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Abstract. The study of flaw effect on the strength and failure of rock mass is
important to predict the unstable failure in the rock mass. A series of conven-
tional triaxial compression tests were conducted on the rocklike specimens to
study the cracking behaviour. The triaxial compressive strength was investigat-
ed by increasing the confining pressure from 25 kg/cm? to 75 kg/cm? and five
angles of the flaw from 0° to 90°. The cracking pattern under triaxial compres-
sion was explored. An open flaw penetrating through the depth of the prismatic
specimens of size 100 mm x 45 mm x 45 mm was prepared using a mould.
Metal strips were inserted in the prefabricated groove in the mould before cast-
ing and removed after a fixed time to obtain the specimens with an open flaw.
A pumping unit is used to apply confining pressure for the triaxial tests. A data
acquisition system attached to the data logger was used to record the vertical
load and deformation of flawed specimens. The experimental results provide an
understanding of the triaxial compressive strength and failure characteristics of
rocklike specimens with an open flaw. The results revealed that the strength of
flawed specimens increases with the increase in the confining stress for a con-
stant angle of inclination of the flaw. It was also found that the flawed speci-
mens mainly failed due to the development of anti-tensile wing and secondary
shear cracks in triaxial compression.

Keywords: Open flaw; confining pressure; triaxial compression; rocklike spec-

imens; anti-tensile wing crack.

1 Introduction

Rocks are heterogeneous, discontinuous, and anisotropic, consisting of joints, faults,
and flaws. One such anisotropy can be due to the presence of flaws. Flaws and mi-
crocracks are common to rock masses identified based on macroscopic and micro-
scopic observation. Also, due to the stress concentration, unstable failure always starts
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from the tip of the flaw. These flaws can be 2D or 3D, depending upon the geometry
of the flaw. Comprehensive studies have been carried out on the 2D flaws and their
effect on the mechanical behaviour of rock and rocklike specimens, along with the
crack coalescence under uniaxial ([1]; [2]) and biaxial compression[3].

Further, studies on 3D flaws have been performed using different modelling mate-
rials since it is difficult to create 3D flaws in actual rock specimens. Several numeri-
cal studies have also been carried out on rocklike specimens with pre-existing flaws to
study the crack initiation, crack coalescence and crack propagation of rock and rock-
like specimens under uniaxial [4], biaxial ([5]; [6]) and triaxial compression [7]. Due
to the difficulty in conducting triaxial compression experiments on fissured rock,
especially with open fissures, few studies have been conducted for 3D fissured rock.
Triaxial compression experiments on sandstone samples with two pre-existing closed
non-overlapping flaws [8], granite samples with a single flaw [9] and two coplanar
flaws [10] were performed. It was found that the flaws significantly affect the me-
chanical behaviour and failure pattern of the rock mass. Since it is not always possible
to obtain fissured samples, researchers have artificially fabricated the flaw in rocklike
specimens. The researchers [11] investigated the effect of crack opening on the crack-
ing behaviour of rocklike specimens under uniaxial compression. Most flaw openings
in the previously mentioned studies have an aperture up to 1 mm, which can be con-
sidered a small crack compared to its specimen size.

In summary, limited experimental studies are performed on flawed rock or rocklike
specimens in triaxial compression. This experimental study aims to investigate the
effect of the angle of inclination and confining pressure on the strength and crack
propagation of rocklike specimens with a single open flaw in triaxial compression.
The open flaw is fully penetrating through the depth of the rocklike specimens. Also,
failure characteristics of the rocklike specimens under triaxial compression were stud-
ied on the macroscopic scale.

2 Experimental study

The rocklike specimens were tested under conventional triaxial compression as per
Indian Standards [12] to investigate the effect of the angle of inclination of an open
flaw on the strength and the failure characteristics. Cuboidal specimens with dimen-
sions of 100 mm x 45 mm x 45 mm were prepared (see Fig. 1), and they contained an
open pre-existing flaw of 1 mm aperture penetrating fully through the depth of the
specimen. All the rocklike specimens had pre-existing flaws with the same flaw
length of 10 mm but with different inclination angles, such as 0°, 30°, 45°, 60°, and
90°. The term ‘flaw’ refers to the artificially generated crack, whereas the ‘crack’ is a
newly generated crack due to the application of external loads to the rock or rocklike
specimens.

2.1  Preparation of rocklike specimens

It is difficult to fabricate the flaw in actual rock specimens, due to which laboratory
model rocks consisting of gypsum, resin, glass, and cement mortar have been used to
study the crack initiation, crack coalescence, and macro-failure of rock masses. Every
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material has its limitation in simulating the behaviour of actual rock masses. For ex-
ample, gypsum can simulate the frictional characteristic but lacks enough bond
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(b)

Fig. 1. (a) Geometry of the specimen (b) Prepared rock like specimens

strength and undergoes high deformation, whereas glass and resin have a weak fric-
tion effect. Hence, cement mortar ([13];[14]) has been used to model the rocklike
material, which has good frictional properties and sufficient bond strength. The mass
ratio of the cement mortar varies, as reported in the literature. The rocklike specimens
are prepared by using sand, cement, and water in the mass ratio of 1: 0.80: 0.4. The
laboratory tests, including uniaxial and triaxial tests, are conducted on cylindrical
specimens of diameter 54 mm and length 108 mm to obtain the mechanical properties
for this rocklike material as shown in Table 1. The mechanical properties of the rock-
like material are found to be consistent with the actual rock, mainly sandstone, as
mentioned in the literature.

The specimens with an open flaw are prepared by casting method using a mould
with a groove cut at the preferred orientation and metal strips placed inside the pre-
fabricated groove. The geometric parameter includes the length (2a) of the open flaw,
which is 10 mm, the aperture (width) of the open flaw, 1mm and varying angles of
inclination (0°,30°,45°,60° & 90°). An open flaw can be made by pre-inserting a thin
metal sheet inside the prefabricated groove in the mould and pulling the sheet out-
wards after the initial solidification of the specimen. The sample is kept for 28 days in
the curing chamber, and the testing is done after drying.

Table 1.Mechanical properties of rocklike specimens

Properties Value
Density (kg/m®) 2210
UCS (MPa) 426
Elastic modulus (GPa) 3.85
® (degrees) 36.54
c (MPa) 8.34

2.2 Testing Apparatus

Triaxial tests were conducted in a rock triaxial testing machine (maximum capacity of
70 MPa). As shown in Fig. 2a, this machine consists of a loading unit, pumping unit,
and data acquisition system (data logger as in Fig. 2b). The loading unit consists of a
loading frame made of steel (see Fig. 2a). The base carries a fine-finished hydraulic
ram and a lower platen. During the test, the load and deformation of the rocklike spec-
imens were recorded concurrently at an interval of 3s.

The actual rock condition for the rock masses can vary depending on the state of
stress surrounding the rock masses. This laboratory study has been performed assum-
ing the typical state of stress to be in the triaxial condition in the field. However, no
such field investigation is done to obtain the actual state of stress for the rock. The
typical confining pressures selected for this study are based on the assumption that the
range of confining pressure should be such that it should not exceed 50 per cent of the
uniaxial axial compressive strength of flawed specimens. However, various confining
pressures have been applied to the flawed specimens. However, only three different
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confining pressures (25 kg/cm?, 50 kg/cm?, 75 kg/cm?) to the tested rock specimens
have been reported here.

The pumping unit (see Fig. 2a) is a multi-plunger pump submersed in the tank and
is powered by a 1.5 kW electric motor. This unit is used to apply pressure for triaxial
strength tests. The power pack gives a non-pulsating flow to the hydraulic ram. A data
acquisition system is attached to the machine to record the load (see Fig. 2b). Pris-
matic-shaped loading platens were put on top and bottom of the specimen. Teflon
sheets between the specimen and prismatic platen were used to minimize end friction.
The strain rate was adjusted to 0.1 mm/min such that the failure occurred within about
25 to 30 mins from starting of the experiment.

Pumping unit

Data logger

(b)

Fig. 2. (a) Triaxial testing equipment used in the experimental study (b) Data logger for record-
ing load and deformation

3 Results and Discussion

3.1  Stress strain behavior of open flawed rocklike specimens under triaxial
compression

Specimens are numbered by the Group name-angle of inclination of flaw (a.°)-serial
number for that angle of inclination of flaw. ‘A-90-7 indicates that it is the seventh
specimen having an angle of inclination of flaw (o= 90°), which belongs to Group-A.
For the specimens with a flaw angle of 60° and 90° (see Fig. 3 and Fig. 4), the stress-
strain behaviour was different and had higher peak strength than those with relatively
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lower flaw angles. The strengths of flawed rocklike specimens under triaxial com-
pression depended on the orientation of the flaw. It can be seen from (see Fig. 3 and
Fig. 4) with the increase in flaw angle from 45° to 90°, the triaxial compressive
strength increased.

6°=25 kg/cm?
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Fig. 3. Stress—strain curves of flawed rocklike specimens with different angle of inclination of
flaw (a°) under triaxial compression (3= 25 kg/cm?)
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Fig. 4. Stress—strain curves of flawed rocklike specimens with different angle of inclination of
flaw (a°) under triaxial compression (3= 50 kg/cm?)
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3.2 Influence of confining pressure on triaxial strength of open flawed
rocklike specimens

For the flawed rocklike specimens of a particular flaw angle as shown in (see Fig. 5)
the compressive strength increases linearly with the increase in the confining pressure
under triaxial state of stress.
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Fig. 5. Stress—strain curves of flawed rocklike specimens with different angle of inclination of
flaw (a= 45°) at different confining pressure under triaxial compression.

3.3 Failure of open flawed rocklike specimens under triaxial compression

The cracking pattern for single flawed rocklike specimens under triaxial compression
is presented in Fig. 6. Most commonly, the flawed specimens failed due to anti-tensile
wing cracks. For flaw angles 30° and 45°, the cracking pattern was similar regardless
of the confining pressure.

4 Conclusions

The strength and failure processes of a rocklike material containing a single penetrat-
ing flaw are investigated under triaxial compression. The cracking pattern and
strength of the flawed specimens are researched by experimentation. From this cur-
rent study, the following conclusions can be drawn:

e The stress-strain curve of flawed specimens shows an abrupt change of slope
under various confining pressures. However, the axial strain at failure usually
increases with increasing confining pressure for the same angle of flaw inclina-
tion.

e The peak axial strength and axial failure strain increase with the increase in
confining pressure. Also, peak axial strength and axial failure strain for flaw
inclinations of 60° and 90° specimens are higher than other flaw inclinations for
a given confining pressure.
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Two main types of shear and tensile cracks are observed in specimens contain-
ing a pre-existing flaw opening of 1mm. The failure of these flawed specimens

is mainly caused by the propagation of secondary shear cracks initiated after
anti-tensile wing cracks.

(a). a=0°, 63=75 kg/cm

- 3 by
(b). o= 30°, 53= 50 kg/cm? (c). a =45°, 55= 75 kg/cm?

.' 5

(d). 0.=60°, 65= 75 kglcm? (€). &« =90°, 5= 50 kg/om?

Fig. 6. Typical failure of open flawed rocklike specimens under triaxial compression
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