
Mechanical Anisotropies of Laminated Sedimentary Rocks

M. E.CHENEVERT*
JUNIOR MEMBER AIME

C. GATLlN**
MEMBER AIME

ABSTRACT

. The effects of bedding plane orientation on the
elastic constants and the yield strengths of three
laminated rocks (one sandstone and two shales)
and one isotropic rock (a limestone) were studied.
The directional dependence of the elastic properties
of these rocks was experimentally evaluated
using a triaxial compression cell and auxiliary
stress - strain measuring equipment. Symmetry of
Poisson's ratios within the bedding plane suggested
that horizontal isotropy exists, but the bedding
planes do give rise to an appreciable difference
between properties in the horizontal and ver.tical
directions. For the three bedded rocks studied,
Young's modulus was lower normal to bedding than
along bedding.

Yield strengths were determined at confining
pressures from 0 to 12,000 psi in a triaxial com­
pression cell. The rocks studied showed strength
reductions as high as 40 per cent when the test
specimen was oriented at 20°_30° to the bedding
planes. The mechanical behavior of these rocks
suggested that the rock properties of shear strength
and/or coefficient of internal friction can vary with
direction, depending on the particular rock tested.
Tensile strengths were also measured and found to
be lowest when failure occurred along bedding.

This work shows that bedded formations exhibit
sizable directional variations in both their elastic
constants and yield strengths. It is suggested that
these variations may be accounted for by using the
"elastic laminate" model and the "variable coef­
ficients" failure model.

INTRODUCTION

The nature of rock defonnation at elevated
pressures has been studied by many workers;
papers by Handin,1,2 and Robinson 3 illustrate the
present state of knowledge. Most investigators
have either chosen rocks which were as isotropic
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as possible (in order to avoid complications of
data interpretation and analysis) ot they have
oriented their samples so that the effects of
anisotropies (such as bedding planes) have been
avoided. Of the studies perfonned, few were
concerned specifically with mechanical anisotrop­
les.

Griggs 4 has presented limited data for specimens
cut parallel, nonnal, and 45° to the bedding plane;
he relates the strength anisotropy observed to the
fabric (bedding) anisotropy. His tests were primarily
concerned with large deformations (20 per cent
strain); thus, no directional values of the elastic
constants were reported. Handin has reported the
results of similar experiments. BottS has discussed
rock strength anisotropies due to faults, cleavage,
or bedding. He was concerned primarily with
determining the shear stress on such planes and
did not mention the effect of friction. J aeger6 later
generalized Bott's work by taking friction into
account and presented a limited theory for the
failure of rocks having a "single plane of weak­
ness", and also for rocks having a constant
coefficient of friction, and a shear strength which
varies with bedding plane orientation.

Donath and Cohen,7 and Donath 8 have evaluated
rock strengths from shale and slate specimens cut
normal and parallel to bedding. A dependence of
cohesive strength (ro ) on the specimen orientation
was also shown. Adler 9 has also studied this
problem and lists similar results. He assumes that
all bedded rocks behave according to Jaeger's
single - plane - of - weakness theory. Kalinin and
Belorussov 10 list results for strength tests parallel
and perpendicular to bedding and use this informa­
tion as a basis for hole deviation analysis.

From the literature it is apparent that sedimentary
rocks have been tested under widely varying
conditions of stress; however, the assumption of
isotropy is generally, but not always, made. Since
geologic sedimentation often deposits sediments
in very definite layers, it seems that more systematic
attention should be given to the possible effects
of this natural bedding. Bedding, as used here,
refers to visible regularities of grain size or
orientation resulting from depositional processes.
The mechanical strength anisotropies, which bed­
ding may present, is not the only anisotropic
property to be considered, since the elastic
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acts, and the second subscript denotes the direction
in which the lateral strain is measured. Shearing
stresses Txy,yz,zx are related to the shearing
strains axy,yz,zx through the constants Cxy,yz,zx,
as given in Eqs. 4 through 6. These shear constants
could not be evaluated with the triaxial compression
cell used in this work.

By use of the strain-energy density function it is
possible to show that the normal elastic constants
are related by the following equations.13

EXPERIMENTAL PROCEDURE

An adaptation of Robinson's triaxial cell 3 was
used in all high-pressure measurements described
in this paper. Lateral strains were measured with a
radial displacement indicator designed by E. A.
Ripperger and his students at The U. of Texas. This
device is similar to a C-clamp with four strain gauges
mounted on its throat and is actuated by the lateral
strain of the test specimen. Lateral strains (and,
hence, Poisson's ratios) were measured only at
atmospheric conditions. Careful calibration of the
triaxial cell permitted determination of longitudinal
strain (and, hence, Young's moduli) at elevated
confining pressures. Details of these procedures
are available elsewhere. 13

Thus, it is possible to reduce the nine constants
given in Eqs. 1 through 3 to six independent
elastic constants. These six constants plus the
three shear constants comprise the nine independent
elastic constants needed to completely describe
the elastic behavior of an orthotropic solid.

Laminar similarities between wood and rocks
such as shale suggest that the orthotropic model
might be more applicable to some rocks than the
usually applied isotropic model. While this particular
study was primarily concerned with strength
anomalies, the elastic behavior of four rocks was
also studied. Direct measurements of axial stress
and the resulting axial and lateral strains permitted
determination of the elastic constants associated
with normal stresses.

"constants" may also have directional dependence.
The primary objective of this study was to

investigate the directional dependence of the
physical properties of several laminated rocks
in the hope of determining whether or not these
effects are of sufficient magnitude to be considered
In engineering applications.

ELASTIC CONSTANT DETERMINATIONS

In the linear theory of elasticii:y for isotropic,
homogeneous solids only two elastic constants
of the material are needed. These are, of course,
E (Young's modulus) and v (Poisson's ratio).
This two-constant simplification of the general
rheological model for a completely anisotropic
(36 "constants") solid is obtained by applying
various simplifying assumptions to the generalized
Hooke's law. 11 Between these degrees of com­
plexity are possible many other rheological or
continuum mechanics models, one of which is
the orthotropic body. This particular model exhibits
three mutually perpendicular planes of elastic
symmetry, which can be shown to require nine
independent elastic constants for complete
specification. Wood, as an example, is often
described as being orthotropic; various engineering
laminates (plywood) are also reasonably ortho­
tropic. 12 The standard mathematical formulation
for an orthotropic body shows that the stress-strain
relations are given by the equations 13
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where fx,y,z are the longitudinal strains associated
with the three principal stresses ax,y,z' the magni­
tude of which is governed by Young's moduli Ex,y, z,

and Poisson's ratios Vyx,yz,xy,xz,zx,zy' The
constant E i denotes a value of Young's modulus
computed from E i = ai/fi' Poisson's ratio requires
a double subscript notation; the first subscript
denotes the direction in which the actuating stress
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ROCK DESCRIPTIONS

LeudeTs Limestone

Leuders limestone (from quarries near Leuders,
Tex.) shows no apparent orientation in structure
and was studied primarily to give a comparison
between an isotropic rock and those considered
as orthotropic. Its availability and previous use
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Leuders limestone
(Isotropic)

Arkansas sandstone
(Lominate)

Green River shale
(Laminate)

The results of Table 1 show the hazards of
generalizing on the rheology of rocks, and clearly
suggest that the usually applied isotropic model
may not be adequate to describe the behavior of
shales. However, the orthotropic model (nine
constants) may be simplified to a laminate model
(four constants) through the use of the strain­
energy density function and the assumption of
horizontal isotropy.

TABLE 1 - SUMMARY OF ELASTIC PARAMETERS

YIELD STRENGTH AND
FAILURE MEOfANICS

Extensive series of tests were run on each of

80,000,-----------------,

a Malleable Failure

A Brittle Fai lure

4,000

..
~ 16,000
u
c:
~

~ 12,000
i5....
~.n 8,000

was not investigated.
Average results of all elastic constant determina­

tions are given in Table 1. These include values
of E at all confining pressures, since pressure
proved to have an unmeasurable effect on Young's
modulus fof any of the test rocks. The Appendix
(Table A-I) gives a more complete listing of these
data.

Leuders limestone was found to be essentially
isotropic and fairly homogeneous; hence, the single
values of E and v were adequate.

The other three rocks studied, all bedded rocks,
behaved in a similar manner. Values of Young's
moduli normal (E y ) and parallel (Ex, Ez ) to the
bedding were appreciably different, with Ey always
being lower. Symmetry of Poisson's ratios existed
in the X-Z plane, suggesting that horizontal
isotropy exists, but the bedding planes did give
rise to an appreciabte difference between properties
in the horizontal and vertical directions. This
particular behavior is what one might expect from
an orthotropic model which has a single plane of
isotropy and might be referred to as a "laminated
model". The five elastic constants used to describe
each laminate rock in Table 1 can be further reduced
to four through the use of the strain-energy density
function.
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Each Curve Starts at Zero Strain, Pc= Confining Pressure, psi

FIG. 3 - TYPICAL STRESS-STRAIN CURVES FROM
AXIAL COMPRESSION EXPERIMENTS OF LEUDERS

LIMESTONE SPECIMENS, Y DIRECTION.
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FIG. 5 - TYPICAL STRESS-STRAIN CURVES FROM
AXIAL-COMPRESSION EXPERIMENTS OF GREEN

RIVER SHALE IN THE Y DIRECTION.
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FIG. 4 - TYPICAL STRESS-STRAIN CURVES FROM
AXIAL COMPRESSION EXPERIMENTS ON ARKANSAS

SANDSTONE SPECIMENS.

FIG. 6 - TYPICAL STRESS-STRAIN CURVES FROM
AXIAL COMPRESSION EXPERIMENTS OF PERMIAN

SHALE.
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the above rocks to determine both yield strength
and failure mode. In the case of elastic stress­
strain behavior followed by brittle fracture, yield
strength and fracture strength were identical. In
cases where appreciable plastic strain occurred,
the yield strength was taken as the stress at
0.20 per cent strain offset, as is customary In

the metals industry. 18
The only failure theories found to be useful in

analyzing experimental data were those of Griffith, 14

J aeger,6 and the well-known Mohr-Coulomb theory
from soil mechanics. Applications of these theories
will be presented in conjunction with the discussion
of the experimental results.

EXPERIMENTAL RESULTS

Typical stress-strain curves for the various
rocks are given in Figs. 3 through 6. The stress
difference plotted on the ordinate is the axial
stress less the confining pressure. Only the
Leuders limestone exhibited any large degree of
plasticity. Since it is difficult to generalize,
the experimental results will be discussed in
tum for each rock.

Leuders Limestone

As shown in Fig. 3, this limestone has a um­
axial compressive strength of about 10,000 psi,
and tends to become plastic at confining pressures
greater than 3,000 psi, Fig. 7 shows typical speci­
men failures, which were quite brittle under
atmospheric conditions, yet flowed plastically
at high confining pressures. Typical "cones of
fracture" were experienced, as reported by
Robinson. Samples L-Z-1, L-X-9 and L-Z-4 are
good examples of brittle failure. Sample L-Y-20
is a good example of plastic flow as shown by
the large strain without fracture, and plastic flow
lines which appear on its surface. Sample L-Z-41
should probably be considered in the "transition
zone" between brittle and plastic failure; shear
planes are present, yet the rock still possesses
cohesive strength. Sample L-Z-1 is a good example
of a brittle failure under atmospheric conditions.
a single shear plane is first developed, and is
followed by extensive splintering.

Arkansas Sandstone

This sandstone had a uniaxial compressive
strength of 35,000 psi and exhibited brittle Failure
for all values of confining pressure, as shown in
Fig. 4. A confining pressure of 12,000 psi raised
the compressive yield strength to about 130,000
psi, a fourfold increase. The high strength of this
rock is explained by its composition being 95
per cent quartz. Tests were conducted at confining
pressures up to 12,000 psi, and for 15° bedding
plane orientations up to {3 = 90°, where {3 is the
angle which the bedding plane makes with the
cylindrical axis of the specimen. Failure occured
along the bedding planes for {3 = 15° and 30°
only. Specimens S-75°-4, S-900-3 and S-Y-8 of Fig.
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8 exhibit typical conjugate failure planes as
evidenced by the "V" formed by the two shear
planes. This was usually observed for shear failure
across bedding planes. Specimen S-300-3 does not
have conjugate failure planes, and represents
typical failure along a bedding plane.

Specimen S-Z-2 is typical of failure in a laminated
rock where {3 = {l0. A single shear plane exists
across the rock and is intersected by many failure
planes which occur along the bedding of the rock.
most tests of this type resulted in a completely
splintered specimen from which it was impossible
to measure the initial failure plane. This splinter­
ing is believed to be caused by the high coefficient
of friction which exists along the failure plane
for this orientation. Specimen S-75°-4 broke into
three pieces; thus, it was possible to reconstruct
the rock as shown. Specimen S-Y-8, which was
deformed at a confining pressure of 12,000 psi,
was classified as failure in the transition zone
between brittle and plastic failure.

Green River Shale

Fig. 5 shows typical stress-strain curves for
Green River shale. The curves become nonlinear
at a stress difference of about 20,000 psi and
continued as such until failure. These shale
specimens were still elastic in the nonlinear
region, as determined by cyclical tests in which
the samples were repeatedly loaded and unloaded
with the same nonlinear stress-strain curves being
obtained in each case with no permanent set
observed. This oil shale exhibited brittle failure
at all values of confining pressure (the failures
were quite similar to those of the Arkansas
sandstone). Smooth failure planes were observed
for tests performed at high confining pressures
(greater than 10,000 psi), regardless of the orien­
tation.

Permian Shale

As shown in Fig. 6, the Permian shale had a
uniaxial compressive strength of about 20,000
psi, and it exhibited brittle failure for all values
of confining pressure. Only one test could be
run at each point because of the small quantity
of material available. A "soft" rock, this shale
gave "clean" failures with little of the splintering
characteristics of "hard" rocks.

DISCUSSION OF EXPERIMENTAL RESULTS

The various theories summarized by Robertson 19
were applied to all rocks tested. It was found
that either the Griffith theory or the Mohr-Coulomb
approach could be applied to the Leuders limestone.
On the other hand, the Arkansas sandstone was
better represented by the Jaeger's single-plane-of­
weakness theory. The Green River shale had an
internal coefficient of friction which varied with
direction. It was impC?ssible to obtain sufficient
data on the Permian shale to determine whether its
coefficient of internal friction and cohesive strength
were continuously variable. Thus, both the" single-
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FIG. 12 - COULOMB'S ENVELOPES FOR ARKANSAS
SANDSTONE WITH f3 = 00• 150, 30°, 450, 600, 750 AND

900
•

Arkansas Sandstone

The anisotropic-shear-failure theory of Jaeger
applied only to the Arkansas sandstone. It was
possible to orient (prepare) the specimen so that
the failure plane was the bedding plane, thereby
facilitating the measurement of strength and
related properties along the bedding plane. It was
not possible to run these tests at confining
pressures in excess of 5,000 psi, because of
equipment limitations. In trial tests several points
at 12,000 psi were obtained, but in each case the
sandstone "wedge", which was formed at failure,
damaged the piston face. This was particularly
true for those specimens cut at f3 = 30°.

Coulomb envelopes were developed for seven
values of f3 at 1SO intervals, and the results were
plotted to form the composite diagram of Fig. 12.
As previously explained, care must be taken in
the construction of the failure envelopes. The
particular arrangement of the envelopes of Fig.
12 suggested that this material behaved as though
it were isotropic except for a single plane of
weakness. Fig. 13 gives a graphic interpretation
of the single-plane-of-weakness theory. The
heavy lines are those predicted by theory (Eqs.
10 and 11) where the constants To and ¢ were
determined from the f3 = 900 curve of Fig. 12. The
f3 = 30° curve of Fig. 12 was used to evaluate
To' and ¢: The points shown in Fig. 13 are
experimental data. The theoretically predicted
minimum yield strength occurs for f3 = 200

, but
unfortunately no experiments were performed at
this orientation. The data points for f3 = 00 are
consistently high, which is probably caused by an
increase in the coefficient of friction for this
particular type of failure. This frictional effect is
explained in detail later.

Although the Arkansas sandstone had no
"fractures" (planes of weakness), as determined
by visual observations and tensile strength tests,
it was described reasonably well by the Jaeger
theory.
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a _Z Orthogonal
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o _Y Orthogono I
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FIG. 10 - COMPARISON OF EXPERI­
MENTAL RESULTS FOR LEUDERS LIME­
STONE TO FAILURE THEORY OF

GRIFFITH.
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Leudel's Limestone

The Griffith failure criterion states that if

(Tn --lJI--_---l_ll -LL-_..L---LlL- _

-15,000 -10,000 -5,000 0

Confining Pressure ~1), psi

rupture occurs when 0"1 = K.
If (30"1 + 0"3) < 0, rupture occurs when

where 0"3 axial stress,

0"1 confining pressure, and

K uniaxial tensile strength of the rock.

In triaxial compression tests both 0"1 and 0"3 are
negative; therefore, only the second of the above
failure criteria can be applied. Fig. 10 shows
Eq. 13 compared with experimental data, and as
shown, Griffith's theory describes failure in
Leuders limestone fairly well. The Mohr envelope
also describes the behavior of the Leuders with
reasonable accuracy (Fig. 11).

_ 10,000

FIG. 11 - MOH R'S ENVELOPE FOR LEUDERS
LIMESTONE.

and coefficient of internal friction, respectively,
across the bedding planes. A detailed analysis
of test data for each rock follows.
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plane of weakness but, rather, as one with a
continually varying coefficient of friction, tan
¢. Another interesting point of Fig. 15 is that the
cohesive strength ro , varies only slightly with
orientation {3, and may be considered as a constant
equal to 7,500 psi. Fig. 14 also suggested this,
since the curves shown there do not have the
shape predicted by the 'single-plane-of-weakness
theory (see Fig. 13). It is believed that the yield
strength data trends of Fig. 14 are what one would
usually expect for a shale. Donath8 has reported
similar results for a slate and a shale.

Fig. 16 shows graphically the variation of tan
¢ with the angle y which is the angle between
the bedding and failure planes:

As is seen in Fig. 16, tan ¢ varies from a value
of 0.58 to 0.93 over the range -25° < Y < 68°, with
the minimum occurring at y = 0°. This is the entire
range which can be investigated for the Green
River shale with triaxial testing equipment.

Notice that the data of Fig. 16 are not symmetric
about the y = 0° axis. At first thought it would

FIG. 15 - MOHR'S ENVELOPES FOR GREEN RIVER
SHALE FOR f3 = 0°, 15°, 30°, 45°, 75° AND 90°.
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FIG. 13 - COMPARISON OF ARKANSAS
SANDSTONE EXPERIMENTAL DATA TO
SINGLE - PLANE - OF - WEAKNESS TIIEORY
AT VARIOUS CONFINING PRESSURES Cal)
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Green River Shale

Compression rests were run on this rock at
confining pressure up to 12,000 psi and .for 15°
values of f3. As shown in Fig. 14, thIS rock
experienced a minimum yield strength at f3 =.30°
(approximately 30 per cent less than the yIeld
strength at f3 = 90").

The linear portion of all failure envelopes for
this oil shale is plotted on a single axis in ~ig.

15. This figure suggested that the .Green ~Iver

shale did not behave as a rock WIth a slOgle

Inclination of Bedding to Foi lure Plane, )', deg.
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FIG. 16 - VARIATION OF COEFFICIENT OF FRIC­
TION WITH INCLINATION OF BEDDING TO FAILURE

PLANE Y FOR GREEN RIVER SHALE.

FIG. 14 - YIELD STRENGTH VS INCLINATION OF
BEDDING PLANES, f3, FOR GREEN RIVER SHALE AT

VARIOUS CONFINING PRESSURES.
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and/or cohesive strength. Analysis showed that
for this shale, To varied with f3 (Fig. 19), but for
practical purposes tan ¢ did not.

A comparison of these two methods is shown
in Fig. 20, where Curves A and B apply to the
single-plane-of-weakness theory and Curve C
applies to the variable-coefficients approach.
Disagreement between the two predictions exists
in the regions 45° < f3 < 75° and 5° < f3 < 15°. This
approach of using both methods in conjunction

~/900

0
0

~'"
{-{=30° "

"'-."
" ,,~

~
....~

TO ~

....~

....~
....
~....

-'=c.
~

J;

.~ 3000
~

-a
u

sooo
~

FIG. 18 - MOHR'S ENVELOPES FOR PERMIAN
SHALE FOR f3 = 00 AND 30°.

appear logical that the same value of tan ¢ should
be measured for negative or positive values of y.
This departure from symmetry may be explained
qualitatively as follows. Consider diagrams A, B,
C and D of Fig. 17. Diagram A shows the case
where failure has occurred along the bedding plane,
resulting in a minimum value of tan ¢. Diagram
B shows the case for failure perpendicular to
bedding, and a high value of tan ¢ is recorded.
Diagrams C and D show failure for situations
intermediate between A and B. The value of tan
¢ for Case D is higher than that of Case C because
of the direction of relative motion between the
two surfaces in contact. In Case C the indivIdual
layers are pointed away from the direction of
movement. In Case D the individual layers are
pointed together, thereby causing penetration or
interlocking of lamina, and ultimate splintering.
A similar directional coefficient of friction has
been observed by workers in the fiber industry. 20

From this analysis it would be expected that the
yield strength at f3 = 0° is greater than for f3 =
90°, which was observed (Fig. 13 and 14).

The observations for the Green River shale
(variable tan ¢ and constant To) are not always
observed in other laminated rocks. Donath8 reports
both a variable tan ¢ and a variable To for the
Martinsburg slate. In a generalization of the
single-plane-of-weakness theory, Jaeger assumes
tan ¢ is constant and To varies with bedding plane
orientation. Values of tan ¢ varied from 0.58 to
0.93 for the Green River shale, and To varied from
2,700 to 5,500 psi for the Permian shale. There­
fore, as an approximation, one may expect these
rock properties (To and tan ¢) to vary by as much
as 50 per cent.
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FIG. 19 - VARIATIONS OF SHEAR STRENGTH (To)
WITH INCLINATION OF BEDDING ({3) FOR PERMIAN

SHALE.

Inclination of Bedding to Specimen Axis, fl

FIG. 20 - COMPARISON OF PERMIAN
SHALE EXPERIMENTAL DATA TO SINGLE­
PLANE-OF-WEAKNESS THEORY AND
VARIABLE-COEFFICIENTS (To AND tan ¢)
THEORY AT VARIOUS CONFINING PRES­
SURES (u1) AND INCLINATIONS OF BED-

DING PLANES ({3).
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Compression tests were conducted on Permian
shale at confining pressures of 0, 5,000 and lO,OOO
psi, and for values of f3 = 0°, 30° and 90°. As
previously mentioned, all specimens were cut from
a 4Yz-in oilwell core, so only a few test specimens
could be obtained. The linear portion of typical
Mohr envelopes is shown in the composite diagram
of Fig. 18. From the data obtained, it was not
possible to determine if this rock could best be
treated as one with a single plane of weakness,
or as one with a variable coefficient of friction

FIG. 17 - COEFFICIENT OF FRICTION VARIATIONS
AS ILLUSTRATED BY VARIATIONS IN TIlE ANGLE
BETWEEN THE FAILURE PLANE AND BEDDING (y).

Permian Shale
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CONCLUSIONS

TENSILE STRENGTH ANISOTROPIES

TABLE 2 - TENSILE STRENGTHS DETERMINED BY
THE DIAMETRAL-COMPRESSION METHOD

with data at f3 == 0°, 30° and 90° gives a maximum
and minimum value of yield strength to be expected
at a particular orientation for this rock.

In routine analysis of any rock a testing procedure
as performed on this shale would be very beneficial
in determining whether or not the r()ck under
investigation may be treated as being mechanically
isotropic.
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C elastic shearing constant, psi

E i == Young's modulus in direction i, psi
K uniaxial tel).sile strength, psi

Pc == confining pressure (a1), psi
X, Y, Z == orthotropic cartesian coordinates

a shearing strain, in.lin.
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Vji Poisson's ratio, equal to fi divided by
fj

an == normal stress, psi

a1 == maximum normal stress (Pc), pSI

a3 == minimum normal stress, psi

T == shear stress, psi

4. Griffith's failure theory may apply quite well
to isotropic rocks, as s~ggested by the behavior
of Leuders limestone.

5. The failure behavior of anisotropic laminated
rocks may be described by the single-plane-of­
weakness theory of Jaeger or by the variable­
coefficients approacH, depending on the behavior
of the rock properties of cohesive strength and
coefficient of internal friction with direction.

6. The compressive yield strength of laminated
rocks is expected to be higher for specimens
cored parallel rather than perpendicular to bedding,
as explained from a mechanistic point of view.
This strength increase is possibly caused by an
increase in the coefficient of friction whi ch arises
from the interlocking of individual lamina as the
failure surfaces slide along each other.

7. The laminated rocks studied, and possibly
most other laminated rocks, are considerably
weaker in both compression and tension when
failure occurs along the bedding planes.
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NOMENCLATURE
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±35
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3

±404

37

±446

1,971

6

3,136

10

± 177

18

±247

1,387

4

1,698

10

Arkansas Green River Permian
Sandstone Sha Ie Sha Ie

Per Cent Decrease
in Tensile Strength
with direction

Failure Plane
Parallel to
Bedding, psi
(Arithmetic Mean)

Number of Tests

Standard Deviation,
psi

Failure Plane
Perpendicular
To Bedding, psi
(Arithmetic Mean)

Number of Tests

Standard Deviation,
psi

On the basis of the rocks tested, the following
conclusions have been reached.

1. The simple isotropic elastic model of classical
elasticity is probably inadequate for describing
the elastic behavior of typical shales, and may
be appreciably in error for other rocks showing
visible lamina tions.

2. Bedded rocks can probably be represented
by four instead of nine elastic constants as required
for an orthotropic body. This is suggested by the
isotropic nature of the rocks tested within the
x-z (bedding) plane.

3. Young's modulus is not significantly affected
by confining pressure.

A few determinations of tensile strength at
atmospheric pressure were made for the laminated
rocks using the diametral compression method.
This method was originally derived 21 for isotropic
media which makes its application to laminae
questionable. Justification of its use lies in the
assumption that, although the strain distribution
in strained anisotropic rocks is not described by
a simple Mohr circle, the stress distribution is.
The results summarized in Table 2 clearly show
that tensile strength also varies appreciably with
specimen orientation. Since the rocks used in this
study were highly competent, the variations of
Table 2 are believed to be conservative.
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' 0 = cohesive strength of material, psi

' 0 cohesive strength along plane of weak-
ness, psi

¢ = angle of internal friction in material,
degrees

¢' = angle of- internal friction- along plane of
weakness, degrees
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APPENDIX

ELASTIC CONSTANTS MEASUREMENTS

All formations tested displayed compositional
variations, as well as anisotropic effects. Table
A-I lists the arithmetic mean, number of tests and
standard deviation for each direction tested. * **

TABLE A-I

Arithmetic No.of Std. Arithmetic No. of Std.Elastic
Tests Div.Parameters Mean Tests Div. Mean

Leuders Limestone Arkansas Sandstone

3.52x 106, psi 20 ±0.462 2.82x 106• psi 3 ±0.027Ey
16 .375 4.53 3 .072

Ex 3.71
14 .505 4.76 3 .146Ez 3.59

.20 4 .027 .14 3 .011v yx
4 .027 .11 3 .004v yz .20

.185 4 .019 .21 3 .006v xy
.18 3 .015vzy .23 3 .020

3 .020 .15 3 .002vzx .23
.0094 .010 .14 3vxz .19

Green River Shale Permian Shale

4.27x 106, ps i 13 ±0.389 3.54xl06, psi 3 ±0.087Ey
11 .476 5.13 3 .104

Ex 5.11
12 .606 4.58 3 .125Ez 5.08

.18 4 .009 .13 3 .007v yx
2 .010 .13 3 .010

v yz .18

.21 3 .017.18 6 .016v xy
4 .014 .21 3 .016vzy .19

.16 5 .009 .18 3 .007vzx
6 .010 .17 3 .012v xz .15
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