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Abstract

The tensile strength and cracking behavior of layered rocks in a tensile stress field are one of the most significant characteris-
tics of rock masses, which may strongly affect the stability of rock structures. The study presented here investigated the effect
of layer spacing and inclination angle on the indirect tensile strength, crack development, failure pattern, and contact force
chain of layered disks under diametral loading using experimental and numerical investigations. Numerous experimental
models made from plaster were examined under diametral loading, and a two-dimensional Particle Flow Code (PFC?P) was
adopted for in depth simulation of the failure process. Both numerical and experimental results were found to be in great
agreement and showed that the increase in the layer orientation up to 15° results in the peak in the tensile strength followed
by a decrease. Specimens with the spacing ratio (SR) of 0.5 and 0.1 showed the highest and lowest tensile and compressive
stresses at the disk center, respectively. Moreover, the numerical analysis indicated the formation of three failure pattern
types: TL, PB, and TL-PB. Tensile cracks mainly formed in the direction of diametral loading, and their maximum number
formed at 15° and SR=0.5. Additionally, the shear ones formed in a conjugate system and had negligible numbers. The
analysis of the contact force chain showed that the layers do not affect the compressive force chain at a <45° but at higher
angles, the stronger layers transfer compressive force. However, when o ranges from 0° to 30°, tensile forces are distributed
in stronger layers, and with an increase in a, the concentration of these forces in these layers diminishes and the forces are
reoriented in the direction of diametral loading.

Keywords Layered rock - Diametral loading - Indirect tensile strength - Crack development - Contact force chain - PEC?P
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ISRM International society for rock mechanics FJ-BPM Flat-jointed bonded-particle model
TL Through layer fracture pattern DEM Discrete element method

PB Parallel to layer fracture pattern SR Spacing ratio

TL-PB Mixed fracture pattern List of symbols
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k, Shear stiffness of ball contacts (N/m)
R, Maximum radius of balls (mm)
R, Minimum radius of balls (mm)
%s Shear stiffness of flat-joint bonds (N/m)
%n Normal stiffness of flat-joint bonds (N/m)
Oyyp Oy, Oy, Stress tensor components in global coordi-

nate x,y (MPa)

a Layer inclination angle (°)
D Disk diameter (mm)
P Applied load at the failure of the disk (N)

1 Introduction

Investigation of the tensile strength of rocks is of paramount
importance since this property can govern the mechanical
behavior and failure mechanism of rock structures such as
slopes, pillars, and tunnels. A crucial factor affecting the
tensile behavior of rocks is anisotropy. Rocks are generally
anisotropic, predominantly stemming from discontinuities
such as schistosity, joints, and bedding planes [3]. Anisot-
ropy may adversely affect the tensile strength of rocks [1],
and if this is overlooked in the design of the structures built
within rocks, depending on the extent of anisotropy, serious
challenges may arise in various scales [4, 14].

Due to the inherent difficulties associated with the direct
determination of the tensile strength, it is primarily obtained
indirectly [40]. Diametral loading test, due to the ease of
sample preparation and the simple test procedure, is the
most widely used approach for the determination of the rock
tensile strength. In addition to the rock anisotropy, many
researchers have investigated factors affecting the tensile
strength in diametral loading tests. For instance, the effect of
the intermediate principal stress [58, 59], rock heterogeneity
[12, 13, 61], contact loading angle, and stress distributions
[2,7,8, 19, 20, 57], and frictional force between the loading
platens and disk-shaped specimens [16, 29, 33] have been
studied. The cracking processes in diametrically loaded sam-
ples have also been studied [41, 42, 51].

Many researchers have examined the tensile strength of
transversely isotropic rocks. Although micro-scale param-
eters such as porosity, grain size, and mineral content can
affect the tensile behavior and fracture pattern of stratified
rocks [46], the bedding orientation may exert a significant
effect on the tensile strength and fracture mode of such rocks
[10, 18, 35].

A few studies have investigated the impact of discontinu-
ity's inclination angle on the tensile strength of layered rocks
such as sandstone, shale, and slate and revealed that the ten-
sile strength generally reduces when the inclination angle
increases [21, 27, 28, 30, 34, 43, 47, 50, 54, 56, 60]. Tan
et al. [45] performed testing on slate specimens subjected
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to diametral loading and found that the tensile strength
decreases when the foliation inclination angle decreases
from 0° to 30° and remains roughly unchanged for higher
inclination angles.

However, Vervoort et al. [49] identified four distinct
trends for tensile strength versus layer inclination angle
after an extensive experimental investigation on different
anisotropic rocks, including sandstone shale, slates, schist,
and gneisses. These trends include almost stable, a plateau
for @ <45° then a steady decline, a downward trend, and
finally, falling sharply for @ <45° and then a plateau. Moreo-
ver, Xu et al. [53] experimentally investigated 23 types of
transversely isotropic rocks and introduced five different pat-
terns, including virtually unchanged, an upward trend, stable
before 60° and then an upward trend, downward trend for
up to 45°, then a plateau, and finally, U-shaped variation.
Xu et al. [52], based on the experimental studies carried out
on 20 anisotropic rocks, including schist, sandstone, gran-
ite, VRK hornfel, pyrophyllite, gneiss, and coal, established
six trends, including: almost stable, a downward trend fol-
lowed by a plateau, a plateau followed by an upward trend,
U-shaped, an upward trend followed by a plateau, and finally
an upward trend.

In recent years, thanks to the advent of high-speed com-
puters and the development of numerical methods, research-
ers have adopted numerical simulation to study the tensile
behavior and failure pattern of transversely isotropic rocks
under diametral loading conditions. Park et al. [35, 36]evalu-
ated the capability of parallel bond and smooth joint contact
models using PFC (2D&3D) for the simulation of the tensile
behavior of anisotropic samples subjected to diametral load-
ing. Their findings were consistent with experimental results
of both fracture pattern and tensile strength. However, the
effect of layer thickness on tensile strength and cracking pro-
cess and the distribution of tensile and compressive forces
in the layers were not investigated in this study. Duan and
Kwok [18] used PFC?P to assess the possibility of adopting a
parallel bond model along with a smooth joint model for the
numerical simulation of anisotropic rocks under diametral
loading, which showed that weak layers in such rocks could
be reasonably simulated by applying the smooth joint con-
tact model. They also concluded that the failure pattern and
strength of specimens are affected by the shear-to-normal
strength ratio and the stiffness of smooth joints, respectively.
However, in their study, flat-joint, bonded-particle model
(FJ-BPM) was not adopted, despite some recent studies
reporting its success in evaluation of mechanical behavior
and simulation of the cracking processes compared to the
parallel bond model [6, 44].

Yang and Huang [55] studied the effect of anisotropy
induced by joints in sandstone utilizing PFC?" and reported
that tensile strength peaks at @ =10° and minimizes at
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a=80°. Wang et al. [50] examined anisotropy in jointed rock
masses by adopting PFCP and experimental investigations
on biotite granulite samples and introduced an index named
directionality incorporating both anisotropy and spatial vari-
ability of the tensile strength. They found that in numerical
and experimental investigations, samples with a =30° and 0°
have the highest tensile strength. Xu et al. [53] investigated
the effect of the rock matrix's micro-structure and bedding
plane’s strength on the tensile strength using PFC?P and
found that the proportion of pre-existing cracks and shear
strength of the bedding planes greatly influence the tensile
strength.

Investigation of the cracking process may provide a bet-
ter understanding of the failure mechanism under diametral
loading. Experimental investigations conducted by Taval-
lali and Vervoort [48] and Khanlari et al.[27] on sandstone
specimens suggested three fracture patterns. The studies
showed that for layer inclination angle lower than 45°, the
central fracture is dominant, while for angles higher than
60°, fractures mainly propagate along the bedding plane. In
addition, for inclination angles between 45° and 60°, a mixed
pattern occurs. Similarly, Feng et al. [21] reported three pat-
terns based on laboratory experiments on shale. Yang et al.
[54] identified three fracture patterns, including arc fracture,
central fracture, and a combination of the two.

Liu et al. [32] adopted PFC?P to simulate the fracture
patterns evolving in the diametral loading test and sug-
gested that three patterns can develop, including splitting
across layers (a=0°-45°), splitting along layers (a=60°
to 90°), and combined fracture mode (@ =75°). Debecker
and Vervoort [15] conducted a numerical investigation on
slate specimens using Universal Distinct Element Code
(UDEC) and concluded that three fracture patterns occur
in diametral loading, including shear cracks near the load-
ing platens along schistosity and through layers for a <20°,
tensile cracks along schistosity for @ > 80°, and shear cracks
along schistosity when a ranges between 30° and 80°. Yang
and Huang [55] carried out a numerical investigation using
PFC?P and identified three failure modes, namely tensile
failure (a < 30°), shear failure (¢ =70° and 80°), and a com-
bination of the two modes (30° < a < 60° and 90°).

Tan et al. [45] employed Discrete Element Code (DEM)
to examine slate discs subjected to diametral loading and
found that when the angle between schistosity and loading
direction ranges from 0° to 45°, cracks propagate along the
bedding plane, for angles of 60°and 75°, mixed patterns
occur and for the angle of 90°, fractures propagate through
the schistosity. In fact, when the angle is 0° or 90°, ten-
sile splitting results in failure, whereas for 15°, 30° and 45°
angles, shear failure along schistosity dominate failure. For
60° and 75°, the combination of tensile splitting and shear
failure takes place. He and Afolagboye [22] used PFC2P to

study the impact of layer inclination angle and interlayer
bond strength of shale and reported higher strength when
loading was applied perpendicular than parallel to the lami-
nation planes and identified four groups of fracture patterns,
including curved, broken-linear, layer-activated, and central-
linear fractures. Their study demonstrated that as interlayer
bonding strength increases, the number of microcracks
decreases. However, the effect of the spacing ratio of layers
on the mechanical and cracking behavior of layered rocks
was not explored.

Furthermore, Yang et al. [54] adopted PEC?® to simu-
late the behavior of layered shale samples under diametral
loading conditions. The results indicated that tensile cracks
occurring within the rock matrix and shear cracks propagat-
ing along the bedding plane were responsible for fracturing,
and the bedding plane and bonding force existing between
layers governed the anisotropic response of shale. Xu et al.
[52] investigated the effect of the non-planar microstructure
of an anisotropic rock matrix using PFC?P, which indicated
that shear and tensile failure of pre-existing micro cracks
primarily led to the evolution of cracks in the rock matrix.

The effect of a sequence of weak and strong layers on ten-
sile behavior, crack development, failure pattern, and force
chain distribution of rock samples has not been thoroughly
investigated in a combined experimental and numerical
study yet. The strength anisotropy of layers may redistribute
the force chain in the layers and affect the crack develop-
ment, and result in a failure pattern [11, 17, 31]. Bedding
planes impose high anisotropy in layered rocks and strongly
affect failure pattern and stability of rock structures built
in/on layered rock mass. Therefore, more investigations are
required to explain layered rocks' tensile strength anisotropy
and failure mechanism. In this research, several experimen-
tal layered disks were made using a mix of plaster and water,
and strength anisotropy was implemented by using different
mix components. The layers were built using molding tech-
niques in which the upper one covers a lower layer before
complete hardening to create specimens made up of alternate
weaker and stronger layers. A vast number of laboratory
experiments, as well as numerical analyses using PFC2P,
were conducted to investigate the tensile behavior, crack
development failure pattern, and force chain distribution in
the layered disks subjected to diametral loading.

2 Experimental program

In this study, 21 layered disks were made of two mixes made
of different combinations of plaster and water. Non-layered
samples were also cast to characterize the mechanical prop-
erties of the mixtures. Three disks and three cylindrical
specimens were prepared for each of the mixtures.

@ Springer
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To build the layered disks, a transparent and closed cylin-
drical mold measuring 50 mm in inner diameter and 150 mm
in height was selected and laid horizontally. A longitudinal
slot was created on the top side of the mold for pouring the
mix into it, and its outer surface was marked to specify the
thickness of the layers. Stronger layers (Type 1) were made
using plaster and water by a weight ratio of 1.2:1 (plaster
to water) in contrast to the other layer (Type 2), which was
prepared by a weight ratio of 1:1. These proportions were
obtained through a trial-and-error process. The blue color
was added to the mixture of stronger layers so that the two
types of layers were visually distinguishable (see Fig. 1a).

The setting time was selected such that the penetration of
the two mixes into each other and the creation of interlayer
joints did not occur. Hence, after 60 s passed the time when
either of the mixtures was poured into the mold, the other
mixture was cast to make the next upper layer. This pro-
cess proceeded until the mold filled up completely, which
resulted in specimens containing alternate layers of Type
1 and Type 2. The specimens were then removed from the
mold and kept at room temperature for 14 days. Finally, the
cylindrical specimens were cut into disks of 25 mm thick-
ness required for the diametral loading test (see Fig. 1b).
Three groups of specimens were cast with different layer
thicknesses equal to 5 mm, 10 mm, and 25 mm. In this study,
the spacing ratio (SR) is defined as follows:

i
D

SR = (1)

where ¢, is the thickness of the layers and D is the disk diam-

eter. Therefore, the values of SR are obtained, including 0.1,
0.2, and 0.5. For each spacing ratio, seven different values of

Fig.1 a cast layered samples, b
layered disks

@ Springer

a, including 0°, 15°, 30°, 45°, 60°, 75°, and 90°, were cast
and examined.

The casting of non-layered disks and cylindrical speci-
mens followed the same procedure as the layered ones. How-
ever, the blue color was not added to the two mixes. After
curing the cylindrical specimens, both ends of the three
were cut perpendicular to the cylinder's longitudinal axis
and then leveled to create a sample measuring 120 mm high
and 50 mm in diameter and then subjected to axial loading.

Both uniaxial compressive and diametral loading tests
were performed in compliance with the methods suggested
by the International Society for Rock Mechanics [25].
Tensile strength is calculated according to the following
equation:

2P P
o= _5 = 0.6365 2
where o, is tensile strength, P is the applied load at the fail-
ure of the disk, D is disk diameter, and ¢ is disk thickness
(see Fig. 2).

3 Numerical simulations

In this paper, the Discrete Element Method (DEM) was
adopted to investigate the effect of layer geometry on the
tensile behavior of disk-shaped specimens. The Flat-jointed
bonded-particle model in two-dimensional Particle Flow
Code (PFC?P) was employed to examine tensile strength,
crack development, failure pattern, and force chain in the
samples [5, 9, 23, 37].
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Fig.2 Geometrical features of a layered disk

3.1 Flat-jointed bonded-particle model

In order to model the intact rock, the flat-jointed bonded-
particle model (FJ-BPM) was adopted. This model creates
a group of interconnected particles capable of modeling
intact materials. In this model, micro-properties of both par-
ticles and bonds govern how the assembly responds to vari-
ous loading conditions. In addition, each contact between
two particles simulates the response of an interface with
finite length and locally planar virtual surfaces divided into
bonded or unbounded elements [38]. These elements can
sustain the applied load as long as it does not exceed their
bond strength. When a bond fails, micro-cracks initiate, and
the stress state is redistributed, all of which result in the
bond progressively breaking. When these fractures develop,
expand and coalesce, macroscopic cracks appear.

3.2 Calibration of flat-joint BPM micro-parameters

Estimating the micro-properties of particles and bonds is not
feasible through laboratory experiments, but a trial-and-error
process using uniaxial compressive and diametral loading
can be employed instead [6, 9, 26]. In such a practice,
macro-properties measured in the laboratory are used as
boundary conditions to back-calculate the micro-properties
in the models. The micro-scale properties of a bonded par-
ticle model are commonly calibrated against UCS, E, v, and
o, [8, 39], which are obtained from unconfined compression

test and diametral loading test. The first three parameters are
calibrated using the results of the uniaxial compressive test.
The numerical model had the same dimensions as the labo-
ratory specimens mentioned in Sect. 2 for the uniaxial com-
pressive test and contained two approaching walls to apply
the compressive load. E, which depends on the particle
modulus (E,), the parallel bond modulus <E>, the particle

normal to shear stiffness ratio (k,/k;), and the parallel bond
normal to shear stiffness ratio (kn [k, |, was the first param-

eter that was calibrated. Then, in an iterative process, v,
which is a function of k, /k, and k, /k,, was back-calculated.
The next calibrated property was UCS, dependent on the
normal and shear strengths of parallel bonds [6, 9, 24, 39].
The fracture patterns for numerical models and experimental
samples are shown in Fig. 3, which reasonably match each
other.

The tensile strength is back analyzed by using the results
of diametral loading tests. The dimensions of the numerical
disks were equal to those of the experimental ones men-
tioned in Sect. 2. In the simulation stage, a measurement cir-
cle with a radius of 15 mm, was defined at the disk center to
monitor all two-dimensional stress tensor components dur-
ing the simulation. The maximum of o,, is reported as o, of
the numerical specimens. This calibration process ultimately
led to the final values of o, F» Cjp and ¢ B initially obtained
in the calibration of UCS. The resulting fractures at fail-
ure are shown in Fig. 4, which indicates a good agreement

@ Springer
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Fig.3 A comparison between
the final failure patterns
obtained from a numerical
simulation and b experimental
test of uniaxial compression test
for specimens made of Type 1
and Type 2 materials

between the results of numerical simulations and laboratory
tests.

The final values obtained from the calibration phase are
listed in Table 1, where R,,,, is the maximum circle's radius,
while R,;, is the minimum circle's radius. k,/k, is the ratio
of normal to shear stiffness of ball contacts. 4 is the radius
multiplier, EC is the elastic modulus of flat joint bonds, o, o
Cpj» and @g; are the tensile strength, cohesion, and friction
coefficient of flat joint bonds, respectively. k, /k, is the ratio
of the normal stiffness to the shear stiffness of a flat joint
bond.

Results of uniaxial compressive and diametral loading
tests, calculated from laboratory tests and numerical analy-
ses, are presented in Table 2. As evident, there are marginal
differences between these two groups of results.

Finally, the flat-joint model was used for layer contacts,
and the micro-parameters of the weaker layer (Type 2 in
Table 2) were assigned to the contact.

@ Springer

(b)
Type 1

(b)

Type 2

4 Results and discussion
4.1 Stress state
4.1.1 Indirect tensile strength (o,,)

After obtaining the values of micro-parameters, numeri-
cal analyses were conducted using PFC?P to reproduce
the experimental diametral loading tests. In the numerical
models, o,, represents the tensile strength of the disks. Both
numerical and experimental results are presented in Fig. 5.
The maximum values of ¢, for samples with SR=0.1, 0.2,
and 0.5 calculated from numerical simulations were 0.39,
0.40, and 0.54 MPa, and those computed from laboratory
experiments were 0.37, 0.43, and 0.51 MPa, respectively.
As evident in Fig. 5, the variation of tensile strength in all
the specimens followed the same trend with a few slight
differences, which matched the second trend introduced by
Vervoort et al. [49]. In all the specimens, o,, reached the
peak at a=15°, but for higher inclination angles, minor
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Fig.4 A comparison between

the final failure patterns
obtained from a numerical

simulation and b experimental
test of diametral loading test for
specimens made of type 1 and

type 2 materials

Table 1 Calibrated micro-parameters of the flat-joint BPM

Balls parameters Value
Material Type 1 Type 2
Density (kg/m®) 1100 1040
R,,;,(mm) 2.0 2.0
R,.s/Rpin 1.5 1.5
Friction coefficient 0.3 0.3
k,/k 2.1 2.1
Falt -join BPM parameters Value
2 1.0 1.0
E, (GPa) 0.5 0.1
o5 (MPa) 2.0 1.2
Cpj (MPa) 3.0 2.8
Prj 0.3 0.3
k,/k, 2.1 2.1
Number of elements 4.0 4.0
Table 2 Comp arison l:fetween Parameter Experimental Numerical Error (%)
the resulting data obtained from
laboratory tests and numerical Material Type 1 Type 2 Type 1 Type 2 Type 1 Type 2
simulations
6, (MPa) 6.66 5.13 6.60 5.22 1.00 1.88
E (GPa) 0.56 0.08 0.57 0.12 3.19 0.56
v 0.17 0.17 0.17 0.17 0.00 0.00
o, (MPa) 0.56 0.13 0.56 0.13 0.00 0.00

@ Springer
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Fig.5 Comparison between the
results of numerical simulations

—— SR=0.1 (Numeric)
- =M --SR=0.1 (Experiment)

—=— SR=0.2 (Numeric)
==& -- SR=0.2 (Experiment)

—&— SR=0.5 (Numeric)
==k =-SR=0.5 (Experiment)

and laboratory test results for 0.60
tensile strength (o,,)

Tensile strength (o,,) (MPa)

0 15

differences were observed. In samples with SR=0.1 and 0.2,
o,, dropped significantly with the increase in the inclination
angle and reached well below 0.05 MPa at a=75°. How-
ever, in samples with SR=0.5, o, reached the minimum of
0.05 MPa at a=90°. It is noteworthy that disks with SR=0.1
had the lowest values of ¢, compared to disks with SR=0.2
and 0.5 over the entire range of layer inclination angle. On
the other hand, when a < 75°, the highest values of ¢, occur
in specimens with SR=0.5, while for higher layer inclina-
tion angles, the highest values of ¢,, were seen in samples
with SR=0.2.

4.1.2 Compressive (0,,) and shear (o,,) stresses
The variations of compressive (o,,) and shear (o,,) stresses,

measured at the disk center, are shown in Figs. 6 and 7,
respectively. Generally, in samples with SR=0.1 compared

Fig. 6 Variations of compres-

30 45 60 75 90
Layer inclination angle (o) (degree)

to the other two disk groups, the lowest oy, Was measured,
while those with SR=0.5 had the highest values of this
stress component (see Fig. 6). In the former specimens, o,
remained nearly stable at around 1.2 MPa when a <15°. It
then declined steadily to 0.5 MPa at @ =75° before increas-
ing slightly to about 0.7 MPa at a=90°. For SR=0.2, o,
experienced an increase of around 0.2 MPa from a=0°-15°,
after which it fell constantly to 0.7 MPa at @ =75°, before
reaching to 1.8 MPa at a=90°. This high level of compres-
sive stress may be because of the fact that the central layer
acts as a vertical beam and increases the bearing capacity
of the samples, and compressive strength increases (see
Fig. 9g). The trend of o, for disks with SR=0.5 is akin to
that of those with SR=0.2, and this stress component peaked
at around 1.9 MPa at a=15°. However, when a varied from
75° to 90°, unlike disks with SR=0.2, Oy fell slightly from
0.65 MPa to 0.56 MPa.

—#— SR=0.1 --®--SR=0.2 —aA- =SR=0.5

sive stress at the center of the -2.50
layered disks (o,,)

-0.50

0.00

Compresive stress (g,,) (MPa)
=
f=]
)/ .
4
4
4
4
Vs .
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Fig.7 Variations of shear stress

—#— SR=0.1

==¢--SR=0.2 —aA- -SR=0.5

at the center of the layered disks 0.10
(©,)

Shear stress (g,,) (MPa)

0 15

In regards to the shear stress (oxy), various trends were
observed for the different layer spacing ratios (see Fig. 7).
For the samples with SR=0.1, the direction of o, changed
at a=15°, 60°, and 90°. Moreover, its magnitude increased
from a=0°-30° and peaked at 0.06 MPa. It then declined
considerably at @ =60°, followed by an increase at a="75°,
before falling to nearly 0.02 MPa at =90°. In the disks with
SR =0.2, the direction of shear stress changed at a=60°. In
addition, its magnitude rose to 0.06 MPa from a=0° to 30°,
followed by a noticeable fall at @ =60°. Afterward, it went
up steadily to about 0.04 MPa at 90°. Finally, when SR=0.5,
a change in the direction of ¢, occured at a=75°, and its
magnitude peaked at o =30° (0.08 MPa), which was then
followed by a dramatic decrease to 0.02 MPa at a="75°. This
value did not change for a=90°. However, the magnitude
of shear stress was far lower compared to that of tensile and
compressive stresses.

4.2 Fracture pattern

The different failure patterns of the three groups of layered
disks are presented for both numerical models and labora-
tory specimens (see Figs. 8, 9 and 10). In these figures, in the
numerical models, dark gray and light gray represent Type
1 and Type 2 material, respectively, while in the experimen-
tal samples, blue and white are indicative of those layers,
respectively. In general, three distinct fracture patterns are
recognizable in both numerical and experimental models
including: through layer fracture (TL), parallel to bedding
plane fracture (PB), and combined fracture pattern (7L—PB).
These patterns are consistent with those reported by Taval-
lali and Vervoort [48], Khanlari et al. [27], Feng et al. [21],
and Yang and Huang [55]. It is also noteworthy that 7L and
the PB occurring at @« =90° are vastly akin to the failure pat-
tern of non-layered specimens [41].

30 45 60 75 90
Bedding inclination angle () (degree)

4.2.1 Disks with SR=0.1

For these samples, fracture patterns are shown in Fig. 8.
As it can be seen, when a <30°, TL was the primary mode
that caused the failure. Additionally, cracks evolved along
the disk centerline, although there was a slight difference
between the failure surface of a=0° and a=15° (see Fig. 8a,
b). The failure surface of both samples was formed by cracks
propagating along an almost straight line beginning from
the contact with the upper platen and ending with the lower
platen. Furthermore, the pattern for the other layer incli-
nation angle was classified as PB. There were some micro
cracks in this group of samples that did not lead to complete
failure of the surface and could not be observed by the naked
eye in the experimental samples.

Experimental models for a=0° showed compaction in
the upper and lower weak layers, and the failure pattern dif-
fered completely from the numerical one (see Fig. 8a). The
fracture patterns of the remaining samples were virtually the
same as the numerical models. Therefore, it was inferred that
the numerical and experimental simulations were in good
agreement.

4.2.2 Disks with SR=0.2

Three fracture patterns were observed in these disks (see
Fig. 9). It can be seen from numerical results that when
a=0° and 15°, the dominant failure pattern was TL (see
Fig. 9a, b). The fracture formed a virtually straight line
along the disk centerline. However, the pattern for a=30°
and 45° are grouped into TL—PB as part of the bedding plane
was activated too (see Fig. 9c, d). The length of this part
was bigger in the disk with a =45°. Moreover, the pattern
for a=60°, 75°, and 90° was PB. However, in disks with
a=60° and 75°, cracks evolved along the bedding planes,
and micro-cracks branched from the major crack into one or
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Shear crack @~ ——— . Type 1
Tensile crack —— . Type 1

Fig. 8 Failure pattern of layered disks with SR=0.1

two layers, which was not discernible in the experimental
specimens. When a=90°, the central layer largely carried
the axial load, which resulted in high compressive stress and
a considerable number of tensile cracks (see Fig. 9g).
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f) 0=75"

(Experimental) I:l Type 2 (Experimental)
(Numerical) Type 2 (Numerical)

The fracture pattern of experimental samples closely
resembles that of numerical ones. However, at a=15°, two
layers detached and moved towards the upper and lower
parts of the specimen, while in the numerical specimens
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e) 0=60" f) 0=75"
Shear crack —— . Type 1 (Experimental) D Type 2 (Experimental)
Tensile crack —— . Type 1 (Numerical) ~ Type2 (Numerical)

Fig.9 Failure pattern of layered disks with SR=0.2

(see Fig. 9a, b), the signs of detachment were observable side of the sample. However, in the numerical sample,
only on the right side of the samples. Moreover, at a=90°  many cracks formed at the contacts of the disk with the
the split transpired along one bedding plane at the right  loading platens, mainly due to the buckling of the middle
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e) 0=60"
Shear crack R . Type 1 (Experimental) |:| Type 2 (Experimental)
Tensile crack ——— . Type 1 (Numerical) Type 2 (Numerical)

Fig. 10 Failure pattern of layered disks with an of SR=0.5
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layer (see Fig. 9g). This phenomenon occurred as the layer
was in direct contact with the platens, which imposed the
entire applied load on this layer.

4.2.3 Disks with SR=0.5

In experimental samples, especially for @ <45°, TL-PB fail-
ure pattern developed. A tensile crack formed at the disk
center, and a separation of layers occurred at the center too.
However, in numerical models, separating the two layers
did not occur, and samples failed in 7L mode (See Fig. 10a,
b, ¢ and d).

Furthermore, in both methods, PB evolved in disks with
a=60°, 75°, and 90° (see Figs. 13e, f, and g). In samples
with an inclination angle of 60° and 75°, a minor fracture
branched from the major fracture into the layers at both ends
of the bedding plane, whereas for @ =90°, a minor fracture,
beginning from the contact with the lower platen, propagated
in the strong layer and extend to near the disk center (see
Fig. 10g).

4.3 Crack development analysis
4.3.1 Cracking process

The cracking processes, ultimately leading to the failure of
the disks were thoroughly examined using numerical inves-
tigations (see Figs. 11, 12, 13). For disks with SR=0.1, ten-
sile cracks were mainly generated initially at the contact of
the disks with the upper loading platen. When a=0° and
15°, these cracks grew further along the disk centerline to
reach the lower contact, dividing the disks into two halves.
However, for higher values of a, the separation of layers
occurred. When 30° <a<75°, sliding occurred along one
bedding plane except for @ =45°, in which sliding was
observed along more bedding planes. Additionally, as slid-
ing progressed, tensile cracks began to branch off from the
bedding plane into the lower layers, inclined to the load-
ing axis. For a=90°, cracks grew along the bedding plane,
which coincided with the disk's vertical centerline, dividing
the disk into two halves (see Fig. 11).

Moreover, when SR=0.2 and a=0° and 15°, crack
formed initially in the stronger layers (Type 1), followed by
cracks developing in the middle layer (Type 2). The cracks
finally grew towards the contacts of the disks with the load-
ing platens, separating the disks into two halves. This pro-
cess was nearly similar to « =30° and 45°. However, in these
models, some cracks developed along part of the bedding
planes, which connected the cracks growing through the lay-
ers. This cracking process ultimately divided the disks into
two parts. For a>45°, sliding along the bedding planes of
the middle Type 2 layer took place. However, when a=60°

and 75°, some cracks evolved largely through that layer,
which was inclined towards the loading direction (Fig. 12).

Finally, for SR=0.5 and a <45°, cracks mainly initiated
at the contact of the Type 2 layer with the lower loading
platen, and then they formed at the contact of the Type 1
layer with the upper loading platen. These cracks devel-
oped further towards the disk center, resulting in the speci-
mens breaking into two halves. For a =60° and 75°, cracks
formed along the bedding plane, and at the final stages, those
branched off the two ends of the plane, evolving towards
the contacts with the loading platens. For these specimens,
the two layers slide along the bedding plane. When a =90°,
cracks developing along the bedding plane caused the disk
to split (see Fig. 13).

It is worth mentioning that the cracking process of models
where cracks initiate at the contacts of disks with loading
platens resembled that of a non-layered rock specimen [7].

4.3.2 Number of cracks

Another significant factor that should be considered is the
number of cracks forming in the disks. When rocks are
loaded, two types of primary cracks may emerge, including
shear and tensile cracks. During the numerical simulation,
the number of each of the cracks was recorded for every
disk. The variations in the number of cracks versus layer
inclination angle () are presented in Figs. 14—16. Although
each group had its own specific trend, the most significant
common feature among them is that the lowest number of
cracks is generated at @ =90°. Additionally, tensile cracks
account for substantially the highest proportion of the total
cracks created in the disks.

In specimens with SR=0.1, the number of tensile cracks
peaked at a=15° before experiencing an abrupt decline at
a=30° (see Fig. 14). Then, it rose at a =45°, followed by
a noticeable decrease at « =90°. In contrast, the trend for
shear crack differed slightly, and its number peaked at 100 at
a=15° and fell continuously to nearly zero at a =90.

However, the number of shears and tensile cracks of disks
with SR=0.2 followed a different trend (see Fig. 15). The
number of tensile cracks increased from about 700-1000
in a=30° and remained constant at a =45°, followed by a
considerable decline at @ =90° with 84 cracks. The figure
for shear cracks followed the same trend as tensile cracks,
with the highest value of around 200 and the lowest value of
roughly zero at @ =90° and 75°, respectively.

Finally, for samples with SR=0.5, the number of tensile
cracks remained approximately unchanged at about 1000
between layer inclination angles of @ =0° and 45°, after
which it dropped to well under 200 at @ =90°. It should
be noted that shear cracks followed a trend approximately
similar to that of tensile cracks (see Fig. 16).
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Fig. 11 Failure process of lay- o)
ered disk samples with SR=0.1
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4.3.3 Crack orientation

The orientation of the cracks generated in the disks was
evaluated using numerical simulations. Generally, shear
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Failure process

Shear crack  ——— [l Type1

. Type 2

Tensile crack

cracks create a conjugate system, and tensile ones are nearly
vertical (see Figs. 17-19). In these diagrams, a dip is meas-
ured from the positive x-direction pointing to the right of
the specimens. The dip ranged from 0° to 180°. A dip equal
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Fig. 12 Failure process of lay- a’) Failure process
ered disk samples with SR=0.2

30

45

60

75

90

Shear crack ~——— . Type 1
Tensile crack —— | Type2

to 90° specifies vertical cracks, and 0° or 180° represent  of the disks and those having dip between 90° and 180°
horizontal cracks in the disks. Additionally, cracks with  dip towards the left one and to obtain the true dip of these
dip ranging between 0° and 90° dip towards the right side  cracks, their dip on the diagrams need to be subtracted from
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Fig. 13 Failure process of lay-
ered disk samples with SR=0.5

180°. In the following sections, crack orientation is exam-

ined thoroughly.

4.3.3.1 i) Disks with SR=0.1 As it can be seen from Fig. 17
(blue rosette diagrams), there was one dominant shear crack
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Failure process

Shear crack =~ —— . Type 1
Tensile crack ——— | Type2

set for o ranging between 15° and 75°, whose dip was either
less than 90° or equal to 140°. It is observed in the disks
with a layer inclination angle of 15°, 30°, and 75° that the
dip of the dominant crack sets was 40°, 60°, and 20°, respec-
tively (see Fig. 17b, ¢, and f). When a=45° and 60°, the dip
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Fig. 14 Variation in the number
of shear and tensile cracks ver-
sus layer inclination in samples
with SR=0.1
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Fig. 15 Variation in the number
of shear and tensile cracks ver-
sus layer inclination in samples
with SR=0.2
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Fig. 16 Variation in the number
of shear and tensile cracks ver-
sus layer inclination in samples
with SR=0.5
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2) 0=90

Fig. 17 Rosette diagrams for a disk with a spacing ratio of 0.1 (SR=0.1) at failure; blue: shear, red: tension (color figure online)

of the dominant crack set was 140° (see Figs. 17d, e, g). In
the model with @=90°, two major shear crack sets grew,
dipping at 80° and 120°. However, when a=0°, four major
crack sets evolved with dips of 20°, 100°, 140°, and 160°.
Note that crack sets with dips equal to 20° and 140° were
the most frequently occurring cracks in the disks. Besides,
in disks with a=0°, 15°, and 30°, cracks evolved in more
directions than in other disks.

@ Springer

As far as tensile cracks are concerned, they primarily had
a dip ranging between 60° and 120° (see Fig. 17a, b, c, d,
e, f, g). For a=15°, predominant tensile crack sets dipped
from 80° to 100°, while for a«=0°, 30°, 45°, 60°, and 90°,
these cracks mainly grew at a dip equal to 100°. However,
for the disk with a="75°, the dip of the primary crack set was
60°, and most of the tensile cracks formed at a dip ranging
between 20° and 120° (see Fig. 17, red rosette diagrams).
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j4a 28 42 48 |7

2) 0=90’

Fig. 18 Rosette diagrams for the disk with a spacing ratio of 0.2 (SR=0.2) at failure; blue: shear, red: tension (color figure online)

4.3.3.2 ii) Disks with SR=0.2 1t is evident in Fig. 18 (blue
rosette diagrams) that there was one major shear crack set
for all the samples except for the disk with @ =15° in which
three primary crack sets were created and for a=90° where
only one single shear crack occurred. The dip of the domi-
nant set were 20° (a¢=0° and 75°), 40° (a=30°), and 160°
(a¢=45° and 60°), while for a=15°, the dip of the dominant
crack sets were 20°, 40°, and 140°. In addition, in samples

with a=30°, cracks developed in fewer dips than in other
disks.

On the other hand, the red Rosette diagrams show that
most of the tensile cracks propagated at dip ranging between
80° and 100° except for the disks with a=65°, 75°, and
90° (see Fig. 18, red rosette diagrams). For specimens with
a=0° and 45°, tensile cracks evolved predominantly at the
dip of 80°, and for specimens with a=15° and 30°, the
dominant tensile crack set dipped at 100°. However, when
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g) a=90°

Fig. 19 Rosette diagrams for the disk with a spacing ratio of 0.5 (SR=0.5) at failure; blue: shear, red: tension (color figure online)

a=060°, two major crack sets dipping at 60°, and 80° devel-
oped. When the inclination angle was 75°, the cracks fre-
quently evolved at dips ranging from 40° to 100°, and the
predominant crack set had a dip equal to 60°. For a=90°,
the dip of tensile cracks ranged mainly from 40° to 140°,
but they grew more frequently at 100° than the other dips.

4.3.3.3 iii) Disks with SR=0.5 The blue rosette diagrams in
Fig. 19 show that in specimens with a=0°, 15°, 30°, and
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60°, two dominant crack sets were generated. For a=0°,
these crack sets had a dip of 20° and 140° although those
propagating with the dip of 40° and 160° were significant
too. Moreover, for a=15° and 30°, the dip of the primary
crack sets was 40° and 140°, while for a =60°, the crack sets
developed at dips of 120° and 160°. In contrast, one domi-
nant crack set was observed in specimens with a=45°, 75°,
and 90°, dipping at 40° and 140° for the two latter. Note that
for a=75°, only one crack set propagated in the specimen.
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As for tensile cracks, most of them formed at dips ranging
between 80° and 100° which was not the case in the disks
with a=75° (see Fig. 19, red rosette diagrams). For speci-
mens with =0°, 30°, the dominant crack set was formed at
a dip of both 80° and 100°. When a=15°, tensile cracks pre-
dominantly developed at a dip of 100° while for a=45° and
60°, they largely dipped at 80°. However, the propagation

a) 0=0
) s
1
2
W :
¢) 0=30
7 ¥
: o
e) a=60
£
1
¢

of the dominant crack set in the disk with a="75° transpired
mainly at a dip of 40°, although the number of cracks devel-
oped at other dips was moderately lower than that for the
major set. Moreover, when a=90°, tensile cracks mainly
dipped between 60° and 120°, with slightly more cracks dip-
ping at 120°.

N % 5
‘9“'
b) o=15
4‘ .-"“_
d) a=45
AN oy o
A N
i =
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f) 0=75
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( X% j»:_:‘ b

g) =90

Fig. 20 Force chain developed in disks with a spacing ratio of 0.1 (SR=0.1) at the initiation of the first crack; blue: compression, red: tension; 1:

type 1, 2: type 2 (color figure online)
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a) 0=0

¢) a=30

e) =60
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b) a=15
d) a=45
f) =75

g) 0=90

Fig. 21 Force chain developed in disks with a spacing ratio of 0.2 (SR=0.2) at the initiation of the first crack; blue: compression, red: tension; 1:

type 1, 2: type 2 (color figure online)

To sum up, it can be inferred from the tensile Rosette
diagrams (see Figs. 17, 18, 19) that for a=0°, 15, 30°, and
45°, the disks fractured nearly vertically, or in other words,
through the layers. However, fractures inclined close to
that of the layers in specimens with a > 60°.
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4.4 Contact force chain

The evolution of shear and tensile force chains in the disks
with different spacing ratios (SR) and various layer inclina-
tion angles (a) just before the initiation of the first crack
is shown in Figs. 20, 21 and 22. These figures revealed
that when a <45°, compressive forces were distributed
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Fig. 22 Force chain developed in disks with a spacing ratio of 0.5 (SR=0.5) at the initiation of the first crack; blue: compression, red: tension; 1:

type 1, 2: type 2 (color figure online)

all over the disks and concentrated primarily at the con-
tacts between the disks and loading jaws. However, when
the spacing ratio was 0.1 or 0.2, and o =45°, these forces
began to further concentrate in layers of Type 1 than in
Type 2, and as «a rises, the compressive forces tended to
develop in stronger layers in the central part of the disk.
Moreover, these forces were significantly directed to the

layers of Type 1 that were either in direct contact with
the loading jaws or adjoining the layer of Type 2 that had
contact with the loading platens. Consequently, compres-
sive forces barely developed in the side layers of the disks.
A similar trend was identifiable for disks with a spacing
ratio of 0.5, but since these disks consisted of only two
layers, the trend was slightly different. As a exceeded 45°,
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compressive forces in the Type 1 layer concentrated fur-
ther along the layer plane, which led to virtually no com-
pressive forces being distributed on its outer periphery. In
addition, with the increase of layer inclination angle, ten-
sile forces were just distributed in layers of Type 1 close
to the disk centerline. 1

In regards to the tensile force chains, when a ranged from
0° to 30°, tensile forces accumulated dramatically in layers
of Type 1, although with the increase of « in this range, the
concentration of these forces in these layers fell moderately
(see Figs. 20, 21 and 22). In addition, the accumulation of
tensile forces in the Type 1 layers rose around the verti-
cal centerline of the disk and adjacent to the Type 2 layers
that were closer to the disk center. As a varied from 45° to
90°, an area of highly concentrated tensile forces was cre-
ated along the vertical disk centerline, and this area shrunk
with the increase in a. For disks with a spacing ratio of 0.5,
when a changed between 45° and 90°, tensile forces began
to develop along the bedding plane in the stronger layer, and
the concentration of these forces on the outer perimeter of
the layer of type 1 grew such that they developed over the
entire outer perimeter of the layer for  =90° (Fig. 22d, e,
fand g).

5 Conclusion

In this paper, the impact of layer spacing ratio and incli-
nation angle on tensile strength, crack development, fail-
ure pattern, and contact force chain of a layered disk under
diametral loading was investigated using experimental and
numerical approaches. PFC?P software was employed, and
numerical models were calibrated and verified using experi-
mental experiments. Finally, the numerical simulations were
compared with experimental experiments, and the following
conclusions were drawn:

¢ By increasing o from 0° to 90°, the tensile strength (o)
of disks with different SR peaked at a=15° and then
decreased, and as SR increased from 0.1 to 0.5, the ten-
sile strength increased. Moreover, as « and SR increased,
compressive stress (o,,) at the disk center broadly
decreased, and its maximum was reached at a=15° for
SR=0.1 and 0.5. However, in disks with SR=0.2, Oy
peaked at a=90° mainly due to the function of bearing
capacity of the central layer. Shear stress (o,,) compared
to the two other stress components was negligible; how-
ever, it peaked at a =30° in all SR, and samples with
SR=0.5 had the maximum o,,.

e When SR=0.1 and a < 30°, the failure mode of both
experimental and numerical models was primarily 7L,
and cracks developed along the disk centerline. However,
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the inclination angle PB failure mode was dominant for
other layers. However, in numerical models, this pat-
tern developed with some tensile cracks which were not
identifiable in the experimental specimens. Moreover, for
SR=0.2, the numerical analysis showed that when a =0°
and 15°, the dominant failure pattern was 7L resulting in
splitting of the disks in two halves, while for « =30° and
45°, TL-PB took place. The failure mode for a =60°, 75°,
and 90° were considered as PB. Finally, when SR=0.5
and @ <45°, TL and TL-PB modes were responsible for
the rupture of the numerical and experimental specimens,
respectively.same For higher layer inclination angles, the
specimens failed in PB mode.

e In terms of crack development, for SR=0.1 and 0.5, the
maximum number of tensile cracks occurred at a=15°,
whereas for SR=0.2, this number peaked at a=30°.
The number of shear cracks in comparison with tensile
ones was negligible. Tensile cracks mainly developed in
the direction of diametral loading, while the shear ones
occurred in form of conjugate systems.

e The analysis of the contact force chain showed that virtu-
ally in all SR, when a <30° tensile force concentrated in
stronger layers more than the weaker ones, but at a > 30°,
this force was concentrated mainly around the disk cen-
terline. However, in all SR, when a <30°, the bedding
planes did not affect compressive force, which could
quickly spread around the centerline; however, at a > 30°,
compressive force concentrated in stronger layers.
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