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We investigated the eAects of displacement rates on the strength and mechanisms of fracturing by
conducting three series of compressive experiments with synthetic samples analogous to soft-porous rocks.
The three series correspond to (i) intact samples (without joints), (ii) samples with single joint of different
lengths (10, 15, 20 and 25 mm) and (iii) samples with double joint-segments (15 mm each separated by a
bridge), respectively. The samples were deformed under variable displacement rates (0.048, 0.12, 3, 4.45
and 6 mm/min). We found that the material-strength enhanced with increasing displacement rates for
intact and samples with single joint-segment with limited persistent ratio; however, the strength declined
substantially for samples with persistent ratio above a threshold (*0.20) and beyond a critical window of
displacement rates (3–4.45 mm/min) for both the samples with single- and double-joint-segment(s). The
fractures were dominated by tensile wing cracks, however, the location, timing and corresponding dis-
placement rates concerning the appearance of secondary shearing conBrmed that the extent of shearing
mechanism enhanced at fast-displacement rates when the persistent ratio crossed a critical value (*0.20).
Overall, the strength of material considerably reduced and the potential of damage further accelerate at
faster displacement rates when the persistent ratio of non-persistent joint(s) crossed a pedantic threshold.

Keywords. Analogue-experiments; persistence ratio; strength of rocks; tensile wing crack.

1. Introduction

Rocks in natural conditions mostly contain dis-
continuities in a wide range of scales, from micro-
cracks to joints and regional faults. Some of them
are continuous (persistent), while most are non-
persistent. The presence of discontinuities signifi-
cantly inCuences the mechanical properties of the
rock mass (Miller and Deere 1966; Lajtai 1971;
Hoek and Bray 1974; Misra 2011) as they act as

zones of high-stress concentration favouring initi-
ation or reactivation of cracks (GrifBth 1921;
Eshelby 1959; Rudnicki and Rice 1975; Mandal
et al. 2004; Misra and Mandal 2007; Misra et al.
2009, 2015) and foster decrease in strength.
Weakening of rock mass enhances the risk of dif-
ferent stress-induced (e.g., thermal, seismic, blast
loading, overburden, etc.) and structurally con-
trolled failures (Wyllie and Mah 2004), that are
mostly reported from construction sites such as for
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tunnels, natural and man-made slopes, founda-
tions, and underground excavations. Earlier works
investigated the eAect of different attributes of
discontinuities that enhance the risk of failure such
as roughness (Atapour and Moosavi 2014), orien-
tation (Bobet and Einstein 1998), joint matching
(Zhao 1997), frequency (Sagong and Bobet 2002;
Horii and Nemat-Nasser 1986). However, there is
dearth of information on the consequences of joint
persistence, i.e., the areal extent to which joints are
retained before terminating into surrounding
material or against other discontinuities (Mauldon
1994), on rock failure. This is also evident in
standard rock mass classiBcation schemes, such as
Q-system (Barton et al. 1974) and Geological
Strength Index (Hoek and Brown 1997). Also, the
presence of joints with variable persistence ratios,
deBned as the ratio of the sum of trace lengths of all
joint-segments to the length of collinear line con-
necting the joint-segments (Dershowitz and Ein-
stein 1988), related to the analysis of slope and
tunnel instability have not received much atten-
tion. This could lead to significant inaccuracies in
the estimation of strength, deformation, and failure
behaviour of rocks intersected with non-persistent
joints, as reported in recent investigations (Xu
et al. 2013; Alshkane et al. 2017; Vazaios et al.
2018; Shaunik and Singh 2019).
Another important concern is the displacement

rate or strain rate that consequentially inCuences
the estimation of material strength (Lankford
1981; Olsson 1991). It has been established that
brittle materials respond in three different ways as
functions of displacement rates: (i) creep of the
bulk material between cracked surfaces, (ii) strain
rate dependency of the growing microcracks, and
(iii) inCuence of inertial forces of the material
(O�zbolt et al. 2006). In practice, a combination of
these three eAects interplays, depending on the
displacement rate and the type of material used.
For quasi-brittle materials, like concrete, creeping
between the fracture surfaces mostly controls the
damage mechanisms at slow-displacement rates,
while the other two eAects dominate during fast-
displacement rates. Earlier studies reported that
the strength of material enhances rapidly when
strain rates exceeded a critical value (Kumar 1968;
Perkins et al. 1970) and the observation was
attributed to the inertial conBnement (Janach
1976). Several recent investigations (Jafari et al.
2004; Tiwari and Latha 2019) noted changes in the
mechanical behaviour of material at varying dis-
placement rates, however, the dynamics are poorly

understood as most of the studies correspond to
pseudo-static displacement rates. In practical sit-
uations, such as blasting, drilling, thermal and
seismic forces often lead to dynamic displacement
conditions (Atapour and Moosavi 2014) and
demand the need for detailed investigations on
material strength anisotropy at varying rates of
displacement. It is difBcult to reproduce the true
dynamic natural conditions in the laboratory due
to technical and logistical constraints, but the
outcome from the static uniaxial compression tests
with a wide range of displacement rates can be
projected to predict the consequences in natural
situations with consideration of the boundary
conditions.
The present research integrates the inCuence of

variable displacement rates on molded gypsum
samples intersected with non-persistent joint-seg-
ment(s) of different dimensions and their corre-
sponding fracture patterns. The samples are
analogous to soft-porous rocks, like semi-lithiBed
sediments, sedimentary rocks with poor cohesive
strength and weathered rocks. In this study, we
have tested two novel hypotheses. The Brst
hypothesis evaluated displacement enhancement of
the strength of intact material, and material con-
taining single- and double-jointed segments at fast-
displacement rates. The potential of initiating and
expanding shear movement with increasing dis-
placement rates has been assessed in the second
hypothesis. The hypotheses were tested by carry-
ing out three series of experiments on cylindrical
samples containing artiBcial joint(s) at varying
displacement rates. The displacement rate depen-
dency of samples containing joint(s) was then
compared with the corresponding responses of
intact samples.

2. Experimental methods

2.1 Sample preparation

Experimental investigations on jointed rocks are
split into two main groups. The Brst group used
rocks containing natural joints or fabricated arti-
Bcial joint-segments using a saw machine or
hydraulic press (Barton 1973; Kronenberg et al.
1990; Ishii 2016). The second group used samples
made of artiBcial materials, such as cement, gyp-
sum, polymethylmethacrylate (PMAA), polycar-
bonate (PC), etc. (Lajtai 1971; Horii and Nemat-
Nasser 1986; Kulatilake et al. 1997; Sagong and
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Bobet 2002; Misra et al. 2009, 2015; Sun et al. 2014;
Wasantha et al. 2014). Each method of selection of
specimens has its advantages and disadvantages,
however, working with natural samples manifested
inherent variability which restrict to isolate the
eAect of the governing parameters of interest. To
avoid such constraints, analogue samples made of
gypsum have been used in the present experiment
following the second group. Additionally, mechan-
ical properties of gypsum-like rock materials have
been well characterized under different experi-
mental conditions (Wei et al. 2020).
The samples were prepared by mixing Plaster of

Paris (CaSO4, 1/2H2O) with water in 0.6:1 ratio by
weight to form gypsum (CaSO4, 2H2O) and the
mixture was then transferred into a cylindrical
PVC mold (Bgure 1a) for producing cylindrical
samples with 50 mm in diameter and 100 mm in
height, after post-processing, i.e., grinding the end
surfaces. These samples were dried for *10 days at
room temperature to achieve sufBcient cohesion.
Mixing of the ingredients, casting, and curing
processes for the preparation of samples were
carefully maintained to ensure reproducibility.
Three different sets of samples were prepared:

(i) intact samples, i.e., samples without any joint-
segment (Bgure 2a), (ii) samples with single joint-
segment at identical inclination with respect to the
displacement axis but different in lengths
(Bgure 2b–e), and (iii) samples with two joint-
segments (Bgure 2f). A thin planar aluminum slit of
0.16 mm in thickness was used to prepare the single
joint-segmented samples of different lengths, i.e.,
10, 15, 20, and 25 mm corresponding to persistence
ratios of 0.10, 0.15, 0.20 and 0.25, respectively
(Bgure 1b). Two identical aluminum slits with 15
mm width were used for preparing jointed samples
of double segments (0.30 persistence ratio) with an
intact intermediate bridge of similar length. In all
samples, the slit was positioned at 30� inclination

with the cylinder axis. The speciBc value of the dip
angle was considered as the axial stress required for
sliding along the joint or pre-existing Caw is mini-
mum when the tilting is at 30� with the maximum
compressive stress direction (Lajtai 1971; Rama-
murthy and Arora 1994; Ghazvinian and Hadei
2012; Sun et al. 2014). Also, the development of
compression-induced wing cracks started at the
crack tip when the inclination of pre-existing Caw
positioned at 30� with respect to the maximum
compression direction and any deviation from this
value would result in shifting the initiation location
of newly formed wing cracks from crack tip. We
cannot discount the possibility that varying angle
of inclination of the inherent Caw inCuences the
coefBcient of friction hence the identical value of
inclination was maintained throughout the exper-
iments to limit the specimen geometry-induced
heterogeneity.

2.2 Experimental procedure

Before conducting the destructive tests, the aver-
age interconnected porosity (48%) of the intact
samples was estimated using an automated gas
pycnometer. The compression tests were carried

(a) (b)

Figure 1. (a) Intact and (b) jointed mold used for sample
preparation. Intact samples were prepared inside a PVC pipe.
The samples with simulated joint(s) are prepared inside steel
canisters with predeBned slits.

(a) (b) (c)

(d) (e) (f)

Figure 2. Photographs of the representative samples used in
the experiments. (a) Intact samples (i.e., sample without any
joint), (b–e) samples with single joint of 10, 15, 20 and 25 mm
lengths, respectively, and (f) sample with two joints of 15 mm
length. All samples are 100 (±3) mm in length and 50 (±2)
mm in diameter.
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out using a uniaxial testing machine operated
under displacement-controlled mode (mm/min)
with a maximum capacity of 50 kN (Bgure 3). The
load frame performs under a range of desired dis-
placement rates (0.048–6 mm/min, in our case)
and is controlled by a motor drive system. A dial
gauge (resolution 0.01 mm, accuracy ±12 lm)
attached to the displacement frame was used for
measuring axial displacements and converted later
to compressive strains.

3. Results

3.1 Deformation of intact samples

The stress–strain responses and the failure
strengths of the intact gypsum samples at Bve
different displacement rates are presented in
Bgure 4 and the results are summarized in table 1.
The lowest (3.62 MPa) and highest (5.47 MPa)
strength were observed when the axial displace-
ment rate was minimum (0.048 mm/min) and
maximum (6 mm/min) accordingly. In case of very
slow to medium displacement rates, samples
experienced plastic deformation, i.e., deformation
phase between yield and Bnal brittle fracturing,
until the failure strengths were reached. Samples
deformed under fast to very fast rates broken down
immediately after yield without any notion of
plasticity. Overall, there was a gradual increase in

failure strength as the rate of displacement
enhanced for the intact samples.
Samples mostly failed under tensile split mode

and caused bifurcation of materials on either side
along the fracture surfaces. At very slow rate of
displacement (0.048 mm/min), crack developed at
the top bounding face of the sample and started to
propagate downwards along the central compres-
sion axis (Bgure 5a) while slow (0.12 mm/min) to
fast (4.45 mm/min) rates initiated cracks near the
base followed by upward movement as the dis-
placement rate increases (Bgure 5b–d). At very fast
rate of displacement (6 mm/min), the intact sam-
ple mostly broke apart (Bgure 5e) with small-sized
fragments ejected in the test chamber at high
speed. This is also evident in the stress–strain
curve marked by sharp decline (Bgure 4a, yellow
line) when the strength reached peak. Overall, the
intact samples mostly failed under tensile splitting
modes and sometimes developed multiple cracks,
propagated in the top-down and bottom-up direc-
tions along the central loading axis.

3.2 Deformation of samples containing single
joint-segment

The molded cylindrical gypsum casts with single
fabricated joint-segment of variable lengths (total
20 samples) representing non-persistent joint
within an artiBcial rock mass, were compressed
uniaxially at different displacement rates (from
very slow to very fast), and the failure mechanisms
of different samples are shown in Bgure 6. The
stress–strain responses of samples with the corre-
sponding lengths of joint-segment are displayed in

Figure 3. Schematic illustration of the uniaxial deformation
apparatus used in this study.

Figure 4. (a) Stress–strain curve of intact samples at different
displacement rates. At displacement rate of 6 mm/min, the
failure strength is highest, while lowest observed at 0.048 mm/
min rate.
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Bgure 7. Table 1 summarized the experimental
results for samples containing single joint-segment
and is discussed in detail in the following
subsections.

3.2.1 Samples with 10 mm length of
joint-segment

A progressive increase in failure strength was
recorded with the increment in displacement rates
(Bgure 7a), however, the failure strength at very
slow displacement rate (2.81 MPa at 0.048 mm/
min) exceeded than that of the slow rate (2.73 MPa
at 0.12 mm/min) (red and violet curves in
Bgure 7a). The samples compressed under very fast
(6 mm/min) and medium (3 mm/min) displace-
ment rates experienced sharp stress decline (yellow
and green curves in Bgure 7a) while a post-yield
plastic deformation, as evidenced from gradual
stress drop till the attainment of failure strength,
for the rest of the displacement rates. The failure
strength of the samples with 10 mm joint-segment
was comparatively lower than that of the intact

samples at their equivalent rate of displacement.
Also, the peak failure strain accumulation (0.03)
occurred when the rate was very fast similar to the
intact samples.
The patterns of failure for samples with 10 mm

joint-segment varies with the rate of displacement
(Bgure 6a–e). At very slow (0.048 mm/min) to slow
(0.12 mm/min) displacement rates, development of
wing cracks was observed at the tips of the non-
persistent joint-segments. Medium (3 mm/min) to
very fast (6 mm/min) rates of displacement caused
rapid failure of the samples. In addition to the wing
cracks, several shear cracks propagating from the
bounding faces towards the center of the samples
and merging with the wing cracks were developed
when the displacement rates were medium (3 mm/
min) and fast (4.45 mm/min). Fast to moderate
rates allowed simultaneous growth of both wing
and compression induced cracks causing the
material to fail under tensile-shear mixed mode.
Overall, tensile wing cracks were predominant
throughout all the ranges of the displacement
rates, however, shearing mode also observed when

(a) (b) (c) (d) (e)

Figure 5. Photographs of the intact samples after failure and tested at various displacement rates (a) 0.048 mm/min, (b) 0.12
mm/min, (c) 3 mm/min, (d) 4.45 mm/min, and (e) 6 mm/min.

Table 1. Failure strength (in MPa) and maximum change (in %) of the strengths of the intact (series one), single (series two) and
double (series three) jointed samples at different displacement rates.

Length

of segment

Displacement rates (mm/min)

Mean

Overall %

change

0.048 0.12 3 4.45 6

(very slow) (slow) (medium) (fast) (very fast)

Intact 3.62 3.84 4.98 5.08 5.47 4.6 ± 0.82 51.10

10 mm 2.81 2.73 3.07 3.29 4.4 3.26 ± 0.67 56.58

15 mm 3.51 3.79 3.5 3.59 3.94 3.67 ± 0.19 12.25

20 mm 2.83 2.87 3.45 2.36 2.21 2.74 ± 0.49 �21.91

25 mm 2.4 2.83 2.91 2.13 2.04 2.46 ± 0.39 �15.00

Double 2.86 2.2 2.52 2.33 2.08 2.40 ± 0.31 �27.27

Note: Unit of strength is in MPa.

J. Earth Syst. Sci.         (2022) 131:118 Page 5 of 15   118 



the rate crossed a threshold of 3 mm/min
(medium).

3.2.2 Samples with 15 mm length
of joint-segment

Different rates of axial displacement mostly caused
plastic deformation of samples except at very slow
and very fast (red and yellow curves in Bgure 7b at
0.048 and 6.0 mm/min) rates. Peak failure strain
accumulation (0.03%) occurred at medium dis-
placement rate. However, the maximum strength

was recorded at very fast displacement rate.
Overall, the enhancement of displacement rates
increases strength of material, however, the incre-
ment was sometimes interrupted with instant
decrease in strength as observed at medium rate of
displacement (green curve in Bgure 7b at 3 mm/
min).
The types of cracking patterns vary with the rate

of displacement as shown in Bgure 6(f–j). Tensile
wing crack developed and propagated slowly
towards the bounding surfaces of the samples.
Secondary shearing was observed later with the

(a) (b) (c) (d)

(f) (g) (h) (i)

(e)

(j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)

Figure 6. Mechanisms of crack propagation and coalescence at different displacement rates for samples with variable lengths of
single joint-segment (a–e) 10 mm, (f–j) 15 mm, (k–o) 20 mm, and (p–t) 25 mm. Red arrowhead mark the locations of induced
joint-segment; tensile wing cracks and shear cracks were represented by yellow arrows with the arrowhead specifying the
directions of fracture movement.
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increasing length of the wing cracks at different
rates of axial displacement except for medium rate
(3 mm/min). Release of maximum failure strain
(0.03%) accumulated during moderate rate of dis-
placement broke the sample apart and material
fragments were ejected at random directions (green
curve in Bgure 7b). Overall, tensile wing cracks
developed at the crack tips initiated secondary
shearing when the fracture reached an optimum
length.

3.2.3 Samples with 20 mm length
of joint-segment

The mean magnitude of the failure strength sub-
stantially reduced for samples with 20 mm (2.74 ±

0.49 MPa) jointed segments compressed under
different displacement rates than compared to 10
mm (3.26 ± 0.67 MPa) and 15 mm (3.67 ± 0.19
MPa) jointed segments (Bgure 7c). Accumulation
of peak failure strain (*0.02%) occurred at fast
to very fast-displacement rates. A progressive
increase in failure strength was observed from very
slow to medium rates of displacement followed by
substantial decline as the rates continue to increase
from fast to very fast.

The samples underwent brittle failure at rela-
tively low stress by developing quasi-coplanar
secondary shear cracks along the direction of initial
joint-segment in addition to the wing cracks
(Bgure 6k–o). The secondary cracks were noticed
for all the displacement rates except at 0.48 mm/
min rate. Overall, the development of quasi-
coplanar secondary shear cracks was observed
along the direction of the induced joint-segment
with relatively high persistent ratio in addition to
the tensile wing cracks. Also, faster displacement
rates enhance the probability of forming shear
fractures over the slow rates.

3.2.4 Samples with 25 mm length
of joint-segment

The stress–strain relationships for samples with 25
mm joint-segment reveal (Bgure 7d) that the
material experienced varying degrees of post-yield
plastic deformation at different displacement rates
except at 6 mm/min rate. Peak failure strain
(*0.03%) accumulated when the rate of displace-
ment was very slow, which is contrastingly differ-
ent than the rest of the structural conBgurations of
specimens. Substantial reduction in mean failure

Figure 7. Stress–strain curves of the samples with a single joint-segment of variable lengths and tested under a range of
displacement rates. The legend in (a) applies to (b), (c), and (d).
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strength (2.42 ± 40 MPa) was recorded when
compared with samples having 10 mm (3.26 ± 0.67
MPa) and 15 mm (3.67 ± 0.19 MPa) joint-seg-
ment. However, mean failure strength was com-
parable with samples containing 20 mm (2.74 ±

0.49 MPa) joint-segment. The strength of the
material registered an initial progressive increase
with the increment in the displacement rate and
reached maximum strength (2.91 MPa) at medium
(3 mm/min) displacement rate. Following the
peak, there was progressive reduction in strength
with increasing displacement rate. A nonlinear
change in stress–strain relationship was noticed
when the rate of displacement crossed a threshold
of 3 mm/min (medium rate).
The samples were substantially broken down at

relatively low stress window when the persistent
ratio of the single joint-segment was highest, and
material failed under secondary shear movements
followed by the primary tensile cracks
(Bgure 6p–t). At very slow and slow displacement
rates, early development of quasi-coplanar sec-
ondary shear crack initiated failure along the
induced fractured surfaces which are in contrast
with smaller persistent ratios. Extensive damage
occurred at medium rate, while fast and very fast
rates allowed the development of prominent tensile
wing cracks with occasional shearing. Overall, the
increase in joint persistent ratio caused early
development of quasi-coplanar secondary shear
fracture and slow rate gradually caused creep of the
bulk material along the induced cracked surfaces.

3.3 Deformation of samples containing two
joint-segments

An overall decrease in mean failure strengths (2.40
± 0.31 MPa) was recorded than single jointed
samples (Bgure 8). A sharp stress drop following
attainment of failure strength at very fast to
medium displacement rates and a progressive
stress drop after peak failure strength at slow to
very slow displacement rates was observed. Over-
all, the strength of the samples progressively
increased with increasing displacement rates
ranging from very slow to medium. With further
increment in displacement rates from fast to very
fast, the strength contrastingly decreased. Peak
failure strain accumulated (0.02%) at very fast
displacement rate (6 mm/min), while maximum
failure strength recorded at medium rate (3 mm/
min).

Most of the samples display primary wing cracks
around the tips of the joint-segments positioned in
the upper and lower half of the sample (Bgure 9).
Shearing mode was absent at slow rates even with
highest persistent ratio (overall 30 mm) but with a
bridge in between the induced joint-segments
unlike samples with 25 mm joint-segment that had
developed early shear fracture. At medium- to fast-
displacement rates, quasi-coplanar secondary shear
fracture developed in the bridge area connecting
the separated joint-segments. Very fast-displace-
ment rate, on the other hand, initiate faint sec-
ondary shear crack due to limited time span.
Overall, we observed that the development of shear
crack was limited at slow rates when the induced
joint-segments were separated by a bridge, but
faster rates allow the formation of quasi-coplanar
secondary shear fracture mostly within the bridg-
ing region connecting the weakly developed pri-
mary tensile wing cracks.

4. Discussion

4.1 Dependency of displacement rates
on strength of material

The eAect of displacement rate dependency on the
strength and mechanical behaviour of molded
gypsum cast representing artiBcially jointed rock
was examined in this study. The Brst hypothesis
testing the fact that strength of material enhances
with increasing displacement rate holds true for the
intact samples and samples with low persistent
ratio (0.10 and 0.15), however, partially true for
samples with high persistent ratios (0.20 and 0.25)
up to a critical value (3 mm/min in our

Figure 8. Stress–strain curve of the samples with two joint-
segments and tested at varying displacement rates.
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investigation) of the displacement rate beyond
which material strength decreases (Bgure 10). The
increment in strength under experimental dis-
placement rates for intact samples and samples
with 10 and 15 mm joint-segments are 51.10, 56.58
and 12.25%, respectively, while the overall
strength reduction of samples with 20 and 25 mm
joint-segments are 21.91, 15 and 27.27%, respec-
tively (table 1). Tiwari and Latha (2019) estimated
18.37% reduction in strength of the jointed rock
samples intersected with persistent joints at slow
to fast (0.05–15 mm/min) displacement rates
which is partially in agreement with our observa-
tion for non-persistent joint-segments with longer
lengths. In addition, Gong et al. (2019) found that
the tensile strength of hard sandstone linearly
increases with the logarithm of displacement rate
which supports our Bndings for joint-segments
of shorter lengths. Our results suggest that
the changes in displacement rates can cause

strain-weakening or strain-hardening of materials
with non-persistent joint-segment of variable
lengths. The laboratory-estimated results either
undermine or overestimate the actual strength of
rocks in the Beld, however, the potential of damage
substantially enhanced at faster displacement rates
when accumulation of strain energy is at peak and
the strength of the material considerably reduced
when a critical value (0.15) of joint persistent ratio
was crossed.

4.2 EAect of joint-segment with variable lengths

Several attempts were undertaken to assess the
inCuence of different aspects of pre-existing joint
on material strength, but our knowledge is limited
by a paucity on how the length of the non-persis-
tent joint inCuences the strength of material while
compressed at varying displacement rates. Lajtai
(1971) performed several tests on cubic samples by
introducing pre-existing cracks ranging from 0.5 to
2 inches in length and found that the variation in
failure strengths was comparatively higher for
cracks aligned perpendicular to compression
direction than that of cracks positioned along the
compression axis. We observed from series two and
three experiments that at displacement rates[4.45
mm/min, the strength of the material substantially
decreased with increasing length of the non-per-
sistent joint-segment beyond a critical threshold
window of persistent ratio (0.15–0.20), while the
strength generally enhanced for very slow to med-
ium rates (B3 mm/min) (Bgure 10). Also, slow rate
of displacement has limited inCuence on jointed
samples since the differences in strength for intact
to single- and double-jointed samples were com-
paratively low at very slow to slow displacement
rates, while the differences were high for fast to

(a) (b) (c) (d) (e)

Figure 9. Fracture pattern of samples with two joint-segments of 15 mm length separated by a bridge of identical length
and tested at different displacement rates (a) 0.048 mm/min, (b) 0.12 mm/min, (c) 3 mm/min, (d) 4.45 mm/min, and
(e) 6 mm/min.

Figure 10. Failure strengths of the samples from three series of
experiments (intact, single and double jointed) at different
displacement rates.
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very fast rates, therefore, fast displacement rate
considerably aAects the strength of the material
(table 1). However, slow rates can correspond to
creep of bulk material along the cracked surface
beyond a critical value of the persistent ratio (0.20
in our assessment). Overall, the strength of the
material decreased in the order of intact samples,
samples with single and double-jointed seg-
ment(s) and support the Bndings from earlier
studies (Yang et al. 2009; Yang and Jing 2011).

4.3 Variation in the types of fracturing

Second series of tests produced diverse patterns of
crack for varying lengths of the initially fabricated
joint-segment at different displacement rates
(Bgure 6). The initiation of cracking activity began
in the form of primary tensile wing cracks at the tip
of the pre-existing joint-segment(s) followed by
secondary shear or tension cracks propagating
towards the bounding faces of the sample along the
direction of axial displacement. Similar modes and
temporal sequence of cracks were reported in other
materials such as sandstone (Petit and Barquins
1988), marble (Jiefan et al. 1990; Chen et al. 1995),
gabbro (Wong et al. 2007), and plaster of Paris
(Lajtai 1974), however, the eAect of displacement
rate and varying lengths of initial joint-segment
were excluded in these studies. We observed that
slow rate of displacement initiated stable and
progressive growth of primary tensile wing cracks,
while fast rate mostly developed shear fracture
along the displacement direction when the persis-
tent ratio was low. Samples with high persistent
ratio initiated quasi-planar secondary shear cracks
along the orientation of the initial joint-segment
and caused early failure of samples. Additionally,
the crack propagated at faster pace when the
length of the pre-existing joint was maximum (25
mm) irrespective of the displacement rates caused
premature failure. The samples were extensively
damaged at fast displacement rate followed by
spalling oA near surface materials along the frac-
tured surfaces.
The pattern of cracks was different for double-

jointed samples in series-three experiments
(Bgure 9) compared to the single jointed samples in
series-two (Bgure 6). Different fracture geometries
impose contrasting stress regimes in the crack
bridge area (Shen et al. 1995), however, limited is
known for identical fracture geometry but at
varying loading situations. We found that at

medium to very fast-displacement rates, the crack
coalescence mechanisms were dominant in the
bridging area that was separated by the initial
joint-segments. Wong and Chau (1998) reported
three major modes of coalescence pattern, i.e.,
shear (S) mode, mixed shear/tensile (M) mode, and
wing tensile (W) mode which again further subdi-
vided into nine minor modes. We observed M-II
mode and S-mode when the rates of displacement
were medium (3 mm/min) and fast (4.45 mm/
min), respectively (Bgure 9c–d). At slow and very
slow rates, tensile wing cracks developed around
the tips of the pre-existing joint located either in
the upper or lower half of the sample without any
evidence of coalescence in the bridging region. This
conBrms the fact that rate of displacement has
contrasting inCuences on the mechanisms of crack
coalescence.
Overall, primary tensile wing crack was domi-

nant throughout the three series of experiments,
however, the timing, location and displacement
rates associated with the secondary shear crack
revealed useful insights to understand the mecha-
nisms of cracking as failure often initiated with
shear movement (table 2). The failure modes
observed at varying displacement rates (Bgures 5, 6
and 9) for three series of experiments were sum-
marized in Bgure 11 following the different failure
mode types reported by Basu et al. (2013). The
frequency of shear-induced failure enhances with
the increment of the length of the joint-segment.
The intact samples were failed under tensile split-
ting mode with occasional development of multiple
fractures (Bgures 5 and 11). The secondary shear
appeared with a condition when the persistent
ratios were low. Samples with lowest persistent
ratio (0.10) allowed the growth of shear fracture
when the displacement rate crossed a critical value
(3 mm/min), while the samples with second-lowest
persistent ratio (0.15) initiated shearing when the
primary tensile wing crack reached an optimum
length (Bgures 6 and 11). With the further
enhancement of the persistent ratio ([0.15), the
respective contribution of shearing mechanisms
increased in addition to the primary tensile crack-
ing as quasi-planar secondary shear fractures
started to develop along the direction of fabricated
joint-segment(s) (Bgures 6 and 11). It was observed
that the shearing activities were abundant when
the displacement rates were comparatively faster,
however, slow rates initiated early occurrence
shearing when the length of the single joint-seg-
ment was highest (25 mm). The second hypothesis
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assessing the potential of developing secondary
shearing activity at faster rates holds true and high
persistent ratio of non-persistent joint-segment
sometimes accelerates the mechanisms by forming
shear cracks at early stages of cracking even at slow
displacement rate.
The failure mechanisms associated with the

coalescence of multiple non-persistent joint-seg-
ments have a significant eAect on the stability of
rock mass. Hence, geotechnical constructions

founded in rocks and are experiencing exogenic
factors such as blasting, drilling, seismic and
thermal forces require additional prevention
strategies to avoid enhanced displacement rate-
related instability.

4.4 Significance and implications of this study

The different outcomes of the experimental results
discussed above have significant implications to

Figure 11. Bar diagram showing different failure modes for intact, single and double cracked specimens under compression at
varying ranges of displacement rates. Schematic illustrations of different modes of failure are presented in the legend. The text in
the bar plot represents varying rates of displacement (in mm/min) during the axial compression. The abbreviations used in the
Bgure are as follows. VS: Very slow (0.048 mm/min), S: Slow (0.12 mm/min), M: Medium (3.0 mm/min), F: Fast (4.45 mm/
min), VF: Very fast (6.0 mm/min). Schematic illustration of different failure modes is modiBed after Basu et al. (2013).

Table 2. Failure modes of the intact (series one), single (series two) and double (series three)
cracked samples at different rates of displacement.

Length

of segment

Displacement rates (mm/min)

0.048

(very slow)

0.12

(slow)

3.0

(medium)

4.45

(fast)

6.0

(very fast)

Intact AS MF AS AS MF

10 mm AS AS MF MF YSF

15 mm AS SASP AS MF AS

20 mm AS YSF DS DS SASP

25 mm YSF YSF DS AS SASP

Double AS AS AS SASP AS

Note: AS: Axial splitting, MF: Multiple fractures, YSF: Y-shaped fracture, SASP: Shearing along
single plane, DS: Double shear.
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integrate the changes in strength of material with
control parameters, i.e., joint persistent ratio and
rate of displacement. The three vertices of the
concept-triangle in Bgure 12 represent the bound-
ary conditions of material response under varying
displacement conditions as identiBed by O�zbolt
et al. (2006). The inertial responses mostly depend
on the strength of material such as rock exerts with
more repulsive response than soils under external
deformational forces. We have considered gypsum
as an experimental material mostly because of its
characteristics for reproducing molded cast of
various shapes and forms, however, another
important aspect is that it integrates both the
properties of rocks and soils as shown in the dia-
gram illustrating strength and inertial forces
increase gradually from soil, gypsum to rock. The
three series of experimental investigations con-
Brmed that strength decreases in the order from
intact to single-jointed with increasing length seg-
ment to double-jointed molded cast of gypsum
samples of identical size and shape (Bgure 10).
From the experimental results, we have found that
enhancing the persistent ratio of joints leads to
shearing of materials along the fractured surfaces

(samples with single-jointed segment of 20 and 25
mm length and double-jointed samples with overall
30 mm length segments), while lowering the ratio
(single-jointed samples with 10 and 15 mm length
segments) mostly enhances stress concentration at
the induced crack tip favouring the development of
tensile cracks.
The mechanisms of cracking at different modes

because of joint-segment with variable persistent
ratios under varying range of compressive forces
were summarized in inserts (a–d) in Bgure 12. In
addition to the tensile and shear-dominated
regions, the research identiBed a zone of mixed
response of tensile and shearing activities. The low
persistent ratio of non-persistent joint-segment
developed tensile wing cracks at the induced crack
tip that further initiate tensile crack around the tip
of the developing crack and Bnally propagated
along the displacement direction (Bgure 12a). In
contrast, the high persistent ratio mostly caused
shearing of material along the induced cracked
surfaces (Bgure 12c–d), while the region shaded in
grey incorporates both the dynamics of tensile and
shearing modes (Bgure 12b). Tensile mode of
cracking developed initially followed by the

(a)

(c)

(d)

(b)

Figure 12. The outcomes of the experimental investigation summarized in the concept diagram in the form of a central triangle
representing the consequences of different displacement rates and by integrating material strength and persistent ratio of non-
persistent joint-segment(s). The three vertices of the deformation triangle outlined the boundary conditions in response to
varying displacement rates. The strength of the material increases from soil to rock as the inertial forces enhanced accordingly in
a similar order. Creep of the bulk material along the fractured surfaces implied shearing and the process further escalate when the
persistent ratio of joint segments reached a critical value (0.20) or the displacement rate operates beyond a pedantic threshold (3
mm/min). The corresponding mechanisms of fracturing are shown in the inlets (a–d). Grey ellipse(s) represents preexisting
crack(s), and tension and shearing modes of cracking are shown by red and green colour, respectively. The sequence of
development of cracks is displayed by the ascending numerical order. The modes of cracking dominated by primary tensile wing
crack followed by the development of secondary shear crack and the possibility of developing early shearing mostly depends on
the displacement rate and joint persistent ratio.
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shearing mode in the region of mixed modes,
however, the order of the cracking modes mostly
depends on the persistent ratio of the induced or
inherent fracture. Finally, it is evident from the
three series of experimental investigations that
progressive enhancement of joint persistent ratio
sequentially develops cracks in the order of tensile
to shearing mode. Also, high persistent ratio of
joint-segment(s) witnessed enhancement in
strength within slow rates of displacement while
high rates correspond to decrease in strength
(Bgure 10).

5. Conclusions

This study investigated the displacement rate
dependency on the mechanical behaviour of pre-
cracked samples made of gypsum, under uncon-
Bned axial compressive forces. Three series of
experiments have been conducted: intact samples,
samples with single joint-segment of variable
lengths, and samples with two joint-segments of
identical length separated by a bridge.
We show that different rates of displacement

have diverse eAects on the mechanical behaviour of
molded gypsum with non-persistent joint. The
strength of intact and samples with single joint-
segment with low persistent ratios (0.10–0.15)
experienced enhancement in strength with
increasing displacement rates. Samples with high
persistent ratios (0.20–0.30) show initial increase
in strength at low rates followed by decrease
in strength at high rates. A critical rate of dis-
placement of 3 mm/min has been identiBed. The
strength of material at varying displacement rates
is significantly controlled by the persistence ratio
of the intersecting joint(s) and progressively
decreases from intact to single to double joint-
segmented samples. The difference between maxi-
mum and minimum strengths decreased with the
similar order. Also, the single joint-segment with
short lengths manifested maximum change in
strength than the joint-segment of larger lengths
where the variations were limited.
In addition to the strength and deformational

behavior, significant changes were observed in the
mechanisms of fracturing and patterns of damage
with the increasing displacement rates. The sam-
ples were extensively damaged when tested under
faster displacement rates. Mainly two types of
cracks developed from the pre-existing joint-
segment: (a) primary tensile wing cracks at the tips

of the initial joint that gradually propagated
towards the direction of maximum compression,
and (b) secondary shear cracks that also initiated
at the tips of pre-existing joint-segment(s) and
propagated along either the direction of displace-
ment or the coplanar direction of the induced joint-
segment(s) and in some instances caused shear
failure. Beyond a critical threshold (0.20) of per-
sistent ratio of non-persistent joints, shear mode
fracture development enhances at faster displace-
ment rates (C3 mm/min).
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