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Abstract

In the present study, the effects of angle and brittleness of interlayers on the shear failure behavior of notched bedding rock have
been scrutinized using experimental shear tests and particle flow code (PFC) simulation. Notched bedding models with dimensions
of 20 cm x 24 cm x 5 cm containing soft interlayer and hard interlayer were prepared. The ratio of compressive strength to tensile
strength in soft gypsum and hard gypsum are 12 and 7.8, respectively. The layer angel changed from 0° to 90° with an increment
of 15°. The lengths of notches in each model are similar and were equal to 20 mm, 40 mm, and 60 mm. Models were tested by Punch
shear by displacement loading rates of 0.05 mm/min. Results showed that pure tensile fracture was developed from the tip of the
notch, and propagated in the direction of the shear loading axis till coalescence with the model boundary. Whereas soft brittle gypsum
has less deformability in comparison to hard ductile gypsum therefore the continuity of shear displacement associated with crack
growth in soft interlayer was less than that in hard interlayer. Also, soft brittle gypsum has less shear strength in comparison to hard
ductile gypsum therefore the shear strength of bedding rock has maximum value when hard ductile gypsum was occupied more
percentage of shear surfaces. The failure mechanism was alike in both the numerical simulation and the experimental test.
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1 Introduction

High degree of anisotropy is represented by a significant
part of bedding rocks of sedimentary origin in the upper
layers of the earth's crust [1-5]. As one of the most pivotal
items in rock engineering, anisotropy must be investigated
exactly whether it is applied in mining, civil, petroleum
and geo environmental engineering. Seismic, mechani-
cal, thermal, and hydraulic behavior of rocks which dif-
fer in various orientations may influenced by presence of
hard and soft layers. If rock bedding layers' behavior is
not takes into account in engineering projects, according
to the expanse of rock anisotropy errors may happen in

various amounts [6—7]. Based on the spacing of bedding

planes, sedimentary rocks can be considered as isotropic
or anisotropic [8]. Especially when non-persistent or per-
sistent joints were developed thought these rocks (Fig. 1).

Concurrent with bedding layer weak plane, non-persis-
tent joint is defined as one kinds of discontinuity which
declines the rock strength and lead to rock instability [9-15].

Fig. 1 Bedding layer with non-persistent joints [2]

Therefore, the significance of evaluating the failure behav-
ior of notched rock under test is proved by instabilities of
layered rock containing discontinuities [16]. Preceding
research widely concentrated on the mechanical and failure
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mechanism of one-layer rock mass containing joint utiliz-
ing the physical [17-21] and numerical techniques [22-23].
Four kinds of cracks including coplanar frictional crack,
oblique frictional crack, tensile cracks, and anti-wing
cracks and seven modes of joints coalescence including
shear crack, splitting crack, mixed mode crack, etc. were
reported by Zhao et al. [24] and Wang et al. [13]. Four sorts
of stress strain diagrams of non-persistent jointed rock
were specified according to the coalescence of pre-ex-
isted joints and number of cracks at the post-peak phase
[25]. Prudencio and Van Sint Jan [20] during the assess-
ment of mechanical properties of notched rock found out
that strength parameter remarkably depends on failure
mode; while the strength related to the rotational breakage
is relatively low, the strength of rock mass sliding failure
is high. By conducting UCS test on the rock like notched
material with various notch angles, Kulatilake et al. [26]
found three failure modes for the jointed rock model pro-
posed by aforementioned researchers. The experiment out-
comes show that the failure mechanism of notched rock is
changed with the notch angel. Tien et al. [27] have been
studied the failure mechanism of anisotropic rock under
different loading condition. They utilized a rock like
material consist of an admixture of kaolinite and cement.
Failure patterns were included of sliding failure along dis-
continuities, sliding failure a cross discontinuity, pure ten-
sile crack, and split-tensile along weak plane. Many resem-
blances in terms of the fracture patterns and process can
be observed between the Kulatilake et al. [26] test results
and Tien et al. [27] outputs. Whereas the continuous forma-
tion of parallel layers forms the soft-hard interbedded rocks
therefore the loading capacity of bedding rock is impercep-
tible compared to the strength of the rock mass. Extensive
studies have focused on the failure characteristics of bed-
ding rock, lead to more attention to this research field.
Nonetheless, this consideration has been concentrated
on the study of failure mechanism of bedding rock under
physical UCS test [27-29], theoretical methods [30] or by
numerical modelling [31]. Zhao et al. [32] studied the effect
of boundary conditions on the failure mechanism of bed-
ding rock. In some research, the influence of angel of layer
angles on the failure mechanism of bedding rock has been
analyzed [33]. Many researchers employed materials like
gypsum and cement to provide layered rock-like materials
in laboratory tests to control the inclination and position of
bedding planes, effectively [34-37]. Whereas the majority
of collapse failures were occurred in anisotropic rock mass
therefore the investigation of shear behavior of notched

bedding rock is very useful for safety design of rock mass
engineering structures. This study presents the influence
of angel of layer and brittleness of layer on the failure
behavior of notched bedding rock utilizing experimental
punch shear test and PFC simulation. In this way, the PFC
was calibrated firstly by both UCS test and Brazilian test.
Secondly, verification of numerical outputs has been done
with results of experimental shear test. Finally, the com-
prehensive study was performed on the shear behavior of
notched bedding models.

2 Physical test

2.1 Make the hard gypsum and soft gypsum specimens
To make hard ductile plaster specimens, the amount of
water/Polyvinyl acetate/gypsum was chosen as 2/0.043/1.3.
First, gypsum was dissolved in water. Then polymer mate-
rial was added, and plaster slurry was cast into the mold.
For making soft brittle plaster specimens, the ratio of water
to gypsum was determined equal to 2/1. Cylindrical spec-
imens had a height of 108 mm and a diameter of 54 mm,
and the disk specimens had a height of 27 mm, and a diam-
eter of 54 mm. Samples were tested under Uniaxial com-
pression test (UCS) and Brazilian test. Five similar sam-
ples were prepared for each test. Fig. 2(a) and b represent
the failure pattern of soft and hard gypsum under UCS test
and Brazilian test. Uniaxial compressive strength, tensile
strength and Young Modulus of hard gypsum are 12.2 MPa,
1.55 MPa and 8.4 GPa, respectively. Uniaxial compressive
strength, tensile strength and Young Modulus of soft gyp-
sum are 7.8 MPa, 0.65 MPa and 3.95 GPa, respectively.

(b)
Fig. 2 (a) UCS test and (b) Brazilian test



The ratio of compressive strength to tensile strength in
soft gypsum and hard gypsum are 12 and 7.8, respectively.
It shows that brittle failure was occurred in soft gypsum
while ductile failure was happened in hard gypsum.

2.2 Preparing the notched bi-material layers

A box with dimensions of 200 mm X 240 mm x 50 mm
was utilized to build the main cast (Fig. 3(a)). The oily
sheet (Plexiglas) is placed in the upper and lower notches.
The slurry enters into the mold via the upper opening.
To prepare three layered samples, at first, hard gypsum
slurry was poured into the mold. Following 25 minutes,
the soft gypsum slurry was poured into the mold and finally
hard gypsum slurry was poured into the mold. After 25 min-
utes, the mold was opened, and the sample was removed
from the mold. The Plexiglas sheets were removed from
the sample so two notches were prepared in the specimen
(Fig. 3(b)). Thickness of soft gypsum in hard interlayered
model and soft interlayered model was 160 mm (Fig. 3(c))
and 80 mm (Fig. 3(d)), respectively. Each model was con-
sisted of two parallel edge notches (a in Fig. 3(c)) with
lengths of 20 mm, 40 mm and 60 mm. Opening of the
notches were 1 mm. Table 1 show the samples containing
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Fig. 3 (a) MDF mold, (b) physical notched layered specimen, (c) three layered model with hard interlayer, (d) three layered model with soft interlayer
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three layers with various edge notch length. After locating
the samples in a 22°C condition for 30 days, the notched
bedding rock tested in punch shear test condition using
a servo control compression test device. The UCS device
includes the test bed, loading control system, and data
acquisition system. The sample was located in the base and
maintained the horizontal contacts with the base. Special
geometry of specimen induces direct shear load on the
samples (Fig. 3(e)). Over the experiments, the displacement
loading rates were controlled to 0.05 mm/min. For calcula-
tion of shear stress, the applied force was divided to shear
surface that is equal to 24 cm x 5 cm.

2.3 Experimental observations

2.3.1 Failure pattern of layered samples

In three layers notched sample with hard gypsum inter-
layer (Table 2(a)—(c)), one tensile crack was initiated from
notch tip situated in lower soft layer and turned left for
a small distance. This crack was propagated parallel to
shear loading direction and go via the two interfaces till
reach to the upper notch tip. In the three-layer notched
models with soft gypsum interlayer (Table 2(d)—(f)), a sin-
gle tensile crack originated from the lower notch tip located
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and (e) notched bedding layer under punch shear test

Table 1 Three layered samples containing hard interlayer and soft interlayer with different notch length

Soft layer number/hard layer number = 2/1

Notch length (each notch in cm)

Soft layer number/hard layer number = 1/2

Notch length (each notch in cm)

2 6 6
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in the hard gypsum layer, turned left for a short distance,
and was propagated parallel to the shear loading direction
until it reached the lower interface of layers. Subsequently,
this tensile crack progressed through the soft gypsum layer
until it reached the second layer interface and continued
through the upper hard gypsum layer until it reached the
upper boundary of the sample. In the study, it was observed
that when the length of the notch was 4 cm, there was
a noticeable change in the direction of the tensile crack ini-
tiation in newborn samples. Specifically, the crack turned
towards the right and propagated upwards towards the
boundary of the sample. Differences between this failure
pattern (Table 2(e)) and failure patterns of both 2 cm and 6
cm notched sample (Table 2(d) and (f)) is due to differences
in position of pre-existing notches in the samples.

2.3.2 The influence of pre-existing joint length on the
shear stress-shear displacement curve

Fig. 4(a) and (b) show the shear stress-shear displacement
diagram for both three-layered model with hard interlayer
and three-layered model with soft interlayer, respectively.

The results of the 2 ¢cm notched model, 4 cm notched
model and 6 cm notched model were presented in each fig-
ure. Dip angle of shear stress-shear displacement diagram
or shear stiffness of model was reduced by enhancing the
notch length. Also, the shear displacement associated to
highest shear stress was reduced by enhancing the notch
length. In fact, according to fracture mechanic theory,
both stress intensity at the notch tips and stress interaction
between the notch tips were enhanced by enhancing the
notch length. These lead to reduce the shear stiffness and
shear displacement associated to maximum shear stress.

3 Numerical method

3.1 Discrete element method

Discrete element technique creates particular materials by
merging produced individual particles in the form of bond.
Particle flow code, PFC presumes whole of generated bodies
as rigid particles. Discs link each other via moment of force
and internal force. Therefore, the contact can be described
as point contact. The force-normal displacement and force-
shear displacement laws govern the relative displacement

Table 2 Failure patterns of three layered samples

Soft layer number/hard layer number = 2/1
Notch length (each notch in cm)
2 6 6

Soft layer number/hard layer number = 1/2
Notch length (each notch in cm)
2 6 6
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Fig. 4 shear stress-shear displacement curve for three layered model with (a) hard interlayer and (b) soft interlayer



between discs, which correlated with the contact stress [38].
There is a connection bond at the contact, and the interac-
tion can be calculated by employing the potential energy
function. Whereas Particle flow code enables large defor-
mation and fracture and separation of the macro structure
and deformation, or fracture is applied by transmission and
rotation of the discs. A considerable part of the deformation
in a physical system is defined as motion along the inter-
face. Deformation is mostly due to the interaction between
the particles that operate on rigid objects rather than the
deformation of individual particles. In the theory of dis-
crete elements, as soon as the internal force attains equi-
librium, the interaction between discs can be considered as
a dynamic process in equilibrium state. The applied force to
the discs and of the particle displacement can be measured
by monitoring the movement of each disc. The dynamic
step length can be characterized in time steps by presuming
the speed and accelerated speed are fixed for each time step.
By selecting explicit numerical computational technique to
simulate nonlinear interactions between great number of
discs, extreme storage and iterations are obstructed [39].
Since discs paste to each other via flat-joint (FJ) model in
this paper, the object formed by discs can be considered
as brittle materials. The interface of FJ model consists of
units, and the fracture of FJ units will lead to local fracture
of the interface, and the failure of interfacial contacts leads
to cracks. The contact interface of particles in a FJ model is
sectioned. As soon as the contact touches yield conditions,
the bonding effect is vanished. The bonding state is elastic
and linear. The units can be un-bonded or bonded and the
cracks will not merge or overlap each other. By flat joint
model it is possible to calibrate both tensile strength and
compressive strength correctly and simultaneously [39].

3.2 Calibration of micro-parameters of FJ model and
Smooth joint model

In particle flow code, the setting of material characteristics
ismanaged via describing inter-granular micro-parameters,
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i.e.,, electing inter-granular characteristics that ensure
whole of the macroscopic mechanical characteristics of
rock are delivered. Via UCS and typical Brazilian tests,
the parameters usually will be calibrated. The model can
be employed to simulate the material as soon as a specified
set of inter-granular micro-parameters is consistent with
all the macro-mechanical characteristics of the material.
In order to debugging, the identical modulus of elastic-
ity as the macroscopic one is chosen. The failure mode of
the sample is controlled by regulating the normal to tan-
gential bond strength ratio. Through uniaxial compression
test and Brazilian test, elasticity modulus, compressive
strength o_ and tensile strength o, were calibrated for both
of the soft gypsum and hard gypsum. FJ Micro properties
for both soft and hard gypsum models used in this study
are tabulated in Table 3.

Porosity of model was chosen as 0.08 according to PFC
manual to obtain the best compaction of model material.
Damping factor was 0.7 to stablish the static condition.
Macro Young modulus of model was affected by both
Young modulus of flat joint and Young modulus of disc
contacts. Poisson ratio of model was affected by both stiff-
ness of flat joint and stiffness of disc contacts. Compression
strength and tensile strength of model were calibrated by
cohesion of flat joint model and tensile strength of flat joint
model, respectively. Crack initiation stress was calibrated
by standard deviation flat joint cohesion and standard
deviation flat joint tensile strength. As for the calibrated
model, Young's modulus of soft gypsum £ = 4 GPa, com-
pressive strength of soft gypsum o= 7.9 MPa, and tensile
strength of soft gypsum o, = 0.7 MPa. Also, Young's mod-
ulus of hard gypsum E = 8.3 GPa, compressive strength
of hard gypsum o, = 12.35 MPa, and tensile strength of
hard gypsum o, = 1.61 MPa. The interval can be recog-
nized between reference amounts and calibrated outcomes
is relatively minor, means the micro-parameters can be
employed to describe soft gypsum and hard gypsum.

Table 3 Micro parameters of both of the soft gypsum and hard gypsum

Particle micro properties Soft model  Hard model FJ Micro properties Soft model  Hard model
Minimum particle radius (mm) 0.15 0.13 Young modulus (GPa) 5 8
Particle radius ratio 1.6 1.5 Friction (°) 32 39
Normal stiffness to shear stiffness ration 1.3 1.5 FJ bond tensile strength (MPa) 0.5 1.4
Density (kg/m?) 2400 2600 Standard deviation of tensile strength (MPa) 0.05 0.14
Young modulus (GPa) 5 8 FJ bond cohesion (MPa) 5 10
Cohesion standard deviation (MPa) 0.5 1

Normal stiffness to shear stiffness ration 1.3 1.5
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The smooth joint model (SJM) simulates the behav-
ior of a smooth interface, irrespective of the local particle
contact directions along the interface [40]. The interface
between soft gypsum and hard gypsum was created by the
SJM in this paper. Smooth joint model will be used when
a weak plane exists in the model. SIM only was adjusted
in the interfaces between hard gypsum and soft gypsum.
Whereas there are not any weak planes in the hard rock
and soft rock therefore SJM is not applicable for other sit-
uations. Both of the experimental indirect tensile test and
numerical indirect tensile test were done on the bi-material
disc to specify the micro parameters of SJM (Normal stiff-
ness = 350 GPa/m, Shear stiffness = 200 GPa/m, Friction
coefficient = 0.8 and Large strain flag = 1). Fig. 5 shows the
schematic of Brazilian test on bi-material disc.

The tensile strength of contact surface between soft
gypsum and hard gypsum were 1.83 MPa and 1.86 MPa
in laboratory test and numerical simulation, respectively.
This demonstrates that the numerical result achieves
a good agreement with laboratory tests. Whereas the ten-
sile strength of contact interface (1.86 MPa) is more than

Loading wall
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Fig. 5 Schematic view of Brazilian test on bi-material disc

both tensile strength of soft gypsum (0.65 MPa) and ten-
sile strength of hard gypsum (1.55 MPa) therefore it can be
concluded that welded interface, with high tensile strength,
exists between the soft gypsum and hard gypsum.

3.3 Model development by PFC

A model with dimension of 240 mm x 200 mm in PFC?P
which includes three layers with soft interlayer and hard
interlayer were simulated to be tested under punch shear
tests (Table 4 and Table 5).

Table 4 Bedding models; gray and blue colors are representative of hard and soft gypsum, respectively

Bedding layer angle (°)

0 15 30

40

60 75 90
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Table 5 Bedding models; gray and blue colors are representative of hard and soft gypsum, respectively

Bedding layer angle (°)

0 15 30

40

60 75 90

(®)

(

(p) @

) ®

@

)

(y)

(2)

(aa)

@

(bb)

Each model consisted of two parallel edge notches with
lengths of 20, 40, and 60 mm and an opening of 1 mm
(Table 4 and Table 5). Bedding layer angles altered from
0° to 90° with increment of 15°. Each model was con-
sisted of two parallel edge notches with lengths of 20 mm,
40 mm and 60 mm. Opening of the notches were 1 mm.
Thickness of soft gypsum in horizontal hard interlay-
ered model and horizontal soft interlayered model was
160 mm (Table 4(g)) and 80 mm (Table 5(g)), respectively.
Two horizontal bans of particles with wide of 10 mm
were removed from top of the model in both of left side
and right side. Also, one horizontal band of particles was
removed from bottom of model in the middle to create
the punch shear test condition. The upper and lower walls
were moved near one another at a velocity of 0.016 m/s
to simulate the punch shear test. The shear displacement
was calculated using the displacements of the upper wall.
In order to evaluate the applied shear force, put forth on
the modeled sample, the reaction forces on the upper wall
were documented. For the calculation of applied shear

stress, 50% of applied force was divided into the one shear
surface that is equal to 240 mm duo to double shear condi-
tion. Totally 56 models were subjected to punch shear test.

4 Numerical results
4.1 Failure patterns of numerical models
4.1.1 Failure pattern of three-layered model with hard
interlayer
Table 6 displays the failure patterns of three-layer models
with hard interlayers, with variations bedding angles and
edge notch lengths. Gray color and blue color are hard
gypsum and soft gypsum, respectively. Also, black line
and red line represent the tensile crack and shear crack,
respectively.

a) Intact model
When the bedding layer angles were 0° and 15° (Table 6(a)
and (b)), a single tensile crack started from the middle
of the lower boundary in hard gypsum layer. This crack
propagated upwards in the vertical axis until it reached the
upper boundary of the hard gypsum. When bedding layer
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Table 6 Failure patterns of three-layered model with hard interlayer; gray and blue colors are representative of hard and soft gypsum, respectively

Bedding layer angle (°)

0 15 30
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60 75 90
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@

(aa) (bb)

angle were more than 15° (Table 6(c)—(g)), a single tensile
crack started from the middle of the lower boundary in
soft gypsum layer. This crack propagated upwards in the
vertical axis until it reached the lower interface of the soft
gypsum and hard gypsum layers. After passing through
the hard interlayer, the crack reached the upper interface
of the hard gypsum and soft gypsum layers and continued
to propagate through the second soft gypsum layer until it
reached the upper boundary of the soft gypsum.

b) Notch length =2 cm
When bedding layer angle was 0° (Table 6(h)), a single
tensile crack initiated at the upper notch tip in the soft
gypsum layer and turned right for a short distance. It is
followed by a parallel propagation to the direction of shear
loading until it reaches the lower notch tip. The propaga-
tion of a crack was observed across the soft gypsum mate-
rial along its entire trajectory.

When bedding layer angles were more than 0°
(Table 6(i)—(n)), a single tensile crack initiated at the
lower notch tip in the soft gypsum layer and turned left
for a short distance. This crack propagated upwards in the

vertical axis until it reached the lower interface of the soft
gypsum and hard gypsum layers. After passing through
the hard interlayer, the crack reached the upper interface
of the hard gypsum and soft gypsum layers and continued
to propagate through the second soft gypsum layer until it
reached the upper boundary of the soft gypsum.

¢) Notch length =4 cm and 6 cm
When bedding layer angle was 0° (Table 6(o) and (v)),
a single tensile crack initiated at the upper notch tip in the
soft gypsum layer and turned right for a short distance.
It is followed by a parallel propagation to the direction
of shear loading until it reaches the lower notch tip. The
propagation of a crack was observed across the soft gyp-
sum material along its entire trajectory.

When bedding layer angles were more than 0°
(Table 6(p)—(u) and Table 6(w)—(bb)), a single ten-
sile crack started at the lower notch tip in the soft gyp-
sum layer and turned left for a short distance. This crack
propagated upwards in the vertical axis until it reached
the lower interface of the soft gypsum and hard gyp-
sum layers. After passing through the hard interlayer, the



crack reached the upper interface of the hard gypsum and
soft gypsum layers and continued to propagate through
the second soft gypsum layer until it reached the upper
boundary of the soft gypsum. It's to be note that, in con-
stant notch length, the crack growth length in soft layer
increased by increasing the layer angle while its length
in hard layer was decreased. In constant layer angle, the
crack growth length in soft layer decreased by increas-
ing the notch length while its propagation length in hard
layer is constant. By comparison between Table 2(a), (b)
and (c) and Table 6(n), (u) and (bb), it can be concluded
that the failure patterns of hard interlayered models with
layer angle of 90° are similar to those of physical samples.

4.1.2 Failure pattern of three-layered model with soft
interlayer

Table 7 displays the failure patterns of three-layer models
with soft interlayers, with variations bedding angles and
edge notch lengths. Gray color and blue color are hard gyp-
sum and soft gypsum, respectively. Also, black line and red
line represent the tensile crack and shear crack, respectively.

Mortezaei et al.
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a) Intact model
When bedding layer angle were 0° and 15° (Table 7(a) and
(b)), a single tensile crack started from the middle of the
lower boundary in soft gypsum layer. This crack prop-
agated upwards in the vertical axis until it reached the
upper boundary of the soft gypsum.

When bedding layer angle were more than 15°
(Table 7(c)—(g)), a single tensile crack started from the
middle of the lower boundary in hard gypsum layer. This
crack propagated upwards in the vertical axis until it
reached the lower interface of the hard gypsum and soft
gypsum layers. After passing through the soft interlayer,
the crack reached the upper interface of the soft gyp-
sum and hard gypsum layers and continued to propagate
through the second hard gypsum layer until it reached the
upper boundary of the hard gypsum.

b) Notch length =2 cm
When bedding layer angle was 0° (In Table 7(h)), a single
tensile crack started at the lower notch tip in the soft gyp-
sum layer and turned left for a short distance. It is followed
by a parallel propagation to the direction of shear loading

Table 7 Failure patterns of three-layered model with soft interlayer; gray and blue colors are representative of hard and soft gypsum, respectively

Bedding layer angle (°)

0 15 30

40

60 75 90
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until it reaches the upper notch tip. The propagation of
acrack was observed across the soft gypsum material along
its entire trajectory. When bedding layer angles were more
than 0° (In Table 7(i)—(n)), a single tensile crack started at
the lower notch tip in the hard gypsum layer and turned left
for a short distance. This crack propagated upwards in the
vertical axis until it reached the lower interface of the hard
gypsum and soft gypsum layers. After passing through
the soft interlayer, the crack reached the upper interface
of the soft gypsum and hard gypsum layers and continued
to propagate through the second hard gypsum layer until it
reached the upper boundary of the hard gypsum.

c¢) Notch length =4 cm and 6 cm
When bedding layer angle was 0° (Table 7(0o) and (v)),
a single tensile crack started at the lower notch tip in the
soft gypsum layer and turned left for a short distance. It is
followed by a parallel propagation to the direction of shear
loading until it reaches the upper notch tip. The propaga-
tion of a crack was observed across the soft gypsum mate-
rial along its entire trajectory.

When bedding layer angles were more than 0°
(Table 7(p)—(u) and Table 7(w)—(bb)), a single tensile crack
started at the lower notch tip in the hard gypsum layer
and turned left for a short distance. This crack propagated
upwards in the vertical axis until it reached the lower inter-
face of the hard gypsum and soft gypsum layers. After
passing through the soft interlayer, the crack reached the
upper interface of the soft gypsum and hard gypsum layers
and continued to propagate through the second hard gyp-
sum layer until it reached the upper boundary of the hard
gypsum. It is to be note that, in constant notch length, the
crack growth length in hard layer increased by increasing
the layer angle while its length in soft layer was decreased.

In constant layer angle, the crack growth length in hard
layer decreased by increasing the notch length while its
propagation length in soft layer is constant. By compar-
ison between Table 2(a), (b) and (c) and Table 7(n), (u)
and (bb), it can be concluded that the failure patterns of
soft interlayered models with layer angle of 90° are similar
to those of physical samples.

4.2 Rose diagram of crack growth

Table 8 represents Rose diagram of crack growth in hard
interlayered model and soft interlayered model with bed-
ding angle of 75 degrees, respectively. The results of 2 cm
notched model, 4 cm notched model and 6 cm notched
model were presented in Table 8.

In all configurations, the angles between micro cracks
and horizontal axis changed from 75 to 105 degrees, which
shows that the variations of notch length and bedding
layer mechanical properties have not important influence
on angle of the major fractures. Also in constant notch
length, for example notch length of 2 cm, the cracks num-
bers in soft interlayered model (Table 8(a)) was more than
that in hard interlayered model (Table 8(d)). Because crack
growth length in soft interlayer (Table 7(m), (t), (aa)) was
more than that in hard interlayered model in this layer
angle (Table 6(m), (t), (aa)). Whereas the soft interlayer has
brittle behavior in comparison to hard ductile interlayer
therefore cracks numbers in soft interlayered model was
more than that in hard interlayered model.

4.3 Influence of model brittleness on the shear stiffness

Fig. 6(a)—(c) represents the influence of layer angle on the
shear stiffness of bedding model. This figure for notch length
of 2 cm, 4 cm and 6 cm were divided to three sections.

Table 8 Rose diagram of cracks in models with bedding angle of 75° containing different notch lengths

(Hard layer / soft layer)

Notch length (one notch in cm)
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Fig. 6 Effect of layer angle on shear stiffness for notch length of,
(a) 2 cm, (b) 4 cm and (c) 6 cm

Totally, the shear stiffness of hard interlayered model was
decreased by increasing the layer angle while shear stiff-
ness of soft interlayered model was increased by increas-
ing the layer angle. In hard interlayered model, the crack
growth length in hard ductile layer was decreased by
increasing the layer angle (Table 6) while crack growth
length in soft interlayered was increased by layer angle
(Table 7). Whereas the mechanical properties of hard
ductile gypsum are more than that of soft brittle gypsum
Therefore shear stiffness of hard interlayered model was
reduced by enhancing the layer angle. When notch length
was 2 cm and layer angle was less than 60°, shear stiff-
ness of hard interlayered model was more than that of soft
interlayered model. When layer angle was more than 60°,
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shear stiffness of soft interlayered model was more than
that of hard interlayered model. In other word, when layer
angle was less than 60°, crack growth length in hard duc-
tile layer was more than that in soft interlayered model
while crack growth length in hard ductile layer was less
than that in soft interlayered model for layer angle of more
than 60°. Whereas the mechanical properties of hard duc-
tile gypsum are more than that of soft brittle gypsum,
therefore shear stiffness of hard interlayered model was
more than that of soft interlayered model for layer angle
of less than 60°. When notch lengths were 4 cm and 6 cm,
shear stiffness of hard interlayered model was more than
that of soft interlayered model for any layer angle. In these
configurations, crack growth length in hard ductile layer
was more than that in soft interlayered model. Whereas
the mechanical properties of hard ductile gypsum are
more than that of soft brittle gypsum, therefore shear stiff-
ness of hard interlayered model was more than that of soft
interlayered model for any layer angle.

4.4 Influence of notch length on the shear stiffness

Fig. 7(a)—(g) represents the effect of notch length on the
shear stiffness. This figure for different layer angles was
divided to seven sections.

The results of hard interlayered model and soft inter-
layered model were presented in each figure. When layer
angle was 0° (Fig. 7(a)), shear stiffness's were similar
in hard interlayered model and soft interlayered mode.
Whereas tensile cracks were developed completely through
soft brittle gypsum in these configurations (Table 6(h),
(0), (v) and Table 7(h), (0), (v)), therefore their shear stiff-
ness's are nearly similar, too. When layer angles were
15°, 30° and 45° (Fig. 7(b)—(d)), totally shear stiffness was
reduced by enhancing the notch length. This behavior can
be attributed to fracture mechanics theory, wherein the
stress intensity at the notch tips and the stress interaction
between the notch tips is amplified by increasing the notch
length, leading to lower shear stiffness. Shear stiffness of
hard interlayered model was more than that of soft interlay-
ered model for any notch length. In these configurations,
crack growth length in hard ductile layer (Table 6(i)—(k),
(p)—(r), (W)—(y)) was more than that in soft interlayered
model (Table 7(1)—(k), (p)—(r), (W)—(y)). Whereas the shear
stiffness of hard ductile gypsum is more than that of soft
brittle gypsum, Therefore, shear stiffness of hard interlay-
ered model was more than that of soft interlayered model
for layer angle of 15° 30° and 45°. By increasing the
layer angle from 15° to 45°, differences between the shear
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stiffness of hard interlayered model and soft interlayered
model was decreased due to increasing the presence of soft
brittle gypsum in shear surface direction (Fig. 5(b)—(d)).
When layer angles were 60°, 75° and 90° (Fig. 5(e)—(g)),
totally shear stiffness was reduced by enhancing the notch
length. When notch length was 2 cm, shear stiffness of 60°
hard interlayered model was less than that of soft interlay-
ered model. Because in this configuration, crack growth
length in hard ductile layer (Table 6(1)—(n)) was less than
that in soft layer (Table 7(1)—(n)). When notch lengths were
4 cm and 6 cm, shear stiffness of hard interlayered model
was more than those of soft interlayered model. In these
configurations, crack growth length in hard ductile layer
(Table 6(s)—(u), (z)—(bb)) was more than that in soft inter-
layered model (Table 7(s)—(u), (2)—(bb)). By increasing the
layer angle from 60° to 90°, differences between the shear
stiffness of hard interlayered model and soft interlayered
model was decreased due to increasing the mobilization of
soft brittle gypsum in shear surface direction in hard inter-
layered model (Table 6(1)—(n), (s)—(u), (z)—(bb)).

4.5 Influence of model brittleness on the shear strength
Fig. 8(a)—(c) represents the influence of layer angle on
the shear strength. This figure for notch length of 2 cm,
4 cm and 6 cm were divided to three sections. Totally, the
shear strength of hard interlayered model was decreased
by increasing the layer angle while shear strength of soft
interlayered model was increased by increasing the layer
angle. In hard interlayered model, the crack growth length
in hard ductile layer was decreased by increasing the layer
angle (Table 6) while in soft interlayered model, crack
growth length in hard layer was increased by increasing
layer angle (Table 7). Whereas the mechanical proper-
ties of hard ductile gypsum is more than that of soft brit-
tle gypsum, therefore shear strength of hard interlayered
model was reduced by enhancing the layer angle. When
notch length was 2 cm and layer angle was less than 60°,
shear strength of hard interlayered model was more than
that of soft interlayered model. When layer angle was more
than 60° shear stiffness of soft interlayered model was
more than that of hard interlayered model. In other word,
when layer angle was less than 60°, crack growth length
in hard ductile layer was more than that in soft interlay-
ered model while crack growth length in hard ductile
layer was less than that in soft interlayered model for layer
angle of more than 60°. Whereas the shear strength of hard
ductile gypsum is more than that of soft brittle gypsum,
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therefore shear strength of hard interlayered model was
more than that of soft interlayered model for layer angle
of less than 60°. When notch lengths were 4 cm and 6 cm,
shear strength of hard interlayered model was more than
that of soft interlayered model for any layer angle. In these
configurations, crack growth length in hard ductile layer
was more than that in soft interlayered model. Whereas
the shear strength of hard ductile gypsum is more than
that of soft brittle gypsum, therefore shear strength of hard
interlayered model was more than that of soft interlayered
model for any layer angle.
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4.6 Influence of notch length on the shear strength

Fig. 9(a) and (b) show the influence of bedding layer angle
on the shear strength for soft interlayered model and hard
interlayered model, respectively. The results of three notch
length were presented in each figure. The shear strength
was reduced by enhancing the notch length. This behavior
can be attributed to fracture mechanics theory, wherein
the stress intensity at the notch tips and the stress interac-
tion between the notch tips is amplified by enhancing the
notch length, leading to lower shear strength associated
with 6 cm notched models.

By comparison between Fig. 9(a) (for layer angle of 90°)
and Fig. 4(a), it can be concluded that the shear strengths
of hard interlayered models are similar to those of physical
samples. Also, by comparison between Fig. 9(b) (for layer
angle of 90°) and Fig. 4(b), it can be concluded that the
shear strengths of soft interlayered models are similar to
those of physical samples.

5 Discussion

There is a close relationship between notch length and
shear strength of model. The length of rock bridge was
reduced by enhancing the notch length. This leads to
enhancing the stress intensity at tip of the notches and
increasing the stress interaction between the notches.
Therefore, the required energy for crack propagation was
decreased and shear strength was decreased, too.

When notch length was 2 cm and layer angle was less
than 60°, both shear strength and shear stiffness of hard
interlayered model was more than that of soft interlayered
model. When layer angle was more than 60°, both shear
strength and shear stiffness of soft interlayered model was
more than that of hard interlayered model. In other word,
when layer angle was less than 60°, crack growth length in
hard ductile layer was more than that in soft interlayered
model while crack growth length in hard ductile layer was
less than that in soft interlayered model for layer angle of
more than 60°. Whereas the mechanical properties of hard
ductile gypsum are more than that of soft brittle gypsum,
therefore both shear strength and shear stiffness of hard
interlayered model was more than that of soft interlayered
model for layer angle of less than 60°. When notch lengths
were 4 cm and 6 cm, both shear strength and shear stiff-
ness of hard interlayered model was more than that of soft
interlayered model for any layer angle. In these configura-
tions, crack growth length in hard ductile layer was more
than that in soft interlayered model. Whereas the mechan-
ical properties of hard ductile gypsum are more than that
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interlayer model and (b) hard interlayer model

of soft brittle gypsum, therefore both shear strength and
shear stiffness of hard interlayered model was more than
that of soft interlayered model for any layer angle. When
notch length was 2 cm and layer angle was less than 60°,
axial displacement associated to maximum shear stress of
hard interlayered model was more than that of soft inter-
layered model. When layer angle was more than 60°, axial
displacement associated to maximum shear stress of soft
interlayered model was more than that of hard interlayered
model. When notch lengths were 4 cm and 6 cm, axial
displacement associated to maximum shear stress of hard
interlayered model was more than that of soft interlayered
model for any layer angle.

6 Conclusions
In present study, the effect of interlayer mechanical char-
acteristics on the rock shear strength, shear stiffness and
failure pattern was studied using experimental test and
PFC simulation. Also, the influences of layer angle and
notch length on the shear mechanism of notched bedding
rock were cleared. The results show that:
* In all configurations, the tensile crack initiates from the
notch tip and propagated parallel to the shear loading
direction until coalescence with the model boundary.



Shear displacement related to maximum shear stress
was reduced by enhancing the notch length.

The number of fractures in the soft layer was more
than that in the hard layer due to the brittleness effect
of soft gypsum.

The shear strength of the hard interlayered model was
decreased by increasing the layer angle while the shear
strength of the soft interlayered model was increased
by raising the layer angle.

In all configurations, the angles between micro-cracks
and the horizontal axis changed from 75 to 105 degrees.
In constant notch length, the crack quantities in the
soft interlayered model were more than that in the
hard interlayered model.
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