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ABSTRACT

This report describes a program which was directed
toward developing a capability suitable for generating engineering
data on the high pressure mechanical properties of geologic '
materials. To provide the greatest possible contribution, this
effort concentrated on three of the most important deficiencies
in high pressure experimental technology: (1) development of a
system capable of accepting relatively large samples so that
more-nearly representative data may be obtained than with the
smaller samples used previously, (2) development of a system
suitable for monitoring the strains of highly deformable geologic
materials, and (3) development of an encapsulating technique for
soils.

Each of these objectives was attained to a certain
degree. Specimens up to three inches in diameter were subjected
to fluid pressures of several kilobars. The deformation of soil
was measured with a potentiometric slidewire device. An encap-
sulating technique was developed for soils which was suitable
up to about two kilobars. Further refinements are necessary, but
it appears that the more important of the limitations of past
studies have been overcome.
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SECTION I
INTRODUCTION

1. The Role and Status of Experimental
Rock and Soil Mechanics

The ccnfident design and performance predictions of
excavations and large engineering structures require an exact
knowledge of the mechanical properties of the rock and/or soil
at, and neighboring, the construction site. Depending upon the
structure and its particular function, such properties would
include¢ aay one or more of the following: linear and bulk elastic
moduli, tensile and compressive strengths, fatigue behavior, and
creep characteristics. In addition, depending on the function
of the facility, it might be required that these properties be
known as a function of confining pressure. Furthermore, certain
applications may require knowledge of the dynamic properties of
the material surrounding the structure. Thus, there is a rather
wide spectrum of information required if one considers the prob-
lems facing the design engineer.

At present there is a great deal of interest in the
design of buried structures capable of withstanding the effects
of nuclear blasts. As a result, new demands have been brought
to bear on the fields of rock and soil mechanics because of the
unique conditions anticipated from weapon effects as contrasted
to the more conventional stress conditions associated with com-
mon engineering structures., More specifically, the design and
performanc> predictions of such hardened faciliti:s require,
among other things, knowledge of the mechanical behavior of rock
and soil when subjected to dynamic stresses of several tens of
kilobars.
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The direct measurement of the engineering properties
of rock and soil under conditions simulating those encountered
during nuclear blasts is impractical. Therefore, one must con- .
centrate on determining the mechanical properties under obtain-
able stress conditions and, at the same time, on obtaining an :
understanding of the mechanics of deformation so that extrapola-
tion to other stress states is possible. This latter point is
important and, unfortunately, has not been the philosophy of
most previous studies. An objective evaluation of most past in-
vestigations reveals that the primary result was the generation
of data on the strength and deformation properties of several
rock and soil types with little attempt to determine the mech-
anics of deformation. However, in the case of rock, some of the
more recent investigations (refer to Section I1) show that cer-
tain mechanical properties can be predicted from fundamental
considerations of the composition and fabric. This is a major
step in the development of rock mechanics as a useful engineering
tool and indicates the importance of determining the actual physi-
cal phenomena associated with rock deformation. Hopefully, with .
continued effort in this direction, one may be able to predict
from laboratory and field data the mechanical behavior of a rock .
or soil masc when subjected to the anticipated stress levels.

At this point it is appropriate to consider the capa-
bility of past experimental facilities and techniques to explain
the paucity of useful engineering data on rock and soil. Three
requirements must be met when investigating the mechanical prop-
erties of geologic materials: (1) application of a known stress
state, preferably uniform, (2) measurement of the resulting de-
formations and (3) utilization of a sufficiently large specimen
size so that meaningful and representative information is obtained.
Consideration of each of these requirements explains, in part,
the present lack of useful engineering data on the mechanical

TET - 'I- N .
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properties of rock and soil. For example, prior to the intro-
duction of shaped specimens, all studies of the mechanical prop-
erties of rock were performed either on cubes or short circular
cylinders.1’2’3 It is known that the stress state in such speci-
mens 1s far from uniforma and, therefore, the value of the data

i1s questionable. The application of a confining pressure requires
that the material be jacketed to prevent the intrusion of the
liquid pressure medium. This presents a particular problem with
soils and explains, in part, why high-pressure data on soils is
lacking.

Strain-gage technology has reached the point where the
strains, even in a high-pressure environment, can be measured
accurately for most rock types. However, for soils and some rock
types which experience large deformations, readily available
instrumentation, suitsable for high pressure experimentation, is
nonexistent.

Regarding specimen size, all previous work on the high
pressure behavior of rock has employed specimens of 1/2 to 1 inch
in diameter and a few inches long. Therefore the investigator
is severely limited since he must restrict his study to rocks of
rather fine grain size and with no obvious flaws.

2. Purpose of This Investigation

The primary purpose of this investigation was to develop
a facility, consisting of equipment and techniques, which meets
the previously mentioned requirements for measuring the mechanical
properties of rock and soil. As a result, most of the time ex-
pended in this program was directed toward overcoming such funda-
mental limitations of past studies as the inability to (1) sub-
ject large specimens to several kilobars confining pressure;
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(2) encapsulate porous and highly deformable materials to pre-
vent the intrusion of the pressure medium; and (3) measure and
record the strains of highly deformable materials, such as soil,
when the specimen is in a high-pressure environment.

Confronted with these rather unique objectives, the
approach used throughout this program has been one of innovation,
modification, and occasionally deletion, of equipment and tech-
niques. Several possibilities confront the experimenter at the
inception of such a study. Each must be tried until the success-
ful technique is found. The approach in this program manifested
itself in the fact that several different techniques were arplied
toward the attainment of each objective. Specifically, three
concepts in slidewire instrumentation, four types of adhesives
for strain gage installation, four types of encapsulation, and
two methods each of subjecting a specimen to a stress difference,
generating high fluid pressures and determining tke compressi-
bility of a material were utilized.

3. Outline of Report

Section II of this report contains some theoretical
consideraticns of the mechanical properties of rock and soil.
Although not too appropriate, perhaps, for a study concerned
mainly with the development of equipmnent and techniques, the
theoretical considerations are presented to acquaint the reader
with the present status of rock and soil mechanics and to trigger
some thoughts on directions to go in future research efforts.
Section III contains a brief description of the geologic materials
used in this study. A detailed description of the experimental
equipment and techniques is presented in Section IV. The experi-
mental results are presented in Section V. A brief description
of a 50 kilobar solid and liquid pressure is presented in Sec-
tion VI. Section VII contains an objective evaluation of the
equipment and techniques developed in this study and suggestions
for further refinements toward the attainment of an appropriate
high-pressure facility capable of measuring the engineering prop-
erties of geologic materials,




SECTION II
THEORETICAL CONSIDERATIONS

An obvious simplification would exist if rock and
soil, in general, were ideal elastic materials, that is, homo-
geneous, isotropic, and linearly elastic (Hookean). If this
were the case, only a few laboratory tests would be required to
uniquely determine the elastic properties. For example, an
ordinary uniaxial compression test could be used to measure E,
the modulus of elasticity; and v , Poisson's ratio. From these
two constants the shearing modulus, G , may be determined from

E
G = T ——————— ’ (1)
2 (14 v)

and the bulk compressibility, # , may be found from

5 - 3(-2v) @)
E

Unfortunately, most rocks and soils do not behave in
the manner described above. Their anisotropic nature, due to
different mineral constituents, bedding, internal flaws, packing,
etc., causes them to behave quite differently than in the purely
elastic case. Therefore, for most cases, the simple relations
between the elastic constants cannot be applied, and the mechanical
properties must be measured directly. The remainder of this sec-
tion consists of a discussion of mechanical properties of rock

and soil to acquaint the reader with the present status of rock
and soil mechanic3 and to trigger some thoughts on the direction
of future efforts.




].o

isotroric and linearly elastic.

Rock

a. Elastic Behavior of Several Common Rocks

The relationships described previously are valid only
for materials which exhibic simple elastic behavior, i.e., are

types which, particularly at low confining pressures, are

decidedly anisotropic and nonlinear.

of such rocks are:

characteristics mentioned above disappear.

(a)

(b)

(c)

(d)

nonlinear pressure versus strain curves obtained

during compressibility tests,

Typical characteristics

nonlinear stress versus strain curves obtained

during uniaxial compression tests,

discrepancies between the static and dynamic values

of Young's modulus,

rapid changes in sonic velocities with increasing

confining pressure,

and

There are several common rock

variation of Young's modulus, linear compressibility

and sonic velocity with direction in a given

specimen.

At higher confining pressures, most of the nonlinear

5,6

However, behavior

may still be anisotropic particularly for those rocks which have

preferred mineral orientation.
is generally much less than at lower pressures.5

A substantial amount of evidence indicates that the

Even so, the degree of anisotropy

characteristics of this pressure-dependent elastic behavior of

rock are due to the small, but finite, porosity of natural rocks.

For many rock types the porosity is due to transgranular cracks

or grain boundary openings.

The description and interpretation

of several different types of experiments are presented to aid

the reader in understanding the importance of cracks on the

elastic properties of rock.
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(1) Linear and Bulk Compressibility

A plot of pressure versus volumetric strain typical
of several rocks is presented in figure 1. At low pressures,
the compressibility is high, i.e., there is a large volumetric
strain for a small pressure increment. As the pressure is raised
the rock becomes stiffer and eventually the curve becomes essen-
tially linear.

This nonlinear behavior is generally attributed to
cracks. Walsh7 made a theoretical study of the effect of cracks
on the compressibility of rock. He considered rock to be an
elastic isotropic material containing randomly oriented narrow
cracks. With this model he derived an expression for the effec-
tive compressibility in terms of the compressibilitv of the
solid material and the rate of change of the porosity with ex-
ternal pressure.

He then divided the body into regions, each of which
contains one crack. The compressibility of a region after the
crack has closed is the same as for the uncracked material. Thus
the stiffness of the rock gradually increases as the cracks close
under increased confining pressure. For rocks where the entire
porosity is caused by cracks which close completely under pres-
sure, the compressibility decreases to the value of the uncracked
material.

Brace6

has shown that the compressibility of the solid
material, i.e., the slope of the linear portion of the ccmpressi-
bility curve, agrees within a few percent of the average of the

Voight and Reuss values.s’9
that at the lower pressures, the elastic behavior is mainly con-

trolled by the cracks and not the elastic properties of the solid

However, it is important to realize,

material.




Compressibility of the
Solid Materiol

Pressure

Volumetric Strain

Figure 1. Typical Compressibility Curve of Rock
Containing Narrow Cracks




(2) Uniaxial Compression

A stress versus strain curve, typical of those obtained
during a uniaxial compression test on common igneous rocks, is
shown in figure 2. The nonlinear behavior durirg the initial
stress buildup is characteristic of rocks whose porosity is due
to narrow cracks, The low value of Young's modulus, E , is due
to the large axial strains at low stress levels which result
-from the closing of cracks oriented so as to close under the
applied stress. As the stress increases, more and more cracks
close, resulting in the increasing values of E. Above a certain
stress, the stress<strain curve is essentially linear. However,
this might not be the intrinsic value of E as predicted from the
elastic properties of the component minerals. Walsh10 has ex-
tended his analysis of the effect of cracks on the elastic behavior
of rock to include the effect of frictional sliding along the
crack walls once they have closed. If this frictional sliding
occurs during a uniaxial compression test then the value of E
measured from the slope of the ascending portion of the curve
would be less than the value predicted from the elastic properties
of the solid material.

(3) Static and Dynamic Values of Young's Modulus

It is commonly observed that the static and dynamic
values of Young's modulus differ.u”]'2 In general, the dynamic
values are larger than the static. W’alsh10 has explained this
as due tc the effect of the frictional sliding along the crack
walls. As mentioned before, where the stress level is above that
required to close all the cracks oriented such that they will
close under a uniaxial stress, frictional sliding occurs along
crack walls and gives a lower value of E than expected from con-
sideration of the elastic properties of the material. This would
be the static value of Young's modulus.




Stress

Strain

Figure 2. Typical Stress-Strain Curve for Rock
Containing Narrow Cracks
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1f the stress is reduced slightly, the initial slope
of the descending portion of the curve is generally found to be
greater than the ascending portion over the same stress incre-
ment. During a dynamic test, the stress pulse subjects the rock
to a small stress cycle. As the pulse first arrives (assume
compressional) the strains follow the ascending portion of the
curve. As the stress pulse passes the point in question, the
strains follow the descending portion of the curve. The value
of E as determined from sonic velocities, then, is the average
of the ascending and descending portions of the curve at the
si:ress interval at which the test was conducted.

(4) Dependence of Sonic 7elocity on Confining Pressure

Another example of the effect of narrow cracks on the
elastic properties of rock is the increase of sonic velocities
with increasing confining pressure such as reported by Birch.5
As Birch stated, the increase in velocity with increasing con-
fining pressure resulted from the reduction in porosity due to
the closing of cracls.,

(5) Variation of Elastic Properties With Direction

Rocks with an obvious fabric orientation, for example,
gneisses, schists, and shales, have elastic properties which,
as expected, are strongly dependent on the direction in which the
measurement is made. Examples of this are the sonic velocities

reported by Birch.5

Other rocks, which do not have an obvious foliation
or mineral orientation, also show anisotropic elastic behavior.
Brace reported linear compressibilities for several rocks.6
One, a granite, showed marked anisotropy at the lower pressures.
Apparently, this was due to a preferred direction of either grain

boundaries”™ or transgranular cracks.

11
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It is only natural to consider the effect of cracks
on the elastic properties of rock subjected to a confining pres-
sure. From the compressibility tests one sees that the cracks ’ ¢
have closed once the hydrostatic pressure reaches a certain level,
generally a few kilobars.6’7 The natural question is, once cracks
have closed, can we expect the above-mentioned ideal elastic re-
latic. "hips to be valid?

Some insight into the behavior of cracks once they
have closed is provided by the analysis of McClintock and Walsh.13
They modified the Griffith theory of fracturela’15 by considering
the effect of frictional stresses along the crack walls on the
stress concentration factor of a crack. Agreement was found be-
- Walsh10 has
recently studied the effect of cracks on the uniaxial elastic

tween their analysis and the onset of crack growth.

properties of rock and determined the coefficient of friction
along crack walls with data taken from uniaxial stress versus
strain curves. The significance is that for the same rock type,
Walsh determined a coefficient of friction of 0.65 + 0.05 from
the uniaxial data and Paulding found a value of 0.7 + 0.10 from
triaxial data.2

Another characteristic common to several rock types is
the hysteresis loop’ associated with uniaxial tests even though
the rock has been cycled to only a small fraction of its fracture
strength. A typical curve is shown in figure 2. This phenomenon
has been explained as being due to the frictional sliding along

LG As the stress is raised, grains or portions of grains

cracks.
tend to slide past one another. Sliding in the reverse direc-
tion does not occur until the stress is at a lower level than
that where the initial sliding took place. This results in the
large strains at the same stress level on the return curve as

shown in figure 2.

12
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Therefore, even though cracks may be closed due to
the application of a confining pressure, there is evidence that
frictional sliding can still occur when the rock is subjected
to a deviatoric stress. This then suggests that, at intermediate
confining pressures, the cracks can influence the deformational
properties of rock and that the agreement with the ideal elastic
relationships may not exist.

As mentioned before, the coefficient of firiction along
crack walls was found to be about 0.7. This value appears rea-
sonable when compared with values obtained from direct measure-
16 17 and Jaeger18 have independently
reported values of the coefficient of friction of rock on rock

which range from 0.4 to 0.9.

ments; Handin, Paterson,

The existence of a coefficient of friction of nearly
unity suggests that a substantial deviatoric stress may be borne
at the higher confining pressures without the associated fric-
tional sliding along the crack walls. This, in turn, suggests
that the higher the confining pressure, the greater will be the
stress difference required to cause frictional sliding. There-
fore, at these higher confining pressures the elastic properties
of several rock types may be related in a manner not too different
from that of the elastic ccnstants of an elastically ideal
material.

b. Strength Properties

Experimental data obtained from fracture studies are
most commonly compared with the predictiocns of two failure cri-
teria: (1) the Navier-Coulomb (a modification of Mohr's theory),
and (2) the Griffith theory (or theories based on Griffith's
model such as the McClintock-Walsh modification of the Griffith
theory).

13




The Navier-Coulomb theory is appealing because it
appears to explain why the failure plane in a compression speci-
men is inclined to the direction of maximum compression. Coulomb
statedlg’20
stress becomes equal to the shear strength of the material. This
theory predicts that (1) the failure plane is inclined at 45 degrees
to the direction of maximum compression and (2) the tensile and

that failure occurs along a plane when the shear

compressive strengths are equal. However, failure planes are
generally observed to be less than 45 degrees from the direction
of maximum compression and the tensile strength is generally
found to be a small fraction of the compressive strength.

19,20 who modi-

These difficulties were removed by Navier
fied Coulomb's theory by assuming that the shear strength of the
material is increased by a constant, p , times the normal pressure
across the plane. The constant, p , is commonly called the co-
efficient of internal friction. If o and T are the normal and
shear stress across a plane, the Navier-Coulomb criterion states
that fracture occurs when the shear stress equals the sum of the

shear strength of the material, SO and the frictional stress, .

Brace21 pointed out a fundamental inconsistency in the
Navier-Coulomb theory by questioning the simultaneous existence
of a shear strength and a frictional stress at a point in the
material. Paulding2 pointed out an additional difficulty by obtaining
partially fractured specimens and noting that permanent slip had
occurred along a fracture plane which extended only part way
through the sample. This suggested that even if the discrepancy
noted by Brace were accounted for, the theory should be further
modified to allow for the fact that the entire fracture plane does
not form instantaneously. Even though the Navier-Coulomb theory
is beset with these difficulties, it is found that qualitative
agreement usually exists between the theory and fracture data from

triaxial tests.19
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Most of the recent work on the fracture mechanics of
rock has been - "ncerned with determinin% the applicability of the
Griffith theory of brittle fracture.l%''® Griffith was the first
to point out the stress concentrating effect of cracks or flaws
in a material. Using Inglis' elastic solution22 of the stress
state around elliptical openings, Griffith derived an energy
balance which stated that the crack would propagate when the de-
crease in strain energy was sufficient to provide the energy of
the newly formed surfaces. Griffith's equation for the tensile
strength of a material is:

o m™C

Bo= tensile strength
E = Young's Modulus of material
v = surface energy of material

2C = crack length.

where

Griffith then extended his theory to a general stress state and
assumed that crack propagation (and therefore fracture) occurred
where the local stress near the end of the most critically stressed
crack was the same as in the uniaxial tensile case.

Griffith's theory was found to predict lower strengths
than found in triaxial tests. McClintock and Walsh accounted for
this discrepancy by modifying Griffith's analysis to include the
closing of cracks during the application of a confining pressure.
The frictional stress which exists once a crack has closed tends
to resist any additional deformation of the crack and therefore

13

the crack is less likely to propagate. Thelr analysis predicts
the confined compressive strength in terms of uniaxial compressive
strength, confining pressure and the coefficient of friction along
the crack walls. Agreement was found with the results of several
investigators if the coefficient of friction was taken to unity,

15
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However, it was recently found that crack growth occurs
in several common rock types at stress levels much less than the
compressive strength.2 Since the Griffith model predicts failure
when the most severely stressed crack propagates, it was concluded
that neither the Griffith theory nor the McClintock-Walsh modifi-
cation can be expected to predict the compressive strength of
rocks.

Even though Griffith's theory does not predict the
compressive strength of materials, there is a substantial amount
of evidence which indicates that naturally occurring cracks in

23 found

rock have a pronounced effect on the strength. Brace
that the compressive strength of certain rocks was dependent on
maximum grain size. By considering grain boundaries as ''Griffith
cracks'", he found that the compressive strength depended on the
crack length as predicted by Griffith., The effect of an aniso-
tropic crack pattern on the compressive strength was studied by
Walsh and Brace.24
theory and the results reported by Donath25 on oriented cylinders

of shale and slate.

They found fairly good agreement between their

Thus, it is apparent that c:.acks have a pronounced
effect on the strength of rock and as with elastic properties,
it is important that their effect be considered.

The preceding section briefly outlined some of the
most recent findings of deformation studies on rock. Since the
effect of cracks and flaws on the mechanical properties of rock
is important, the logical question is: "How can one predict the
mechanical properties of large masses of rock with which the
mining or civil engineer must deal?" In these situations, thc
rock mass may incorporate several different rock types, each with
their own mechanical properties, and major discontinuities such
as joints, bedding and faults. It would be convenient if labora-
tory data could be extrapolated to field dimensions. Unfortunately,
this stage of development has not been reached.

16
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A basic requirement enabling the attainment of this
status is to extend present knowledge by studying samples with
large flaws., The effects of cracks on the mechanical properties
described earlier were all obtained from samples no larger than
1l inch in diameter and a few inches long. All of the samples
(with the exception of Donath's) were chosen because they appeared,
megascopically, as uniform material with very small flaws (gener-
ally no larger than the grain size). An important, necessary
step is to study the mechanical properties of larger samples which
contain flaws visible to the naked eye, for example, cleavage.
Data obtained from such samples could then be compared with data
obtained from samples with small flaws. This would allow one
to see 1f it is possible to extrapolate, at least over this size
range, with the existing theories, and if not, how these theories
should be modified.

2. Soil

Rather than summarize the extensive work of the past
several decades on the mechanical properties of soil, this par-
ticular section is devoted to describing some thoughts about a
few of the existing concepts of soil behavior and their merit,
particularly at high confining pressures. This is believed to be
an appropriate endeavor in view of the fact that the anticipated
pressure levels employed in this study far exceed those which past
tests have utilized, and thus require a fresh look at some of the
generally accepted concepts obtained largely from tests at iow
confining pressures. It is felt that soil mechanics will continue
to remain an empirical science unless considerations such as those
preéented below are exercised. Without a fundamental understanding
of what is actually happening during the deformation of soils,
with the goal of developing a valid model of the physics of defor-
mation, one is severely limited in the confident extrapolation of
laboratory data to predict the mechanical properties of soils
under conditions not obtainable in the laboratory.
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To best present the considerations given to soils
under high confining pressures, two types of experiments will be
described: (1) hydrostatic compression of a noncohesive soil
and (2) triaxial compression of a cohesive soil.

a. Hydrostatic Compression of a Noncohesive Soil

Consider a jacketed sample of a partially saturated
sand, in a slightly open-packed condition which is subjected to
an increasing hydrostatic pressure. Imagine that the test is
"nondrained," that is, the fluid pressures are allowed to in-
crease once the porosity is reduced to the point at which the
material becomes fully saturated. As the pressure is raised
initially, there will probably be a rather pronounced decrease
in volume as the particles rearrange to a more dense packing.
With further increases in pressure the slope of the pressure
versus volumetric strain curve may become nearly linear as the
grains undergo elastic deformation. At higher pressures the volume
may decrease more rapidly as the high contact stresses cause some
of the grains to fracture, resulting in the filling of some of
the available voids. 1Imagine that the sample is now completely
saturated. At this point, the pore fluid p.essures will increase
suc.t that some of the additional applied pressure increments will
be borne by the pressure. The common assumption is that once a
soil is completely saturated, all additional applied pressure in-
crements are completely borne by the pore fluids and that the
effective stress, i.e., the grain to grain contact stress, remains
constant. However, at higher pressures (of the order of kilobars)
this reasoning may not be valid since the relative compressibilities
of the pore fluid and grains must be taken into account. At high
pressures it might be expected that the volume decrease of the
sample vill be the result of continued elastic deformation and
fracturing of the grains and the compressibility of the pore fluid.
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b. Triaxial Compression of Cohesive Soil

It is generally accepted that the Navier-Coulomb failure
model is best suited for predicting the strength characteristics
of soils. However, it is instructive to look closer at the model.
Briefly, it states that the resistance to sliding along a poten-
tial shear surface is made up of a cohesion term and a frictional
term which act simultaneously along the given plane. There appears
to be a fundamental inconsistency in this reasoning. 1 Considera-
tion of the situation at any point along the potential shear plane
will clarify this inconsistency. If the point happens to lie
within a particle, then the lack of any free surface precludes
the presence of any frictional term and the resistance to shear
at such a point would be provided by the shear strength of the
particle. Imagine, next, that the point lies at the point of
contact of two grains or clay platelets. Here, the resistance to
sliding would be provided by friction without any ~ohesive term
dependent on the cohesive strength of the particles.

Furthermore, it has been found for such brittle materials
as rock, that the entire fracture surface is not formed simul-
taneously.2 Presumably, the same could be true for soils. If so,
it would mean that frictional sliding occurred along a plane which
passes only partly through the sample and the remainder of the
sample is essentially undisturbed. This phenomenon would lead
one to seriously question the simultaneous existence of a cohesion
term and a friction term along the entire shear plane.

Another phenomenon which the Navier-Coulomb model fails
to mention is the effect of the dilatency, i.e., volume increase,
which certain soils experience during failure. It has been found
that several rock types are dilatent during fracture and that
an appreciable amount of the work required to fracture a specimen
is expended against the confining pressure medium.2 It would seem
that a valid failure criterion for soils should include this effect
of volume increases on the s*ress difference required for failure.
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At higher pressures other factors may enter into the
strength of soils which are not normally considered in tests at
lower confining pressures. One of these, as explained earlier,
is the increase in the effective stress which may occur due to
the finite compressibility of the pore fluid. The other factor
is the influence of pressure on the coefficient of friction.
Without information on measured values of the coefficient of fric-
tion of soils as a function of pressure, it is admittedly, conjec-
ture to predict the strength characteristics of soils at high
pressures. However, measurements of friction of rock on rock
show that the coefficient of friction actually decreases with in-
creasiag normal pressure.16 A similar study should be conducted
on soils to dc¢termine if there is a similar influence on the co-
efficient of friction between soil particles. If there is, then
the actual strength of soils at high confining pressures might
be less than predicted from extrapolation of the data obtained
from tests at low confining pressures.
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SECTION III
DESCRIPTION OF MATERIALS

Diorite, granite, limestone, sand and clay were chosen
as typical common rock and soil samples. The following are
descriptions of the materials used in this study. The mineralogy
and volume percentages were obtained from examination of hand
specimens. The specific gravity was determined from samples ex-
posed to normal laboratory conditions of temperature and humidity.

Grey Hornblende Quartz Diorite

Specific Gravity = 2.74
Grain Size: Range, 1/2 to 6 mm; Average: 1.5 mm

Mineralogy Approximate Volume Percentage
Plagioclase 65
Hornblende 20
Quartz 10
Biotite 5

Grey Biotite Granite

Specific Gravity = 2.65
Grain Size: Range, 1/2 to 4 mm; Average: 1 mm

Mineralogy ' Approximate Volume Percentage
Orthoclase 75

Quartz 20

Biotite

Muscovite 1

Grey Argillaceous Limestone

Specific Gravity = 2.59

This rock is an impure limestone containing thin,
dark, irregular laminae and occasional calcareous in-
clusions of up to 5 mm in diameter. Sample cores were
cut normal to the lamination.
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20-40 Ottawa Sand

Specific Gravity = 2.65
Particle Size = 9% percent between 0.84 mm
and 0.42 mm

Mineral Content = Better than 99 percent Si0,,
remainder is clay

The particles are well-rounded and off-white.

Clay

Composition: 99 percent kaolinite

Color: White

Generally mixed with water to a water content of
about 30-40 percent before testing.

22
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SECTION IV
EQUIPMENT AND TECHNIQUES

1. Stress Application

a. Pressure Vessel

The pressure vessel and pressure-generating equipment used
in this study are shown in figures 3 and 4. The vessel itself
has an inner diareter and length of 4 and 36 inches, respectively.
Since a 3 inch plug is used as a seal at each end, the maximum
working length is 30 inches. Each seal plug consists of an
O-ring and a brass back-up ring. The seal plug at the bottom of
the vessel contains the pressure inlet port where fluid is intro-
duced into the vessel. The top seal, pictured in figure 4, also
contains a pressure inlet port and, in addition, a high pressure
electrical lead-in system.26
tains 28 electrical leads which terminate in a standard Amphenol

The electrical lead-in plug con-

electrical connection.

The pressure vessel closure procedure is as follows: the
top plug is fitted into the bore of the vessel and the two end
plates, shown in figure 3, are placed ontop of the seal plug.

The end plates are then bolted to the ver:-ical tie-bars which are
located around the perimeter of the vessel.

Removal of the top plug often required that two bolts be
advanced through tapped holes in the top seal so as to butt against
the top of the vessel itself. Frequently, however, the top seal
could be loosened by merely removing the end plates and then
generating a few hundred psi fluid pressure.

b. Pressure Measuring and Generating Equipment

Up to 100,000 psi the pressure was measured with a Heise
bourdon tube pressure gage. Beyond this limit a calibrated manganin
wire coil was used to monitor the pressure. The pressure
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Figure 3. High Pressure Facility




Figure 4. Pressure Vessel

25




transmitting fluid was a low viscosity silicone oil (100 centi-
poise at room conditions) manufactured by Dow-Corning Corp.

All high pressure fittings, valves and stainless steel tubing
are commercially available and are rated for 100,000 psi.

A series of two air pumps and a differential area pressure
intensifier were used to generate the high fluid pressures. The
pressure generation procedure was as follows: the fluid pressure
was increased to 3000 psi by means of a pump (Sprague Engineering
Company) activated with air at a pressure of about 80 psi. At
3000 psi, another air pump (Haskel Company) was used to pump the
fluid up to a pressure of about 70,000 psi. The Haskel pump was
activated by air compressed to about 150 psi. The attainment of
pressures greater than approximately 70,000 psi required utiliza-
tion of a differential area pressure intensifier. The low pres-
sure end of the intensifier was pressured by the Sprague 3000 psi
system. Since the area of the piston on the low pressure side
was 50 times larger than the area on the high pressure side it was,
theoretically, possible to reach 150,000 psi fluid pressures on
the high pressure side. However, this pressure level was not
attained with the intensifier system. The common problem was
reoccurring damage to the pressure seals around the moving piston.
This difficulty is discussed further in Section VII.

The second pressure generating system employed in this
study consisted of the same components as described above except
that a modified air-driven oil pump was used for generating pres-
sures above 60,000 psi instead of the differential area pressure
intensifier. This high pressure pump was modified as described
by Whalley and Lavergne.31 They found it suitable for generating
45 cu cm up to 10 kilobars pressure. Although this volume is some
hundred times less that the capacity of the vessel employed in
this study it was decided to determine its suitability for generating
high pressures in a large volume.
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Several attempts were made to generate 10 kilobars
pressure in the large vessel with this pump. However, the highest
pressure obtained was 87,000 psi. The pump functioned properly
for a limited number of strokes but then the test had to be dis-
continued because of damage to the O-ring and back up rings
around the moving piston.

c. Bulk Compressibility Apparatus

The fixture that was used for determining the bulk com-
pressibility of the rock and soil specimens is shown in figures 4
and 5. Essentially it consists of a hollow cylinder which con-
tains a sealed piston locked in place at mid-height of the tube.
Moving pistons at each end of the fixture complete the dual
chamber arrangement. Each end piston contains two O-ring seals
as shown in figure 5. A sectional view, illustrating the internal
arrangement of the specimens and pistons, is shown in figure 6.

Identically sized specimens are placed on either side of
the fixed central block. One of the specimens is of a known
compressibility such as steel, while the other sample is of a ma-
terial whose compressibility is to be determined. Both moving
pistons are positioned and the remainder of both chambers are filled
(through a port not shown on the drawing) with fluid so that the
system is free of voids. The entire apparatus is placed in the
bore of the pressure chamber and the vessel is sealed. As the
pressure in the chamber is increased, the pistons move so as to
equalize the pressure throughout the system. The difference in
measured piston displacements represents relative volume change
between the known and unknown materials. Hence the compressibility
measurement is relative to an established value. In cases where
the compressibility and original volume of the fluid in each chamber
is known, the absolute compressibility of each of two specimens
can be determined simultaneously.
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A close-up view of one end of the compressibility appara-
tus is presented in figure 7 to show the construction detail of
the slidewire element which monitors the displacement of the
piston. The theory and construction of the slidewire elements
will be presented in a later section.

d. Confined Compression Apparatus

The confined compression apparatus used in this study is
designed to apply an axial compressive load to a cylindrical
specimen which is subjected to a lateral confining pressure. A
cross-sectional view of the fixture is shown in figure 8. The
specimen is placed in the compression chamber and the moving pis-
ton is installed. The screw cap (containing a pressure inlet
port) is used to close the chamber. Next the entire unit is sealed
in the bore of the pressure vessel. An independent hydraulic line
is then run from a pressure source to the pressure inlet port in
the top of the fixture.

Confined compression tests are conducted by first in-
creasing the pressure, P, , in the vessel through the pressure
inlet port in the bottom seal. This subjects the sample to a state
of hydrostatic stress. The axial stress in the specimen is then
increased by raising the pressure, P, , above the moving piston

of the compression apparatus.

The force applied to the specimen, F , is

= lateral confining pressure

P, = pressure above the moving piston
Ap = cross-sectional area of the moving piston
f(P)) = frictional force at the piston's O-rings.
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Figure 7.
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The axial stress, o , in the sample is

fR f (Pl)
0 = (P2 - P
Ag

) -
1
Ag

where Ay = cross-sectional area of the specimen.

The frictional force at the pistons O-rings was found by
filling the chamber with oil and then measuring the pressure re-
quired to move the piston while monitoring the pressure in th-
chamber. The following values were found:

for 0¢ Py < 2500 psi f (Pl) = 0
for 2500 - Py < 100,000 psi f (Pl) = 600 1b per 10,000 psi.

Figures 9 and 10 are photographs of the compression fix-
ture with suitably instrumented test specimens. 1In both figures
the detalls of the apparatus are clearly shown. Figure 9 includes
a rock specimen which has been instrumented with strain gagces.

In figure 10 a steel specimen instrumented with both strain gages
and slidewires is shown. The electrical leads from these trans-
ducers are led out through a hole in the side of thc confined com-
pression apparatus and attached to the electrical lcad-out plug

in the pressure vessel.

e. Torsional Apparatus

A torsional fixture was designed and fabricated to measure
the torsional modull of rock. 1Its use was restricted to room pres-
sure tests since a sultable encapsulating system for the complex
shaped specimens was not developed. Had tests been conducted, the
fixture was designed to be assembled as shown in figurc 1.

The fixture is designed to accept hollow cylindrical speci-
mens prepared with turret shaped ends which fit the mating grip
blocks. In a typlcal experiment<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>