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SUMMARY

The necessity for more ccrrect and precise representations of the
strength of rock is becoming more acute. Extensive engineering projects
such as the North American Air Defense Command Combat Operations Center
at Colorado Springs, Colorado are being constructed deep underneath the
earth's surface, deeper and deeper holes are being bored in search for
0il as well as for geological information and the use of rock and rock-
like materials in "ordinary" construction is based upon more radical
stress conditions each day.

Considerable effort has been expended in the past ten years in
order to define the strength parameters of rock and rock-like materials
under various conditions of confinement and heat:; however, one most
important aspect has been greatly neglected. That is the effect of the
intermediate principal stress on the strength of rock.

The testing techniques presently in use are generally capable of
producing only two stress states with respect to the relative value of
the intermediate principal stress. These are: (1) Major Principal
Stress greater than the Intermediate Principal Stress which is equal to
the Minor Principal Stress, and (2) Major Principal Stress equal to the
Intermediate Principal Stress and greater than the Minor Principal
Stress. In practice, these two states are probably not representative
of many stress situations. Some few investigations have utilized equip-
ment and techniques with the capabilities of producing other states of

stress; however, the results from the use of such equipment is of
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questlionable value due to the system used and/or to the size of speci-
mens tested.

Because of the limited amount of data available, the general
effects on strength due to variation of the intermediate principal
gtress are not clear. Also, graphical representations of strength
criteria must be dependent upon assumed behavior of the rock in this
respect.

The purpose of the present investigation was to design a system
of testing which will produce reliable results under three-dimensional
loading and to perform tests on different types of rock in order to
determine the effect on strength of the intermediate principal stress.

A system was selected which consisted of hollow cylinders of
rock subjected to the combined effect of internal fluid pressure,
external fluid pressure, and axial loads. The apparatus was designed
to withstand any combination of internal and external pressures up to
10,000 psi. Its unique construction allows the use of any length of
specimen and the system utilizes readily-avallable electrical insulation
for membranes. It can be easily modified to allow for pore pressure
measurements.

The strength specimens were cored from intact rock blocks in a
single operation by the use of commercially-available, double-tube,
diamond-tipped core bits.

Two different rocks were used in this study: (1) Indiana Lime-
stone, a relatively porous rock, which exhibits "plasticity" at high
confining pressures and (2) Stone Mountain Granite, a very low porosity,

crystalline material which behaves in a brittle manner under the con-
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fining pressures used in this study.

Tests were performed during which the ratio of the Intermediate
principal stress to the major principal stress was held constant for a
given test. This ratio was varied, during the test series, from a value
of zer. up to a value of one. The minor principal stress was held con-
stant during a given test. These conditions were produced by maintain-
ing the internal fluid pressure constant while increasing both the
external fluid pressure and the axial load. Internal confining pressures
up to 2000 psi were utilized.

Failure of the specimens was by complete shear fracture although
internal spalling occurred in some specilmens prior to fracture.

The principal stresses at fracture were calculated on an elastic
basis and two sets of failure stresses were analyzed. One set was those
stresses at the internal surface of the cylinder and the second set
consisted of "average'" stresses.

Analysis of the results utilized conventional triaxial presenta-
tions as well as octahedral stresses. Failure surfaces were developed
for the octahedral plane and compared with presently-used criteria.

It was concluded that the newly-developed apparatus is satisfac-
tory for the study of the behavior of rocks under controlled, polyaxial
stress states within the confining pressure capabilities of the cell.
The strength was found to be a function of the intermediate principal
stress and can be represented in terms of the ratioc of the intermediate
to the majer prinzipa. stresses. A generalized relationship was
developed which depends on a material constant. This constant can be

evaluared by the use of the newly-developed equipment. The strength of
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the rocks can be represented by straight-line failure surfaces on the
octahedral plane. These fallure surfaces were closely approximated by
the Mohr criterion in the case of the granite and were Intermediate
between the Mohr and the Tresca criteria in the case of the Indiana
limestone. The spalling phenomencn appears to be an important mechanism
in the behavior of rocks under certain stress states and the convention-
al triaxial testing equipment probably prevents the occurrence of

spalling,



CHAPTER I

STATEMENT OF THE PROBLEM

The strength of rock and rock-like materials has recently become
a subject of considerable interest and investigation. The impetus for
the studies 1s the realization of the fact that physical environmental
conditions and character of stresses influence rock strength and defor-
mational characteristics to unknown degrees. New situations are con-
stantly developing in which man is altering the environment of rock
masses and, in so deing, must be concerned with the stability of the
rock system. Stability, in an engineering sense, does not signify the
complete lack of deformation, but that the deformation be of an
allowable amount, consistent with the purpose of the situation.

Typical of such situations is the drilling or boring of very deep
holes into the earth. 0il companies are constantly opening deeper and
deeper holes in their search for productive formations and geclogical
investigations are being conducted to tremendous depths below the
earth's surface. There, conditions of heat and pressure combinations
are much in excess of that which has been previously experienced. Tun-
nels and mines are being developed to depths where past experience is
lacking with respect to stable opening configurations and shoring prac-
tice. Many new engineering structures and complexes such as underground
powerhouses are being located underground, in extremely large openings

in rock formations. The practice of storing, for later retrieval, liqg-



ulds and gases in both man-made and natural cavities is increasing as
is, also, the use of such openings for the disposal of contaminated
gases, liquids, slurries and solids.

The lack of information with respect to the strength and deforma-
tional characteristics of rock under these conditions leads to the
expenditure of unknown excesses in terms of human effort as well as
money. This practice 1Is inconsistent with the refinements being ef-
fected in other engineering areas and, as a consequence, some attention
has been directed to the study of the factors involved.

Possibly the major efforts have been made by oil companies with
smaller, piecemeal contributions by governmental agencies, other private
enterprises and by educational Institutions. With the use of '"conven-
tional" triaxial testing apparatus, modified, in some cases, to permit
the application of high temperature, considerable work has been done on
the effects of lateral confinement on the strength of rock. Usually
these investigations have been carried out on specimens of intact rock,
with and without obvious planes of weakness such as laminations, intru-
sion contacts, etc.

The knowledge gained from these investigations, as worthwhile as
it is, still does not present the engineer with strength and deforma-
tional parameters which have been determined under conditions truly
representative of those encountered in practice. Probably very seldom,
if ever, do we find rock masses which are stressed such that two of the
principal stresses are equal, although such is the manner in which the
usual triaxial test is conducted. Also, in real situations, the changes

in magnitude and direction of the principal stresses (or stress path)



from the natural conditions to the construction conditions probably
never coincide with those of the triaxial test,

Consider, for example, the stress state in a rock mass far under-
ground which is penetrated by a bore hole or shaft. Due to geclogic
disturbances, the lateral stresses (perpendicular to the vertical) are
most likely different from the vertical stress and, in addition, there
may be a continuous variation of lateral stress for different directions
within the lateral plane. Due to the anisotropic nature of the rock,
the deformational behavior will be different for the different direc-
tions. As the opening progresses towards a given point within the mass,
the body stresses will change and the changes will be dependent upon the
magnitude of the initial stresses as well as on the deformational Iinter-
relationships. The strength (or stability) of the system would be most
appropriately represented by strength parameters determined by tests in
which the stress states and changes in stress states approximate those
expected in-situ.

The determination of the parameters is far from being easily
accomplished. The knowledge of the particular initial stress states
cannot be determined with any degree of certainty except by first dis-
turbing the existing stress state and, by appropriate techniques, calcu-
lating the probable initial stress state. The analysis and the test
techniques involved are beyond the scope of this paper; however, it
should be recognized that considerable chance for error is possible,

Having arrived at a judicial estimate of the initial stresses,

one could then set up a test program to evaluate the deformational and

strength parameters on the basis of assumed stress changes. This would



involve tests in which the individual control of stresses in three
orthogonal directions was possible. With this information and by the
use of an appropriate mathematical analysis, the stability of the pro-
posed structure could be determined and, if necessary, modifications to
the design could be proposed.

It is readily apparent that the process Jjust described is basic-
ally interrelated, with all calculations dependent upon certain assump-
tions regarding the behavior of the material under certain stress
conditions. As a starting point, the generalized behavior of rock and
rock-like materials must be determined under conditions which approach
those in service. In order to accomplish this, it is necessary to
develop equipment and testing techniques which can subject appropriate
specimens to controlled, three-dimensional lecading and to then determine

appropriate representations of the strength parameters.



CHAPTER II

STRENGTH AND RUPTURE OF MATERIALS

Strength

There 1s no unique "strength" of materials unless what is indi-
cated 1s the basic attraction of the individual atoms one to another.
In the usual connotation, "strength" has to do with the resistance of a
mass of the material to a force. The resistance to the force may be
that which is available to prevent rupture or it may be that awvallable
to prevent "yield" or a certain amount of deformation. Regardless of
which "resistance'" is under consideration, the value in stress units is
a function of the specimen size and shape as well as of the test proce-
dure, the environment and the inherent characteristics of the material.

To further complicate the situation, many materials fail or rup-
ture Iin a brittle manner while others behave plastically and still
others exhibit a partially ductile behavior. Brittle behavior is evi-
denced by sudden fracture at small strains whereas plastic behavior
consists of the absence of well-defined fracture planes together with
large strains. The "failure'" of either brittle or plastic materials is
relatively easy to define and to determine experimentally. The "combi-
nation behavior'" materials comprise a relatively large proportion of
rocks and, consequently, bring into prominence the gquestion of a suit-
able failure criterion. In addition, many of the naturally "brittle"

materials exhibit a change in deformational characteristics with



increasing confining stress, passing through a "partially ductile" stage
and finally becoming a "plastic" or ductile material.

The determination of the "failure" stress for a given specimen,
then, depends upon its load-deformational characteristics, i.e., its
stress-strain curve. In brittle failure, the maximum stress either
coincides with the fracture, or occurs very quickly thereafter. With
brittle fracture, the originally coherent mass is separated into a mini-
mum of two and often into many distinct portions. On the other hand, a
truly plastic or ductile failure is indicated by the attainment of a
vield stress which then remains practically constant as the specimen
continues to yield or flow without fracturing. Upon removal of the
stresses, the plastic material will retain its coherence but maintain
the dimensional changes which occurred. The partially ductile material
will normally have a unique stress-strain curve which, after being
initially straight (or practically straight) will exhibit a continuously
varying slope, finally becoming essentially horizontal.

Generally, there are three methods in widespread acceptance for
the determination of a "failure" stress of the partially ductile materi-
als, One method utilizes the intersection of the extension of the
straight line portions as the failure stress. The "offset" method con-
sists of constructing a parallel to the initial straight line portion
of the stress-strain curve, "offset" from the origin along the strain

axis by some definite strain increment. The third method designates the

failure stress as that stress corresponding to the point on the stress-
strain curve where the rate of change of the slope becomes a minimum and

the slope remains constant thereafter, i.e., the beginning of the final



straight-line segment. Figure 1 illustrates the three methods.

The Phenomenon of Rupture or Fracture

Rupture, or fracture, with reference to rock failure, may be
defined as the separation of the mass into two or more distinct por-
tions. It will be shown that on this basis, rupture or fracture may
occur without collapse of the specimen, that is, at applied loads which
are less than the maximum which a specimen can sustain.

Terzaghi (1) classified the failure of rock under compressive
loads according to the inclination of the failure planes as splitting,
shear or pseudo-shear. In a splitting failure, cracks form parallel to
the direction of the major load and usually the cracks are intergranular.
This obviously is primarily a tensile failure phenomenon wherein the
tensile stresses are caused by end effects and a wedging action by the
grains. Generally, such failures occur in the higher-strength, more
rigid rocks. Shear failures are manifested in the translation of grains
along some well-defined shear plane which may pass through or around
individual grains. The pseudo-shear failure is a combination shear and
tension fracture.

Of these three failure modes, the shear phenomenon is of primary
interest since most vocks fail in such a manner. In brittle failures
where shear planes are usually well developed, the surfaces of the shear
planes are ordinarily covered with very fine granular particles of the
fractured rock. This indicates either actual fracture of the individual
crystals or the grinding of whole grains which have been torn from the

matrix. In conjunction with the powdered substance there are usually
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freshly fractured grain faces. The granulation, or powdering, may be
the result of movement along the shear plane occurring after the rupture
and, therefore, may properly be assigned to testing techniques or equip-
ment. Rather high energy is necessary to break the specimens and a cor-
responding amount of energy is stored in the testing machine in the form
of recoverable elastic strain. Immediately after rupture of the speci-
men, the recoverable strain causes a definite amount of relative move-
ment between the sheared portions with the probable consequence of
granulation. Thus, when discussing a fracture mechanism, it may be
misleading to consider the powdering as a part of the basic phenomena.

Ductile failure occcurs in many rocks at low confinement and for
many "normally brittle'" materials at high confinement. There is con-
siderable evidence indicating that all polycrystalline rocks will become
ductile at sufficiently high confining pressures. For individual crys-
tals, such may not be the case. [For example, Bridgeman (2) reports the
inability to cause platic flow in quartz crystals even when exposed to
confining pressures of 18,000 Kg./sq.cm.

Another type of "rupture' has been observed under certain stress
conditions. This is in the nature of a "scaling-off" of the inner sur-
face of hollow cylinders, apparently in the form of small flakes or
grains. The flaking can continue until it produces large eroded cavi-
ties. This action has been noted and recorded by Bridgeman (2) and
Adams (3) in their experiments concerned with the failure of cavities in
crystals and rocks under pressure. (The same phenomencn has been noted
in this investigation.) In both cases, the specimens being tested were

hollow cylinders subjected to stress systems so that there was little
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or no restriction to such flaking action., The flaking occurs from a
minor principal plane when the ratio of the intermediate principal
stress to the major principal stress 1s "high" and the stress levels
are of sufficient magnitude.

Failure by rupture is usually a sudden phenomena occurring at
the maximum stress level for the specimen and, in addition, the strains
at which rupture takes place will generally be rather small, on the

order of 1 or 2 per cent.

Failure Theories and Graphical

Representations of Strength

Many theories of failure have been advanced over the years in
attempts to predict the strength of materials in general. Some have
proved to be of considerable value in certain cases only, while others
have been shown to be practically worthless. With respect to the
characterization of strength of a wide range of materials, only a few
have merit. Also, considering the possibility that all materials will
yield plastically under sufficiently high confinement, it appears that
there is #no theory which can adequately predict the failure characteris-
tics of materials in general. In fact, it is misleading to describe
these as "theories of fallure" since, in all cases, 1t 1s necessary to
make physical tests to determine significant parameters for a given
material. Instead, the terminclogy "failure criterion" is more appro-
priate.

The more widely utilized failure theories or criteria have been

discussed by many authors in papers and books. These include Nadai (4)
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and (5), Silverman (6) among others and consequently a detalled discus-
sicn of all will not be repeated here. Instead, those of prime interest
and apparent usefulness will be discussed.

Mchr's Failure Criterion

Mohr's failure criterion is an extension of the "Maximum-Shear
Theory." The maximum-shear theory indicates failure to be incipient
when the shearing stress acting on any plane reaches a value equal to
one-half of the unconfined compressive strength. Thus, there is neg-
lected any influence of the normal stress acting on the shear plane,
which 1is contrary to experimental results. Mohr extended this criterion
to include the influence of the normal stress and included the maximum--
shear theory value as a special case.

The stress system for any loading, including that of failure, 1s
represented by a circle in a shearing stress--normal stress plot where
an orthogonal coordinate system is utilized. For the 1 (shearing
stress) and o (principal normal stress) axes, a series of limiting
stress circles, experimentally determined, can be constructed and a
failure envelope drawn tangent to the circles. Admissible combinations
of shear and normal stress values must lie below the envelope which is
represented mathematically by the relation r = f(o). The inTermediate
principal stress 1s considered to have no influence on the strength
since the normal stress on the failure plane as well as the failure
plane itself are assumed to be perpendicular to the direction of the
intermediate principal stress.

The Mohr-Coulomb criterion has been extended to include presen-

tation in a three-dimensional plot. The representation is included in
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a later section of this work.

Representations of Failure Surfaces in Principal Stress Coordinates

There is increasing dependence upon the graphical representation
of octahedral stresses in order tc depict failure criterion, By utiliz-
ing a "three stress' coordinate syvstem, the various failure criteria can
be compared with experimental data and with each other. A complete
discussion of the development of the failure surfaces is contained in
the appendix and only the main points will be given here. As shown in
the appendix, the failure envelopes appear as curves which indicate the
intersection of the envelopes with an Octahedral piane,l Figure 2 shows
the general relationships between the failure criteria which are normally
utilized in scil and rock mechanics work. These include the Mohr-
Coulomb, the von Mises (constant Octahedral Shear) and the Tresca
(maximum shear).

These curves are symmetrical with respect to the three principal
stresses and it is therefore sufficient to investigate only a 60°
segment of the space, Peint "A" in Figure 2 indicates the value of
the octahedral shearing stress at failure (ID) as obtalned in a "stand-

ard" triaxial test where o, > 0. = ©

1 5 3 Point "B" is the corresponding

value for a test performed such that 6, = 0, > 04 Values of Ty for

other cases (Ul > 02 > 03) fall between points A and B. The Mohr cri-
terion assumes no influence of the intermediate principal stress and

consequently produces a straight-line relation between A and B.

The abrupt discontinuities in the Mohr and the Tresca curves are

lAn Octahedral plane is one of eight planes so inclined that their
normals have direction cosines of 1/v/3 with the principal stress.
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Mohp

Figure 2. Octahedral Representation of Strength Criteria
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points of some contention., It 1s generally believed that a more reason-
able curve would not have such discontinuities; however, this belief has
no scientific basis but i1s primarily due to observation of phenomeno-
logical action where calculations normally produce regular, smooth

curves.
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CHAPTER III

PURPOSE OF THE RESEARCH

The purpose of this study 1s te initiate investigation of the
effect of the intermediate principal stress on the strength of rock.

At the present time, the equipment normally used for strength
testing of rock is capable of producing only two basic stress states
with respect to the relative value of the intermediate principal stress.
In addition, there is doubt as to the validity of the results obtained
from "extension" tests since the equipment may retard the formation of
spalling failure. This means that basic equipment must be designed in
order to perform the Investigation.

The specimen shape will depend upon the system chosen for the
application of stresses. If cther than cubical or solid eylindrical
specimens are necessary, the production of the specimen itself will be
a major factor in the realiability of the results, consequently, con-
siderable time and effort may be necessary in this respect.

The determination of the effect of the intermediate principal
stress will involve an analysis of the data in terms of the usual two-
dimensional representations as well as in terms of other representations
such as the octahedral stress relationships.

It is recognized that an exhaustive study of the main topic,

"the effect of the intermediate principal stress on the strength of

rock," is beyond the scope of any single research effort such as this;
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however, 1t is believed that after the development of suitable equipment
and testing techniques, basic trends can be determined with respect to
the importance of the intermedilate principal stress. Such results could
then serve as a guide to future studies which may furnish truly general
relationships.

In view of the preceding discussion, the author proposed to
accomplish the following:

1. To select a system for the study of the effect of the inter-
mediate principal stress on rock strength.

2. To develop equipment and techniques for the production and
testing of suitable specimens, and

3. To determine the effect on strength of the intermediate
principal stress and to compare the results with certain fallure cri-

teria.
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CHAPTER IV

EVALUATING STRENGTH IN THREE-DIMENSIONAL LOADING

Several basic methods are available for the application of con-
trelled, triaxial stresses to rock specimens. Included, as being most
appropriate for the present purposes, are the following:

1. Cubical or crthorhombic specimen with forces applied inde-
pendently to the plane faces.

2. 8Solid cylinders under combined axial lcad, lateral fluid
pressure and torsion.

3. Hollow cylinders under various combinations of external
fluid pressure, internal fluild pressure, axial load and torsion,

The cheolce of a method for the investigation of the effect of the
intermediate principal stress on strength depends to a large extent upen
the material under investigaticn. As an example, the fallure of metals
can be studied quite satisfactorily by the use of hollow tubes subjected
Tto almost unlimited combinations of axial load, internal and external
fluid pressure and torsion. This is so because metal has reasonably
high tensile strength and is imperviocus to the penetration of the fluid
through the cylinder wall. With rock materials which, in general, must
be tested under compressive stresses in order to be comparable to stress
systems in real masses, and which also must be effectively jacketed from
the confining fluids, the problem is much more complex. Each of the

three cases listed as being possible chcices of test systems will now hbe
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discussed with respect to rock testing.

Cubical or Orthorhombic Specimens

Cubical specimens have been utilized for many years as standard
shapes for compressive strength specimens; however, in this application,
the stresses have been primarily uniaxial. Even so, serious problems
arise with respect to lateral restraint effects between the loaded sur-
face and the loading platens. In addition, care must be exercised in
order to assure uniform stress distribution. This ordinarily is accom-
plished by producing relatively smcoth specimen faces and providing a
ball-and-socket type of loading head.

In uniaxial tests the consequences of the preceding considera-
tions are of import, but when extended to the case of biaxial locading,
the problems become much more complicated, and, for triaxial loading,
the testing apparatus becomes more complex. In addition to the increas-
ing complexity of the apparatus, the knowledge of the state of stress
produced in the specimen becomes greatly diminished. An apparatus has
been used at least in one case, 1n studiles of rock strength, which
would load on four faces of a cube; however, no records are available
with respect to the testing on six faces of rock cubes.

Kjellman (7) developed equipment which permitted Independent
control of the three principal stresses on a cubical specimen of soil
and had a maximum load capacity in each direction of 500 kg. and would
not be suitable for rock. The equipment was exceedingly complex and
bulky. In order toc increase the load capacity of such a device to such

a level as to be of value in rock testing, the size would probably be
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prchibitive. In addition, it iIs hardly conceivable that the necessary
high normal forces could be applied without the development of cor-
respondingly high shearing stresses. Due to the difficulty of evalua-
ting the magnitude of the shearing stresses, an accurate analysis of
the failure stresses would be almost Impossible.

In several investigations of the plane-strain behavior of soils
(8, 9, 10), eqguipment has been devised which utilizes an orthorhombic
specimen with two of the dimensions considerably greater than the third.
This type of apparatus generally subjects the specimen to fluid pressure
in addition to axial lcads on the "small area' faces. In addition, then,
to the problems associated with the cubical specimen apparatus, the
jacketing of specimens of this shape becomes a major problem when con-
cerned with high confining pressures. The production of specimens of
this shape would entall rather large, precision diamond saws and con-
siderable time would probably be involwed in the cutting of each
specimen. Each surface would then have to be precision ground in order
to insure the proper distribution of the loads. If one assumes that the
applied normal stresses are principal stresses, 1.e., there 1s zero

friction on these faces, then the internal stress state is quite simple.

Solid Cylinders

With the usual "triaxial" test chambers, it is not possible to
perform truly '"controlled triaxial stress'" tests since two of the
applied principal stresses are equal regardless of the manner in which
the test is performed. In fact, the two possible fallure stress states,

one where o, > 0, =0 and the other where o, = o, > 0,, are possibly

3 1 2 3°
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not comparable due to the stress histories of the specimens being dif-
ferent pricr to the occurrence cf failure, in that, in one case, the

twe equal valued stresses are maintalned at the hydrostatic stress value
while the major principal stress is increased and, in the second case,
the minor principal stress is decreased from the hydrostatic value.

In crder to accomplish a degree of control over the intermediate
principal stress, torsional loads can be applied to the specimen in
conjunction with confining pressure and axial loads. A decided disad-
vantage of this stress system is the non-homogeneous nature of the
stresses as well as the variation of the torsional stresses from a
value of zerc at the axial center of the specimen to & maximum at the
outer surface. Complications alsc arise in the knowledge of the stress
system due to the necessary stress concentrations caused by the torsion
applying mechanism. The application of torsional loads was used by
Boker (11) in tests on marble and was accomplished by machining hex-
agonal ends on the specimens which fit into sockets and one end rotated
relative to the other. Obviously, there is much time and expense in-
volved in the preparation of such specimens and the jacketing of the
specimens is also a major job. The accurate measurement of the tor-
sional moment is a difficult operation when coupled with high confining
fluid pressures. In past investigations on concrete, hollow cylinder
specimens (12), a heavy 'brake band" arrangement was used. Solid plugs,
cemented to the specimen have alsc been used. This arrangement 1s
probably more suitable since the twist could then be applied by rotation

of the axial force pistcn,
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Hollow Cylinders

Closed-end hollow cylinders, when subjected to different internal
and external fluld pressure, are stressed so that the tangential (cir-
cumferential) stresses and the radial stresses are, in general, differ-
ent. The value of each stress varies throughout the wall thickness of
the specimen and these stresses are the principal stresses. If the
cylinder is additionally loaded in the axial direction and the assump-
tion is made that there are no shearing stresses on the ends, then the
three principal stresses will act in the axial, the circumferential and
the radial directions.

With respect to a given set of loading conditions, the stresses
will be functions of the internal and the external diameters and of the
radial distance from the inner wall, In general, the thinner the wall,
the more uniform will be the stress across the wall for the circumferen-
tial stress; however, when the external and the internal fluid pressures
are at different values, the radial stress varies from a value of one
fluid pressure to a value equal to the other. This occurs from the
inner face, where the radial pressure equals the internal fluid pressure
to the outer face, where the radial pressure equals the external fluid
pressure. Necessarily, then, for a given fluid pressure differential,
the thinner the specimen wall, the greater the stress gradient will be.

In the case where the internal and the external fluild pressures
are equal, the radial and the circumferential stresses are uniform,
equal to the other as well as being equal in value to the fluid pressure.
This produces a state of stress in a hollow cylinder which 1s comparable

to that in a solid eylinder subjected te a confining fluid pressure.
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Torsional loads may also be placed on the specimens. The stress
effects from such loading are, in general, the same as with the solid
specimens except that some of the non-uniformity of torsiocnal stresses
will be eliminated. The '"brake band" arrangement for application of
torsion would not be practical in cases where external confining pres-
sures are used. External confinement could, of course, be omitted, and
various combinations of internal pressure, axial load and torsion be
applied; however, the range of stress variations would be limited due
to the low tensile strength of the rock.

If one attempts to use hollow cylinders in an investigation
of rock strength, there are several problems of considerable importance
which must be solved. One 1s that of specimen production. In order to
produce stresses of sufficient magnitude, the cylinder walls should be
relatively thin. In addition, the wall thickness should be uniform
around the circumference (i.e., a right circular cylinder) and there
should be no variaticn along the length. In order to produce reasonably
uniform stress conditions, the mineral grain or crystal size of the rock
should not be too large with respect to cylinder wall thickness. A
reascnable minimum wall thickness might be about two times the nominal
maximum crystal diemeter; however, smaller ratios between thickness and
crystal diameter may be feasible.

Due to the brittle nature of rock, the preparation of hollow
cylinders according to the preceding criteria will demand quality
equipment, skill and considerable care.

The jacketing material used with the specimens is critical.

The membranes should be inexpensive, easily prepared and easy to apply
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as well as to be impervious to the confining fluid at high pressures.
Additionally, the membranes should have relatively small effects on the
specimen behavicr, both with respect To stress distribution, and with
respect to deformation. Previously, for solid specimens subjected to
pressures on the order of 15,000 psi, membranes have been made of
rubber and vinyl as well as of thin metal foil. Metal foil liners for
thin-walled rock specimens under such pressures and meeting the preced-
ing requirements do not seem realistic.

The technique of sealing the internal membrane while applying
high fluid pressures 1s a major cobstacle. The seals must be positive
and should allow even fluid pressure over the entire surface of the
specimen. In order to allow variation in specimen length, the system

should alsoc be completely flexible in this respect.



CHAPTER V
REVIEW OF LITERATURE

Prior Tests

At the present time, very little effort has been directed to the
determination of the effect of the intermediate principal stress on the
strength of rock and rock-like materials. Most of the experimental work
has been performed with conventional high pressure triaxial equipment
and solid specimens. Many investigations have produced results which
might properly be used together with results from other research on
this problem; however, included here are only those (except Von Karman's
work) which reported comparative data,

In 1900, A. Foppl (13) reported results of tests on cubic speci-
mens of rock. The cubes were loaded in compression teo failure in a
special apparatus upon either two or four sides. The conclusion drawn
by Foppl was that the intermediate principal stress had no influence
on the breaking strength.

Based on the techniques of lateral confinement and specimen
jacketing developed by T. von Karman (14) several investigators per-—
formed tests on rock materials. With the solid specimens used in these
series of tests, only the twe aforementioned general states of stress
(with respect to the relative value of 02) can be attained.

Karman's work included the testing of marble and sandstone by

holding the confining pressure constant and increasing the axial load
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to failure. This corresponds to the case of cl > 02 = 03 and could,
therefore, be used as a basis of comparison for later work where the
intermediate principal stress was varied.

In 1915, R. Boker (11) performed a series of tests on marble in
an apparatus similar to Karman's in which he first produced a state of
hydrostatic stress within the solid cylindrical specimens. By then
holding the lateral pressure constant and decreasing the axial pressure,
Boker caused the specimens to deform plastically and to neck-down in the
central portion. This is commonly called an "extenslon test" as opposed
to a "compression test" in which the lateral pressure is maintained con-
stant and the axial pressure increased. In the "extension test," the
stress state is such that Oy €0y = 0y Compared to Karman's results,
the "extension tesis" by Boker indicated a "Mohr Envelope' which lay
above that of the compression tests. Boker apparently did not make any
correction for changes in cross-sectional area.

Later Boker performed a series of tests on solid marble cylinders
in which the specimens were subjected to the combined effects of lateral
fluid pressure, axial load and torsion. All of the specimens were
jacketed with a very thin metal foil in order to prevent penetration of
the confining fluid into the rock pores.

In these tests, Boker primarily demonstrated the ability to vary
the failure plane from a normal 45-degree helix under torsion only, to
other angles dependent upon the particular stress state. The results of
this series have not been utilized to determine the effect on the
strength of varying the intermediate principal stress; however, it 1s

believed that calculations based on such a complicated application of
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stresses would be subject to considerable criticism.

Tn 1912, F. D. Adams (3) reported on a series of tests wherein
the viscous flow of rocks under cenditions approximating those at great
depths below the ground surface was studied. The purpose of his work
was to investigate the stability of open cavities and to determine the
depths below ground at which open cavities could probably exist.
Cylinders of rock were prepared with two holes drilled through each.
One hole passed through the vertical axis of the column from top to
bottom. The other passed transversely through the middle of the column,
at right angles te the other hole but a little fo one side of it, so
that the holes did not intersect,

The rock columns were encased in a thick-walled tube, shrunk-
fitted onto the rock. Hardened steel pistons extended into the tube,
bearing against the rock column ends. Loads were then applied to the
pistons and held constant for various time increments, from 70 seconds
up to 2-1/2 months. After the desired time period, the specilmens were
carefully removed from the tubes and examined for residual deformation
and/or collapse. A seriles of tests were made similarly but with the
test temperature elevated to 450° Centigrade. The results of the tests
showed that the confinement afforded by the steel tubing caused the rock
columns to withstand between 160,000 psi and 200,000 psi axial load
before failure. This compares with an average unconfined cube strength
of about 27,000 psi. In addition, the "failure" ocecurred not by a
shearing phenomena, but by flaking of very small fragments from the
inner walls. The flaking occurred over a range of pressures and at the

highest pressures utilized, completely filled the original holes. 0Oddly
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enough, no attempt was made to calculate the stresses which caused the
flaking, however, it has been gensrally conceded that the effects of
the shrunk-on steel jackets were sufficient to cloud the results.

In 1918, Bridgeman (2) repeated the experiments of Adams under
conditions such that the stresses could be "precisely specified." Rock
cylinders containing cavities were jacketed and submerged in a liquid
and subjected to high hydrostatic pressure. Both individual, mineral
crystals as well as rocks were tested. According to Bridgeman, the out-
side surfaces of the cylinders were polished and net quite circular.
Also, the inner holes were not exactly coaxial with the ocuter surface
and were almost but not quite round. Soft rubber tubing was used for
membranes. Changes in internal dlametral distances were measured by
the use of a close-fitting solder disc placed in the inner hole which
deformed permanently during the test. A total of ten specimens were
tested including both individual crystals and rock,

Generally, the rvesults indicated lower 'collapse'" pressures than
as reported by Adams but the "failures'" were of the same type, i.e.,
flaking of the inner surface. There was apparently no permanent change
of outside dimensions under external confining pressures up to 12,000
kg per sq. cm. A significant conclusion with regard to the flaking-off
was that it had no particular connection with structure since, for the
rocks, there was no tendency for the flakes to be composed of a single
mineral composition. The sand-sized particles formed by the flaking
were most irregular in shape and of a "great range" in size. Bridgeman
concluded that the phenomencn of rupture by flaking-off is independent

of other phenomena accompanying high stress such as cracks or flow.
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A "vrock-like" material, concrete, was used in a series of biaxizl
and triaxial tests in 1928 by Richart, Brandtzaeg and Brown (15). The
stress states included both "compression'" and "tension' tests and, in
this case, the results Indicated just the opposite effect from that
found by earlier experimenters. The Mohr envelope for the "compression'
tests fell well above the corresponding curve for the "tension" tests.
It was noted by the authors that the differences were within the limits
of experimental error and the conclusion was reached that the results
were inconclusive regarding the validity of the Mohr criterion. It
should be realized, however, that the man-made material, concrete, has
not been subjected to the tremendous pressures and temperatures as has
the natural rocks and, as a consequence, the behavior of the concrete
under stress should not be expected to be completely compatible with
the behavior of the rock with its residual internal stresses.

Ros and Eichinger (16) experimented with marble specimens under
"compression'" and "tension" states of stress and repeated Karman and
Boker's tests. These results were comparable to the earlier test
results and, in fact, the discrepancies were increased from abeut 10
per cent to about 25 per cent when the stresses were based on a corrected
cross-sectional area rather than on the original area. In general, how-
ever, Ros and Eichinger concluded that the Mohr fallure criterion was
the most satisfactory general theory for non-metals.

In 1937, W. Schmidt (17) presented results of some tests on rock
salt. According to Topping (18), all tests (except one "tension'" test)
were of the "compression'" type, and the shear stress corresponding to

the "tension'" test falls well above the Mohr "compression" failure
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envelope.

Several investigations have been made of the strength of concrete
under various combinations of applied stresses other than by means of
the '"standard" triaxial test equipment.

Bresler and Pister (12), 1955, reported the results of tests on
hollow concrete specimens under combined axial compression and torsion.
They indicated a linear relationship between octahedral shearing stress
and octahedral normal stress at failure.

In 1951, A. M. Freudenthal (19), tested solid concrete specimens
4 inches by 10 inches into which "notches'" had been formed. Under axial
compressive loads, the 0.5-inch deep, circumferential hyperbolic notches
caused nonhomogeneous stresses. The results were analyzed on an elastic
basis and an "effective stress'" failure criterion was assumed. The
"effective stress' was defined as being equal to 312, where:

L. = 16000, - 6.9° Lo, ~ 6.)° 4 {6, - 6.7 «
2 ' 1 2 2 3 3 1

Robertson (20) reported in 1955, the results of a few hollow
cylinder tests on rock subjected to hydrostatic pressures. He used
specimens of several limestones, marbles and granites. The diameters
of the specimens varied from 3/16-inch to 1 1/4-inch, with most being
5/8-inch 0.D. The inside diameter was varied. Failure occurred by
either spalling internally or by a shear fracture. Those specimens
with radius ratios less than 3 failed in shear while those with radius
ratios greater than 3 failed by spalling. The reésults were presented

in the form of curves of the pressure at failure versus the ratio of
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radii, The 1 1l/4-inch and the 5/8-inch cylinders had the same strengths
while the 3/16-inch specimens were of higher strength. Robertson
attributed the greater strength of the smaller cylinders to fewer gross
inperfections. The typical "trap-door" type of failure occurred and
even with the cylinders cut into at various angles to simulate planes of
weakness, the same type of failure cccurrved.

McHenry and Karni (21), 1958 used hollow concrete cylinders and
applied compressive axial loads, together with Internal fluid pressure.
This technique produced, in the cylinder wall, axial compression, varia-
ble radial compression and variable circumferential tension. The con-
clusions reached were that the tensile strength 1s reduced by an
orthogonal compressive stress, and vice versay that the Mohr failure
criterion is not applicable in the range of stresses used; that an
essentially linear velationship was found between the octahedral normal
and the octahedral shearing stress at failure except for data near the
conditions of simple compressive and simple tensile failure.

Bellamy (22) 1961, tested sand-cement mortar hollow cylinders
under combined compressive axial load and external fluid pressure. He
indicated that the effect of the intermediate principal stress was to
increase the major principal stress by a minimum of 0.7502.

Recently (1963-1966), a series of tests has been performed by
Handin and Heard (23) in which they used very small hollow cylinders of
Solenhofen Limestone exposed to combined internal pressure, external
pressure, axial load and torsion. The specimens used were of the fol-
lowing size: (1) Outside radius = 0.635 cmj; (2) Inside radius = 0.565

cem., and (3) Length effective during the test = 1.7 cm. (approx.).
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The outer jacketing material was '"thin," seamless, annealed copper.
The Iinner "Jacket" consisted of a hollowed-out solid copper rod with
one end left closed and with a solid cap cemented to the drilled-out
end. Fluild pressure was then introduced to the inside of the copper
jacket.

Handin and Heard presented a p.ct of octahedral shear stress
versus octahedral normal stress at falilure for the results available at
the present time. This curve, according to the authors, '"seemed to lie

between the triaxial compression and extension curves for this rock.”

Summary of the Present State of Knowledge

There has been very little work done with respect to the effect
of the intermediate principal stress on the strength of rock. 1In
general, that work which imposed high stresses on the specimens was
accomplished in some type of triaxial apparatus which utilized a fluid
confining medium. In most cases, only confinement together with axial
load was used. By such an arrangement, only two cases of stress states
are possible and there is some doubt in the mind of this author that
the two cases may properly be compared,due to the difference in the man-
ner of arriving at the failure state. Some recent work has been done
(and is still continuing) where high confining pressures, axial load
and torsional loads were used. Results from these tests are, at present,
inconclusive with respect to the effect of 0,

Adams and Bridgeman's works with the hollow cylinders were
properly in the scope of effect ¢f intermediate principal stress; how-

ever, they made no attempt to so analyze their results. The failure
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mode, rupture by flaking-off, appears significant under conditions
where two principal stresses are reasonably close to the same value
and greater than the minor principal stress. Mathematically, such
failures are not treated; however, an examination of possible failure
planes indicates the feasibility of such occurrences.

Some low pressure work has been done utilizing rather large,
hollew cylinder specimens of concrete under combined axial load,
internal pressure or torsion. From this work, no definite conclusions
have been reached.

The representation of the failure of the materials has largely
been with the two-dimensional Mohr diagram,a comparison made between
the results cbtained from "compression" and "tension" tests. In some
investigations, the envelecpe for the "compression'" tests falls above
that for the '"tension" tests and vice versa. The relation between the
octahedral shearing stress and the octahedral normal stress at failure
has been used as a vepresentation of the strength of rock and rock-like
materials. There 1s reasonable agreement in that the slope of a graph
of the octahedral shearing stress vs. the octahedral normal stress at
failure is not constant and the variation appears to form an S-shaped
curve.

In addition to the differences noted, there remains all of the
problems associated with strength testing in general, such as deter-
mination of the failure point for various materials, and the validity

of the elastic theory to determine stresses, as well as many others.
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CHAPTER VI

THE TRIAXIAL SPECIMEN

Selection of Specimen Type

The general considerations with respect to specimen type were
presented in Chapter III. On the basis of those factors, it was decided
that the loading system for the direct application of force to cubes,
or similar shapes, was not practical. With respect to the variety of
stress paths afforded, the hollow cylinder specimen (to be subjected to
individuaily controlled internal and external fluld pressures together
with axial load) would offer mere versatility than the solid specimen-
torsional loading system. In addition, it is belleved that the hollow
cylinder test more closely approaches real conditions., Therefore, it

was decided to use the hollew cylinder specimen.

Specimen Size

The maximum outside diameter was limited by the size of the
existing high pressure chambers since the equipment being developed for
this project was to be compatible with the existing equipment. This
indicated an outer diameter cn the order of 2 inches or less, and since
membrane material (of the type contemplated) was available in an appro-
priate size to accommodate an inside diameter of 1.2 inches, and an
outside diameter of 1.5 inches, these dimensions were tentatively speci-
fied. Due to difficulties in the production of such thin-walled speci-

mens, the outer diameter was increased to . .60 inches, making the wall
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thickness 0.20 inches.
Since no information was availablie with regard to the appropriate
length of a specimen such as this, it was decided to use a lengrh about:

two times the outside diameter.

Specimen Production

Tnitial attempts to produce the specimens consisted of a double
coring procedure in which the inside diameter was cored with a thin-
walled diamond coring bit and then overcored. Reasonably uniform speci-
mens were produced in this manner; howe:er, the procedure was time con-
suming and, in anticipation of a large-scale testing program, other
methods were deemed desirable. The solution to production of regular,
uniform specimens was found to be a double-tube core bit which cut both
the inner and the outer surfaces at the same time., The bit is of the
impregnated diamond-type and was made to produce a hollow core U inches
in length in order to allow for trim con each end.

It was found necessary to use a heavy-duty precision drill press
in order to cut cores from Granite and from similar, hard drilling rock.
Penetration rates of about 2 inches per minute are possible in granite
when using a 3-hp, radial drill press at 700 rpm and with very poorly
controlled drilling water. In order to reduce the possibility of bit
damage, drilling was begun at 75 rpm until the bit was seated, after
which time the vertical alignment was checked and the 700 rpm rate of
revolution was utilized until the drilling was complete. It is necessary
to maintain a constant bit pressure to produce a smeoth-sided, straight:

specimen.
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The cores were cut to the approximate final length of 3.2 inches;
with a dianond blade trim saw. The ends of the trinmmed cores were then
ground plane and perpendicular to the long axis by the use of a rotary
car borundum wheel and a special holding jig nounted on a feed table.
Since the testing equi pnent accepts varied specinen |engths, no attenpt-
was nmade to produce a uniform length since this would require additiona
tine in the grinding operations. The cores were allowed to air-dry for

a period of at least one week prior to testing.

Description of the Rock Sanples

Two rocks were utilized in this investigation. These were
I ndi ana Linmestone and Stone Mountain Granite. Descriptions of these
two rocks follow,
I ndi ana Li nestone

Indiana linestone is found in an area around Sal em | ndiana.
The rock |s conposed of linestone "sand" grains cenented together by
the interlocking action of calcite crystals. The "sand" grains are the
result of deposition of calcium carbonate on small, partially broken
shells, often In a series of concentric layers. Due to their roughly-
spherical shape resenbling fish eggs, the grains have been designated
"oolitic." Dark spots sprinkled throughout the rock, apparently of a
bi tum nous nature, are organic residue of the original inhabitants of
the shells.

The stone varies in color tone frombuff (above the ground |evel)
to a grayish or blue-gray shade bel ow ground, The change in color

apparently results from oxidation of some of the organic material.



