INFORMATION TO USERS

The most advanced technology has been used to photo-
graph and reproduce this manuscript from the microfilm
master. UMI films the text directly from the original or
copy submitted. Thus, some thesis and dissertation copies
are in typewriter face, while others may be from any type
of computer printer.

The quality of this reproduction is dependent upon the
quality of the copy submitted. Broken or indistinct print,
colored or poor quality illustrations and photographs,
print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these
will be noted. Also, if unauthorized copyright material
had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are re-
produced by sectioning the original, beginning at the
upper left-hand corner and continuing from left to right in
equal sections with small overlaps. Each original is also
photographed in one exposure and is included in reduced
form at the back of the book. These are also available as
one exposure on a standard 35mm slide or as a 17" x 23"
black and white photographic print for an additional
charge.

Photographs included in the original manuscript have
been reproduced xerographically in this copy. Higher

quality 6” x 9” black and white photographic prints are
available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly
to order.

University Microfilms International
A Bell & Howell Information Company

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
313/761-4700 800/521-0600






Order Number 1337974

In situ measurement of the cohesion of a cemented alluvial soil

Muller, Eugene, M.S.
The University of Arizona, 1989

U-M-1

300 N. Zeeb Rd.
Ann Arbor, MI 48106






IN SITU MEASUREMENT OF THE COHESION

OF A CEMENTED ALLUVIAL SOIL

by
Eugene Muller

A Thesis submitted to the faculty of the
DEPARTMENT OF CIVIL ENGINEERING AND ENGINEERING MECHANICS
In Partial Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE
~ WITH A MAJOR IN CIVIL ENGINEERING

In the Graduate College
THE UNIVERSITY OF ARIZONA

1989



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfilment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library
to be made available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable without special permission,
provided that accurate acknowledgement of source is made. Requests for permission for
extended quotation from or reproduction of this manuscript in whole or in part may be
granted by the head of the major department or the Dean of the Graduate College when in
his or her judgement the proposed use of the material is in the interests of scholarship.
in all other instances, however, permission must be obtained from the author.

SIGNED: ﬁ,&u M
7

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:

gQWmMp Jo Sne /947

E. A. Nowatdid D
Professor of Civil Engineering



ACKNOWLEDGEMENT

The author wishes to thank Dr. Edward Nowatzki for his guidance on this thesis.
This project would probably not have been undertaken if he was not a member of the

University faculty. | also wish him happiness in his new position in San Luis Obispo.

The careful reveiw of this manuscript by Professors Panos Kiousis and Jaak
Daemen was greatly appreciated.

| would like to thank my wife Cazie for her patience and support during my stay
at the University. | can assure her at this time that she need not worry about the
possibility of a doctorate.

Finally, | would like to thank David Kidd and German lbarra for their able help in
performing field tests.



TABLE OF CONTENTS

Page
LIST OF ILLUSTRATIONS......ooceterrerrrcreeressesasentsseessssesssssesssssssontssssasssasssssens 6
LIST OF TABLES.........ooiiircinstirsssenesnssnasssaessessessessansssesssssssssonsssssasassanssns 8
ABSTRACT .....coceririersnermsnisisiscssensseessasssesssssessossassssssessrssaessssesassssssssss sssnanes 9
CHAPTER 1 INTRODUGCTION.......ccccvrmmnniinnniscnnesserssnsssnssssssessessssessssnessssesnes 10
1.1 Background INformation.........cccccevveciivionrcrieisnieninnnnnnerennereeneerennes 10
1.2 Purpose of the ReSearCh.......iieiiiiciiiiiiccnneciiinnscinrsssssneneens 13
1.3 Scope of the ReSArCh........cccccuirvcrieerieriesseniercsnnerneesssenasssnsnssssses 14
CHAPTER 2 LITERATURE REVIEW ......ooiicrcicnnecseceeesassssassnssnassssaess 15
CHAPTER 3 LABORATORY TESTING.......ccccvcnierisnicnncsasscssessasassssssessssssnasssssns 18
KT B 14110 To 13T 1o} 4 O RU 18
3.2 S0il ClassifiCatiON......cccuiiieeiiicvrnereresrerssssnennesareeseesesessssessvnnnnnnns 20
3.3 Direct Shear TestiNg......ccccceerrercrnrreecsssrsenrensessssssssneneetssencasssssnnns 22
3.3.1 Sample Preparation........ccccecceeccemeecsveenissneissemsnsonsssssenssans 22
3.3.2 Direct Shear Test Procedure........c.cceeeeenveenreeensnecssercneea 23 |
3.3.3 Direct Shear Test ReSUltS.....cccveveeiiiriivieneinrercsenecsrcsnsennes 23
CHAPTER 4 FIELD TESTING....cctiitrrerrrncrnrinccernnrnersssesensnesessanssssnresssesssnoses 32
L 20 T 141 o [3To1 4o o TR P 32
4.2 Field Test ProCeaure........occeinieersiinseneceinnesssssecsssesscsnessnssesnnenns 34
4.3 Field Test Data Reduction........ccceevvieieicinniniciniiinneiscsncenceeernnns 50
4.4 Results of Field Testing.....ccceerreerverireerrniecrierieerrneercmuessrescseasssaees 56
Chapter 5 Computer Modeling of Field Test Conditions.......cccccrereeeerrenccrnnes 60

5.1 Introduction to Computer Analysis......ccccecverciceermncrinsrenncneeene. 60



TABLE OF CONTENTS _continued

Page
5.2 ProCEAUME.....coivtreisnrterreisrssetiasentnsisnessseessesassasesssansesssssessssasse 60
5.3 Results of Two-Dimensional Computer Analysis........ccceseeneee. 61
CHAPTER 6 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS..........c..... 64
6.1 Summary of Field Testing, Laboratory Testing,
and Computer ANAlYSIS.....ccccierverressemccsenrossesssnnisseerssssssssanessasasanes 64
6.2  CONCIUSIONS...ocutiiieetiiiricecnstncstreni e e seeeesee 65
6.3 Recommendations.........cccceverinisinriniinunnssssniisnninessnenssississssnsssnens 67
APPENDIX A: BORING LOGS FROM EXPLORATORY DRILLING.......ccocseesseurneees 69
APPENDIX B: LOAD VERSUS DISPLACEMENT PLOTS
FROM FIELD TESTING......cocccvniiinitnninnainrnnsansincsssinssssnesssenns 73
APPENDIX C: EXAMPLE OF COMPUTER INPUT AND OUTPUT.....ccoruursrenane 81
REFERENGCES ...ttt sssissississsonsesssesssssssssssassnsssssssessess 85



LIST OF ILLUSTRATIONS

Page

Figure 1 Location of the Proposed Maricopa SSC Site........cocvcrurecnirecrccnsans 11
Figure 2 Location of the Test Trench and Exploratory Boreholes................ 19
Figure 3 Series A Direct Shear Testing,

Shear Stress vs. Displacement........ccceecvimvrniiinnininnnnnnnenennseennennes 26
Figure 4 Series A Direct Shear Testing,

Change in Sample ThiCKNESS....cviiimrniiiiiinnntriciesssns s issaesesanesans 27
Figure 5 Series A Direct Shear Testing,

Mohr-Coulomb Failure Envelope........... eeeverresesnseteratenenneresssnnrasasanane 28
Figure 6 Series B Direct Shear Testing,

Shear Stress vs. Displacement.......c.covevviieiiiininiinnninnniniiiennnennn, 29
Figure 7 Series B Direct Shear Testing,

Change in Sample ThiCKNESS.....ccccveeverremirecirierrisieresttensnesceesasaanesns 30
Figure 8 Series B Direct Shear Testing,

Mohr-Coulomb Failure ENVeIOpe........ccccvivriiecniiienrnnniecnesncsecsenennens 31
Figure 9 Stability of’a Sliding Block on a Planar Failure Surface ............. 33
Figure 10 Excavation of the Test Trench......ccccuiieeveieicrerinnniennenreeeieneecesenrenes 35
Figure 11 Schematic Diagram of the Test Trench........cccevecrmeeeieeecrerrcnans 36
Figure 12 View of the Test Trench as Initially Excavated........ccccecvveecneennee 37
Figure 13 The Test Trench Widened to Allow Access

10 the Lower BenCh........cccviiciieiicnireiriircntisr s seseesenans 38
Figure 14 Schematic Diagram of the Test Equipment Setup........ccccevcuurnnne 39

Figure 15 View of the Upper Bench After Testing.....cc.ccuevevverncrcennncenrnenans 42



LIST OF ILLUSTRATIONS _continued

Page
Figure 16 View of a Typical Failure Surface......c..ccevevevcrrcrenvsvnnncrirennnnnee 43
Figure 17 Failure Surface with the Hydraulic Jack in Place..........ccccuues.. 44
Figure 18 View of a Failure Surface in the Lower Bench........cccceecevviennns 45
Figure 19 Mapping and Sampling a Failure Surface........ccceeevrrevececveerencnnne 46
Figure 20. Sketch Map of a Typical Failure Surface.......c.ccecerrevrcrreensernienes 47
Figure 21 Load vs. Displacement Plot, MPL Test 2.....cccreevireniinercsinanes 48
Figure 22 Load vs. Displacement Plot, MPL Test 5.....ccccovvrreeciinrcrinncsans 49
Figure 23 The Effect of Failure Surface Geometry
on Stability in Three DIMENSIONS......cecucvereeevecirenirsesesneressssserssssns 51
Figure 24 The Tetrahedral Failure Mass Assumed for
Analysis of Field Test Data.......cccceaceriaiicneiiccnnnsssnecssacesssssassessenesanes 54
Figure 25 Modeling of Field Conditions for Computer
Two-Dimensional AnalySiS.....cccceerrrrreeeerrnerreeiirerneerescsssnneeeessassessnes 62
* Figure B1 Load vs. Displacement, Field TESt ..o everemeureremcesseseseseseeens 74
Figure B2 Load vs. Displacement, Field Test 4.....cciirciiericviineneicrincneenens 75
Figure B3 Load vs. Displacement, Field Test 6.....ccccceevrrerivricricrnenceneerecnnns 76
Figure B4 Load vs. Displacement, Field Test 7...orerereereervceniececcvnneneeenne 77
Figure BS5 Load vs. Displacement, Field Test 8.......ccccvivcvrcercccerrenvevrsecsnnes 78
Figure B6 Load vs. Displacement, Field Test 10......cccccvivrerecrcerneniseeerennanns 79

Figure B7 Load vs. Displacement, Field Test 11.....cccovvvivivrriirercnieerencnnns 80



LIST OF TABLES

Table 1 Summary of the Engineerring Properties of Calcareous
Soils in the Southwestern United States.....ccccccecrivicncercrcernneccnnnen
Table 2 Summary of the Results of Soil Classification.........ccccererrernenerasaes

Table 3 Summary of the Values of Cohesion Back-Calculated

1100710 I T=11 BN =71 114 Vo ORI
Table 4 Summary of Cohesion Values Obtained from Computer

Analysis Compared to Values Obtained from Field Testing..............
Table A1 Borehole MA-10.....ccuieiivniiiiiiinitiencircinecsnenssssennesssssessesssssesans
Table A2 Borehole MA-11.....ciiiininiiininntiinnenriennrsensenssssnesssssssessanes
Table A3  Borehole MA-12.........iiinieincinnetnnrccsnersssnessssnesees sesnessones



ABSTRACT

A modified plate load (MPL) test was developed to measure the in situ cohesion of
a carbonate or caliche cemented soil. The MPL test was pe'rformed on the crest of a
vertical cut in alluvial soil with a plate loaded until the soil failed. A three-dimensional
slope stability analysis was then used to back calculate soil cohesion. In situ test results
were used in conjunction with laboratory testing of deaggregated soils to completely

define the Mohr-Coulomb strength parameters of the in situ soil.

In order to check the results of the in situ test procedure, the field test conditions
were modeled for use in a three-dimensional slope stability analysis using the computer
program CSLIP1. A comparison of the results shows reasonable values of soil cohesion

were obtained using the MPL test method.
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CHAPTER 1
INTRODUCTION

1.1 Background Information

Soils testing was carried out as part of the site characterization program for the
proposed Maricopa Superconducting Super Collider (SSC) Site in Maricopa County,
Arizona. The proposed super collider, a 53 mile in circumference particle accelerator
for high energy physics experimentation, was to be housed in a 10 foot diameter tunnel
constructed of precast concrete segments and buried at a depth of 30 feet or more. The
location of the Maricopa SSC site is shown in Figure 1.

A large paortion of the SSC ring was to be constructed by cut and cover techniques
in alluvial soil including gravel conglomerate or fanglomerate and a younger basin fill
material consisting of cemented silty and clayey sands.

The Maricopa SSC site lies inlthe Basin and Range physiographic province of the
Western United States. The topography at the site is characterized by northwest-
southeast trending mountain ranges separated by broad valleys filled with alluvial
sediments . Bedrock at the site is overlain by a sequence of alluvial soils which may be
up to several thousand feet thick.

Cementing of soils at the site is caused by calcium carbonate or caliche, which is
a common occurrence in arid climates. During periods of rainfall, calcium carbonate is
leached from the upper portions of a soil layer and deposited at the lower extent of the
zone of water penetration. The size and physical properties of caliche deposits tend to

vary laterally and with depth with the degree of cementation ranging from slight to
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high. Slightly cemented material is strong enough to stand intact in open cuts but
crumbles easily under moderate hand pressure. Highly cohesive material may resemble
concrete in appearance and strength. Repeated episodes of soil deposition and weathering
may result in thick sequences of caliche cemented soils.

In order to insure the safety of open cuts during construction of the SSC and to
design trenches economically, it was necessary to determine the shear strength
properties of the local soils. The determination of soil strength parameters represents
the greatest uncertainty in slope stability analyses. The most common expression for
soil strength (S) is given by the Mohr Coulomb equation

S=c +6TAN( ¢) (.9
where c is the cohesion of the soil, ¢ is the angle of internal friction and ¢ is the
normal stress acting on the failure plane.

Cohesion, as defined by Mitchell (1976), can be classified in two major groups,
true and apparent cohesion. True cohesion is caused by the forces of interparticle
attraction in fine grained soils. In granular soils similar to those found at the SSC site,
interparticle forces have little effect on soil behavior and true cohesion is caused
primarily by a secondary process in which particles are cemented together by carbonate
coatings and filaments. Apparent cohesion, which is caused by capilary suction, is not a
factor in the granular soils of very low moisture content which were found at the site.

Mitchell (1976) defines soil friction as a compositional property wﬁich is
controlled by individual soil particles, density and soil mineralogy. Disturbance of
samples by conventional sampling techniques usually results in a decrease in soil

strength due to destruction of the soil structure and a loss of cohesion. In contrast, soil
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friction is only slightly affected by structure and may be determined from testing of
deaggregated samples provided that the moisture content and unit weight are close to
those of the in situ material.

Caliche cemented soils at the SSC site are brittle and are particularly susceptible
to damage by conventional sampling. The determination of shear strength parameters by
performing tests on "undisturbed” samples obtained by conventional methods was
virtually impossible. Therefore, other means of determining those properties had to be

found.

1.2 Purpose of the Research

The purpose of this study was to develop a simple and inexpensive modified plate
load (MPL) test to measure soil cohesion in situ and thereby avoid the problems
associated with laboratory testing of disturbed samples. Typically, plate load testing is
performed to obtain a modulus of subgrade reaction which is used in settlement and
bearing capacity analyses. Tests are normally performed by loading a plate placed
horizontally in the bottom of an excavation and plate displacement is measured as a
function of the load applied to the plate.

The modified plate load (MPL) test procedure is used to initiate a slope failure.
After a slope failure has been caused, the test results are used in conjunction with
laboratory testing of deaggregated soils to back calculate soil cohesion.

In situ testing of the soils at the SSC site allows the measurement of soil strength
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properties which are more representative of actual field conditions. The results of in
situ testing can be used to determine values for shear strength parameters required to

perform slope stability analyses.

1.3 Scope of the Research

A test trench was excavated at the Maricopa SSC site. Dimensions of the test
trench were 30 feet long by 10 feet wide with a five foot wide bench at a depth of five
feet. Eleven MPL tests were performed, five on the upper bench and six on the lower
bench, in which the crest of the trench was loaded until failure of the trench wall
occurred. A three-dimensional slope stability analysis was then used to back calculate
soil cohesion. The value of soil friction required for the stability analysis was obtained
from direct shear testing of disturbed, deaggregated samples collected from the test
trench during field testing.

Results of field testing were compared to the results of laboratory direct shear
testing of "undisturbed" samples obtained from exploratory drilling and sampling
performed by the State of Arizona during the site investigation program.

As a further check of the effectiveness of the in situ testing procedure, values of
the soil strength parameters obtained from field and laboratory testing were used as
input for a two-dimensional slope stability analysis using the computer program

CSLIP1. (DeNatali, 1986)
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CHAPTER 2
REVIEW OF UTERATURE

Little previous work dealing with the in situ measurement of soil cohesion was
found. Most commonly used in situ testing techniques involve indirect measurements of
cohesion or friction angle.

Handy (1986) described the Borehole Shear Test which utilizes a cylindrical
shoe that is lowered into a borehole and expanded. The expanding shoe exerts a pressure
on the sides of the borehole and the vertical force required to shear the soil by moving
the shoe vertically is determined. Repeating the test at greater shoe pressures at the

" same position allows direct measurement of a group of normal and shear stresses that
allow construction of a Mohr-Coulomb failure envelope from which cohesion and
internal friction angle may be determined. The test results compare favorably to those
from laboratory direct shear testing.

Schmertmann (1975) reviewed the effectiveness of the Borehole Shear Test and
found that the presence of gravel or highly cohesive material may prevent proper
seating of the pressure cylinder and lead to inaccurate results. Both of these conditions
could be expected at the Maricopa site.

Post (1966) and Cooley (1966) studied the compressive strength of caliche
cemented soils in the Tucson area. Samples were cut from highly cemented outcrops and
tested in unconfined compression. Cooley noted the difficulty in obtaining undisturbed
samples for testing. Both Post and Cooley reported unconfined compressive strengths in

the range of 275 to 3360 PSF for local caliche cemented soils.
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Clough et al (1981) studied the strength characteristics of cemented marine
sands in the San Francisco area. The sampling procedure, which was described as
"painstaking”, involved sawing rough samples from outcrops and trimming specimens
with a lathe-like apparatus for testing in a triaxial cell. Their findings indicate an
increase in strength and no change in internal friction angle with increasing
cementation. They also noted that the strength of cemented soils increased with the
percentage of fine particle content.

Beckwith and Hansen (1982) studied the occurrence and engineering properties
of cemented alluvial soils in the southwestern United States. A summary of their findings
is shown in Table 1. The values of the soil properties reported in Table 1 are based on
numerous site investigations using in situ testing techniques including standard
penetration, plate bearing, and pressure-meter tests. Reported values of cohesion range

from 200 to 6000 PSF.



Class Typical Properties Description
1 Dry properties Holocense "collapsing” soil. Gile et al
¢ =30 deg (1965), Stage | of development.
C = 200 PSF Weakly cemented with filaments and
Es = 110 5KSI particle grain coatings.
N <15
2 ¢ = 33 to 37 deg Moderately cemented. Moderately
C = 1.0 10 3.0 KSF weakened by moisture increases. Gile et
Eg =510 10 KS} al, Stage |l, often has laminated or nodular
N=5to 25 structure with continuously cemented
matrix. Pleistocene.
3 ¢ = 35 to 42 deg Strongly cemented, only slightly affected
C = 3.0 to 6.0 KSF by moisture increases. Gile et al, Stage i,
Es =8 to 15 KSI often has laminated or stratified structure.
N = 25 to 60 Pleistocene.
4 Eg = 1510 50 KSI Very strongly cemented with essentially the
N = 60 to 200 + properties of soft rock. Not significantly
q, =10 to 20 KSF affected by moisture increases, often has
u stratified structure. Gile et al, Stage IV.
Pleistocene or older.
5 Eg =50 to 500 KSI Moderately hard rock. Rock mechanics
N = 200+ approaches necessary for investigation and
g,=15to 5.0 KSI analysis. Gile et al, Stage IV. Pleistocene
or older.
Table 1 Summary of the engineering properties of calcareous soils in the
Southwestern United States. (after Beckwith and Hansen, 1982). ¢ is soil
internal friction angle, C is cohesion, N is the blowcount from standard
penetration testing , g |, is the unconfined compressive strength and Es is
the modulus of subgrade reaction.

17
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CHAPTER 3
LABORATORY TESTING

3.1 introduction

The MPL test developed for in situ cohesion measurement is performed in
conjunction with laboratory testing that is required to obtain a value for soil internal
friction . The value of ¢ obtained in this manner can then be used in the analysis of in
situ slope failure test results to determine cohesion.

Three series of direct shear tests were performed on soil samples collected at the
Maricopa SSC site. For Series A, direct shear testing was performed on soils collected in
the test trench during fieid testing. The purpose of these tests was to determine the
internal friction angle of the in situ soils. Deaggregated samples were used in this series
since the degree of cementation has little effect on internal friction angle.

During the site investigation program, three exploratory boreholes were
completed in the area of the test trench in Section 17, Township 5 South, Range 1 East.
The locations of the test trench and boreholes are shown in Figure 2. The boreholes were
drilled using a CME Model 75 hollow stem auger. Sampies were collected at 5 foot
intervals with a split spoon sampler duri'ng standard penetration testing. Two relatively
"undisturbed" Shelby tube samples were obtained from Borehole MA-12 from the
intervals of 30.25 to 33.5 feet and 59.3 to 63.5 feet below the borehole collar. Logs for

the exploratory borings are contained in Appendix A. The B and C Series of direct shear
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tests were performed on the relatively undisturbed Shelby tube samples collected from
the 30.25 to 33.5 foot and 59.3 to 63.5 foot intervals of Borehole MA-12 respectively.
The purpose of Series B and C direct shear testing was to measure the cohesion and
internal friction angle of these samples for comparison to in situ test results.

Soil samples taken from the test trench and Borehole MA-12 were analyzed for
the purposes of soil classification. Soil classification was carried out to justify the

comparison between in situ and laboratory derived values of soil cohesion.

3.2 Soil Classification

Sieve analyses were performed according to ASTM standards D-421 and D-422
on bag samples taken from the test trench during field testing, and on samples retrieved
from the depth intervals of 30.25 to 33.5 feet and 59.3 to 63.5 feet in the exploratory
Borehole MA-12. The liquid and plastic limits of these samples were determined by the
modified AASHTO liquid limit test according to AASHTO specifications D-8 and D-9.

Under the Unified Soil Classification System, the soil taken from the test trench
was a silty, clayey sand (SM-SC) with a liquid limit of 27% and a plasticity index of
6.7%. Soil taken from the 59.3 to 63.5 foot interval in Borehole MA-12 was classified
as a silty sand (SM) with a liquid limit of 34% and a plasticity index of 11%. A sample
taken from the 30.25 to 33.5 foot interval of Borehole MA-12 was classified as a clayey

sand (SC) with a liquid limit of 42% and a plasticity index of 20.3%.



Unit Void
Sample uscs c W, \ _
Location Classification Ce d Weight  Ratio
(%] (bt ") [%]
Test Trench SM-SC 8.94 0.96 3.85 Nd Nd
BH MA-12,
30.25 to 33.5 Ft sC 15.60  1.03 9.70 102.6 82.00
BH MA-12,
59.3 to 63.5 Ft SM 14.00 0.72 10.75 107.3 69.70

Atterburg Limits

Sample Clay Size Fraction Liquid Limit  Plastic Limit Plasticity
Location [ % ] [%] [ %] Index
Test Trench 12.0 27.0 20.3 6.7

BH MA-12 .
30.25 to 33.5 Ft 17.0 42.7 22.4 20.3
BH MA-12, |

59.3 to 63.5 Ft 39.0 35.2 24.2 11.0

Table 2 Summary of soil classification data. Values are averaged for
groups of samples taken from the indicated locations. C¢ is the coefficient
of uniformity, C qis the coefficient of curvature, and W  is the in situ
moisture content. Nd indicates no determination was made.

21
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Moisture contents were determined for all direct shear specimens and test trench
samples. Moisture contents ranged from 3 to 5% for samples collected in the test trench.
The average moisture content of direct shear test specimens taken from borehole MA-12
was 9.98% with an average degree of saturation of 40%. Little variation in moisture
content or degree of saturation was observed in Shelby tube samples. A summary of soil

properties is contained in Table 2.

3.3 Direct Shear Testing

3.3.1 Sample Preparation

A bag sample was collected from the location of each MPL test in the test trench. A
representative portion of each of the bag samples was blended to prepare test specimens
for the A Series of direct shear testing. The composite sample was pulverized to destroy
cement bonding and all material not passing the Standard number 10 sieve was discarded.
For the determination of internal friction angle from disturbed Series A samples, soil
was poured directly into a 2.37 inch diameter by 2 inch high shear box and was
compacted to an approximate unit weight of 100 PCF. Porous stones were placed at each
end of the sample. The soil was tested at ambient moisture content.

Relatively undisturbed specimens obtained from Shelby tube samples taken from
Borehole MA-12 from the 30.25 to 33.5 and 59.3 to 63.5 foot intervals were used for
the B and C Series of direct shear testing respectively. A cutting guide was used to obtain

specimens with flat end surfaces cut perpendicular to the sample axis. Three length and
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diameter measurements were made on each specimen and the weight was récorded for
unit weight and moisture content determinations. Sample lengths ranged from 1.5 to

1.75 inches with an average diameter of 2.0 inches.

3.3.2 Direct Shear Test Procedure

Direct shear testing was performed according to ASTM standard D-3080. All
testing was performed with a Karol Warner Model 570 direct shear apparatus equipped
with a circular shear box. Testing was carried out at a deformation rate of 0.1 inches
per minuté. For Series A samples, five tests were performed with normal pressures
ranging from 5 to 70 PSI.

Specimens in Series A, because of their deaggregated condition, were used to test
internal friction angle alone. Series B and C "undisturbed" specimens obtained from
Borehole MA-12 were tested in order to find values for both cohesion and internal
friction angle. Testing was carried out using a 2.07 inch diameter shear box. Nprmal

pressures were varied from 30 to 90 PSI. Area corrections were not attempted.
3.3.3 Direct Shear Test Results
The results of Series A direct shear testing are shown in Figures 3 and 4. Figure

3 is a plot of shear stress versus displacement of the shear box for various normal

pressures. Shear stress is defined as the force required to shear the sample divided by
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the area of the sample measured perpendicular to the applied normal force. In Figure 4,
the change in sample thickness is plotted versus shear box displacement.

During direct shear testing, changes in sample thickness represent a change in
volume of the test specimen. The dilation of Series A specimens tested under confining
pressures of 5 PS| and 18 PSI represents an increase in the volume of the samples. Lee
(1965) noted similar behavior during triaxial testing of loose Sacremento River sands
under low confining pressures when the void ratio was below the critical void ratio.
Critical void ratio is dependent on confining pressure and is defined as the void ratio for
which no volume change occurs during shearing.

A Mohr-Coulomb failure envelope for the A Series of tests is shown in Figure 5
where peak shear stress is plotted versus the normal force applied to the sample during
shearing. The Mohr-Coulomb envelope represents a line drawn between the stress states
at failure for each test and the slope of the line defines the angle of internal friction of
the soil. From Figure 6 it can be seen that the internal friction angle for the test trench
soil is 359°. The intercept of the Mohr-Coulomb failure envelope with the shear stress
axis defines the cohesion of the material. The samples were completely deaggregated and
the measured cohesion of 15 PSI is not a function of the‘structure of the soil. In the case
of this series of tests, cohesion is a result of equipment error. Error was uniform
throughout testing and as a result, the value of ¢ obtained in this manner is not expected
to be affectéd. Samples were tested immediately after they were prepared and therefore,

no cohesion was reactivated.
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The results of the Series B direct shear testing of samples from the 30.25 to
33.5 foot interval of Borehole MA-12 are shown in Figures 6 and 7. The volume change
behavior of these test specimens represents that of a "loose"” sand at the relatively high
confining pressures used for the tests. The Mohr-Coulomb failure envelope for these
tests is shown in Figure 8 and indicates a cohesion intercept of 15 PSI (2160 PSF) and
an internal friction angle of 379.

The results of the C Series of direct shear tests on samples taken from the 59.3
to 63.5 foot interval of borehole MA-12 were inconclusive. Data from this series of test
showed a wide range of variation and a smooth curve representing a Mohr-Coulomb
failure envelope could not be drawn. A linear regression analysis of Series C direct

shear test resuits yielded the Mohr-Coulomb equation.

S =49.1 + otan 319 [PSF]  Eq. 3.1

The correlation coefficient for the C Series Mohr-Coulomb equation was 0.31 and
indicates that the test results are highly questionable. The lack of definitive results in
the C Series of tests was probably due to sampie disturbance and variations in the degree
of cementation.

Based on the values of moisture content and degree of saturation determined for
direct shear test specimens, drained conditions are assumed to have prevailed during
shearing. The strength characteristics are therefore considered to represent the

effective strength of the soail.
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CHAPTER 4
FIELD TESTING

4.1 Introduction

In situ field testing was carried out in order to determine the cohesion of the SSC
site soils without the damaging effects of disturbance accompanying conventic;nal
sampling techniques.

The stability of a slope is commonly expressed as a factor of safety which is
determined by the ratio of forces driving failure to forces resisting failure. The forces
acting upon a failure block having a planar failure surface are shown in Figure 9. The
forces resisting the movement of the block are the cohesion and friction developed over
the failure surface. The forces driving the failure block are the weight of the soil and
any surcharges on the block. The modified plate load (MPL) test used in this research
was developed for in situ testing based on these concepts of slope stability.

Figure 9 illustrates how the MPL test may be used in conjunction with a slope
stability analysis to measure the in situ cohesion of a cemented soil. In a two-
dimensional limit equilibrium analysis, the length of the failure surface in a direction
perpendicular to the plane of Figure 9 is considered to be of infinite length. The factor of

safety can be expressed by the equation
Fo = (cl + (P+W)sin a tan ¢ )/(P+W)cosa (4.1)

where ¢ and ¢ are the cohesion and internal friction angle of the soil, | and a are the



A) Cross sectional
view

Failure surface

B) Free body diagram

¥ torces X direction = (P+W )sin (- N =0
N = ( P+W) sin (¢

2 forces resisting failure = CL + Ntan {)
= CL + (P+W)sinC( tan(

X forces driving failure = (P+W) cos &

CL + (P+W) sinQt tan ¢

Factor of safety =
(P+W) cos (L

Figure 9 Stability of a sliding block type failure mass. A) Cross sectional
view of the mass. B) Free body diagram of the sliding wedge. W is the
weight of the soil mass, P is the applied surcharge, C is the soil conesion,

¢ is the angle of internal friction , N is the normal force acting on the failure
surface, and (¢ is the inclination of the failure surface.
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length and inclination of the failure surface with the vertical direction W is the

weight of the soil block and P is the surcharge applied at the top of the slope. F5 is a two
dimensional safety factor for a unit width of the failure surface. At failure, driving
forces equal resisting forces and the factor of safety is equal to unity.

During in situ testing, a slope failure was initiated by loading the crest of a
newly excavated trench wall until failure occurred. At the instant of failure, the
geometry of the failure surface can be measured and the magnitude of the soil weight and
applied surcharges can be determined. The value of internal friction angle is obtained
from direct shear testing of deaggregated samples taken from the site of the in situ tests.
All quantities in Equation 4.1 except cohesion are known. The value of cohesion can then

be back calculated from the conditions at failure.
4.2 Field Test Procedure

A test trench was excavated at the Maricopa site using the track mounted backhoe
shown in Figure 10. The configuration and dimensions of the trench are shown in Figure
11. The trench was cut to a debth of 10 feet with a bench at a depth of five feet. MPL tests
were performed at the surface and on the lower bench. The locations of the individual
tests are indicated by the test numbers in the plan view in Figure 11. The trench was 30
feet long to allow several tests to be performed on each bench without overlap. Five tests
were performed on the upper bench and six tests were performed on the lower bench.

Figure 12 is a photograph of the trench as initially excavated. In Figure 12,

caliche can be seen approximately 3.5 feet below the ground surface in the left side of



Figure 10

backhoe.

Excavation of the test trench with a track mounted
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Figure 11 Plan and section views of the test trench showing
dimensions. Numbers indicate the location of the MPL tests.
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Figure 12 The test trench as initially excavated. Note the develop-
ment of caliche in the trench wall épproximately 3.5 feet below the

ground surface.







