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Thle o repert presents the results off a recearch project conductd
by tiee geoweic Institute of Technology, Atlanta. Georgia, under the

Syl oot Dr P Bl Murmanti, Ascoclate Professor of Civil Enginecring.
ey L Helland cerved ao Ascouciate Dircetor of the project.

.

Ty legopibon the development of equipment and test procedures, soil
analoeis ool apecimen prevaration, and analysis of results. Volume IT
con i Yhe basie resulfs of all tests conducted for this program in the
Porn L slress-strain plots.  Volume ITT contalns the numerical tabula-
flon ~* tegt dat~ in the form of computer sheet printout. Only a limited
mimbey of copies of the Volumes TI and TIT were published; however, in-
taprested readers may borrow a copy on 30-day loan from the Research Center

Tipyenes, Uaterways Tvperiment Gtation,

“Love are fhree separate volumes documenting this project. Vol-
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Sonerned with Lhe ettectls of high pressurce on soil and rock for
epproinately ten years. During this time period, a considerable
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“ipe couipment and instrumentation utilized in the performance of this
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CONVERSION FACTORS, BRITISH TO METRIC UNTIS OF MEASUREMENT

British units of measurement used in this report can be converted
to metric units as follows:

Multiply By To Obtain

inches 2.54 centimeters

feet G.3048 meters

pounds per square inch 0.070307 kilograms per square
centimeter

pounds per cubic foot 16,0185 kilograms per cubic
meter

Powls 0.k5359 kilograins

-yii-




B et i e
) s
e miate s s Y
Mhataiada

T N AP ERTIvam—— T

]

a q
 d

m 1 g a Q
B W T

(2]

LIST OF SYMBOLS

Hydrostatic Pressure

Normal Stress

Major Principal Stress
Intermediate Principal Stress
Minor Principal Stress

Axial Stress

Radial Stress

Shear Stress

Strain

Axial Strain

Radiel Strain

Volume Change

Original Volume

Volumetric Strain

Condition of Wo-Lateral-Strain
Mohr Shear Intercent

Mohr Friction Angle

-l¥=

e v o eitires | Hhadinn A Bt S

[P

C e




PP Y Ry T e <

LIST OF ILLUSTRATIONS

FIGURE 1. The Triaxial Cell . . . . . « v v + ¢ v v v « o« & & EEEE
2. Pressure Generating and Regulating System . . . . . 6
3. Manual-Control Regulator . . . . « ¢« « + « v « « & T
4, Wiring Diagram for Vertical Displacement Transducers 10
5. Lateral Deformeter ana Calibration Blocks , . 16
6. Lateral Deformeter. . . . « v v v v v o o o o o 4 W 17
7. Effzct of Pressure on Lateral Deformeter ., , . 20
8. Calibration of Deformeter Using Metal Specimen ., , 21
9. Calibration of Deformeter Using Metal Specimen and

Rubber Membrane , . . . ., . . .. e e 22
10. Correction Curve for Lateral Deformeter . . . . . . 23
11. McCormick Ranch Send Gradation . . . . . . . . . . 25
12. Watching Hill Clay Gradation . . . . . . . « « . . 26
13. Soil Forming Mold + « v ¢ ¢ ¢ ¢ v v e v e w e e 27
14, Specimen Formation . . . . . ¢« v . . 0 00w ... 28
15. Sample Forming Frame . . + ¢ ¢« v ¢« v o o o « o o 29
16. Sample Forming Equipment . . « + « + « « + v . . . 31
17. Triaxial Cell and Associated Equipment . . . . . . 3k
18. General View of Test Setup . « « « + o + v « o .« . 35
19. Close-up View of Test Setup .+ « + « « « v « « o . 36
20, Deformed Shapes of Tested Specimen . . . . . . . . b1
21, Typicel Data PLots « « « « = « « o o ¢ v 4 0 o 42
22, McCormick Ranch Sand; Hydrosiatic Compression Curve e}
23. McCormick Ranch Sand; Triaxial Test Results;

(oh-cr) vs (ea-er) e e e e e e e e e e e e e 50
2, McCormick Ranch Sand; Cyclic Triaxial Test;

o, = 200 psi; (ca-cr) Vs (ea-er) e e e e 51
25. McCormick Ranch Sand; Cyclic Triaxial Test;

03=200psi;(oa-or5vser 52

I




FIGURE 6.

c

30.

31.

33.

3b.

35.

36.

37.

38.

332.

L0,

McCormick Ranch Sani; Constant Stress Ratio Results;

Initial Cont'ining Peessure = O psi; (oa ) vs (ea-p )

T

McCormick Ranch Sand; Constant Stress Ratic = 0.6;
Initionl Confining Pressure — 0 psi; O, VS €, v ¢ . o

McCormick Ranch Sand; Mohr Diagram . . « .+ « « . .+ &
Woatehing Hill Clay; Hydrostatic Compression Curve

Clay Specimen Subjected to hOO-hbl Hydrostatlc
Compression .« . . . . . . e

Clay Specimen Subgectcd to 3 200=-psi Hydrostatic
Compression . . . . e e e e e .

Watching Hill Clay; Triaxial Test Results;

(9.-0_) vs (e -¢)
a2 r a T e e e e e e e

Watching Hill Clay; Triaxial Test Results;

(oa-ar) vs (ea-er); Expanded Scale . . . . « « « . .

Watching Hill Clay; Triexial Test; 03 = 10,000 psi;
(0,730 vs (e -e g

5 e & & a4 2 e o ¢ e & ¢ s e

r

Watching Hill Clay; Cyclic Triaxial Test;
I, = 200 psi; (oa-of) VS €, e e s
Watching Hill Clay; Constant Stress Ratio Results;

Initial Confining Pressure = 0; (oh ) vs (sa- ¢,

) .

Watching Hill Clay; Constant Stress Ratio Results;
Initial Confining Pressure=100 psi;(oa )vs(ea-er)

Watching Hill Clay; Constant Stress Ratio Results;
Initial Confining Pressure=2C0 psi;(ca )vs(ea-er)

Watching Hill Clay; Constant Stress Ratio Results;

Initial Confining Pressure=800 psi;(o ) vs (e -c.)

r

Watching Hill Clay; Constant Stress Ratio = 0.6;
Various Initial Confining Pressures,(ca )vs(e -¢ )

Watching Hill Clay; No-Lateral-Strain Test;
Initial Confining Pressure = 0j Tg VS € v v v o v

Watclhing Hill Clay; No-Lateral-Strain Test;
Initial Confining Pressure = 800 psi; % VS €+ «

Watching Hill Clay; Mobr Diagram . . . . . + ¢« « +

axii-

25
56

57

58

59

60

61

62

63

6k

65

67

68

69
70




SUMMARY

This report, Volume T, is concerned with the load-deforuation
characteristics of two field soils under confining vressures up to
10,000 psi. A wide variety of stress states were imposed upon
partially saturated compacted specimens of soil which were obtained

from two test sites, one in the United States and the other in Canada.

The tests were performed with a high-pressure itriaxial cell and the
stress states included hydrostatic compression, triexial shear,
constant stress ratio tests, and no-lateral-strain tests. Cyclic
loading was accomplished during many of the tests. Results of tests
are presented in the form of various types of stress-strain curves
in Volume II. Numerical tabulation of dala is presented in Vol-

yme III.*

A lateral deformeter was developed for determining lateral
deformations of the cylindrical soil specimens during both the
compression and the shear stages of loading. The instrument
consists basically of strain-gaged, cantilevered springs which bear
against the specimen midheight. The use of the instrument aliowed
the determination of the bulk modulus of the partially saturated
soils as well as the control over the lateral dimensionz of the
specimens during the loading.

* Volumes II and III were published in a limited number and are
available Tor loan purposes from the Research Center Tibrary, U. S.
Army Engineer Waterways Experiment Station, Vicksburg, Iiss.
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CHAPTER I

INTRODUCTION - SCOPE OF PROJECT

In order to determine the free-field behavior of soils as well as
soil-structure interaction behavior uader blast loadings, it is neces-
sary to have knowledge of the dynemic, high-confining-stress level,
stress-strain characteristics of the soil. At the present time there
iz a complete lack of test equipment for performing high-pressure, dy-
namic triaxial tests. There is avaeilablz, however, dynamic triaxiasl
equipment capable of operating at low-confining pressures and, aiso,
dynamic one-dimensional compression devices opersble at luading pressures
in the 1000- to 2000-psi range. One solution, then, to the basie high-
pressure, dynamic loading problem is to correlate static-lcading tri-
axial date with the dynamic data in the range of pressures where both
types of data are available. The correlations could then be extrapo-
lated to the high-pressure dynemic problems on the basis of high-
pressure static tests.

A survey of the literature reveals that very little dzte are avail-
able even for static loading of soils in the pressure range of interest.
This is particularly true for controlled states of stress during both
loading and unloading other than "standard" triaxial test conditions.

As a consequence of the lack of data, this project was initiated in or-
der to study the behavior of two test-site soils when subjected to high
confining pressures. Of primery interest were the stress-strain char-
acteristics at relatively low strain conditions in order to determine
deformational and btulk moduli.

Material properties of interest include the bulk modulus of com-
pressibility, the shear modulus, and the constrained modulus. The de=-
termination of these quantities involves a measurement of lateral defor-
mations of cylindrical specimens. At the inception of this contract,
there was no instrumentation available for such measurements under the
pressure conditions required. The development of a reliable apparatus
for this use weuld provide an invaluable tool which would, in addition,
allow testing under stress states not then possible.

The scope of work in the project included the following three
studies:

1. Triaxial testing of compached soils at confining
pressures up to 10,000 psi.

2. The development and use of an instrument with
which to measure lateral (radial) displacements
of soil specimens subjected to high pressure.

3. Triaxisl testing ~* »ndisturbed soil specimens

at cont'ining p- © . up to 10,000 psi. This
study was to -~ srted in separate letter-type
reports as thne X was accomplisned and, there-

fore, is not covered in this report.

-1-




Two soils were incluled in the test program for compacted soils.
One was an alluvial clayey sand from the McCormick Ranch test site near
Albuquerque, New Mexico, and the other was a silty clay from the lacus-
trine deposits of the Watching Hill test site at the Defence Research
Estavlishment, Suffield, Canada. Both soils were furnished by WES in &
lovse state after having heen dried and processed to remove large parti-
cles and foreign mabter such as twigs, etce.

-2-
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CHAPIER II

EXPERIMENTAL APPARATUS AND CALIBRATION

With the exception of the triexial cell, the pressure generating
system and the lateral deformeter, the equipment comprised commercial
items., The lateral deformeter design is included in Chepter III. De-
scription of the other equipment is included here.

Equiggent
Iriexial Cell

The triexial cell (Figure 1) was designed to allow the testing of
specimens up to 2 inches in dianmeter and with lengths up to 5 inches.
The working pressure capacity of the cell is 10,000 psi. It consists
of four basic parts. These are: (1) the base, (2) the cylinder, (3)
the gland, and (4) the load piston.

The base was machined from naval brass with a tensile yield
strength of epproximately 24,000 psi. The base diameter is 8 inches
with a threaded pedestal 3% inches in diemeter. A removable specimen
pedestal {or platen) screws into the base pedestal. Two pressure ports
are provided through the base. One port is for the confining pressure
while the second allows either the application of a pore pressure, the
measurement of pore pressures, or drainage of the specimens.

The cylinder is of cold-drawn seamless steel tubing with a yield
strength of about 55,000 psi. It screws to the base and is sealed by
an O-ring seal between the pedestal and the cylinder. The internal
diameter is 3% inches, the wall thickness is 13/16 inch, and the length
is 12-13/16 inches. Two ports were provided in tie cylinder wall. One
was used as either a pressure port or as an air escape port when filling
the chamber with oil. The other port allowed the attachment of an
electrical-lead manifold. The electrical terminals are manufactured by
the Fusite Corporation, Cincinnati, Ohio, and consist of a fused glass
insulation material surrounding the terminazl and contained in &« metal
body. They are available in several types and sizes. The type used in
this application was a ;/S-inch Pipe-thread body.

The gland screws into the top of the cylinder and serves as & guide
for the piston. It is made of naval brass. Sealing is accomplished by
means of an Q-ring between the gland and the cylinder as well as between
the gland and the piston. Although three O-ring grooves were provided
for sealing the piston, it has been found satisfactory to use only one.
A different gland was used for each of the two piston sizes.

The pistons are of alloy steel with a yield strength of approximate-
1y 150,000 psi. The diametecs were 7/8 inch and 1.40 inches and polished.

Pressure Generating System

The pressure generating and regulating system is shown schematically

-3-
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in Figawre 2, An aiv-oporabled hydvoulic pump is used es lhe prime pres-
sure source, The pwap s essenbinlly o pressure dnbtensifier which is
valved so Lhal 3t dis cupodble of reeyeling when the siroke linil is
reach:d,  The punp used is made by SC Hydeaulie Corpuration, Tos Angeles,
Celifornin.

It is a Model 10-600-15 and has & fluid prasasuvre copuacity off 23,700
p3i when operaling at air pressvree of 100 psi.  The oulpub pressvee de-
pends upon the applied air pressvec and is conbinuously variable (in-
creasing pressure only) from approximabely zero. The wajor disadvanvapge
of ihe pump is thab it can "unload" only a negligible amount,

In order to accurately control ine confiming pressure, there is in-
cluded in the line a piston-cylinder arrengemant (Figuve 3). The pistons
ere posiltionz2d by a bolt reaction mauber. The adjustment of 1l bolt
cither forces the piston into the cylinder or allows it to move oulward,
thus causing the pressure in the line to increase or decrease, respec-
tively.

In certain tests, parbicularly ‘he Ro-Lateral-Strain or K°, it wvas
nceessary to rapidly adjust the confining pressure. In those cases, a
manually operated, 10,000-psi hydrvaulic pump was utilized.

.

Joading Machine

The loading machine is of the "eonstant rate of strain" type. It is
& 10-kip capacilty, elcctrically operated machine with selectable strain
rates ranging from 0.30 inch per miauie o 0.00002N inch per minute.
It is manufictured by Wykeham Farrance Engineering Ltd. s Slough, England.

Measurcm:nl System

\

Lateral Deform:ter

The Jateral deformeter was specially designed for the project and
consisted basically of a cantilever-spring system which utilized bonded-
wire, resistince-type strain gages as the sensing elements, A complcte
deseription of this device is included in Chupuver JIT.

Pressure Gages

Confining pressures were measurcd by means of commercial pressure
Cages.  The following sct of gages was used:

Pressure Rango ' Acowracy, %, Pull Scale (¥.s.)
0-20C¢ psi + 0.5

0500 psi +£0.5

0-1,,000 psi + 0.5

0-20,000 psi + 0.1

n -8 2 » -~ 2ol Y . e, .
The gages were periodicall ¥y checkad agminst a standaxd {ransfer gage

-)=
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accurabe 1o 4 0.1 B8, The slendecd gage was calibraled with a precision,
20,000t dondadond Lenter, '

Toud Gells

Theee dirterceat lead cells were used to measurve axial loads on the
speciy ces. AlL vere coasceccial doad cells of the bonded-wire, vlectric
resisteonee yre, For Touds up Lo 2.5 Kips a Strainscrt £lat load cell
was used,  Whis cell bas a nOHLhdl diapaber of 2-1/U nnchcs ond o thickness
of 3/ inch. Honlincarily I the cell is within + 0.10) ¥.S. and re-
pealabiliby is + 0,004 F.8. '

Por loads up to 10 kips, a BUH load cell was uwsed. The cell is ap-
proximately I inches in ddometer by 6 inches in lenglh. TLincarity and
repeosability arve cquivalent to that shoun for the 2.5-kip load cell.

For loads vp Lo 25 kips, a Straimsert flat load cell was used. The
cell is h-1/8 inches in dlometer by l~3/8 inches thick. Lincarity and re-
peatabilily wre as indicated for the 2.5-kip cell

Linear Moljon Teansdweecs

Lincedw rpobion Lrinsducers (IMD's) were used for the measurcmsnt of
axial deCorpabions off Lhe speeimens, The devices are lincar variable
dirterenhinl berasfornzes (LVDE's) which are completely sel f-contained
willi reapcel Lo Lhe slignal. cavrler and amplification system, The de-
viced are crelled by an exbernal 2h v, D.C. source and the output signal
do aurgietenkly aleong Lo go directbly Lo a recorder,

Phe MR vied yore made by G. L. Collins Corporation, Model SS207
wilh nopteote fenglh of + 1,00 inch,  Lincarity for these instruments
te. O '7"‘,

Recovding and Instrumentation

flrain Groe dnlleabor

ML slbendn gage clveuits were fed inbo a BLI Model 120C strain gape
indicalor,  Fhose signls being recorded were retransmitied through the
scope oubpub Lo bhe recovder,

X-Y Recorder

A Hovletb-Packarcd Model 139 Recovder was used for all aulomatic re-
co:d:nb. This is o mullirense, general puvpose X-Y plotter with ranges
fron 0.5 mv/inch Lo 50 v/inch. Accuracy is 0.24 F.S. and lineavity
0.1¢) ¥.8.

Cirvenilry for Lincer MHolion Transducers

P S L PO TP

The TMP's were used in an averasing orveaugenent., This is accomplished
by mounbing Lo 1t 's Lo the testing rachine al 180 degrees cvound ihe
cell,  Ghe cubpnl frem Lhe Lwo unils was added by comweching 2l oubtpub

-8- .
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Joad wires in a serices combinalion, The circwilyry for the selup is showun
in Figure U,

Calibration

AL load cellls weee calibrated in plece on Lhe tesbing maching.
Proving rings, which had been calibrated Deasediately prior to theix
use, vere used Lo wonitor ithe epplicd loosds, The oulput from Lhe loud
colls wos relrensmitbed Orem Uhe slroin gese indicotor to Uhe recoxrder.
Bach recorder range vas ulilized during the calibration process so thel
changing of recorder ranges vas possible during the teoling process,
Yor a given recordar range, the relation beluecen load and recorder in-
dicatlion was linear.

L]

Calibralion of load cells was accomplished at ihe time of instal-
lation and every two wecks thercofler vhile a given ccll was in use,
For scrvice periods less then two weeks, the cell was checked prior to
its removal from the lesting machine.

Lincar Motion Transducers

The transducers were calibrated in position on the testing machine.
Ty were set al the mull position and then subjected to known defllec-
tions (individwally and together). “he output from transducers vas
transmitied directly to the rceecorder and all recorder ranges to be uvsed
verce chpexed,  The relation belween deflection and recorder indication
vas-linear in all cases.

The transducers were calibrated prior to their use and every tvo

o o Veoe SeY o« w AL
LG RN ll‘.l.'l et ) Nt d

Testing Machine Deflection

Sivce the axial deformalion measuring system was mounted g0 as 1o
inclwde in the measurcments the deflection of 1the tesling machine, load
cell and the triexial cell, the combined effect of {the equipment defor-
mabions was determined.

A slecl specimen was placed in the triaxial cell and the equipment
completely assembled as for un actual test. Ioads were applicd io the
dwany specimen under all confining pressure conditions which were an-
ticipated and the totald defleclion was recorded. The deforgaiion of
the netel specimen was calculaled and this arxount of deformalion was
subtraclted from the aclual measuvecionts. The remaining deflection was
recorded as Lhe equipment deflection and wes wbilized as defovn~iion cor-
reclion fucvors in the reduclion of data.

JPiston Priction

Since the spocinen londs in the axial djrection were masured by
reens of a load cell mounted ouiside of the confining clieater, Lhe piston

~g-
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MULTIPLE AVERAGING DUAL UNIT

Figure h. Wiring Dicgrem for Vertical Displacement Pransducers

~]10-




~

friction vas determined at pressuces from zero up to 10,000 pai,  The op-
propriote corvecelion was lhen applicd Lo Lhe measurced loads during caloew-
lations of axial slress on the specineons,

=11~
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PUVETOLAD OF P50 LRTRRAT DRPORLMYS

Treionind Lo Ling of bolh puelialdly salurealed and fully saturated
soils unlee voconsol idebed-vadesined conditions Lo determine bulk, shear,

)
ot condheadccd pedull is dirfienly Lo accompl ish,

n the canetof bk rodulus tests, the overall volume change of the
spreiven inoof Julbevest ael bhis delerminal ion may be accouplished hy
cilu-r obscveving changes dn volw.e of the confining medivm or by meas-
uring boliv arinl and radial deCorpations” of the specimens., For the con-
sbrained podnlus Lest, it is wundatory that radial deformabions be mon-
ored in veder Lo radntain conditions of "no lateral slrain.”" To de-
Lerwine Lhe shear rodulus, il is also necessary to dctect radial delor-
mbions,

The accurabe pasuvencnt of very small volwee changes of Lriaxial
specirons by obse ving changes in confining fluid volume btecomes difCi-
cull vader high peessvre condibions. This is due to volume changes of
tin equircent and The confining madiua $hemselves as well as the lnbro-
Aveldon of weasurenentb errors due Lo syl deaks in the system, Al-
throvgh procisa calilbreabion nay provide a basis [for corviwetions due to
cauipitent and confining-r:diwa voluse changes, the problem of system
leaknge is foemidable in a producticon-oriented tesgt systeas This irdi-
cales Lhe desivabilily of obbaining deformation measurcments in the ra-
dial and Lhe axial dicections ducing the progeess of a test., Relabively
preeise masuresents of axial “elormabions are possible using instrurents
such as )ineor voaviable differential transformers, This type of instru-
renlabion uas used in this projech. ‘fhe problem of d2tbermining labecal
defovrnd ions of soil syeclrens ab high confining pressures is much more
ALLLICWLL and, Pror To Lhis anvestigation, hes recceived Little atten-
tion,

Tne ccope of the project included a study of the feasibility of
developing the necersany cguipment to conduet meaningful unconsolidated-
wrleained bolk, shoor, end constrained modulus tests. Such equipment- has
baen developed ducing Lhe progress of the projest and it has been used
in the conuclbion of the type of wesbs anbicipated, The development and
usege of the "aleral defomecter" constitutes the remainder of this por-
tion of the ceport.,

Ialeeal Pefor abion Measurenent Techniques

— s s s

Tn low-proasure Wrioxial testing, various lechuniques have been in-
vesbipeled and wsed,  2he rope widely publicized of these may be con-
ventenbly Tished as follows:

1. Shodsggroph robhelds ave Lhose wherein diometer
chonges are jndicated by changes in Jaberad di-
pensions of a shados of the speciwen., A varia-
tion of Lhis mebhod is cited by btacsal eb al ().

~12- .




Marsal utilized (or suggested the use of) a
photographic plate together with a parallel-
1ight source in order to record lateral di-
mensior changes.

Visual observations of diameter changes are
possible with the use of a calibrated scale
mounted on the triaxial cell wall (2).

Manual, direct measurements of diameter changes
can be made by using mechanical -micrometer
gages which extend through the triaxial cell
wall (3).

Capacitance gage methods which utilize one
plate of a capacitor mounted to the specimen
side and the other plate attached to the cell.
Changes in capacitance of the measuring system
occur as the specimen deforms which decreases
(or increases) the spacing between the two
plates. ,
Mechanical lever systems have employed plates
bearing against the specimen sides. The plates
cause movement of the levers as the specimen
diemeter either decreases or increases and the
resulting deformation is indicated by some scale
arrangement. Bishop and Henkel (5) utilize a
calibrated, mercury-displacement messurement ar-
rangement together with a hinged, metal frame,

Cantilever springs, instrumented with electric
resistance strain gages have been used (personal
commnication). The springs are mounted on the
cell and allowed to bear against the specimen.

As the specimenderorms, the movement is sensed
by the calibrated springs. (This method was
adopted in this investigation and will be dis-
cussed in detail later.)

Circumferential bei” of various types can be
used as either a K° (no lateral strain) sensor

or as a lateral strain gage. In practice, the
belt would be wrapped once around the specimen
and secured. As the specimen deforms, the in-
strumented belt senses and indicates the move-
ment. By monitoring the indications of deforma-
tion, the operator can, if desired, regulate the
cell pressure to maintain KO conditions. General-
ly, the belts have been employed primarily as K°
devices and instrumented with electric resistance
strain gages. DiBiagio (6) used a calibrated
metal band which was fastened by an elastic ma-
terial. As the specimen diameter changed,

-13-
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the indications were monitored +visually. Whitmore
(7) reported that the instrument was somewhat less
than successful. Whitmore (7) expecimented with a
"belt" type of strain gage which consisted of a
small-bore rubber tube filled with mercury. The
mercury was used as the acltive gage in 2 Wheatstone
Pridge circuice. Whitmore concluded tnat the instru-
ment has potentisl value, but that additionel de-
velopment and testing were necessary.

Each of the above systems has certain advantages and disadvantages
for low pressure triaxiel work. In working with high confining pres-
sures, most of the inherent disadvantages are much more prominent and
may preclude the use of some systems.

In many of the systems, it is either necessary or highly desirable
to see the interior of the triaxial cell. For this project such is not
practicable and all techniyues requiring interior visibility were not
considered.

Manual, direct measurements of diameter changes were eliminated
due Lo problems of sealing since the shafts of the micrometers would
pass through the cell walls. In addition, making the measurements would
be slow and would not be practical for dynamic work. Another difficulty
is in the accurate determination of contact between the micrometer point
and the specimen.

The capacitance systems appear promising. Mishu (4) reports on the
use of such a gage and concludes that strain measurements on the order
of 0,01 percent are possible for a l.h-inch-diameter soil specimen,
Mishu utilized the soil specimen itself as one part of the capacitor end
a ring which surrounded the specimen as the other part. He states that
the capacitance ¢f the system depends on the soil type, the cell fluid
medium, the ring surface area, the confining pressure and tempersture.
Of special note was the fact that his cell fluid (pure white glycerin)
had to be changed after each two tests due to dielectric constent changes.

The capacitance measuring system was considered in this project as
the second choice of systems and would have been explored for usage ex-
cept that the first choice provided acceptable results. Investigation
of the feasibility of a capacitance system for high pressure work would
be worthwhile,

After considering the various techniques availsble, it was concluded
that the most promising appeared to be one which employed cantiiever
springs instrumented wilh electric resistance strain gages. Development
of this type of gage was begun and eventually a working system wes de-
vised., The development and usage of the instrument is described in the
following text.

Use of Strain Gages Under Pressure

One of the problems involved in the use of a strain gage type instru-
ment subjechted to high pressures is the effect of pressure on the gages

-1k




themselves, This problem has been investigated by several persons, both
theoretically and experimentally. Milligan (8) reports on the response
of soil strain gages up to 140,000 psi and summarizes the results of
recent investigations (up to 1965). Brace (9) discusses theoretical as-
pects of the effects and pr.sents data regarding the effect for gages
mounted on several different moteriels under pressures up to 10 kilobars.

Conclusions regerding the use of strain geges under high hydro-
static pressures are that the gages will perform satisfactorily provided
suitable mounting techniques are uwtilized. Generally, mounting on a
relatively smooth surfuce should b accomplished using » minimum thick-
ness of cement and with a cement which will resist creer under the ap-
plied pressures. Cements utilized satisfactorily include epoxy cements
and Eastman 910.

Tt has been shown () that the compressibility of the substrate will
have an insignificant effect on the "pressure effect" of the gages. (The
"pressure effect" is defined as being the algebraic difference between
the indicated strain and the true strain occurring in a gaged material.)
In addition, the pressure effect will be of & small value, i.e., approxi-
motely 1.1 x lO‘h strain units per 2 kilobar hydrostatic pressure and the
effect will be linear.

Design of the Lateral Deformeter

The lateral deformeter design underwent several modifications on
paper; however, the first working model has been used throughout the
project without modificetion. Essentially, the instrument consists of
a steel ring which atteches to the triaxial cell base, Attached to the
ring are cantilevered metel strips which bear against the specimen. The
strips are instrumented with electric resistant strain gages which sense
the movement of the strips and therefore reflect the lateral deformation
of the specimen. A pi.otograph of the device is shown in Figure 5.

The ring (Figure 6) is made of structural grade steel at present.
(Since the present instrument has been used almost daily in oil, corro-
sion hes been insignificant; however, it is recommended that stainless
steel be used.) The dimensions shown on the drawing are those necessary
for the particular triaxial cell used in this investigation and will have
to be adjusted to fit other test equipment.

The ring can accommodate twelve strips or springs. This will allow
the instrument to measure at multiple points along the length of the
specimen., At present, three springs are used. These are spaced at 120
degrees and bear against the specimen at midheight.

The taper of the upper part of the ring was sclected to cause the
springs to te initially preflexed when used with a l.lh-inch-diameter
specimen. This allows measurenent of both increases and decreases in
the diameter,

The springs (Figure 6) are made of spring steel. The shape was
selected in order to cause & greater amount of spring deformation to

-15-
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occur near the fixed end and, tuereby, to increase the sensitivity of
the instrument. The reduced sevtion was dlmensioned to :accommodate a |
strain gdge which is approxlmately 0.1 inch by 0.5 inch.

tiél;_ﬂages used on the deformeter are wire ,gages on a paper ‘basé.
They are manufactured by University Preci ion Measurement. Company of
Ann Arbor, Michigan. Spec1ficat10ns are: Type 40, gage length O. 4 inch,
120 onms: resistance with gage factor of 2.06.

The gpages were bonded to the springs with Eastman 910. cement using
only the normal precautions for this cement. No Pproblems have arisen
with regard to gage application: during the approximate 9-month use of"
the instrument.

Strain gage circuitry was in the form of a two-arm hridge. Gages
were affixed to each side of all three springs and the three outer gages
connected in series as were the three inner gages. The sens1tiv1ty of"
the instrument is indicated in the section under "Calibration."

-Calibration— B
T s —

x

The calibration of the lateral deformeter was carried. out’ under the
following different condltlons'

1. Machined calibration-cylinders..shown in Figure 5.

2. Mounted in the cell, using no specimen andaunder
hydrostatic pressure.-

3. Mounted in the ‘cell; using a steel specimen, no
membrane, and under hydrostatic pressure. -

4. Mounted in the cell, using the steel specimén
-enclosed in'a rubber- membrane, : -and under hy-
drosta+1c nreéssure.

N {

i1
By means of the méthods. out¢1ned, the effect of pressure on the
de:ormeter was measured as was. ﬁbe ind1oated‘effect of a-change in thick-

ss of the membrane.

The basic calibration was -carried -out with the instrument ‘mounted
cn the cell ‘base under atmosphvrlc pressure only ‘The calibration
wlotks {Rigure 5) were machlned to produce nuccess1vely larger diameters
in. steps upon which the deformeter springs’.could bear. The bloeks were
-positioned so that the deformeter was calibrated over a range of diameters
from 1.20 inches to 1. 70 inches. The resulting correlation was found %o
be 13.27 microinches per inch per 0:001 inch of diameter c?enge.

- 1

‘e i e

The effect of pressure on. the deformeter 1tself ‘was determined with

the instrument mounted on the cell base, using né specimen, and subaectlng

1t tc presswes up to 10, 600 Psin Figure T presents the results of this
‘determination. The effect is to- 1ndicate an apparent dlameter decrease.

-

x‘
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CHAPIER IV

SOIIS AND SPECIMEN FORMING

Soils v
Two soils were tested. Botl s0ils were furnished by WES in an air-
dried state. The soils had been sieved through a No. b sieve to remove
large particles,. organic and other Toreign nmatter..

One soil was a clayey sand obtained. from the- McCormick Ranch test
site near Albuqu.rque, New Mexico. This soil will be referr.d to as
the MeCormick Ranch: Sand It is -.classified as ‘SC according to the Uni-
{ied Soil 013551¢10at10n System. The gradation curve and the Atterberg
Limits are shown in Figure 1l. The des’-ed dry unit of this soil was
117 pef at a moisture content of 11.4.

The second s0il was a silty clay obtained from the Watching Hill
test site at the Defenceé Research Establishment, Suffield, Canada. This
soil will be referred to as the Watching Hill Clay It is classified as

CL. Gradation and Atterberg limits gve shown in Figure 12. 'The desired

dry unit weight of this soil was 93 pef at a moisture content of 12.5%.

Speciren IForming -

- The ;oil was received in metal containers, each holding approximates
iy 70 pounds. The soil in each can was thoroughly nixed in a dry state,
after which; water was added to produce the desired water contéent. The

water and soil weré first mixed manually, then with a mechanical mixer and,

finally, manually. The moist soil was placed in. plastic bags and stored
in a humid room for a minimum of seven ddys prior to forming. The mois-
ture content was .checked 1mmed1ately prlor to forming.

The formlng mold (Figure 13) is a stainless steel tube, 1. 385 inch
I.D. witl a wall thickness of 1/8 inch: The compacting plstons are of
alwninun and were machined to produce a -close fit inside the tube. The
techniqueé used during .molding allowed the tube to float freely and the
£0il to -compact from both-ends toward the middle.

The specimens vere. nom;nally 1.4 inches in diameter by 3 inches in
length. The amount of mowst soil sufficient to produce the desired den-
sity -was weighed and placei in the mold, Durlng the charging of the mold,
the bottom piston was held in position to .exteénd approxlmately inch in-
to the mold. A funnel was used to prevent los§ of 3011 -and the s011 was
lightly rodded. until the:soil surface wasjaust below the mold top._ The

top piston was put in. pOS1t10n and the entire assembly placed in a 1oad1néh

frame (Figure 14 and Figure 15). A hydraullc Jack forced the pistons in-
to the mold, thereby compacting the suil.. The length -of compacted speci-
men was determlned by gaging with a dial indicator 4o within 0.00L inch.
Durin g the moldlng, both the top and bottom plston moved into ‘the mold
while the mold was rotated to minimjze friction. When the proper length

_was reached, the load was her to malntaLn such length for a ‘peried of
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30 seconds. After this, tﬁ"lbad was released and he forming pistons re-
moved. Extrusion of the specimens was accompllshed by hydraulic power.
A photograph of the equipment is shown in Figure 16.

The extruded specimens were each.weighed.and..checked for -parallel
ends.. The height was measured and the diameter-deternined at the top,
middle, and bottom. The density was calculated -and only those specimens
that were within + 0,2 pound per cubic foot of the .desired dens1ty were
accepted. Bach specimen was wrapped in six layeys of Saran Wrap, placed

in three plastic bags (each bag 1nd1v1dually sealed) and stored in a
humid room until tested.

The McCormick Ranch Sand specimens were formed in batches of 25 as
needed for testing and stored for a minimum of 7 days prior to testing.

The Watching Hill Clay .specimens were -all formed prior to the be-
ginning of testing operations.
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CHAPTER V

TRIAXTAL TESTS: TYPES AND PROCEDURES

Types of Tests

The test program. included the following basic types of tests:

1. Hydrostatic Compression tests were performed on
all specimens which were to be tested in.shear
under confining pressures greater' than atmospheric.

2. Triaxial Shear tests were conducted: where the shear
loads were applied: (after the desired confining
pressure had been effected) at constant rates of
strain, Loadlng was continued to failure or to 4
desired strain value.

e £ e = pronsdi e

3. Cyclic loading tests were accomplished for ‘both

Hydrostatic Compress1on and Triaxial Shear. In

\Hydrostatlc Compresolon, the pressure was raised

in regular increments up o thé desired pressure

level. Unloading was conducted using the -sameé

pressure increments and reloading followed, 1In

= Triaxial Shear; the loads were applied at a con-

! stant strain rate up to a deslred stress level and -
then the specimen was unloaded at the same strain
rate. Reloading followed The number of load-
unload cycles varled from -one- to four.

. "Constant - btrcss Ratio" tesis were performed.
After the appllcatlon of the hydrostat;c com-
pression phase, the shear stdge was accompllshea
by increasing the conflnlng pressure together
with the ax1al load so that a cohstant ratio
existed bevieen o, and ¢ Axial loading was
at a constant straln rate. ” Tne lateral pressure
was manually controlled and ;oadlng was continued.
either %o failure or to maxirum. available con-
- fining pressure (10,000 psi), Cyeclic loading was

accomplished in -some tests.

e e+ e et vt A s g o etk e e ettt e £ o rn

5. (0, or "No Lateral Stzaln," tests were ecoompllshed
Justlng the confiining pressuro while 1ncrea51ng the
axial load at a constant rate of strain. Cycle
loading (one cycle only) was. accomplished in some
tests, =

Test Procedures

Test Preliminai:ies
Specimens: were selected at random from those ppreviously formed. The
~-32-
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oné to be tested was removed from 'its wrappings, measured for length and
.diemeter, and weighed. The volume was determined by mercurJ-dlsplacement
techniques.

The specimen was placed on the base cap and enclosea in a single
‘rubbe? membrane (0.025 inch thick). A rubber band’ Was used to6 Seal the
. membrane to the cap.

Next, the latéral deformeter was carefully lowered over the specimen.
and. secured to ‘thé ‘base by the screws. The assembly was checked to as=
sure that the' specimen was flrmly seated, then the top cap was placed in
pos1t10n ‘The membrane- was pulled wrinkle-free over the ‘top cap and se-
cured by a rubber band.

The ceil cylinder was attached to0 the cell base ‘and the internal
electrical connections: were made. -
./
; : 0il (SAE No. 20) was poured: in the cylinder-and the cell :gland ias
: screwed into posi tlon. Care was used to ensure that no air was entrapped.
The cell was: xlllnd %o a level such that 0il would be displaced and forced
: out as the gland was screwed dowx

The load plston¢was inserted into the cell through the gland -and
into p051t10n in the pistonguide portion of the specimen top cap. Con-
tact -of" the- piston with the cap was detected by. the completion of the
electrlcal circuit and the lighting of’ the lamp. As the plston moved
1nt0kthe cell,. dralnage ‘of “the fluid dlsplaced by the piston.was accom~
plished through a valve near the top of the ¢ylinder.

>. Iy T e ;,..;*\yd«'n Caaraiats 3 (A kit St N e i R
< e s
) . R P

i\
/
'/
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P g

‘That completed the cell assembly. The unii was.then moved to the
testlng machine and all ‘measuring components connected .and checked
Photographs of the .cell and .otheér apparatus are shown in Figures. 17, 18,
and 19%

‘The specimen ‘was subjected to hydrostatlc pressure of 5 psi and
zero readings -of helght and diameter weré recorded.

Appliéation¢cf%ﬂydrostatic;stress

; The shear stage of the tests megan from an initial hydrostatlc press-
' sure which was some value between zero (atmospheric). and 10,000 psi. The
¢ hydrostatic préssures used were O, 100,. 200, 400, 800, 3200, 1600, 3200,
: ‘6400, and 10,000 psi;

pesIe A A A
Cyeety F:‘F‘z.v,;\:‘wu«:rﬁwmﬁp«;gl@m& "‘E'“g"i”’*- SR - EaEE
.

For a given test; the pressure was increased in increments corre-
sponding to those shown above up to the desired value. ‘Under each pres-
‘sure 1ncrement the changes in helght and diameter were determined im-
mediately -upon appllcatlon of the stress. The ajir- -hydraulic pump was
used to apply a pressure to within approx1matelv 200 psi less than that
desired and the final adaustment made with the manual pressure control
system.

-33-
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» For the cyeclic hydrostatic tests, the specimens were loaded incre-
mentally to the desirved stress level, unloaded, and reloaded incrementally

: with height and diameter changes recorded after the appllcatlon or removal
of each pressure increment.

Some tests, particularly the x° and certain of the constant stress
ratio, required rapid increases in confining pressure; For these tests
it was necessary to resort to a manually operated hydraulic pump to ap-
Pply the approximate pressure and to -effect precise control by ineans. of
the piston-cylinder arrangement

.
v

Application of Axial Load

The axial load applied to the -specimens: was effected by a Wykeham-
Farrance constant strain loadlng mechine,. Thé: rate.of loal application
for all tests was O 015 ineh pe¥ finute i

The load was transmitted to tne specmmen by one of the two follOW1ng
Sized pistons:

v
N

;‘ Piston Diameter Test in Which Used
"7/8 “inch. Triaxial with- constant lateral pressure
1.4 inches KO; Constant Ratio or/oa

For the hydrostatlc pressure application the plston was not in con-
t tact with the. specimen top cap except when de51red to determlne length
} changes, To- -add-axial loads, the piston was brought 1nto contact with
X the top. cap by manually adaustlng the testlng mzchine and the load then
applled mechanically: 'To unloagd’ axlal load, the machlnp was stopped at
the predetermined stress’ 1evel and then the. direction oft travel was re-
versed. The, load. ‘was. removed at the same rate: at vhich. it was. applled

For-the K° and the constant streéss ratio tests, the piston (1 he
: inch dlameter) was brought 1nto:contact w;th the ‘specimen after the ap-
; ‘plication of the: 5-psi seatlng pressure.. Ax1al loads were then applied
mechanically. :

oy

(Méasurements,of Spéciman:Afﬁef‘Testing

Jpon completion of “the losding phase (whether hydrostatic and/or
shear), final readings of height and diameter - -changes vere taken im-
medlately aftér the load remoyal, but wmth the 5- p31 see ting 1oad re«
maining. After removal from the. cell, the: specimen %.'s measured for
B length :and.- dnameter the, shape¢wg§ noted and. the volume _was. measured by

mereury dlsplacement. “The water content was eetermlned By drylng ﬁhe
entire specimen.

£
“
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‘CHAPTER: VI.

RESULES AND DISCUSSION

Test PTbgram

The program included the testing of the two soils under a wide
variety of test conditions. An initial test program was set up and
followed for the McCormick Ranch Sand; -the first soil tested. The
lateral deformeter was developed prior to the beginning of testing and
was used for all tests. After completion of the test program for the
sand, a review of the test capabilities indicated the desirability of
a modification in the test program for the Watching Hill-Clay. The
test program for the two soils follows. ALl tests were .of the
unconsolidated-undrained (U-U) type.

.McCormick Ranch Sand

Two basic tests were made on .the sand. These were the "normal"
triaxial and the "constant stress ratio" tpiaxial. In the “"normal
triexial test§, cyclic loading was accomplished -at ‘approximately 35%
and 75% of the maxinum strength. TFour confining pressures, repre-
sentative of the entire confining pressure range, were to have been
ubilized. Additional confining pressures- were added during the test
program in order to better define the soil properties and behavior.
The following 'normal' triaxial tests were accomplished:

Confining
Pressure;, psi Type Test

100 Priax., Cyclic @ 35% and 750%
200 " n TS 1 1
%00 n 1 TR 1" [0
800 gl 1" n 1" 1" 1"
1,200 1" 1 nwoon 1 1
l,,éoo 1t "e tton 1" u
3, 200 " 1 oo 1" 1t
6:“00 v u "o 1 1
10,000 08 - "o n "

Constant stress ratio tests were made at the following ratios of
confining pressure to axial pressure:

(Hydrostatic Compression Test)
Cyclic loading was accomplished at approximately 75% of ‘the noncycled
"fg _lure” load.

N
Y,
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A mininum of 3 specimens was tested for each condition..

Watchiﬁg Hiii Clay

Prior to the initiation of testing of the clay, a conference was
held w1th representatlves of .Georgia Tech and WES in attendance A
testlng program was- set up for the Watchlng Hill Clay which reflected
the increased capabllltles for, ‘radial deflection measurement .. The
foJlow1ng program was adopted:

lo‘

‘Volume
Yermined: by

Normal trfaxial test$ at confining pressures: of 0,
100, 200, 400, 800, 1200, 1600, 3200, 6400, and
10,000 psi.

Cyclic triaxial tests wherein both the ‘hydrostatic
preqsure was cycled once and the :shear load was
cycled ‘gt approx1mately 35% and at 75% of the fail-
ure doad..

Constant stress ratio tests wherein an initial hy-
drostatic pressure was applied. and, thereaxter, the
lateral and.;the axial stréssés were increased at a
constant ratio.

‘The following program was accomplished;

0r/0 Initiaiyﬁydrostatic Pressure, Psi
0.k 0, 100, 200, 800 1600, 3200
0.6 0, 100, 200, uOO 800, 1600, 3200
0.8 0, 100, 200, 800 1600, 3200
0.9- o

"No~Lateral=Strain' (K ) tests were performed by applying
-an 1n1t1al hydrostatlc pressure and, thereafter, loading
ax1ally at 0.0i5 in. per niin. The- lateral préssure was
adjusted as hecessary to malntaln a no-lateral-btraln
condition. After saturation was reached the specimen
was unloadéd. Only one specimen per test condition was
utlllzed The follOW1ng hydrostatlc pressures were
useds 0 lOO, 200, hoo 800, and 1600 psi.

Cyclic "'No-Lateral-Strain" tésts were made in a manner
similar to those in. Item Ly above except ‘that the loads
were cycled at an ax1al load of approx1mately 50%. oft the
§aturat;qn load. Two specimens were used for each of
initial hydrostatic¢ pressures  indicated ahove.

-

fVolume-Change~Caicu1atidhs

‘changes of “the .soils were based upon deformed shapes as de—

measurements -made:-on: tﬂsted -spécimens,
i
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The deformed shapes of many different tests specimens were measured
by means of dial indicators. The resu.ts‘of these ‘measurements were

studied and a generalized, characteristic deformed,shape was assigned, to
each soil;

The McCormick Ranch Sand was found:to conform closely to the- shape
shown in Figure 20b. The specimen ends were therefore assumed to under-

g0 no deformation and the deformation-was assumed to be linear from both:
ends toward the center.

The clay, which was relatively more compressible than the sand, was
found to have a shape like that .shown in Figure 20a. The curved portions
of the shape were approximated by straight lines .as 1nulcated by the dashed
lines. The positicns of the s%ralght line segments were correlated with

confining pressure and the volume calculations were based on the correlated
positions.

The dccuracy: of the recorded measurements. of both axial and lateral

deformation of the soil specimens are con51dered to be within + O. 0005
inch.

An error .of 0.0005 inch in both. radial and axial measurements of"
a cylinder 1.4" x 3" would cause an error of approximately 0. l% in the
calculated volumetrlc strain, AV/V The effect of a 0.1% error in vol-
ametric strain on the detérminavion of bulk modulus will depend upon the
rigidity of the ma*erlal itself and aupon the stress 1ncrement over which.
#he strain is measured. Under the test conditions used in this proaect

the bulk modulus of tested materials :should be within the following lim-
its

True Bulk Modulus «Prébable Error
10,000 psi + 3%
50,000 *

100,600 * 10%
300,600, + 15%
600.,000. T 250

PTeSentation of Data and Resulté

The resulis oP the test programs consist of the coimputer calciilation
yrintout of the data reduction for each test and of conparative dlsplays
of the stress- strain behavior of the soils. Tor the McCormick Ranch Sand,
the individual stress-strain curvés are presénted. in Volume II, Sectlon I,
and the computer printout sheets dre in Volume III, Section: I. Correspond-
ins eurves and sheets for the Watching Hill Clay are contained in Volume II,
Section IT, and Volume IIT, Section II; respectively..

The various tyles ‘ol curvés developéd from the data ‘are shown in
Figure 21. A list of all curwves presented i& shown in Tables 1 and 2.
From this list, a variety of curvés, revresentative of the entire range,
have been groupad te 1llu9trate the ef'fects of pressure: and staue of
stress. These "average" ciurves are included at the ehd of ths chapter
and -are dlseussed‘LndzvxuuallJ in the following section..
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20a. WATCHING HILL CLAY TYPICAL
DEFORMED SPECIMEN

705, “McCORMICK RANCH SAND TYPICAL
DEFORMED SPECIMEN

Figure 20. Deformed Shapes of Tested Specimen
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Table 1. -Gfaphical Results of McCormick Ranch Sand Tests

Type Test .
‘Priaxial
(Incl.. cyclic)

' -Constant
‘Stress Ratio

\\
N

Type Test

Triaxial

Constant
Stress Katio

No Lateral
Strain

.Geéneral

‘When -a soil Specimen is subjécted‘to.unq:aiged:hydrostatié compres=
sion, theré is a volume reduction. The:
‘depend upon ‘nany factors, and for a -given soil, §h§§g‘;ggl
- ‘rabiorand water--coRtent . Upon, application of the hydrostati

801l Skele%onacompressgs©\and as a consequence,,
compress of go iito (or partially into) solution
is undoubtedly some voiume change of the fluid al
ably small under normal circumstance d
driven into solution.-and the s031 ‘hecomes saturated. )

If one assumes that the compressibility of the ¢ _il skeleton itself

Table 2. Graphical Results of* Watching Hill Clay Tests

Hydrostatic
Compression
Stage Shear Stage
P vs AV/V, (05-0.,) vs (e,=c. )y for all specimens
(6,-0.) Vs e_, for typical specimens
a %r r
only
P VSuAV/V6 (cé ) vs (Ga-er)‘, for all specimens

0, Vs er, for typical specimens only

Hydrostatic

Compression ‘
Stage :Shéar Stage

o) VSMAV7VO (Gé~0r) Vs (eaéer), for 211 specimens

(oa-crj vs €, for typical specimens
only

D vsnﬁVAVQ " (6a ) vs {éérer), for all .specimens -

¢

9, vs €, for typical specimens only
5 -

D Vs AV/Vo o, Vs,

Discussion
LZEETUREION

amount of volume reduction will
ude initial wvoid

Lo e o e m
Y

e pressure the
the gas in the pores mst
in the poré fluid. There
503 however, it is prob-
S until the gas. is almost. completely

~
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is ~onstant and that the change in volume of air (whether compressmng or
going into solution) is directly proportional to changes in presswre, then
the compressibility of the soil mass should be a constant. This should
hold true until saturation is complete and then -a new compressibility
will ocewr which would have a greater value than that of the dinitial
colnpressibility.

In practice, it has been demonstrated that a complete "hydro" curve
consists of the two straight-line portions but, in addition, contains a
"transition' portion between the two straight lines. The transition re-
sults from the fact thet the soil is inhomogeneous and contains air' voids
which cze either not connected to flwid-filled voids or which have small
capillaries and therefore change the solubility of the system,

In order to determine the volume change of partially saturated speci-
mens, e well as other desirved constitutive relationships, it ‘is necessary
to measure divectly the radial. dimension changes of the specimens. Hav-
ing accemplished such measwements, one can treat the data in a manner
so that more infoymative constitutive relationships of the soil are ob-
tained than in the case of the usual test where radial dimension changes
are lacking. The capability of varying the radial (or confining) pressure
in the triaxial chamber, together with the capalility of monitoring ra-
dial dimensicon changes of the specimen, makes it possible to determine the
gpecimen’®: strezs-atrain response under a wide variety of stress states.
In this test program, four basic ‘types of test were performed. These
were:

Hydrostatic Compression
2. Triaxial Shear
3. DNo Lateral Strain (One-Dimensional Compression)
. Constunt Stress Ratio
The Hydrostatic Compression test provides information on the compres-
sibility of the soil under a hydrostatic state of stress ranging upward

from a*mospheric pressure. The ratio .f Change in pressure to. the change
in volume (dp/de) is the bulk modilus; K, of the soil.

As previously indicated, the bulk modulus should have -a constant
value while the soil is well below the point of saturation. As satura-
tion is approached, the bulk modulus assumes continuously increasSing
values with increasing hydrostatic pressure. After saturation is com-
plete, the modulus becomes apparently constant.

The Triaxial Sheor data, when plotted:in the form of (oa-or) ¥
‘vq=. %) proviie the shedr modulus of thé §oil. TFo¥ elastic soil, bOhav1or,
the shear mrdulus, G, iz numerically equal to one-half of the slope of the
(0.-c) vs (u_-e ) curve. Thus, the measurement of radial dpformatlon
dur1nb the tr:axmal test allows the deoermvnatlou of both tne Young's moc-
wlus, E, as well as the shear modulus.

wlfly
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The No-Lateral-Strain (K ) test provides information comparable to
that of the One=Dimensional Compression test. The c¢oastrained modulus,
M, is defined as the slope of the 0. vs e¢_ curve as determined for tle

a a :
condltlon of no lateral strdin..

The Constant Stress Ratio test provides deformabionhal information
for stress states between the two limits cr/ba 0 and oy/o4 = 1. The
limit op/oy = O is the triaxiad test which provides the usual shear

modulus and the limit o,/0, = I is the hydrostatic compression test
which provides the bulk modulus.

The shear strength of a soil is generai;y represented in the form
of a Mohr diagram. Two parameters, C and ﬁ, are sufficient to describe
thé strength if the confining pressures .are low; however, in the case of"
confiriement which varies from zero up to 10,000, the envelope is not a
stralght line. Por<sucb cases, 1t 1s necesoary to have the entlre

condition.

While the soil is only partially saturated, the strength envelope
will be ineclined at an angle to the horizontal greater than zero: .After
the soil hecomes saturated, theé envelope becomes horizontal, for practi-
cal purposes; sinhce bthe stresses -are--assuned to Y& carried by peutral
stress.

McCormick ;Ranch Sand

The "hydro" curve (Figure 22) closely approximates a strdight line
up to a pressure of about 400 psy and to a volumetric strain between
2.5% to 3. 0%. A tranS1t10n curve then exists between hOO psi ‘and ap-
proximately 800 psi with only a slight increase in strain. At hydro-
static pressures. above about 800. psi, the slope apparent;y becomes con-
stant once again.

Due to the limitations of the lateral deft>§@ter, it is unlikely
that a modulus greater Yhan .approximately 3 x 10” psi can be established
with any predictable degree of confidence. As.a result, the p vs AV/VO
‘curves past the satiuration p01nt should be used prlmarlly in a qualita-
tive sénse.. In this case, it is apparent that the bulk modulus of the
saturdted soil is considerably higher: than that of water alohe.

Typical plots for the ‘Triaxial Test chear stage results for the
sand are -shown in Figure 23 through Figure 25. These plots show
"averaged" curves which were constructed by utilizing all résults
from teésts of a like nature and determinlng the numerical average strain
for a. .given.stress vadue. .Some -enginccring judgment was exercised in

‘this proces$ and certain test results were not used when they contained

apparent - dlscrepanc1es.

These curves exhibit no tetally unexpected behavior even to the
maximum ¢onfining pressure utilized.. The individual curves show increas-
ing deviator stress to either a max1mum value or to a very slowly
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increasing value o3 deviator strain increases. The stiffness of
the soil increases with inereasing confining pressure and: conse-
quently, the shear modulus will exhibit an increase with confining
pressure. It eppears thet the shear modulus reaches either a mex-
imum or o slowly ingreasing value after full sabupation has

< oceur ed,

Cyclic-loading (Figwre 2k) interrupts the normal pattern of

stress vs strain in thet "hysteresis loops" are formed; however,
the curve, after cyclic loading is complete, is apnarently a
continunation of the portion of the curve prior to cyclic loading.
This is compatible with observed behevior of soils under cyclic
loading at low cornfining pressures. (Flgu;e 2kt is for a single -
test since cycling of load was not accomplished at identical values
in a1l tests and “averaging" is not possible.)

The (6 -0.) vs ¢ curves show that thnre\ls an increase in the
diameter of Sond specimen with increasing axial’ iLoad. during the
shear stage repardless of the initial confinifg pressure. -Such
behavior would be expected even &t confining presswies less than
those necessary to produce saturation.

The "Constant Stress Ratio” test results are shown in Figure 26
and Figure 27. The (ug ) vs (€g-€y) curves are similar to those
for standard triaxial tests in that there is an approximately , :
straight-line initial portion followed by a curving transition -and
then a failure, or peak value of deviator stress.

‘The 0. vs ‘€., curves are an unusual type of presentat1on since
lateral deform&tlon is not noimally measured, The diameter strain is
seen to decrease, at first, with increasing conflnlng pressure and
then to increase, The significance of this behavior is not yet clear,

- bub it is probably related %o the compres31cn and’ shear phases of a
: convernttional triaxial test.

The Mohr diagram is shown in Figure 28.. The envelope appears
to be slightly concave downward up to 800-psi confining pressure.
This portion of the envelope can be approximated by a straight line
with a friction angle ¢ of about 11 deg. Between. 800 Ppsi and 1200 psi
+he curvature becomes more pronounced snd the envelope becomes essentlally
horizontal at TQOO‘nsx and remains so up to 10,000 psi. Mo "cohesion"
intercept is: hown, since {he minimum conflnlng pressure was relatlvely
hign and the slope of the envelope could change considerably 1or lower -
confining pressures.

Watching Hill Clay ™

The "hydrs" swrve (Figire 29) approximabos & stradght line up.
to o pressure of about 200 psi and to a volumetric strain of approximetely
10%. A transition curve then exists bebtween 200 psi and approximately
800 psi with only a siight increase in.strain. At hydrostatic pressures
above about 800 psi, Hhe slope apparently becomes constant ohce again,

“h6-
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The same comments regarding the bulk ‘modutus apply to this
soil as were indicated for the McCormick Ranch Sand The large
amount of wvolumetric strain prior to saturation for thls soil is \
due- to the 1n1t1al high void ratio.

/ The general shapes of the. specimens after testlng are shown in
Figure 30 and Figure 31. The specimen in Plgure 32 ‘has ‘been .sub-
Jected. to hydrostatrc compression only, and the typical decréased

. -diameter can be seen to vary Trom the central portion to the ends:

of the spécimen. The ends undergo a negllglble anount of deformation.

,,,,,,

‘The: specimen in Tigure 31 was subjecled to hydrostatlc compresulon

of 3200 psi and then shearéd in a standard triaxial test. “This
particular specimen Was strained: to approx1mate3y ?8% axial strain.
The-énds §tild remaln undeformed wh:le the spcc1men ‘bulges falzly
uniformly -over the central portlon.

X

These . photographs, as well as the .other recorded data;, ehow

frather clearly that there is an anprec1ab1e :énd-cap effect on the
“radial defo“matlon of the spec1mens. There mey -also be an effect

on the axial d°format10n. As a. consequence of the. restralnt ‘the
volumetric- changes are influenced; which introduces an error of
anknown-magnitude 1ﬂto predictions of bulk modulus and other de-
formatlonal moduli,. Tt appears that x4 deflnﬂte need éxists for study
ot the. -end~cap effects at high conflnlng pressure.

‘Typlcal resalts of the Trlaxlal and.- Constant Stress Ratlo tests
are shown in Flgure 32- through Flgure 140, The- general Shapes of
the curves are S1m11ar to those of the McCormlck Ranch.Sand. ‘The B
lower density of the silt is exemplified by the (0,-0,) vs (ez-€p)
curves ‘where the:slopés are flater (i. €., lowér shear modulus)
than for the sand. The Tr1ax1al test results: (Plgure 32 and Figure 33)
are -shown to twe Slifferent scales in order fo better illustrate “both
the; Jow straln and the high strain behav*or :

—~ A set of curves. (Plgures 36.through 39) shoéws the ueformatlonal
characterlstlcs of the clay in the Constant Stress Ratlo tests.
Tigures 36 37, 38, and 39 show the behavior at btress ratios ‘of
0.k, ¢.6, and 0.8 for various initial -confining pressures. In -general,
the 1n1t1al slopes of" the curves -degrease with- increasing stress ratios
for a given initial confining pressure; however, the difference is not
too great; and there is no well-defined relation. The loading. path,
therefore, does not greatly 1nfluence the deformatlonal behavior when
presented in these terms. -

®

" set of cuives is shown in Figure 40O

A -combinad, or "averaged,

. t0 illustrate the effect of initial confinemént for a given stress

ratio loading path. ‘The behavior is qulte similar to that in con-

Ventional triaxiad compression, with the skope of the curves incréasing
with increasing initial confinement and tending toward a constant value

after -complete saturatlon under 1n101a1 confining pressure.

~L7-.




BH AU TR SN e

VR AN SR e e e e TNWMRY R R ITTGCAS SR SRNIR A LT TN N R ¥ e f e AY ¢ AL e A e rae
R > -~ - e N e b AN THY, P ok Iy X E LN e

The “"No-Lateral-Strain" test results avée typified by Figure b
and Figure 42, ' :

The Mohr diagram for-‘the clay is: shown in Fi igure 43, The envelope
cen be approximated by a stralgnt Yine np to approx:mately 800, psi at
an angle of” about i deg. At conf:mlng pressures greater than 800 psi,
the envelope is essentlally horwzoni al g to 10 UOO ps
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‘CHAPIER VII
RECOMMENDATIONS FCR FURTHER STUDY

The work pérformed during: this 'study was ‘of a nature. which had .not
prevmously been attempted. The results obtained: are qumte 1nterest1ng
in themselves and mey be used in predlctlons of the behavior: of earth
masses. The:accuracy of the predictions will depénd £0 a considerable
extent, "however, upon the differences in physical properties (den31Ly,
momsture content, etc. ) ‘betifeen the laboratory soils and thoseé in situ.

‘Considérable differences in physical properties exist in a given deposit,

both in vertical as well as "in horizontal directions. This variation
in the soil indicates the  need for knowledge of" the range- of variation
of the meﬂhanlcal vropertles and deformational - charvacteristics of the

material. In order to .determine this range of variation, it will be

necessary to perform a systenmatic study which includes varietions of the

soil physical propertles, e.g., densities and water oontents from ﬁhe

minimum expected, various gradations, ete..

Two 50ils were studied: Thes . were relatively weak .and particulate
in nature. Other soils -and rock should be utilized in order to obtain
spe01f1c values for materlals actuully surroundlng exlstlng or proposed

‘structures as well as 1nformat10n which would bé necessary :in the

extrapolatlon of characterlstlcs 4o future Yocations.

Involved in this additional work would bé the development of test
equipment capable of exerting confining pressufes up to possibly 105000
psi in:orler to obtain information on the deformational moduli at higher
pressures. It has been shoin: in this report that there may be éxpected
only slight. changes in the "strength" of the two: soils utilizéd; ‘however,
it is .still to. be determlned whether the a ermatlongl characteristics
will be unchanged:

The technlques of ‘testing, measvring, and‘nqiculatlng used in this
program have bera continuously upgraded as ‘the program progressed ‘There
are many areas, however, where there is definite need for improvement.
One area.-of interest is w1th respect £o the deflnltlon of the Jength of
specimen which is effectrvely (or freely) dnformlng Tt is apparent
from the Photographs cf the deformed specimens. that there is an
apprec1able end-cap effect oh the radial deformation. This suggests
the possibility of effects on ax1a1 deformations as well. An attempt
should be made to determiné quantatlvely the effect of the chd cap.or
to reduce the effect by a redesign »f the equlpment Alt ernatlvely, it
may be feasible to measure -axial deformation over a gage length where
the end cap* effect 1s)neg11g1ble More meanlng”ul results could be

*om;alneo. Aif d,ne eIIecnlve .Lengr' R g. D"-‘ Tiore accu.z a;ce.:.y l\{;‘.fl..OI\'n -ana:
utlllzed in. the calculations. ar -and volumetric strain. This would
1nvolve the reflnement of f' .ral deformeter as well as refinement of

the calculaﬁlon technmques

-

Avtomatéd programmlng of pressure contror would be highly desirable
in tests: of the constanu stress ratid and the no-lateral-strain types.

-T1-
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An additional refinement in test instrumentation could be made 5
in the case of axmal lcad measurement ! f At present, specimen loads
are monitored by the use of a loaﬂ 11 mounfed externally of the
triaxial chamber. -Such use makes.- -?,“-,cesary 4o include a "piston 4
friction correction factor" in calculat,lons of stress on the: specimen.
Although a calibration is made to deterinine the piston friction, there
is some uncertainty with respect to the value -and ‘direction. of ‘the
friction during some portions of the cyclic loading tests.. Por these "
reasons, it is highly desirable to use a load cell which measures. the i
load on the -specimen directly. 1

Anotner area of interest is in regard to effects of handling
during gpec1men preparation and setup on the soil characteristics. ‘
Many soil materials are quite sensitive to small changes in water |
content or to structural changes. Either or both of such changts can |
occur during the preparatlon of the specimens for testing. It should ,
be possible to determine, for -a given material, the maximum changes in ,
def{ormational response wh;ch .could be expected under various preparation :
condib jons. In the case of rock und very stlff .soils; dhis might also
1nolude effects of specimen size. ’ !
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