Geomechanics and Engineering, Vol. 15, No. 4 (2018) 927-935
DOI: https://doi.org/10.12989/gae.2018.15.4.927

Direct shear testing of brittle material samples with non-persistent cracks
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Abstract. The mechanical behavior of the brittle material samples containing the internal and edge cracks are studied under
direct shear tests. It is tried to investigate the effects of stress interactions and stress intensity factors at the tips of the pre-existing
cracks on the failure mechanism of the bridge areas within these cracks. The direct shear tests are carried out on more than 30
various modeled samples each containing the internal cracks (S models) and edge cracks (E models). The visual inspection and a
low power microscope are used to monitor the failure mechanisms of the tested samples. The cracks initiation, propagation and
coalescences are being visualized in each test and the detected failure surfaces are used to study and measure the characteristics
of each surface. These investigations show that as the ratio of the crack area to the total shear surface increases the shear failure
mode changes to that of the tensile. When the bridge areas are fixed, the bridge areas in between the edge cracks have less
strength than those of internal cracks. However, the results of this study show that for the case of internal cracks as the bridge
area is increased, the strength of the material within the bridge area is decreased. It has been shown that the failure mechanism
and fracture pattern of the samples depend on the bridge areas because as the bridge area decreases the interactions between the
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crack tip stress fields increases.
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1. Introduction

The researchers shown that the presence of bridge areas
within the natural discontinuity sets play important roles in
the stability of rocks and rock-like materials. The most
important factors to be considered include the cracks
initiation, propagation and coalescence which control the
mechanical behavior of such brittle materials. For example,
the cracks propagation and coalescence processes may
primarily cause the rock mass failures in big rock structures
such as slopes, foundations and tunnels.

The pioneered researcher in the crack analysis of brittle
material is Griffith (1921) who studied the growth of a pre-
existing two-dimensional crack in glass. Since then many
works have been performed on the initiation, propagation
and coalescence of cracks in brittle materials under various
loading conditions. Most of these studies are performed on
the cracked specimens which can help to explain the joint
(crack) propagation mechanism and serve as useful models
for studying the behavior of jointed rock masses and
cracked concrete structures (Haeri et al. 2014a, b, 2015a, b).

The stiffness of rocks joints in the rock masses may be
reduced due to the cracks propagation and coalescence
process during the shear failure of rock slopes (Einstein et
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al. 1983). A vast amount of works has been performed on
the rock slope stability analyses in the literature (Zhu et al.
1997, Grenon and Hadjigeorgiou 2008, Singh et al. 2008,
Duzgun and Bhasin 2009, Li et al. 2009, Gischig et al.
2011, Zare Naghadehi et al. 2011, Regmi et al. 2013,
Sharma et al. 2013, Akin, 2013, Noél and Soudki 2014,
Tiang et al. 2015, Wan Ibrahim et al. 2015, Li et al. 2015,
Li et al. 20164, Li et al. 2016b, Li et al. 2016¢, Wang 2016,
Li et al. 2016d, Li et al. 2016e, Wang et al. 2017).

The persistence of key discontinuity sets as suggested
by Robertson (1970), Einstein et al. (1983), may cause the
instability of rock slopes because it is more limited and
there is a complex interaction in between the already
existing natural discontinuities and the brittle fracture
propagation in the intact rock bridges. Therefore, the rock
bridges may also play an important role in the slope
stability due to their effects on the shear strength of the
compound failure plane (Einstein et al. 1983, Jaeger 1971).

The effects of non-persistent joints (cracks) on the
strength of rock masses have been studied by different
procedures such as; instrumentations, field observations (as
in the Hoek and Brown failure criterion); analytical
solutions (as in Jenning’s criterion); numerical studies
(using available commercial software), or laboratory tests.
Among these procedures the laboratory tests may be more
attractive because the rock failure mechanism can be
exposed where the calibration of the tests may be
impossible or very complicated by other means (Haeri
2015a, b, c, Haeri et al. 2015c, d, ). The analytical and
numerical solutions of many problems in science and
engineering are calibrated by laboratory tests.
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Direct shear tests on the modeled samples containing
non-persistent cracks performed by Lajtai (1969). He
observed that the failure mode of the model may be
changed with increasing the normal stress. He also
suggested that a composite failure envelope may be
developed to describe the transition from the tensile
strength of the intact material to that of the residual strength
of the discontinuities. Therefore, the maximum shear
strength develops only if the strength of the solid material
and that of the cracks are taking into accounts,
simultaneously. Further experimental studies carried out to
qualitatively visualize the cracks initiations, cracks
propagations and cracks coalescences between two or more
cracks and, in a qualitative way, the beginning, propagation
and coalescence phenomena between two and three cracks
(Sagong and Bobet 2002, Mughieda and Alzoubi 2004, Li
et al. 2005, Mughieda and. Khawaldeh 2006, Wang et al.
2011, Wang et al. 2012, Lancaster et al. 2013, Jiang et al.
2014, Wang et al. 2015, Liu et al. 2015, Ning et al. 2015,
Panaghi et al. 2015, Zhao 2015, Yang 2015, Weihua et al.
2015). Gehle and Kutter (2003) have shown that the
breaking process of the samples and the shear behavior of
the intermittent cracks under direct shear loading condition
are of most importance in the cracks orientation phenomena
which can highly influence the shear strength of the cracked
specimens. The shear behavior of rock bridges analyzed by
Ghazvinian et al. (2007) based on the change in the
persistence of their areas. These analyses explained that the
failure process and the cracks propagation mechanism may
be influenced by the continuity of the bridge area.

The present research investigates the effect of the
bridge areas configuration on the shear strength of the non-
persistent open cracks. The mechanism of failure process,
fracture patterns and shear behavior of the internal and edge
cracks under the direct shear testing are thoroughly studied.

2. The modeling material and its physical properties

It is seldom possible to perform a full scale testing on a
rock mass containing a specified number of cracks with
predetermined field configuration. It is important to design
the experimental models so that the patterns of
discontinuities involved in the field to be preserved in the
experimental specimens and the modeling material must
behave similar to that of the rock mass. Stimpson (1970)
suggested a comprehensive review on the material selection
of the modeling samples for rocks. Several researches
proposed a number of modeling materials (rock-like
materials) to be used instead of the real rocks (Silva et al.
2015). Gypsum is one of the mostly used rock-like
materials by many researches (Shen et al. 1995).

The present research also choose gypsum as the rock-
like material because it is an ideal material to model a wide
range of brittle materials, behaves as a weak rock and can
be casted easily to make several types of experiments
(Nelson, 1968). It should be noted that all the previous
experiences and results can be incorporated and used so that
the earlier findings can be compared with the new ones.
However, gypsum allows preparing a large number of
specimens and therefore the repeatability of the results is

possible.

The modeled samples may be prepared from a mixture
of the water and gypsum with a ratio of water to gypsum as
0.75. The uniaxial compression and indirect tensile tests are
concurrently performed with the preparation of specimens
and their testing to control the variability of the testing
material. Gypsum samples are fabricated in form of
cylindrical specimens with 56 mm diameters and 112 mm
lengths to measure the uniaxial compressive strength (UCS)
of the modeled material. The Brazilian disc type specimens
with 56 mm diameters and 28 mm lengths (thicknesses) are
also prepared to measure the indirect tensile strength of the
material. The ASTM D2938-86 (1986) and ASTM C496-71
(1971), codes are the bases for the testing procedure of the
UCS and tensile strength tests, respectively.

In the standard UCS tests, four transducers are used to
measure the horizontal and vertical displacements. Three
transducers are set longitudinally along a diametrical line at
120 degrees to each other. They touch the middle of the
cylindrical specimen longitudinally while the other
transducer touches the base of the lower platen of the direct
shear test instrument. The transducers and the load cell
are connected to a data logger and then linked to a PC for
data recording. The UCS and tensile strength of the base
material (gypsum) measured from the unconfined
compression and indirect tensile tests are as: i) the average
uniaxial compressive strength is 40 kg/cm?; ii) the average
Brazilian tensile strength is 4.5 kg/cm? iii) the average
Young’s modulus in compression is 6895 MPa and vi) the
average Poisson’s ratio is 0.14.

3. Techniques in preparing the cracked specimens

In general, two main categories of the pre-cracked
specimens may be used. In the first category a medium may
be inserted in between the two opposing surfaces of the
specimen which provides a lower friction angle compared
to that of the solid material sample (Stimpson 1970). The
second category involves the assembling of the individual
small material blocks in a specific shape to form some
larger material samples containing persistent joints or non-
persistent cracks (Gerges et al. 2015). However, fabricating
the models of jointed rock masses from the individual rock
blocks (elements) may leave some shortcomings such as:
the imperfect matching; no closure; no proper fitting of
individual elements which leads to the stress concentration
in the specimens; block rotations; and non-uniformity of the
individual elements (blocks).

These shortcomings caused that Bobet (1997), proposed
the sample blocks as a new method to form blocks with the
non-persistent open cracks during the samples casting. In
this research, the method of preparing samples with the
non-persistent open cracks is preferred but some
modifications are made to suit the specimens to be fitted in
the direct shear test apparatus. It is also tried to prepare pre-
cracked specimens with different cracks configurations.

To prepare the required specimens for this study, the
material mixture is prepared by mixing water and gypsum
in a blender; this mixture is then poured into a specified
steel mold. This steel mold of internal dimensions
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(b)
Fig. 1 The modeled samples made from gypsum and used
in the direct shear test apparatus, (a) internal cracks
configuration and (b) edge cracks configuration

Table 1 Dimension of non-persistent crack

Internal cracks Edge cracks

-
30 em—"

2a (cm) b (cm) 2a(cm) b(cm) 2a(cm) b (cm) 2a (cm) b(cm)
3 2 3 4 3 6 3 2
25 2 25 4 25 6 25 3
2 2 2 4 2 6 2 4
1.5 2 15 4 15 6 15 5
1 2 1 4 1 6 1 6
3 3 3 5
25 3 25 5
2 3 2 5
15 3 15 5
1 3 1 5

30x30x30 cm is modified to prepare the specific pre-
cracked modeled specimens containing the internal cracks
(S cracked model). Another steel mold is designed with the
internal dimension of 30x8x30 c¢cm which can be used to
prepare the modeled samples with the specified edge cracks
(E cracked model). These two modeling configurations are
shown in Fig. 1(a) and 1(b), respectively.

Fig. 1 shows that these steel molds are made of four
steel sheets (bolted together) and of two PMMA plates 1/6-

inch-thick, which are placed at the top and bottom of the
mold. The top plates contain two rectangular openings for
filling the steel mold with the liquid gypsum mixture. There
are some slits (cuts) in the upper and the lower surfaces of
the mold. The apertures of these slits are 0.5 mm (0.02 inch)
and their lengths (persistence) changes based on the width
of the cracks. Before pouring the gypsum into the mold, the
greased metallic shims are inserted into these slits which are
passing through the thickness of the steel mold to produce
the open cracks within the modeled samples. The fresh
gypsum is vibrated within the mold and then stored at room
temperature for 8 hours. The casted specimens are then un-
molded and the metallic shims are pulled out of the
specimens. It should be noted that the polished grease on
the shims prevents them to adhere with the gypsum and
therefore facilitates their removal from the specimens. It
does not the shim removal produces any damage to the
flaws. On the other hand, a number of pairs of PMMA
plates are prepared (with different slit arrangements) to
produce the desired crack geometries. The shims leave
corresponding open cracks through the thickness of the
specimens which are at right angles to the front and back of
these specimens as the gypsum seated and hardened in the
laboratory room. The front and back of the specimens are
polished immediately after the shims removal and stored in
the lab for 4 days to be cured and then be ready for the
direct shear tests. The bridge areas within these modeled
samples varies from 60 cm? to 180 cm? with increments of
30 cm? while in the fixed areas of the bridges, the cracks
areas vary from 60 cm? to 360 cm? (with the increments of
60 cm?). The bridge areas in the models vary from 60 cm?
to 180 cm? (with the increments of 30 cm?). Table 1 show
the geometry of non-persistent cracks. The bridge area
dimensions are defined by parameter b and the crack
dimensions are defined by parameter 2a in the figures
shown in this table.

The complete failure behavior in the discontinuities,
from each geometry and material strength are studied by
preparing three similar blocks specimens and testing them
in a direct shear test apparatus under three different normal
stresses (on): 3.33, 5.55 and 7.77 kg cm™. Two similar
specimens are prepared for each normal loading and then
tested to check the repeatability of the results. However if
there is a significant difference in between the results
obtained from these two identical tests then a third
specimen is prepared and tested to find a closer results of
the shear failure behavior of the pre-cracked specimens.

4. The proposed testing equipment

The direct shear testing of the specimens are continued
till their final failure is reached and a specially designed
direct shear testing apparatus is used to perform these
experiments in the laboratory. Therefore, the two high
stiffness shear boxes with only one degree of freedom for
each box (in the horizontal direction for the lower box and
in the vertical direction for the upper box) are designed to
measure both shear displacement (horizontal displacement)
and dilation simultaneously. This robust configuration
prevents the unwanted rotations and uncontrolled loading
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conditions in the testing apparatus. In order to permanently
visualize the fracturing process in the sheared specimens,
the arrangements of the shear boxes are appropriately
established to permit some free faces in front and back sides
of the specimens. However, the direct shear testing of 180
specially modeled specimens is performed and their failure
process is investigated in the laboratory. All of these tests
are displacement-controlled and can be performed in such a
way that a constant normal load is applied to the sample and
then the shear load is incrementally increased till the
specimen fails. Every two seconds the shear loads and the
corresponding shear displacements are recorded by a data
acquisition system. A displacement control rate of 0.002
mm/s is used during the experiments testing. However, the
basic measurements are the failure mode, the fracture
patterns and the failure and cracks coalescence stresses.

5. Experimental observations of the fracture patterns
in the modeled samples

The variation of the fracture pattern base on the ratio of
crack surface to the total shear surface is studied by
observing the fracture surface during and after the tests. The
failure mechanism of the tested samples is influenced by the
normal load and the ratio of crack surface to total shear
surface. For example, the fracture patterns in two different
tested samples containing internal and edge cracks is shown
in Fig. 2.

(a)

(b)
Fig. 2 Fracture patterns in the tested samples consisting
(a) internal cracks and (b) edge cracks

Non-persistent

The Failure patterns in bridge areas

crack set

~ -
Edge .
cracks

Internal

cracks

(@ (e) ®

Fig. 3 The fracture patterns in bridge areas of the tested
samples

All of the observed cracks patterns obtained from the
direct shear tests on the modeled samples are summarized
in Fig. 3. Two types of crack propagation mechanisms are
observed known as; wing (tensile) cracks and shear
(secondary) cracks. The wing cracks generally start from
the crack tips and as the loading is in progress they
propagate in a curvilinear path till coalesce with each other,
with the nearby cracks or meet the specimen's borders. The
wing cracks are also known as tensile cracks grow in a
stable manner starting their initiations and propagations first
due to the lower tensile strengths of the modeled samples
but the shear cracks also known as the secondary cracks
may initiate at the crack tips and may propagate in a stable
or unstable manner.

5.1 The oval mode of cracks coalescence with two
wing cracks

Fig. 3(a) and 3(b) show that the oval mode of cracks
coalescence occurs in the tested samples with edge or
internal cracks under 3 normal loads, for the case
(4a/(4a+h))>0.55. In these samples the wing cracks are
initiated and propagated in curvilinear paths and eventually
get aligned with the direction of shear loading. These cracks
propagate in a stable manner and for further propagation the
external load needs to be increased. It can be easily
observed that each wing crack is initiated at the tip of one
crack and continue its propagation till get coalesced with
the tip of the other crack. A relatively similar results gained
by Zhang, (2006) showing that the oval mode of cracks
coalescence occurs in a critical range of crack separation
(0.9<= b/4a <=1.25) by direct shear testing on the modeled
samples of plaster.

5.2 The cracks coalescence with one convex wing
crack

This mode of cracks coalescence (as shown in Fig. 3(b)
and 3(e) occurs in the edge or internal cracks under three
loads for the case 0.375< (4a/(4a+b)) <=0.55. In this mode,
the wing cracks are getting initiated at the cracks tips and
then extended in a stable manner. The upper convex crack
may extend into the intact part of the samples and finally
coalesce with the inner tip of the other crack. The lower
tensile (wing) crack may develop and propagate to a
relatively far distance from the crack tip and then getting
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Fig. 4 The shear stress-shear displacement curves (t-U)

for specimens consisting (2) edge cracks and (b) internal
cracks

stable so that it may not coalesce with the tip of opposite
crack. It may be noticed that there is a smooth and clean
wing crack surface with no crushed or pulverized material
on it therefore, there is no evidence of shear displacement
or shear cracking surface. Therefore, this crack surface
examination shows that the crack surface characteristics are
indicator of the tensile stresses which are responsible for the
initiation and propagation of the wing cracks. However, in
this mode, the normal loads are low enough to allow the
tensile (wing) cracks production.

6. The shear mode cracks coalescence

This mode of cracks coalescence is known as the shear
mode and is shown in Fig. 3(c) and 3(f). This kind of cracks
coalescence mainly occurs in tested samples with the edge
or internal cracks under three normal loads when 0.25<
(4a/(4a+b)) <=0.375. In the shear mode, the wing cracks are
mainly getting initiated at the cracks tips and then
propagating in a stable manner within the tested specimens.
The main characteristic of the failure mechanism of the
samples is that the initiation of wing cracks is followed by
the initiation of secondary (shear) cracks at the cracks tips.
Therefore, the two stable wing cracks may get arrested
while the two secondary cracks continue their extension till
coalesce at a point in the bridge area in between the two
inner tips of the preexisting cracks. However, the bridge
area may be failed due to the propagations and coalescences
of the secondary cracks within the tested samples.
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Fig. 5 The rock-bridge strengths versus the increasing
values of (4a/(4a+b)) for (a) 6,=3.33 kg/cm?, (b) 5,=5.55
kg/cm? and (c) 6,=7.77 kglcm?

Observation of the crack surfaces show that the shear
failure surface is in a wavy form. Further inspection of the
cracks surfaces produced by coalescence may reveals many
small kink steps, crushed gypsum and gypsum powder on
these surfaces therefore, it may be concluded that the cracks
coalescence phenomena is due to shearing in this mode.

6.1 Shear stress-shear displacement curves for
samples with edge and internal cracks

The curves of shear stress-shear displacement (t-u) for
the specimens with edge and internal cracks are shown in
Fig. 4(a) and 4(b), respectively. The curve in Fig. 4(a)
shows one downfall portion for the bridge area failure for
the edge cracked specimen but there are two such downfalls
in Fig. 4(b) for the specimen with two internal cracks. In
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Fig. 4(b), the first and the second downfalls represent the
bridge area failure and the final stage of failure in this
specimen, respectively. The first downfalls in Fig. 4(b)
shows the failure of rock bridge situated between the joint.

All of the tested samples show the same behavior
therefore, the strength of the bridge area can be measured
from these curves for further analysis.
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Fig. 6 The rock-bridge strengths versus the increasing
values of (4a/(4a+b)) ratio for (a) b=60 cm? (b) b=90
cm?, (c) b=120cm?, (d) b=150 cm? and (e) b=180 cm?,
respectively
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Fig. 6 Continued

6.2 Effects of the ratio of crack surface to the total
shear surface

It has been shown that for the case (4a/(4a+h))>0.55, no
new fracture (crack) is produced in the midst zone of the
sample due to the high stress interactions in between the
cracks therefore, the oval mode shown in Fig. 2(a) and 2(b)
may appear. On the other hand, when 0.375< (4a/(4a+b))
<=0.55, the stress interaction in between cracks is low so
that the cracks coalescence with one convex wing crack
may occur in bridge area of the sample similar to that
shown in Fig. 2(b) and 2(e). In this case, in fact, the
interaction in between the cracks is not so enough to result
in the oval mode cracks coalescence. However, when 0.25<
(4a/(4a+h)) <=0.375, there is not any stress interaction in
between the cracks so that the cracks coalescence mode is
that of the shear one which may occur in bridge area of the
samples (Fig. 2(c) and 2(f)). Therefore, it may be clear that
by decreasing the value of (4a/(4a+b)), the stress interaction
in between the cracks may decrease so that the shear mode
of fracture produces in the midst zone of the tested samples.

6.3 Comparing the bridge area strengths of the edge
and internal cracked samples

The bridge area strengths versus the increasing values of
(4a/(4a+b)) ratio are depicted in Fig. 5(a)-5(c), for the
normal loads of 3.33 kg/cm?, 5.55 kg/cm? and 7.77 kg/cm?,
respectively. The upper and the lower lines in each panel
illustrate the bridge area strengths in between the
surrounding cracks and those of the edge cracks,
respectively.

The results shown in Fig. 5(a)-5(c) show that the bridge
area strengths in between the internal cracks is higher than
those for the edge cracks when the fixed values of
(4a/(4a+b)) are considered. Fracture  mechanics
principlespredict the same results because the mode | and
Mode Il stress intensity factors (KI and KIlI) of the internal
cracks in the tested samples are comparatively lower than
those of the samples with the edge cracks (at equal cracks
length) which leads to a higher bridge area strength of the
samples with internal cracks.

6.4 Effects of the ratio of internal crack surface to total
shear surface

The rock bridge strength versus the increasing values of
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the (4a/(4a+h)) is shown in Fig. 6. The failure process of the
cracked specimens considering the three different normal
stresses are shown in this figure. Fig. 6(a)-6(f) shows the
bridge area strengths for the bridge areas of 60 cm?, 90 cm?,
120 cm?, 150 cm” and 180 cm?, respectively.

It may be concluded that the bridge area strength
decrease dramatically by increasing the ratios of (4a/(4a+b))
(i.e. increasing the internal cracks areas) for the case of a
fixed bridge area and under a fixed normal stress condition.
However, as the planar wing cracks coalescence change to
that of the oval mode the bridge area strength may highly
decrease which is due to increasing in the stress intensity
factors at the crack tips and in the stress interaction between
the cracks. The bridge area strengths may become constant,
for the fixed bridge areas in the case of (4a/(4a+b))>0.6
ratio (as shown in Fig. 1(a) and 1(b)). Therefore, increasing
in the crack surface areas may not affect the bridge area
strengths of the tested samples for (4a/(4a+b))>0.6 ratio
because the interaction in between the cracks is so strong
with in the specimens.

7. Conclusions

The shear behavior of the relatively weak rock
specimens containing non-persistent internal and edge
cracks with different bridge areas have been studied for the
direct shear tests under three different normal loads. These
experimental tests may result in the following conclusions:

I) The wing cracks combination may be produced in the
fracture patterns with in the samples under low values of
normal loads.

I1) The oval mode of cracks coalescence with two wing
cracks occur in the samples with edge or internal cracks
when (4a/(4a+b))>0.6. This is due to the high stress
interactions in between the cracks where no new fracture
surfaces produce in the midst zone of the tested specimens.

I11) The crack coalescence mode with one convex wing
crack may occur in the samples containing edge or internal
cracks when 0.375< (4a/(4a+b)) <=0.6 because the low
stress interactions in between the cracks in the tested
specimens.

IV) There may not be any stress interaction in between
the cracks within the samples containing the edge and
internal cracks when 0.25< (4a/(4a+b)) <=0.375, therefore,
the cracks coalescence mode with one planar wing crack
may occurs in the tested samples.

V) The bridge area strengths in between the internal
cracks of the tested samples is usually higher than those of
the samples with edge cracks when the values of
(4a/(4a+b)) are fixed.

VI) The bridge area strengths in between the internal
cracks of the tested samples are decreasing dramatically due
to increasing the ratio of (4a/(4a+b)) for a fixed bridge area
and under a fixed normal loading condition but the bridge
area strength becomes constant for the ratio of
(4a/(4a+h))>0.6.
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