided 'S npies, on

strength increase trends. 1

increase in shear strength with inerea g applied normal stre
[he direct shear test results summarized in Table |

ncdie \ \ar }
Indicate that there is an increase in shear strengt! with increasing
stress for both the undisturbed and remolded test samples.
strength at 10 percent shear strain

nowever, have a shear

he strengths

iU to 40 percent less than t
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strength envelope at high principal stresses is extremely flat. However, it is our

judgement that the resuits from triaxial tests performed at the relatively high
confining pressures (test results shown in Figures B-8, B-10, and B-12) are probably
not representative of the true strength of these materials. Published effective
sirength paramaters derived from tests performed on similar material types such
as London Clay (Bishop et al., 1965) support this conclusion. Published data do
indicate that the effective strength envelope should "flatten out" at relatively high
confining pressures. However, the published strength envelopes do not flatten out
to the same degree as is suggested by the limited number of triaxial te...
performed for this investigation.

As was previously discussed, the triaxial tests performed on material types 1
and 2 all failed along an apparent pre-exisiing fracture plane. The peak strengths
recorded for each of these tests probably represents the strength of these pre-
existing fracture surfaces. In addition, photographs of the samples taken after
each test show that the top cap of the triaxial test apparatus underwent an
extreme rotation during testing. This would, in effect, reduce the normal stress
acting on the failure plare of the sample which would result in a lower shearing
force required to strain the sample. These observaticns help explain the unusually
low effectiv strength envelopes derived from the triaxial tests performed for this
invesu.gation.

The effective strength envelope for material type 4 is shown in the top of
Figure B-23. As was previously discussed, only one sample of this material type
was found to be testable. The high percentage of gravel and cobbles present in this
material made sampling extremely difficult. The strength envelope was developed
using the results of the one triaxial test and published strength parameters for
similar materials. It should be noted that the strength envelope has been flattened
at high effective principal stresses. The rate at which the strength envelope was
flattened was determined by findings presentea by Leps (1970). It is our judgement
that the effective strength envelope shown in Figure B-23 for material type 4
represents a conservative estimate of this material's strength. Pitcher tube
samples frem the same geologic unit fro.: which the one testable sample of
material type 4 was obtained generally contained a higher percentage of gravel.
Boring logs obtained during the field exploration program indicate that the unit
also contains scattered cobbles. Strengths of these materials should be sig-
nificantly stronger than that of the tested triaxial test sample.

Earth Sciences Associates
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Total Strength Parameters

Total strength parameters were developed using triaxial test results obtained
during this and previous investigations as well .s the direct shear test results
obtained from undisturbed and remolded test specimens. Total strength envelopes
tre shown at the bottom of Figures B-20 through B-23 for material types 1 through
4, respectively, The tocal strength envelopes were developed by plotting the
undrained shear strength versus the normal stress on the failure plane at the end of
consolidation . Ty yg, oy ).

Total strength envelopes for material types 1 and 2 were developed for both
undisturbed and remolded soil samples. The total strength envelopes developed for
remolded soil samples have slopes 12 to 13 degrees less than the undisturbed

P

samples armal consolidation stresses generally less than 20 ksf. For normal
consolida stresses greater than approximately 20 ksf, the remolded total
strength envelope was drawn parallel to the undisturbed total strength envelope.

Totai strength envelopes of material types 3 and 4 were developed for
undisturbad soil samples oniy. As previously discussed, direct shear tests were 1ot
performed on these materials and therefore, remolded soil strengths were not
obtained. Triaxial test results obtained from previous investigators were used
where applicable. The strength envelope for material type 4, Figure B-23 was
flattened at high normal consolidation stresses in a similar fashion as the effective
strength envelope shown in the top of the figure.

As in the case of the effective strength parameters, previously discussed, it
is our judgement that the total strength parameters shown in the bottom of Figures
B-20 through B-23 probably underestimate the true strength of these materials.
The actual total strengths of the materials are probably much greater than those
measured during testing since the total strength of the materials are subject to the
same limitations as the derived effective strength.
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1solidation Consolida

O

Y dry
(PC}

Dark Yellowish Brown (10 YR 4/2)
SILTY CLAY/CLAYEY SILT (CL-ML)

|

Light Olive

SANDY Sl

0400 21.1 117. Light Olive (

CLAYEY SII

* Yellowish Brown (10 YR
SILT/SILTY CLAY (M1

yiie3

0400 119, Vloder Yellowish Brown (10 YR
SILT/SILTY CLAY (M1

10800 ] 9.¢ b 20. Moderate Brown (5 YR 4/4)
SANDY CLAY WITH GRAVEL (CL)

SAJUdIDG

60.0-62. 3456 : A “loderate Brown (5 YR 4/4)
GRAVELY CLAY (CH)

Moderate Yellowish brown (10 YR 5/4)

GRAVELY CLAYEY SAND (SC)

SDIPIDOSSY




l"“,"'l \”’
.\‘11‘:!')l~' Consolidation

lested | dry
(1'_-('1) o) «'ju F) { ‘ Deseription

Viaterial Jor ing

‘;‘L’(, Sa I:;'LFZ

y
>
e

1 RD-2/PB 53.0-55. 8. 94.5 Dark Yellowish Brown (10 YR 4
SILTY CLAY/CLAYEY SILT (C

3640

11520

Moderate Yellowish Brown (10 YR 5/4)
CLAYEY SILT/SILTY CLAY (ML-CL)

8640
11520
5760
8640

11520

* Test on remolded sample

S9]RIDOSSY $S90U9a10¢§ yiiej
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TABLE B-3

SUMMARY OF DIRECT SHEAR TEST RESULTS

MATERIAL TYPE 1

Boring #/ On Oncorr. T T corr. On corr. T Tcorr.
Sample ¥ d.in.(€,%)  psf  psf  psi  psf d.in.(€,9) o R ot
RD-2/PB-4 0.11 (4.5) 5760 6077 1920 2026 0.06 (2.5) 5914 2362 2425
" 0.24 (10.0) 5760 6624 1920 2208 0.24(10.0) 6624 2165 2490
RD-2/PB-4 0.08 (3.1) 8640 8992 5052 5258  0.05 (2.1) 8871 3355 3445
" 0.24 (10.0) 8640 9936 4380 5037 0.24 (10.0) 9936 2875 3306
RD-2/PB-4  0.09 (3.5) 11520 12071 3540 3709  0.07 (2.7) 11866 3816 3930
" 0.24 (10.0) 11520 13248 3240 3726  0.24 (10.0) 13248 3446 3963
MATERIAL TYPE 2
RD-3/PB-4 . (4.5) 5760 6077 5028 5305 0.07 (2.9) 5979 2597 2696
" 0.24 (10.0) 5760 6624 3636 4181  0.24 (10.0) 6624 2491 2865
RD-3/PB-4 0.14 (5.8) 8640 9331 4740 5119  0.05 (2.1) 8871 3534 3598
'’ 0.24 (10.0) 8640 9936 4440 5160 0.24 (10.0) 9936 3182 3659
RD-3/PB-4  0.12 (4.8) 11520 12211 7248 7683  0.16 (6.6) 12498 4066 4648
" 0.24 (10.0) 11520 13248 6876 7907 0.24 (10.0) 13243 4042 4648




TABLE B4

SUMMARY OF MISCELLANEOUS TEST DATA

Depth of Before After
Sample Consolidation Consolidation
Material Boring/ Tested Om w/C Yary w /C Yary
Type  Sample (Feet) (PSF) (%) (PCF) (%) (PCF) Deseription
| RD-2/PB-4 53.0-55.0 — 21.4 103.5 - — Dark Yellowish Brown (10 YR 4/2)
SILTY CLAY/CLAYEY SILT (CL-ML)
3 B-1A/S-1 Topl 20.0-22.5 2100 15.2 118.0  14.6 — Brown Fine to Coarse SANDY CLAY (CL)
With Trace GRAVEL
3 3-1A/S-1 Bottom 20.0-22.5 700 15.2 116.0 17.1 —_ Brown Fine to Coarse SANDY CLAY (CL)
With Trace GRAVEL
4 8-2/5—112 50.0 6200 16,8 127.0 —- — Brown SANDY CLAY
With GRAVEL (CL)
m
<Y i B—‘Z/S—S] 21.5-24.0 2800 12.3 128.0 10.6 - Brown Clayey Fine to Coarse SAND
. AND GRAVEL to Fine to Coarse SANDY
~ o GRAVELLY CLAY (SC-CL)
wv
0 4 13—1/8—7l 24.0-26.0 4220 12.0 126.0 11.8 —_ Brown Clayey Fine to Coarse SAND
o] AND GRAVEL (SC)
=3
8 4 U—]/S—-B1 27.0-29.5 4220 14.5 118.0 15.0 e Brown Clayey Fine w0 Coarse SAND
w AND GRAVEL (SC)
>
w 4 RD-2/PB-8 90.0-92.5 — 12.2 12%.7 —_ —_ Moderate Yellowish Brown (10 YR 5/4)
o CLAYEY SAND-GRAVEL (SC/GC)
n.
o 1 . .
8 Data from Shannon and Wilson, 1973.
e 2

Data from Dames and Moore, 1960,



INDEX \o/o)

PLASTICITY

30 60

LIQUID LIMIT, (%)

MATERIALr | PLASTICITY
TYPE SYMBOL |BORING NO. |DEPTH, FT |  LIQUID e

LIMIT, % | INDEX, %

RD-2/PB 4 53 -555 315 886
RD-3/P8 3 45 .475 320 8.1
RD3/PB4 55 .575C 410 144
RD-2/PB S 60-625 485 265
RD-2/PBS 60 -625 570 343
RD-2/PB-12 118-120 250 90
B-1A/51 20225 32.0

1. Data from Shannon and Wilson, 1973
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APPENDIX C
STABILITY ANALYSIS

Introduction

The procedures used to analyze the stability of the landslide
complex in the hills north of the GETR are presented in this appendix. The results
of these analyses are presented here and are also summarized in Section IV.C. of
the main report. The analyses described were aimed primarily at assessing the
behavior of the landslide complex under earthquake loadings compatible with the

design seismic event required for structural analysis of the GETR (Newmark and
Hall, 1980).

Landslide Model

The landslide complex in the hills north of GETR was modelled on a two-
dimensional transverse section in which plane strain conditions apply. The section
chosen for analysis is shown on Figures 1 and 2 as section X-X' This particular
section was selected for two main reasons. First, the geologic units and structure,
as exposed near the ground surface, are well documented along almost the entire
length of the hillslope portion of this section (see Section INI.A.) and second, this
section is representative of the major portion of the landslide complex as shown on
Figure 1.

The generalized distribution and character of the geologic units and the
daylight locations and near-surface attitudes of shears along this section were
described previously (see Section IIl.A.; Figure 2). Because of adverse drilling
conditions, the coarse-grained nature of much of the section, and the great depths
involved, it proved infeasible to determine the location of failure surfaces at depth
by means of subsu: “ace exploration. However, the extensive near surface data and
geologic interpretation provided a rational basis on which the geometrical models
of the inferred existing failure surfaces shown on Figures C-1 and C-2 were
developed. The toes of both of the modelled failure surfaces daylight at the
location of the B-1/B-3 shear shown on Figure 2. From this point the surfaces dip
back under the hills witn an initial inelination of 15 degrees to the horizontal, the
average observed near surface dip of the B-1/B-3 shear. The two failure surfaces
then project down dip so that they stay within a weaker fine grained unit for as far
as possibie. The heads of the failure surfaces daylight upslope at i two locations

Earth Sciences Associates



where evidence of tensional, high angle shearing was found in Trenches G-6 and G-
9 (see Figure 2). From these points the shear surfaces project downslope with an
intial inclination of 60 degrees to the horizontal, the observed near surface dip of
the shears. The he.d and toe portions of the failure surfaces thus defined are
connected by a smo« th curve to complete the modelled shear surfaces. The
resulting model of the landslide complex thus consist of one block which involves
nearly the full height of the existing slope and a second block which involves the
lower half to two thirds of the slope, both toeing out along the same basal shear
surface. This model of the landslide complex was analyzed as deseribed in the
following sections.

Seismic Stability

The stability of the modelled landslide complex was analyzed for earthquake
loading conditions. The analytical procedure followed is based on the approach
recommended by Makdisi and Seed (1978) for estimating earthquake-induced
deformations in dams and embankments. The work by Makdisi and Seed represents,
in turn, modifications of, and improvements on, earlier work by Newmark (1965),
Ambraseys and Sarma (1967), Sarma (1975), and Franklin et al. (1977). Although
the case at hand involves a natural slope rather than an engineered embankment,
the basic physical and conceptual similarities in the two cases are judged s fficient
to justify use of the Makdisi and Seed app: rach.

The analytical approach utilized in this investigation consisted of the
following steps:

1. A value of yield seismic coefficient (kv) was established for each

failure surface; this value is an index of the resistance of the failure
surface to deformation.

2. An appropriate value of maximum seismic coefficient \Kmax) acting on
a given landslide mass as a resnlt of the design seismic event was
established; this value represents the driving force tending to cause
deformation.

3. Permanent displacement (u) was then estimated based on a relationship

between u and the ratio k y/kmax'
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Step 1

The first step in the analysis was accomplished by performing pseudo-static
total stress analyses on the landslide model deseribed previously using total
strength parameters appropriate to the inferred existing failure surfaces. This
method of analysis is generally considered applicable for materials which do not
suffer signficant loss of strength due to eyelic loading (Seed, 1979; Makdisi and
Seed, 1978), as is judged to be the case for the materials tested during this
investigation,

The total strength values appropriate to various portions of the failure
surfaces were selected from the envelopes of normal effective stress on the failure
plane at consolidatinn (GIr c) versus undrained shear strengths on the failure plane
(Tff) shown on Figures B-20 to B-23. For purposes of the analysis, the failure planes
wer. modelled as discrete segments to account for differences in average
consolidation stress and material type along the surfaces. The in-situ consolidation
stress on a given segment of the failure plane was taken as being equal to the
average effective vertical overburden pressure. Effective overburden pressures
were calculated based on average values of the total unit weights suraimarized on
Tables B-1 through B-3 and the piezometric surface shown on Figure 2. The choice
of the strength envelope to use for any given segment of the failure plane was
based on the geologic units (as shown on Figure 2) within whiech that segment
occurred. Remolded total strengths were used in the units characterized by fine
grained material types 1 and 2. These lower strength values were used to account
for effects such as pre-existing slickensided failure surfaces, lack of cementation,
and remolding due to large shear displacements which one might postulate as
applicable to a pre-existing landslide failure plane in fine grained materials. Where
the failure planes pass through the unit characterized by material types 1 and 3
(see Figure 2) the remolded total strength of material type 1 was used unless the
total undisturbed strength of material type 3 was lower at the given confining
stress, in which case the lower of the two values was used. In the units containing
material types 3 and 4, the lower total strengths of material type 3 were used
throughout. This value is judged to be quite conservative because much of those
secticns are known to he predominantly coarse-grained from the trench exposures.
The total undisturbed strength was used where the failure planes pass through
sections characterized by material type 4. These gravelly to cobbly coarse-grained
soils would not be expected to show any significant strength reduction within the
failure zone.
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The pseudo-static total stress analyses were performed utilizing a general
purpose slope stability program, STABL, developed at Purdue University (Siegel,
1975; Boutrup, 1977). The program has been written for the general solution of
slope stability problems using a two-dimensional limit equilibrium method. Cal-
culation of the factor of safety against instability of the slope is performed by a
method of slices based on Janbu's simplified method of slices for shear surfaces of
general shape. This method satisfies overall moment and vertical force equil-
ibrium, and assumes horizontal interslice forces.

The horizontal seismic coefficient (kh) used in the anclyses was varied in a
trial and error procedure to converge on the value of Ky which resulted in a factor
of safety of unity (FS = 1.0) for the given failure surface. This value is termed the
yield seismic coefficient (ky)' The results of these analyses to establish ky for the
two failure surfaces considered are shown graphically on Figure C-3.

Step 2

The next step in the analysis requires that an appropriate value of maximum
seismic coefficient (kmax) for the failure masses be established. The maximum
seismic coefficient is the earthquake-induced simultaneous seismie coefficient
acting on a mass bounded by a given failure surface and is a funetion of the peak
crest acceleration for an embankment configuration. For the purposes of this
analysis, the maximum effective peak acceleration of 0.75 g specified for
structural analysis of the site (Newmark and Hall, 1989) is taken as the maximum
ground acceleration (umax) at the crest of the hills north of the GETR. The
appropriate value of the maximum seismie coefficient corresponding to this
maximum crest acceleration is estimated from the relationship of "maximum
acceleration ratio” (kmax/ﬁmax) to the normalized depth of the sliding mass
(y/h) as shown on Figure C-4. For the two failure surfaces under consideration the
ratio y/h is equal to one. Thus, a conservative estimate of kmax from Figure C-4
is given by:

kmax 040 umax
= 0.45 (0.75)
= 0.34
It is in fact doubtful whether such a seismic coefficient would act simultaneously
over the full lateral extent or the slide which is on the order of a mile, or at least
several wavelengths, long. The so-called "tau" reduction effect would probably
reduce the 0.34 to a lower value.
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Step 3
The final step in the analysis procedure is to estimate the amount of

permanent deformation (u) that might be expected to occur as a result of the
design seismic event. The amount of parmanent deformation on failure surfaces
subjected to seismic loadings from various magnitude earthquakes have been
calculated for a wide range of yield and maximum seismic coefficients (Makdisi
and Seed, 1978). For a design earthquake of M 7.5 the relationship of u to ky/kmax
is as shown on Figure C-5. The ranges of permanent deformation for the two

failure surfaces analyzed, as estimated from Figure C-5, are summarized on Table
C-1.

Static Stability

In normal practice an effective stress analysis would be used to evaluate the
long term stability of a natural slope. However, for this investigation a total stress
analysis was used to estimate the static stability of the landslide complex at the
GETR site. This approach was chosen in order to utilize the results of the reduced
shear strength envelopes developed from the consolidated-quick direct shear tests
performed on the remolded samples. These strengths were used to represent
strength that might be applicable to pre-existing failure planes in the fine grained
units. Effective strength parameters for these materials were not established
during the laboratory testing program due to the emphasis placed on the seismic
loading case analyzed in this investigation.

The static total stress analysis was performed using the same computer
model and total shear strengths as used in the seismic stability analysis previously
described. The only difference was that a horizontal seismic coefficient was not
applied. The factors of safety calculated for the two failure surfaces analyzed are
shown on Table C-1 along with the results of the seismis stability analyses.

For purposes of comparison, two additional analyses were performed using
the failure surfaces previously deseribed and effective and total sirength param-
eters developed for the undisturbed soil samples. The factors of safety calculated
for these two analyses differed by only 20 percent, with the effective stress
analyses yielding higher factors of safety. Based on these findings, the use of total
strength parameters vields factors of safety which are conservative. Therefore the
use of the remolded total strength parameters in a total stres. anaiyses to evaluate
the statie stability of the landslide complex is justified and probably conservative.

Earth Sciences Associates
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TABLE C-1

RESULTS OF SEISMIC STABILITY ANALYSIS

Range of Vield to

Yield Seismie Maximum Seismic Range of Estimated
Static Factor Coefficient, k\_ Coefficient Ratio Permanent Displacem~t, u
Failure Surface of Safety (g) k /k (em)
—_— —_— ~y—max———— _—_
Full-slope 2.9 0.18 0.53 3 - 18
Mid-slope 4.4 0.22 0.65 1 -9
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