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Abstract—Stability of rock masses at shallow depth is often
controlled by shear behavior of discontinuities. This is an
important issue in an engineering environment as well as from
societal point of view. With regard to shear behavior
assessment through laboratory investigation, direct shear test
under constant normal load were carried out on two types of
rock such that joint in granite and sandstone bedding planes.
From each rock types three samples of similar joint roughness
coefficient (varied between 0.86-1.52) were selected for
investigation. It should be noted that same sample was tested
thrice at three different consecutively increasing low normal
stresses (ranges. 0.22-0.23 MPa, 0.45-0.46 MPa and 0.69-0.70
MPa respectively). At low normal stresses (0.22-0.23 MPa),
three types of shear behavioral characteristics of natural rock
discontinuity (i.e. for both types of rock) were observed
whereas at relatively higher normal stresses (0.45-0.70 M Pa),
shear behaviors along these discontinuities plane were found to
be broadly similar. In general, the differences of peak shear
strengths and peak shear displacement increases as applied
normal stress increases with subsequent stages of shearing.
The probable reason behind individuality of results was
explained.

Keywords—shear behavior of discontinuity; surface
morphology; joint roughness coefficient; peak shear strength;
joint in granite; sandstone bedding plane.

I. INTRODUCTION

Rock failure within rock masses commonly occurs along
weak planes/discontinuities (e.g. joints, faults, bedding
planes, foliations, etc.) in shear mode in-situ under constant
normal load condition because of low stresses at shallow
depth [1]. This is an important issue in an engineering
environment as well as from societal point of view. With
regard to shear strength assessment through laboratory
investigation, direct shear test under constant normal load
got significant attention. Over the years, a number of
researchers explored rock discontinuity shear behaviors
under constant normal load through laboratory investigation
with reference to different aspects like joint roughness
coefficient, surface morphology, joint compressive strength,
normal stress, fluid conditions, scale effect and shearing rate
[2-8]. They studied this issue considering either mimicked
or tensional rock discontinuities. Few studies focused on
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interlocked joints with matching plane of contact [9].
However, it is often observed that contact planes of a natural
rock joint have dissimilar roughness characteristics near
shallow depth, in other word, the un-matching planes of
contact are often observed at shallow depth because of
preferential weathering and subsequent erosion of surface
asperities of discontinuity due to movements of various
fluids in situ [1, 10]. It is obvious from the previous study,
few researchers have explored shear behavior issue of un-
matching rough rock discontinuity through laboratory
investigation using  mimicked/replica  discontinuity.
However, the investigation of shear behavior of planar
natural rock discontinuity with reference to surface
morphology and without infilling material does not seem to
have gained much attention. This paper aims to explore the
said issue through laboratory investigation of planar un-
filled rock discontinuity in Singhbhum Granite (in the state
of Odisha, India) and Mungra Sandstone (in the state of
Jharkhand, India) respectively.

It is evident from many studies that surface morphology
is effective only at low normal stress whereas its effect is
negligible at high normal stress [1-2, 4, 6-7]. For laboratory
investigation, Kulatilake et al. [11] indicated that a normal
stress < 1 MPa can be considered as a low normal stress.
The present study involves direct shear test on natural planar
unfilled rock discontinuity under constant low normal stress.
It should be noted that individual samples undergo shearing
for three times in a particular direction (same as the dip
direction of the discontinuities in-situ), at three
consecutively increasing low normal stresses.

Il. EXPERIMENTAL STUDIES

A.Callection of Discontinuity Samples

Two rocks types of discontinuities were consider for
present investigation such as joints in granite and sandstone
bedding planes. The jointed granite samples were collected
from Dahanimara village (N 21°28'46” E 86°45'27"),
Balasore District, Odisha. This area is positioned 28 Kms
towards SW from nearby railway station (Balasore). The
exposure from where samples were collected (Fig.1A) is
located within peripheral parts of the Singhbhum Granite,
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which is the part of the Singhbhum Craton [12].

I

Fig.1 An example of exposure from where samples were collected for, (A) granite and, (B) sandstone

Sandstone block samples, containing bedding planes, were
collected from an exposure Fig.1B) in Jhinkpani near
Chaibasa town, Jharkhand state of India. Geologically, this
area belongs to Mungra sandstone formation (thickness
~25m) of Kolhan Group which is underlain by basd
conglomerate and overlain by Jnhinkapani limestone [13-14].
The age of Mungra sandstone is around 1 Ga [14]. The
discontinuity of the collected samples showed dissimilar
degrees of decomposition. In order to eliminate varying
degree of weathering grade on the rock discontinuity shear
behaviors, samples only with dlightly discolored
discontinuity surface (in compliance with [15-16] depth of
discolored part =~ 1 mm) having a similar rebound hammer
value ranges 41- 49 for granite & 45-52 for sandstone) were
selected, arbitrarily numbered and transported for laboratory
investigation.

B.Selection of Discontinuity Samples

The Schmidt rebound value measure on the surface of
discontinuities in-situ for each weakness plane was
normalized in the horizontal direction as indicated in Basu
and Aydin [17]. ISRM [16] suggested method was followed
to measure total dry density of samplein the laboratory. The
joint compressive strength (JCS) was estimated by using the
empirical formula proposed by Deere and Miller [18], for
each samples. Samples having JCS values (JCS: ranges 100-
118, 165-170 for  granite 5-7 mm for each half of the
block) from encapsulating material. The samples were air-
dried over 23-28 days.

C. Determination of Joint Roughness Coefficient (JRC)

The fractal dimension method was used to quantify JRC
in the present investigation, because of its simplicity,
accuracy and growing acceptance amongst researcher in the
field of rock engineering environment [1, 20] It's clear from
the existing literature, many fractal dimension
techniques/method are existed such as Compass walking
method, modified divider method, Box counting method and
H-L method. However, modified divider method is simple
to use and measured accurately as indicated in Sanei et a.
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[20]. In the present study, the modified divider method
technique was utilized to estimate fracta dimension of
discontinuity surface’'s profiles (measured by needle type
profilometer attached with digital dial gauge (resolution
0.01mm)). The theory of modified divider method is to split
profile length of rock discontinuity with equa straight
divider span and subsequent measurement of each divider
span (Fig.2A). The estimation of fractal dimension of the
profiles was done by following equation (1) (asin Sanel et
al.[20]).

logL(r) =loga+(1- D)logr (D)

where ‘L(r)’, ‘d, ‘rand ‘D’ are total length of the profile,
proportionality constant, divider span and fractal dimension
respectively. The fractal dimension was estimated from the
slope of the graph (plotted as log L(r) vs. log r) (Fig.2 (B)).
It should be noted that the newly written code for divider
method was used to estimate fractal dimension in which
divider span ranges 0.5-6 mm..

D. Sample Preparation for Direct Shear Test

The selected samples were encapsulated with the help of
sand and cement mixture (sand-cement mixture ratio (by
volume): 3:1) and optimum amount of water required for
hardening was used as the casting material. It is to note that
the encapsulation was done in such a way that the possible
shear direction remains paralel to the dip direction of the
concerned where ‘L(r)’, ‘d, ‘r and ‘D’ are tota length of
the profile, proportionality constant, divider span and fractal
dimension respectively. The fractal dimension was
estimated from the slope of the graph (plotted aslog L(r) vs.
log r) (Fig.2 (B)). It should be noted that the newly written
code for divider method was used to estimate fracta
dimension in which divider span ranges 0.5-6 mm. The
measured surface profiles data of the discontinuity were
used as an input file for this program to acquire the fractal
dimension value. Afterward, the empirical formula proposed
by Sanel et al. [20] as shown in equation (2), was used to
determine JRC values of discontinuity profiles JRC values
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Fig.2 (A) Various divider spans applied for profile (B) Thelog L(r) -logr plot.

E. Test Setup and Procedure

The fabricated mechanica profilometer (contact type
profilometer, resolution 0.01mm), as shown in Fig.3A, was
used to record the surface asperities height of each block of
a shear test sample. To record surface asperities height of
discontinuity plane, initialy the discontinuity surface was
divided into grids (0.5mm interval) with help of water
marker and afterwards, the dial gauge was moved by hand
along parallel to shear direction. Whole data of asperities
height were recorded by data acquisition system in excel
sheet. To cover surface asperities height of discontinuity,
this process was repeated for whole surface. Same
procedure was used to cover asperities height for each
block. In this investigation, sampling interval was
interpolated for the whole surface at 0.5 mm interval using
linear interpolation technique (Singh and Basu 2016).

The present investigation was carried out under constant
normal load condition using a laboratory direct shear test
apparatus (AIM 221°) with 100 kN load capacity (i.e. for
shear load as well as for normal load) as shown in Fig. 3B.
This system (DST) is attached with two vertical and two
horizontal displacement sensors (measuring range: 25 and
12.5 mm,; resolution: 0.01 mm) respectively (Fig.3B). While
performing the shear tests (rate of shearing » 0.2-0.5
mm/min), normal stresses were kept constant within arange
of 0.22-0.23 MPa, 0.45-0.46 MPa and 0.69-0.70 MPa
respectively. Applied shear load was recorded with
reference to an interval of 0.5 mm displacement until the
applied load becomes steady and independent of
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displacement. It is to note that same sample was tested
thrice at three consecutively increasing low normal stresses
aong parallel to dip direction in-situ. The measurement of
each of normal and shear displacements was done using two
digital dial gauges to obtain averaged values.
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Fig.3 (A) Prepared shear test sample along with the needle type contact

profilometer (B) Laboratory setup for direct shear test.

I1l. EXPERIMENTAL RESULT ANDANALYSIS

Direct shear tests were carried out on 6 natural planar
discontinuities samples (i.e. three samples for each rock
types) at three different consecutively increasing normal
stresses ranges 0.22-0.23 MPa, 0.45-0.46 MPa and 0.69-
0.70 MPa respectively. The primarily results of the entire
investigation i.e. assessment of shear behaviord
characteristics of discontinuity plane, influence of surface
morphology on pesk shear strength and displacement and
differences in peak shear with stages of shearing were
present in Figs. 4 and 5 and Table-| respectively.
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Fig.4 Shear stress- shear displacement curves for the tested samples of (a) granite and (b) sandstone

A. Assessment of Shear Behavioural Characteristics of
Discontinuity Plane

The shear tests were performed on 6 different discontinuity
planes at three different consecutively increasing low
normal stresses ranging 0.22-0.23, 0.45-0.46 and 0.69-0.70
MPa respectively. Subsequently, the shear stress- shear
displacement/ horizontal displacement was plotted for all
samples as shown in Fig. 4 and Table 1. It is evident from
Fig.4; in general, three types of curve pattern were observed
at normal stresses ranges 0.22-0.23 such that

(8) increase in shear stress followed by constant against
horizontal displacement (up to 5.5 mm) subsequently,
followed by dlightly fal of shear stress against shear
displacement (DS 31). It is attributed by oversliding of
asperities up to some limit and followed by dlightly/minor
breakage in asperities during shearing on the plane of
contact of discontinuity.

(b) Continuous increase in shear stress is followed by
fall against horizontal displacement (e.g. KS-4 and KS-5). It
is possible because of overriding and subsequent minor
breakage of asperities on the plane of contact during the
movement. (c) Shear stress increases with displacement over
some limit and subsequently followed by aternative rise and
constant (DS 34, DS 43 and KS 6). This might be possible
because of dternative overriding and overdliding of
asperities on the plane of contact during shearing. In other
words, during shearing, if asperities within a contact zone
are damaged, there may be a possibility that asperities of a
subsequent zone would resist the movement of one block
with reference to the other and thereby would prompt the
experimentalist to increase the shear stress further Fig. 4.

It is obvious from Fig.4 (for stage 2 & 3), the shear

121

2 4 6 8 0
Shear displacement (m ms

behavioral characteristics are to be found broadly similar as
the consecutive stages of shearing increase with successive
increment in normal stress for all samples except KS 4. It is
attributed that the surface morphology is more effective at
lower normal stresses compare to relatively higher normal
stresses. In other words, at low normal stress (ranges 0.22-
0.23), different types of shear behavioral curve pattern are
found (Fig. 4) because two types of asperities (primary as
well as secondary) are affecting together on contact zone
during shearing whereas at relatively higher normal stress
(<0.7), effect of secondary asperities dismisses due to
damages and smoothening of asperities during movement.

B. Influence of surface morphology on peak shear strength
and displacement

Fig. 4 and Table | indicates that peak shear strength of
different samples is varied significantly even though JRCs
of al samples are similar at different stages shearing
(ranges: 0.22-0.23 MPa; 0.45-0.46 MPa and 0.69-0.70 MPa
This results signifies that the peak shear strength is mainly
controlled by contact area and surface morphology. The plot
(Fig.5) of differences in peak shear strength with stages of
shearing at consecutively increasing normal stresses (varied
between (0.23-0.7 MPa)) depict that differences in peak
shear strength are increases with successive increment in
norma stress which indicates that influence of primary
asperities and contact area is more dominant at relatively
higher normal stress. These results contradict the existing
concept in literature [2, 4, 6-7]. The explanation of this
discrepancy could be explained in following manner: Stages
of shearing leads to continuous increase in contact area,
grains-grains interlocking and activation of primary
asperities as results differences in peak shear is more at
higher stress compare to lower stress.



The peak shear displacement varied within a range of 1-
5, 257 and 259 mm respectively. This range of
displacement is significantly larger than the same in the
existing literature [2, 9, 20-22].Where shearing along a
mimicked discontinuity (surface made up of a different
material) or aong an artificial/interlocked. Rock
discontinuity with same surface roughness of the contact
planes at similar normal loads was involved. This might be
possible due to differences in the degree of over diding of
asperities on plane of contact

B Granite ®™Sandstone

Differences in peak strength with

Firststage Second Stage Third stage

Stages of shearing with normal stress

Fig. 5 Plot of differencesin peak shear strength with stages of shearing at
consecutively increasing normal stresses

TABLE | EXPERIMENTAL RESULT OF SHEAR TEST

S.N. JRC on (MPa) | tp (MPa) dh (mm)
0.23 0.25 1
DS 31 1.54 0.46 0.44 4.5
0.7 0.64 9
0.23 0.22 3
DS 34 0.86 0.45 0.44 3
0.69 0.63 9
0.23 0.15 4
DS 43 1.7 0.46 0.29 5
0.7 0.47 5.5
0.23 0.232 1
KS4 1.85 0.45 0.39 2.5
0.69 0.62 2.5
0.23 0.18 4
KS5 1.47 0.46 0.37 6
0.7 0.58 7.5
0.22 0.16 5
KS6 1.52 0.46 0.31 7
0.69 0.46 8.5

Note: 6,= Normal stress; 1,= Peak shear strength; 5, = Shear
displacement; JRC = Joint roughnesscoefficient

IV. CONCLUSIONS

The direct shear tests on the six concerned discontinuity
samples with very similar JRC were performed in the
laboratory at three different consecutively increasing normal
stresses ranges 0.22-0.23 MPa, 0. 44-0.46 MPa, and 0.68-
0.70 MPa respectively. From the primarily results of above
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investigation the following concluding remarks are drawn:

At low normal stresses three types of shear behavioral
characteristics were observed whereas at relatively
increasing normal stresses, shear behaviors of these
joints were found to be broadly similar. This indicated
that surface morphology is showing superseding effect
on contact area and textura interlocking at low normal
stress than relatively higher normal stresses. This
could be possible in following way: at low normal
stresses two types of asperities (primary as well as
secondary) are affecting together on contact zone
during shearing whereas at relatively higher normal
stress (<0.7), effect of secondary asperities
dismisses due to damages and smoothening of
asperities during movement as results at relatively
higher normal stress similar types of curve patterns
were observed.

The differences of peak shear strength increases with
stages of shearing except third stage. This may be maybe
explained in following manner: stages of shearing leads
to increase in contact area as well as interlocking of
grains compare to previous low normal stages. This leads
to increase in differences of shear strength compare to
previousstage.

The peak shear displacement varied within a range of 1-
6.5, 3-7 and 4-9 mm respectively. This range of
displacement is significantly larger than the same in the
existing literature where shearing along a mimicked joint
surface made up of a different material or along a
artificial or interlocked rock discontinuity with same
surface roughness of the contact planes at similar normal
loads was involved. This could also be attributed to
overriding and over dliding of asperities of the contact
planes of ‘red’ (i.e. not mimicked/fabricated) natural
joints.
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