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Effect of Intermediate Principal Stress on Rock Fractures

Chandong Chang*
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Abstract: Laboratory experiments were conducted in order to find effects of the intermediate principal stress 6, on rock
fractures and faults. Polyaxial tests were carried out under the most generalized compressive stress conditions, in which
different magnitudes of the least and intermediate principal stresses o3 and G, were maintained constant, and the
maximum stress ¢; was increased to failure. Two crystalline rocks (Westerly granite and KTB amphibolite) exhibited
similar mechanical behavior, much of which is neglected in conventional triaxial compression tests in which ©;=o0;.
Compressive rock failure took the form of a main shear fracture, or fault, steeply dipping in o3 direction with its strike
aligned with o, direction. Rock strength rose significantly with the magnitude of G, suggesting that the commonly used
Mohr-type failure criteria, which ignore the o effect, predict only the lower limit of rock strength for a given & level.
The true triaxial failure criterion for each of the crystalline rocks can be expressed as the octahedral shear stress at failure
as a function of the mean normal stress acting on the fault plane. It is found that the onset of dilatancy increases
considerably for higher ©,. Thus, G, extends the elastic range for a given 63 and, hence, retards the onset of the failure
process. SEM inspection of the micromechanics leading to specimen failure showed a multitude of stress-induced
microcracks localized on both sides of the through-going fault. Microcracks gradually align themselves with the 6,—03
plane as the magnitude of o is raised.
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Intfroduction monly represented by strength criteria. The most
widely used criteria are based on the hypothesis that
Understanding of rock fracture mechanism and the intermediate principal stress o; has no role in
mechanical properties such as strength and deform-

ability is fundamental for solving many geomechani-

the process of brittle fracture leading to failure (for
example, the Mohr-Coulomb (Jaeger and Cook,

cal/geophysical problems (e.g. analysis of earthquake
and faulting mechanism, estimation of in situ stress
magnitude, rational design of rock engineering struc-
tures). Fractures and faults in rocks have been stud-
ied for centuries because of the need to design safe
excavations for extracting minerals from the earth,
and for the purpose of using hard rock as a build-
ing material (Scholz, 1990). But it was only in the
last century that rigorous formulations of rock
strength were made, based on the physics of the
phenomenon and supported by experimental results.
Rock strength is the maximum stress that it can
support under specified conditions and is com-
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1979); Hoek and Brown, 1980; Ashby and Sam-

“mis, 1990). Thus, the commonly used method of

determining the deformability and strength of rocks
is the conventional ‘triaxial’ testing of cylindrical
samples subjected to uniform lateral load or confin-
ing pressure (i.e. G2=03).

However, numerous field measurements have con-
firmed that the state of stress in the Earth’s crust is
typically anisotropic (e.g. McGarr and Gay, 1978),
in which all three principal stresses are unequal or
‘true triaxial’ (01# 0»# 03). Moreover, when an
original state of stress is disturbed by human activ-
ity such as excavation of a cavern or a tunnel, or
drilling of a wellbore, principal stresses tend to
become even more differential. In particular, it was
discovered on several occasions that Mohr-type fail-
ure criteria gave unreasonable results in some spe-



cific situations (for example, Vermik and Zoback,
1992; Ewy, 1998). In these cases, it was revealed
that a correct analysis was feasible only using a cri-
terion that invoked all three principal stresses.

Laboratory studies on rock fractures and faults
under true triaxial stress conditions (072 06,2 03)
have been carried out by a limited number of
researchers (Mogi, 1971; Reches and Dieterich,
1983; Takahashi and Koide 1989). The general find-
ing in these works was that the intermediate princi-
pal stress has a significant effect on rock strength
and failure behavior. However, because of practical
difficulties in designing experimental apparatus that
enables the application of the three independent
principal stresses, the experimental study on this
issue is scarce. In addition, all of the previous
experiments conducted until recently were limited to
relatively weak sedimentary-based rocks.

In the present study, a further investigation on the
effect of ¢, on rock fractures was made in two
very hard crystalline rocks (granite and amphibo-
lite). Laboratory true triaxial tests were carried out
using a sophisticate polyaxial loading apparatus
(Chang and Haimson, 2000). This paper describes
briefly the equipment, and reports on the experimen-
tal results, including deformability, strength, and
micromechanics of fracture under the generalized
stress condition, with a special attention to the
effect of the intermediate pﬁncipal stress.

Rocks Tested

Two crystalline rocks were tested: Westerly gran-
ite and KTB amphibolite. Westerly granite is a fine
to medium grained Late Pennsylvanian to Permian
crystalline rock found mainly in the southeast area
of Rhode Island, USA (Quinn, 1954). Its mineral
composition is: 28% quartz, 36% microcline, 31%
plagioclase, and 5% biotite (Wawersik and Brace,
1971). Its physical properties are characterized by
high strength, very low porosity, almost complete
isotropy, elastic linearity, and homogeneity (Krech et
al., 1974). The mechanical properties of Westerly

Effect of ntermedate Principal Stress on Rock Fractues 23

granite have been tested by a large number of
experimentalists (Brace, 1964; Brace et al, 1966,
Wawersik and Brace, 1971; Wong, 1982; Lockner et
al., 1991). However, no known attempt had been
made to investigate rock strength and deformability
of Westerly granite under true triaxial stress condi-
tions.

The KTB amphibolite was extracted from the
super deep scientific borehole drilled by the Ger-
man Continental Deep Drilling Program (KTB) in
Bavaria, Germany. Amphibolite is the dominant rock
in the hole between 3 and 7km depth, and the
samples used in this study come from a depth of
6.4 km. The KTB amphibolite is a fine-grained mas-
sive metamorphic rock. The mineral composition is:
58% amphibole, 25% plagioclase, 5% gamet, 2%
biotite, and 7% minor opaque minerals (Chang and
Haimson, 2000). It is characterized by high strength,
some inhomogeneity, and very low porosity (Rauen
and Winter, 1995). Basic mechanical properties
determined by uniaxial and triaxial tests demon-
strate near isotropy and linear elasticity (Vernik et
al., 1992; Rockel and Natau, 19953).

Experimental Methods and
Procedures

The apparatus used for the application of three
mutually perpendicular high compressive loads onto
rectangular prismatic specimens consists of two main
parts: a pressure vessel and a biaxial cell (Fig. 1).
The rock specimen (2x2x4cm) is inserted inside
of the pressure vessel and is subjected to a longitu-
dinal load, ©;, and one lateral load, o, (capacity of
both 1.6 GPa), applied through high-strength metal
anvils, as well as to a second lateral load applied
directly by the confining fluid pressure, ©; (capac-
ity 0.4 GPa). Rock specimen is coated with a thin
layer of polyurethane to prevent permeation of the
confining fluid. The pressure vessel fits inside the
biaxial cell, which applies hydraulically activated
loads to the two pairs of anvils. All three loads are
servo controlled. During each test, strains in the
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Fig. 1. Schematics of the polyaxial cell showing load trans-
mission from the biaxial apparatus (P; and P;) to rock speci-
men. The load in the third direction is applied directly by
the confining fluid pressure.

spacers

specimen are also measured in the three principal
stress directions through strain gages (strain mea-
surements in ¢, and ©; directions) and strain-gaged
beam (strain measurement in G3 direction).

Several sets of true triaxial tests were conducted
in each of the two rocks. Tests were run on dry
specimens at ambient temperature. Each set com-
prised of six to ten tests in which the least princi-
pal stress was kept constant throughout and the
intermediate principal stress ¢, was varied from test
to test. The range of o3 was from 0 to 100 MPa in
Westerly granite and to 150 MPa in KTB amphibo-
lite, and that of 6, was from G;=06; to 02> 56s.
Each specimen was inserted in the polyaxial cell
and subjected first to linearly increasing hydrostatic
loading. As ¢; and then o, reached their preset
magnitudes, they were kept constant for the remain-
der of the test. Thereafter, the maximum stress o
was raised to failure and beyond by controlling the
least principal strain at a constant rate of 5 10° s

Rock Strength

A common visual observation in test results is
that crystalline rocks, as represented by Westerly

Fig. 2. Profiles of fractured specimens along a plane nor-
mal to G,, showing steeply inclined faults dipping in the o3
direction: (a) Westerly granite, (b) KTB amphibolite.

granite and KTB amphibolite, is that brittle fracture
takes the final form of a shear band that appears as
a steeply inclined fault plane, striking parallel to o,
direction and dipping in the o3 direction, regardless
of the magnitudes of the applied stresses. This fail-
ure type is generally similar to that observed in
conventional triaxial tests, except that true triaxial
loading confirms the expectation that the strike
direction of the fault plane is along o, (Fig. 2).

Test results showing the state of stress at failure
in the two crystalline rocks are shown in Fig. 3, in
which the true triaxial strengths &; as a function of
the applied o, were plotted for different constant
values of ©3;. Experiments in which the least and
intermediate principal stresses were equal (conven-
tional triaxial tests) reveal a typical monotonic
increase in the strength as ¢,=03 was raised from
0 to 150 MPa (see solid lines in Fig. 3). Plotted
separately as o; vs. 0;=0;, the curve best-fitting
the experimental points represents the Mohr strength
criterion for each rock.

Fig. 3 demonstrates the similarity between the two
crystalline rocks with respect to the dependence of
o at failure as a function of the intermediate prin-
cipal stress ©,. As the magnitude of the Ilatter
increased beyond that of o3, the compressive
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Fig. 3. Relationship between peak G, and o, for different constant magnitudes of o3 in (a) Westerly granite, and (b) KTB
amphibolite. The solid line is the best fit curve to experimental points when ;=03, ie. the Mohr criterion. Dashed lines show

the trend of the true triaxial strength as O, increases.

strength in both rocks was always higher than that
when ©;=0; Despite the similarity of behavior
between the two crystalline rocks tested, it is evi-
dent from Fig. 3 that the KTB amphibolite experi-
mental points are considerably more scattered than
those in the Westerly granite. This is probably the
result of the greater inhomogeneity and limited
anisotropy of the amphibolite (Vernik et al, 1992).
Nonetheless, the increase in strength as a function
of ¢, for constant ¢; is quite obvious.

The dashed lines in Fig. 3 represent trends in the
variation of the true triaxial strength ¢, with the
magnitude of o, for each set of tests in which ©;
was held constant. They reveal a rise in o; with the
magnitude of G, until a plateau is reached where
strength appears to level off. This behavior sup-
ports Wiebols and Cook (1968) theory, based on the
strain energy stored in a rock body due to sliding
along microcracks, which predicts that when o3 is
held constant and o, is increased from G,=o0; to
0,=0), the compressive strength first increases,
reaches a maximum at some value of o, and then
decreases but always to a level higher than that

obtained in a conventional triaxial test. However, for
the ranges of o, used, there is no clear trend
towards a decrease in strength in either of the
rocks. The results reported here are also in support
of previous observations in Dunham dolomite by
Mogi (1971).

As shown in Fig. 3, the true triaxial compressive
strength ©; increases by as much as 50% or more
over the commonly used conventional triaxial
strength (Mohr-based strength criterion), depending
on the o, magnitude. The increase in strength is
less pronounced at higher magnitudes of o3, but
even for the highest least principal stress the true
triaxial strength is larger than that inferred from the
Mobhr criterion by nearly 20%. Test results shown in
Fig. 3 strongly suggest that in crystalline rocks
Mohr-based criteria (such as Mohr, Mohr-Coulomb,
Hoek and Brown) are only correct for the special
case of in situ stress conditions in which ©,=0;,
but are not representative of strength under more
general, and more realistic, in situ stress conditions
in which all three principal in situ stresses differ in
magnitude. In other words, the Mohr-based strength
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criteria represent only the lower limit of compres-
sive strength in crystalline rocks for a given least
principal stress. Since in situ measurements rarely
indicate that two of the in situ principal stresses are
equal (McGarr and Gay, 1978), Mohr-based criteria
appear to yield overly conservative strength esti-
mates.

Attempts were made to establish a unifying
strength criterion for each tested rock that would
represent the experimental points shown in Fig. 3.
Several rock failure criteria were considered which
incorporate all three principal stresses (Nadai 1950,
Freudenthal 1951, Drucker and Prager 1952). These
criteria are of the form:

Tott = f( o-oct) (1)

where T,. is the octahedral shear stress, equal to
[(61— 62’ + (62~ 63+ (05-011"*/3, Gus is the octa-
hedral normal stress, equal to (0i+G:+03)/3, and f
is a monotonically increasing function. None of
these criteria seemed to correctly fit the strength
data in Fig. 3.

Mogi (1971) noted that the above criteria, for
which the independent variable is the three-dimen-
sional mean normal stress Goq, Were more appropri-
ate for characterizing yielding that occurs over the
entire volume of rock. The brittle failure of the
crystalline rock was, however, in the form of local-
ized shearing along a single plane striking in the G,
direction. For that failure mechanism, Mogi pro-
posed that a more appropriate independent variable
in the above criterion is obtained by downgrading
Gou to its two-dimensional form, (o;+ 63)/2, which
represents the mean stress acting on the failure
plane:

Tuct =f[(01 +G3)/2] . (2)

The strength data in both rocks are strikingly well
represented by Mogi’s (1971) brittle failure criterion
in the form of monotonically increasing functions,
as demonstrated by Fig. 4. The true triaxial strength
criterion given by equation 2 is clearly more gen-
eral than the Mohr-based criteria, and includes con-
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Fig. 4. True triaxial strength criterion best-fitting our experi-
mental results, in the form of the octahedral shear stress T,
as a function of the mean normal stress acting on the fault
plane Gn2: (a) Westerly granite, (b) KTB amphiblolite.

ventional triaxial test results as just a special case.

Fracture Angle

For each tested rock samples, the strike and dip
of the induced fault plane were carefully measured.
Despite its roughness and local inclination varia-
tions, an approximate fault plane attitude could be
determined within an error of few degrees. The
strike was consistently (within +20°) aligned with
the direction of ©,. The dip was always steeper
than 45° and oriented towards ©s. Another major
effect of the intermediate principal stress was that
the fracture angle for the same o3 increased as the
level of 6, was raised (Fig. 5). The trend is simi-
lar in both rocks.

Within the o, ranges tested fracture dip angles
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Fig. 5. Typical variation of fault dip 6 with the magnitude of
the intermediate principal stress G, for a constant least princi-
pal stress G in (a) Westerly granite and (b) KTB amphibolite.

increased by substantial amounts (up to 20°) from
their base values when o,=0;. Similar results were
obtained by Mogi (1971) in Dunham dolomite. The
mechanism responsible for this mechanical behavior
is not clearly understood. However, the implication
of this behavior regarding to true triaxial rock
strength can be described as follows. For a given
applied stress condition, the magnitude of shear
stress varies depending on the orientation of the
plane on which it acts. The shear stress is maxi-
mized on the plane that bisects the angle between
oy and o3, ie. 45° from the largest principal stress
direction. The shear stress decreases as the plane
becomes steeper. As rock fracture occurs along a
plane inclined at a steeper angle, it requires a
higher magnitude of G, to have the shear stress on
the plane reach the critical level leading to failure.
Therefore, the increasing intermediate principal stress
magnitude tends to raise the peak oy by stecpening
the fracture plane, which is manifested by increase
in rock strength.
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Fig. 6. Stress-strain curves under true triaxial loading in (a)
Westerly granite and (b) KTB amphibolite. G), G2, and o;
are strains measured in the G), G,, and o3 diections, respec-
tively.

Stress-Strain Relationship

Fig. 6 shows typical stress-strain records in both
rocks. The lower segment of the curves represents
the stage in which both ¢, and o, were raised
while o3 was kept constant. The remainder of each
record gives the stress-strain relationships between
(61— 03) and each of the measured strains for con-
stant ¢, and o3, as the strain rate in the o3 direc-
tion is raised at a constant rate. It is noted that in
both the Westerly granite and the KTB amphibolite
all three stress-strain curves are quasi-linear for the
first half to two thirds of the stress range in this
segment. At higher stress levels, these stress-strain
relationships show increasing softening of the rocks.
However, the stress-strain behavior in the o3 direc-
tion is significantly more nonlinear, suggesting that
most of the stress-induced microcracks, leading to
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Fig. 7. Stress (0,—03) variation with volumetric strain AV/V and dilatancy onset (pointed by arrows) for different (2 magni-
tudes and constant &3 (60 MPa) in (a) Westerly granite and (b) KTB amphibolite.

eventual failure, are subparallel to the 6,—0; plane
and open up primarily in the 3 direction.

Another mechanical property common to both
rocks is the post peak (also called post failure)
stress-strain behavior, which can be characterized as
class II, following Wawersik and Brace (1971). In
these crystalline rocks the maximum principal stress
o; and the strains in the ¢, and &, directions are
reduced after the peak stress is reached, while the
strain in the o3 direction keeps growing, indicating
increased cracking or widening in the o3 direction
of previously developed cracks (Fig. 6).

Fig. 7 depicts the relationship between stress (o)
—0;) and volumetric- strain AV/V (the summation of
all three principal strains). The plots show the extent
of linear elasticity, characterized by a nearly straight
line in the first portion of the loading segment after

o; and G, have reached their preset values. At some
point, the curve becomes nonlinear with the volu-
metric strain decreasing at a diminishing rate. This
phenomenon, known as dilatancy, has been corre-
lated
expanding the volume and for leading eventually to

to internal microcracking responsible for
the creation of the fracture plane (Brace et al,
1966). The point of departure from linearity is
defined as the onset of dilatancy. In several tests for
which o; was maintained constant, specifically o3=
100 MPa in Westerly granite, and ¢3=60MPa in
KTB amphibolite, the points of dilatancy onset were
determined and marked with arrows in Fig. 7. The
common phenomenon observed in both rocks is the
gradual rise in dilatancy onset with the increase in
the magnitude of o, Since the dilatancy onset is
considered an indicator of microcracking emer-
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Fig. 8. SEM micrographs of cross sections of four specimens tested under the same o3 (=60 MPa) but different 6, magnitudes
(6,=60, 113, 180, and 249 MPa in (a), (b), (c), and (d), respectively). o, direction is lateral and o3 direction is vertical. The
main fracture in all cases is subparallel to G,. Localized microcracks align themselves gradually with ©; direction as the stress

difference (0, — 03) increases.

gence, the significance of the trend shown in Fig. 7
is that the increase in the magnitude of the interme-
diate principal stress extends the elastic range of the
stress-strain  behavior for a given o3 Since rock
compressive failure is considered as the culmination
of a progressive development of microcracks, the o,
effect on the onset of dilatancy demonstrates a retar-
dation of the beginning of the failure process, which
is perhaps also responsible in part for the higher
rock strength.

Micromechanics of Fracture

In order to see the effect of the intermediate prin-
cipal stress on micromechanics of brittle fracture,
tested samples were inspected using a scanning elec-
tron microscope (SEM model JEOL JSM-6100).
Sections were cut along planes orthogonal to o

direction, The sections were ground flat and pol-
ished down to 0.05 um. The surface was then sput-
ter coated with a 0.06-pum-thick carbon layer. Fig. 8
depicts four views of the fracture cross section in
Westerly granite tested under the same least horizon-
tal stress 63=60MPa, and ©, varying from 60 to
113 to 180 to 249 MPa. Photomicrographs shown
here are oriented with o3 in the vertical, and G, in
the lateral directions. In all cases, the fracture plane
is subparallel to ¢,. All four photomicrographs pro-
vide evidence that visible microcracks are localized
in the proximity of the main fracture. As the mag-
nitude of o, is increased from test to test, the local-
ized cracks adjacent to the main fracture seem to
align themselves with the direction of the intermedi-
ate principal stress. When 6,=03=60MPa, the
zone immediately near the fault is fragmented into
nearly equidimensional blocks created by randomly
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oriented cracks, as is expected when these two prin-
cipal stresses are equal. At ¢,=113 and 180 MPa,
many microcracks align themselves to ©» direction.
However, numerous microcracks are still randomly
oriented, resulting in severe rock fragmentation in
the proximity of the main fracture. At ©,=249
MPa, most microcracks are subparallel to o, direc-
tion. Because of the paucity of microcracks whose
strikes are at high angle with respect to o, direc-
tion, there is less tendency of fragmentation. In this
photomicrograph, the main fracture is a localized
zone in which mutually subparallel microcracks are
aligned to o, direction. This results in a reduced
blocky structure, rendering the main fracture consid-
erably narrower for a higher ¢.. A very similar
observation was made in the KTB amphibolite
(Chang and Haimson, 2000).

Conclusions

The two crystalline rocks exhibited substantial
similarity in their mechanical behavior. The first
important result emerging from the tests is that the
effect of the intermediate principal stress ¢ on the
compressive strength cannot be ignored in crystal-
line rocks, as is tacitly implied in Mohr-type
strength criteria. To the contrary, depending on the
level of the least and intermediate principal stresses,
rock strength may increase by as much as 50% or
more as compared with the strength under the con-
dition used to obtain Mohr-like criteria (G.=03).
Generally, the reported tests strongly suggest that
use of the conventional Mohr-type criteria in crystal-
line rocks may lead to overly conservative predic-
tions of strength. Instead, a true triaxial strength
criterion that accommodates both tested crystalline
rocks can be expressed as the octahedral shear
stress at failure as a function of the mean normal
stress acting on the developed fault plane. True-tri-
axial strength experimental points for both the gran-
ite and the amphibolite are surprisingly well fitted
by a power function in this domain.

Brittle failure under true triaxial stress condition

ultimately takes the form of a steeply dipping fault
striking in the direction of G,.. For the same o,
fault dip angle increases significantly with the mag-
nitude of the intermediate principal stress.

Measurements of strain show accelerated lengthen-
ing in the ©; direction with increase in o). This
lengthening is significantly larger than in the o
direction, suggesting that microcracks subparallel to
61, open mainly in the o3 direction. This inference
is supported by SEM micrographs of specimen cross
sections in the ©;— o3 plane. Measured volumetric
strain variation with the magnitude of ©; indicates
that for the same s, dilatancy onset generally
increases with the rise in the intermediate principal
stress, reflecting a widening of the elastic range as
the intermediate principal stress is increased for the
same least stress. This suggests a retardation of the
onset of the failure process, which may in part be
responsible for the o,-related increase in strength in
both tested crystalline rocks.
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