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The mechanical behavior of anisotropic fine-grained sedimentary rocks

G.R.Lashkaripour
Department of Geology, University of Sistan and Bluchestan, Zahedan, Iran

ABSTRACT: The compressive strength as a function of sample orientation was determined for two anisotropic
fine-grained sedimentary rocks (siltshale and mudshale). The sample laminations were at orientation angles of
0, 15, 30, 45,60, 75 and 90 deg relative to the direction of loading. The anisotropy strength ratio as the ratio
of the maximum compressive strength to the minimum strength over the full range of the lamination orientation
was determined. The results of the uniaxial compressive strength were compared with the strength anisotropy
index ratio (Issoy) that was determined from the point load strength tests. The difference between the
anisotropy ratios from the individual point load test results and from the uniaxial compressive test results
indicates the difficulty of determining the anisotropy from point load test.

RESUME: La résistance a la compression comme une simple fonction d’orientation était déterminé pour deux
anisotropies des roches sédimentaires de grain (siltshale et mudshale). La simple p’echentillon feuilleté était
orienté par I’angle de 0, 15, 30, 45, 60, 75 et 90 degrés relative a la direction de chargement. Le rapport de la
résistance anisotropique comme un ratio entre la résistance maximum et la résistance minimum des roches est
déterminé pour tous les degrés en examen entre O et 90 degré. Les résultats de la résistance a la compression
simple étaient comparés avec la force anisotropique proportionnelle d’index (Is (50)) qui déterminait de la
résistance au sondage sous charge ponctuelle. La différence entre le ratio anisotropique individuelle des
résultats de la résistance au sondage sous charge ponctuelle et les résultats de la résistance a la compression
simple, indique la difficulté de déterminer ’anisotropie de la résistance au sondage sous charge ponctuelle.

1. INTRODUCTION 2. EVALUATION OF ANISOTROPY BEHAVIOR
BY STRENGTH TEST

Most rocks are anisotropic with regard to their

mechanical behavior. Well defined anisotropy is
especially ~ found amongst sedimentary and
metamorphic rocks. The anisotropy of fine-grained
sedimentary rocks results from a partial alignment of
anisotropic  plate-like clay minerals with small
thickness compared to the lateral dimension. All the
sedimentary rocks exhibit maximum compressive
strength in direction perpendicular to the planes of
anisotropy.

Anisotropic behavior of fine-grained sedimentary
rocks is considered to be of major importance in a
number of key geotechnical structures. For example,
these include design of tunnels, underground space,
dams, and stability of rock slopes in this type of rock.
Therefore, this behavior of fine-grained sedimentary
rocks is potentially of interest to many researchers.

Theoretical and laboratory studies to estimate the
strength and deformation properties of anisotropic
rocks in relation to the anisotropy angle have been
undertaken by many researchers (Lekhnitskii 1981,
Singh 1988, Singh et al. 1989, Farough Hossaini
1993, Ghafoori et al. 1993). The degree of
mechanical anisotropy in fine-grained sedimentary
rocks can best be measured quantitatively using
strength tests with loading at various orientations to
the lamination e.g., by uniaxial or by using point load
strength test.

2.1 Uniaxial compression test

A total of 42 uniaxial tests were carried out on two
types of fissile shale from different sites of British
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Coal Measures The ISRM (1981) suggested method
for determination of uniaxial compressive strength
was closely followed. In the literature.maximum
compressive strengths are reported atp=0° or
B=" 90°, and minimum at orientations of p =30° o
B = 40°. Where i the angle between direction of
the axal stress and the plane of weakness.

The sample laminations for this rescarch were at
orientation angles of 0°, 157, 30°, 45°, 60°, 75°, and
90° 1o the diroction of loading. Three uniaxial
compressive strength.tests were carried out for cach
orientation. Anisotropic. behavior of tested samples
exhibited  variation in their compressive strengths,
deformation_and wave velocity. In order to study the
strength anisotropy, the results were ploticd in the
form of maximum  axialstress against orientation in
Figure 1. As is shown in this figure, the uniaxial
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Figure 1 of uniexial
compressive strength at _different. orientations 1o
lamination planes, (a) siltshale from Stobswood sitc
and (b) mudshale from Rye Hill ite.
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compressive strength was al & maximum when the
load was applied_perpendicularly and at a minimum
strengih when = 30°

The shape of the curve relating the uniaxial
compressive strength 10 the lamination angle can be
predicted by an cquation proposed by Singh et a.
{1989) i the form:

= A= Boos2(6- )} [0}
where
¢ = uniaxal compressve strength a orentation

angle, .

€ = value of the orientation angle, b, at which the
strength s minimum (usually found o be
approximately 30°).

“Aand B are material constants,

The values A and B may be determined over two
Sets by using the uriaxial compressive strength at
B = 0° and 30°, and f = 30° and 90°, and strength
prediction may be made using various values of B
The equations provide the best fit to the experimental
fesults for the silshale and mudshale fiom Coal
‘Measures shales are as follows respectively.

308 - 50374[c0s2(30- )]

. @
= 70488- 60734[c0s2(30- )] ®

for 0° < f<30°

0, =50032-3409820s2(30- 9] @

o, = 43875 25120c0s2000- )] )

for 3075 P29t

where

a is the  predicted value of uniaxial compressive
strength in MPa

“The predicted values of uniaxial compressive strength
and the experimental results for tested shale are
compared in Figure 2 As this figure shows,
reasonably good agreement exists between the
experimentsl data.and the predictions across the full
range of B values for both shales.
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Figure 2. A comparison between predicted values of
wniaxial compressive strength by the theoretical
method and experimental method for silishale and
‘mudshale

Static modulus of elasticity was also measured in
diferent.diresions to study anisotropic deformation
behavior in various orientations in the range ffom 0°
10 90° The_resuls for al the samples with diferent
lamination orientations were plotted i the form of
applied avial stress versus axia srsin. The siress-
strain curves of anisotropic compression tsts show
that there i a variation n the slope of the curves with
orientation of the laminations The static modulus of
efasicity was maximum when_the foad wes applied
parallel o the lamination &nd minimum when the load
was applied perpendicular to the lamination planes

2.2 Pointload strength anisotropy index

Point load strength asisatropy is reported to bea
g00d index of anisotropy for shaly and bedded racks.
The  strength anisotropy index Ly s defined as the
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fasio. of mean Isp) values measured in strongest and.
weakest directions (perpendicular and paralll to
planes of weakness) The ratio of greatest o feast
point  load strength index Iysp) assumes values close
to 1.0 for quasi-sotropic rocks and higher values
when the rock is anisotropic (ISRM, 1985)

As suggested by the ISRM (1985) the mean
values of Isgy were calaulated for two types of
fissile shale. A total of 48 point load tests were
pecformed for this purpose. The tests were carried
out on_the same block of shles which were used for
the uniaxial tess in different directions. A total of 12
axial point lozd strength tests were performed for
cach  direction (12 ftests in an orientation
‘perpendicular o lamination and 12 tests i 2 direction
parallel to lamination). The highest and lowest values
for each series of tests were deleted and the mean
caleulated from the 10 remaining tests used for
comparison anslysis. Ratios of Iyso) values for the.
strongest and weakest direction for sitshalc and
mudshale were measured as 2865 and 2650
respectively.

3. WAVE VELOCITY ANISOTROPY TEST
The anisotropic behavior of P and § velocites n the
field and in the laboratory for shales, is well
documented. The P-vave was measured prior o the
uniaxial compressive sirength tests for all the samples
tested at diferent dircctions. The result of the P-
wave and unizxial compressive strength fests in
ifferent orienations in the range from 09 10 900 was
presented in Figure 3. This figore shows a trend
tovards the P-vave decreasing with increasing
from 0° 10 90°.

4. TESTRESULTS

The anisotropy fest results are summarised in
Table 1. The result shows the maximum uniaxial
comprssive strength for the samples with = 90°.
Samples with B = 30° and 45° showed failure along.
the laminations and the lowest stength was
‘measured for the sample with = 30°

“The anisotropy strength ratio can be defined as the.
ratio of the maximum compressive strength to the
‘minimum compressive strength over the full range of
B values. As mentioned earler the maximum uniaxial
compressive strength for both tested shales was
found to be at an orientation of B = 90, and the
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Figure 3 Anisotropic behavior of P-wave at different
orientations with. the lamination planes, (a) sishale,
(0) mudshale.

minimum compressive strength was measured {0 be
§ = 30°. The anisotropy ratios (9ca0¢/0¢30°) of the

sitshale  and  mudshale 3701 and
3.009 respectively. This is significantly greater than

the anisotropy ratios of 2865 and 2,650 measured
From the point load strength test results

The rosults of P-wave velocity at different
orientations to the lamination plancs are listed in
Table 1. The maximum P-wave for both shales tested
was found to be at an orientation of f = 0° (pasallel
to lamination), and the minimum P-weve was
measured to be at = 90°. The anisotropy P-wave:
ratos (VpgelVpoor) of the sitshale and mudshale
were approximately 1.67 and 144 respectively. It can
be concluded that elastic wave velocity variation can
be increased for high anisotropic shale rocks and it
can be expected that fissle shale shows @ bigher
ratio of elastic vave velocity

1t seems that the value of the anisotropy ratio is
controlled by the degree of fisslty, i.c. the higher the
ratio, the more anisotropic and issile the shale. King
et ol (1994) found the ratio of EyEy= 152 fora
type of mudstone of Carboriferous age from
northern England. This lower rato in comperison to
the test results soems to be due to higher anisotropy
behavior of mudshale and silishale ~ compare o
mudstone.

CONCLUSIONS

Anisotropy has been demonstrated (o have a marked
influence on the strength propertics of fine-grained
scdimentary rocks. Both mudshale and siltshale
exhibited maximum uniaxial compressive strength io
the direction perpendicular to the planes of
anisotropy. The lowest strength value was measured
for B = 30°. From the uniaxial compressive strength
test. results, the average strength enisolropy ratio
appears to be 335 This is significantly greater than
the average anisotropy index_ ratio (Iyso)) of about
276 determined from the point load strength tests

Table 1 Summary of the test results for anisotropy purpose
B Number of | Compressive strength | Young's Modulus Powave
© samples. (MPa) (GPs) (kam's)
S| moddale | _sishale | _mudshale | sitehale | mudshale
[0 3 4121 35,064 o1l 7136 | 3158 | 3427
S 3 22389 30585 oo | 6oy | 313 | 3308
30 3 18954 18754 Sost | 4961 | 2900 | 3136
5 3 31028 21615 Soe | ams | e | 2008
£ 3 Dom 39120 195 Ges1 | 2286 | 2038
75 5 Se532 36786 assl Sew | 200 | 2%
% 3 70,081 o435 [N aids | isw | 23w
Aaisotiopy 3700 3009 2065 T [ ter | 149
atio
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The anisotropy ratios of Vpo*Vpoo® of the
Sitshale and mudshale were approximatcly 1.67 and.
144, respectively. Furthermore, it was found that the
fssle shale shows higher anisotropy ratio of elastic
wave velocity.

Failure of the laminated samples occurs through
extension fracture on the lamination _planes for
samples with B in the range of 0° to 15°. For
specimens with lamination angles from f = 30° to
45, falure occurs asa siip on the lamination
plancs. For B = 60° to 90°, shear facture occurs.
across the laminations, with failure at 20° t0 30° to
the axial sress direction.

The static modulus of elastcity was a maxinum
when the load was applied paralle to the lamintions
and a minmum when the load was applied
perpendicular to the lamination plares

From the study of influence of the lamination
angle, it can be concluded that the average ratio of
maximum to minimum static modulus of lasticiy is
Jess than. the average ratio of maximum to minimum.
compressive strength, and the. angles at which they.
occur are different.

“The equation suggested by Singh et at. (1989)
that predicts the variation of uniaxial compressive
Steength over the range of B from 0° t0 90° i i
good agreement with the experimental results The
minimum requirement for this prediction i 10 have
three uniaxial compressive strength. tests at f =0,
30° and 90°.
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