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Abstract

In this paper the effect of bedding layer angle on the stability of tunnel under uniaxial compression have been investigated using 

particle flow code in two dimensions (PFC2D). For this purpose, numerical rectangle models with dimension of 100*100 mm have 

been prepared. These models consist of layers with different mechanical properties i.e., concrete layer and gypsum layer. The angle 

of these layers related to horizontal axis change from 0° to 90° with increment of 15°. These models are consisting of one, two and 

three tunnel. The diameter of tunnel change based on the tunnel number. The tunnel diameter was 6 m, when one tunnel exists in the 

model. The tunnel diameter was 3 m, when two tunnels exist in the model. The tunnel diameter was 2 m, when three tunnels exist in 

the model. These models were subjected to uniaxial compression. The results show that tensile cracks are dominant mode of fracture 

occurred in the models. The joint angle and tunnel number have important effect on the failure pattern and failure strength. Also, the 

mechanical properties of beddings control the crack growth path. The crack grows through the weak layers when bedding angle was 

equal to 45° and 60°, but it intersects the layer for any other bedding angels.
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1 Introduction
Nearly in all cases of underground engineering construc-
tions layered rock masses with sedimentary structure can 
be seen [1]. As the deposition process begins and contin-
ues, layered rock masses form different structures and 
coupling properties in different directions. Anisotropy is 
one of main mechanical characteristics of a layered struc-
ture rock mass, this property is due to different size of 
mineral particles in compound state [2]. These kind of 
structures in the rock mass organized in alignment pro-
duce the bedding plane and foliation features. In these 
bedding planes parameters such as the strength, failure 
patterns, and deformations are varied in each direction 
and it is due to of the poor mechanical characteristics of 
them, this impact becomes a great challenge for the con-
struction of civil engineering. Many investigators such 
as Colak and Unlu [3] showed that anisotropy of strength 
of most of sedimentary and metamorphic rocks, such as 
shale and slate, is strong. All results showed that the rock 

strength depends on the loading orientation. When the 
axial compressive stress was almost normal or paralleled 
to bedding planes, the maximum strengths were usually 
obtained. While, when the angle between the major stress 
and bedding planes is located from 30°–60°, the minimum 
strength is found. In addition, in anisotropic rocks, the fail-
ure mode also relies on orientation of loading. There are 
many investigations on the strength anisotropy of rocks. 
Li et al. [4] ameliorate Griffith's theory of brittle fracture 
for anisotropic slate, Al-Harthi [5] focused on the sand-
stone's behavior. They have indicated that, as observed in 
experiments, relying on the type of failure, either the disc 
or the ring tests are used to provide the experimental val-
ues needed to represent the tensile strength. Pan et al. [6] 
examined the anisotropy on gneiss and schist, Chen 
and Hsu [7] investigated strength anisotropy of marble, 
Xiao et al. [8] worked on anisotropic nature of metamor-
phic rocks from Greece. In all recent studies, it is obviously 
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indicated that minimum strength of anisotropic rocks is at 
the critical weak plane. Furthermore, results showed that 
changing  of  elastic  rock  parameters  like Young's modu-
lus, Poisson's ratio and tensile strength is like the ultimate 
strength. As the transportation system extend to moun-
tain zones, tunnels and, also, crossing the layered rock 
mass increased. Because of the impact of rock thickness 
and inclination angle of joint surface and structural plane, 
often engineering occurrences such as bedding slip, large 
deflection under eccentric pressure, support damage and 
even overall damage and instability of the tunnel hap-
pen [9]. The numerical simulation method usually used 
for the layered surrounding rock tunnel; this method usu-
ally simplifies the geological conditions, load conditions, 
boundary  conditions  and  initial  stress  field  and  used  to 
construct the structural models. A more appropriate way 
to reflect the actual law is the rapid calculation of the com-
puter, also the numerical solution that meets the needs of 
engineering can be provided. In addition, this method is 
a good alternative for expensive and complex large-scale 
field  experiments  to  effectively  solve  different  complex 
engineering issues [10]. Zhu et al. [11] investigated the sta-
bility of tunnel surrounding rock inclination with varied 
inclination angle of rock layers using the discrete element 
UDEC software. When the inclination angle was small, 
the vault was close to bending failure. Xia [12] simulated 
anisotropic properties of layered rock mass failure by con-
sidering the composite types of rock mass failure and bed-
ding failure using the jointed constitutive models provided 
by FLAC, then analyzed the stability of layered rock mass 
slope. Song investigates the impact of structural surface 
distribution properties on the deformation of tunnel sur-
rounding rock using the three-dimensional discrete ele-
ment procedure (3DEC), then summarized two states of 
the effect of structural plane line density on tunnel defor-
mation. Wang et al. [13] provided an anisotropic mechan-
ical model of layered rock mass based on the Drucker-
Prager criterion; this model considering the mechanical 
properties of the structural plane and bedrock, then the 
model applied to the calculation and analysis of layered 
rock mass of underground engineering. the anisotropy 
of layered rock mass can be better shown by the results. 
Wang et al. [14] indicated the failure mode and regularity 
of the gently inclined rock slope of the Qijiang River in 
Chongqing, then showed that pressure is the major induce-
ment of rock cavity failure. Wang Based on engineering 
history of the return airway in a coal mine, simulate the 

deformation and failure of layered composite surround-
ing rock roadway before and after support, using the finite 
difference software FLAC3D. Furthermore, the composite 
double beam coupling mechanism and numerical simula-
tion results of tunnel surrounding rock proposed the corre-
sponding bolt-shotcrete support form [15]. To better com-
prehension, Tien et al. [16] to clarify mechanism of failure 
around a tunnel, studied the failure of isotropic rocks, this 
research provides a good insight from the collapse mode. 
Wang et al. [17] used RFPA to investigate the mechanism 
of failure for a circular tunnel in transversely isotropic 
rock, where the failure process is characterized by the 
initiation, propagation, and coalescence of cracks around 
the tunnel. Xu et al. [18] based on the Mohr–Coulomb 
and maxi-mum tensile-stress criteria established a trans-
versely isotropic elastic-plastic model to define the elastic 
response and post–peak failure behavior, which was uti-
lized to assess rock mass excavation response in under-
ground openings. Based on the assessing of large scale 
of different distributed discontinuities, Yang et al. [19] 
investigated the effect of joint plane angle. In many pub-
lications, numerical procedure has been used to provide 
precious information in assessing of tunnel stability [20–
22], furthermore, some calculation model achievements 
have been made [23]. In addition of several major aniso-
tropic mechanical feature, investigation of the layered 
rock results in proper analysis of stability. Chen et al. [24] 
conducted several uniaxial and triaxial compression 
experiments on the slate samples with different inclina-
tion angles and based on which a micromechanical dam-
age-friction model was proposed investigated the aniso-
tropic behaviors and failure mechanisms of slate. Niandou 
et al. [25] based on the failure pattern of Tournemire shale; 
help each other with some research [26–32], they have 
indicated that bedding plane dip angle, θ have a significant 
impact on the strength and failure pattern of layered rock. 
Although, many complex excavation projects in anisotro-
pic rock have been investigated, but there are a limited 
number of cases that includes several sets of anisotropic 
shear strength simultaneously in one model. Thus, in the 
present research, to evaluate the tunnel stability in layered 
rock mass,  a  specific  numerical  model  including  aniso-
tropic  shear  strength  that  reflected  in  experiment  tests 
was utilized. Before analyzing tunnel stability, numeri-
cal model validation was conducted between experiment 
and numerical results. &en, shear loading process and the 
anisotropic failure properties shown in experiments were 
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reproduced numerically. Thus, the validated model was 
utilized to assess the stress and deformation of an aniso-
tropic rock tunnel. The aim of this paper is to study the 
effect of bedding layer with different mechanical proper-
ties on the tunnel stability by PFC2D. the number of tun-
nels is different in various models.

2 Stages of laboratory tests
2.1 Mechanical properties of samples
To build the gypsum and concrete samples, the gypsum 
and water mixture was used with a ratio of 2 to 1. Also, the 
cement, fine sand and water mixture was used with a ratio 
of 2:1:1. Brazilian tests were carried out on disc samples. 
The disc samples have a diameter 54 and the thickness of 
27 mm. Fig. 1(a) and (b) shows failure pattern in Brazilian 
test for gypsum and concrete specimens. Table 1 shows 
tensile strength of rock like specimens.

3 Particle Flow Code
Particle flow code in two dimensions (PFC2D) is a distinct 
element code that represents the material as a collection 
of rigid particles which can move separately and interact 
only at contacts (Potyondy and Cundall [33]). Same as the 
DEM, a central finite difference method has been used to 
calculate the movements and interaction forces of parti-
cles for contact models, both linear and non-linear contact 
models with frictional sliding can be used. In this study, 
the linear contact model has been used, provides an elas-
tic relationship between the relative displacements, and 
contact forces of particles. To produce a parallel-bonded 
particle model for PFC2D, using the routines provided, 
the following micro characteristics should be represented: 

ball-to-ball contact modulus, stiffness ratio kn over ks, ball 
friction coefficient, parallel normal bond strength, parallel 
shear bond strength, ratio of standard deviation to mean 
of bond strength both in normal and shear direction, min-
imum Ball radius, parallel-bond radius multiplier, paral-
lel-bond modulus, and parallel-bond stiffness ratio. It is 
essential to set the suitable micro characteristics to be used 
for the particle assembly, to perform a calibration method. 
Laboratory model specimens cannot directly represent 
the particle contact characteristics and bonding proper-
ties. The material properties determined by laboratory 
experimentation are macro-mechanical in nature and it is 
derived from Continuum behavior. In order to determine 
the suitable micro-mechanical properties of the numerical 
models from the macro-mechanical characteristics deter-
mined in the laboratory experiments, an inverse model-
ling procedure was performed.  trial-and-error method 
was one of approaches which used to correlate these two 
sets of material property [32]. This includes assumption of 
micro-mechanical property quantities and it is a compar-
ison between the strength and deformation properties of 
the numerical models and laboratory tests. Then the closest 
the micro-mechanical property values of simulated macro-
scopic response to the laboratory tests are selected for the 
evaluation of shear behavior of non-persistent joint. 

3.1 Preparing and calibrating the numerical model
The Brazilian test was used to calibrate the tensile strength 
of specimen in PFC2D model. The standard process of 
generation of a PFC2D assembly to represent a test model 
involves four steps: (a) particle generation and packing the 
particles,  (b)  isotropic  stress  installation,  (c) floating par-
ticle elimination, and (d) bond installation (Potyondy and 
Cundall, [33]). Adopting the micro-properties listed in 
Tables 2 and 3, two calibrated PFC particle assembly was 
created (for gypsum and concrete specimen). The diame-
ter of the Brazilian model were 54 mm. The specimen was 
made of 6421 particles. The left and right walls was moved 
toward each other with a low speed of 0.016 m/s. Fig. 2 
shows numerical and experimental out puts of Brazilian 
test for gypsum and concrete. The results show well 
matching between experimental test and numerical simu-
lation. The Brazilian tensile strengths have been depicted 
in Table 4. These mechanical properties are well matching 
with those of experimental test (Table 1). This shows that 
models are calibrated correctly. 

Table 1 Mechanical properties of specimens

Tensile strength of concrete 2.2 MPa

Tensile strength of gypsum 1.3 MPa

(a)                                                    (b)
Fig. 1 a) Failure pattern in gypsum, b) failure pattern in concrete
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3.2 Model preparation using Particle Flow Code 
After calibration of PFC2D, a rectangular model consisting 
bedding layer was prepared. These layers are from gypsum 
and concrete. The black discs and colored discs are represen-
tative of concrete and gypsum layer, respectively. Dimension 
of rectangular model was 72 m*144 m. The model contains 
one, two and three tunnel. The diameter of tunnel change 
based on the tunnel number. The tunnel diameter was 12 m, 
when one tunnel exists in the model. The tunnel diameter 
was 6 m, when two tunnels exist in the model. The tunnel 
diameter was 4 m, when three tunnels exist in the model. 
The centers of tunnels were situation 72 m below the ground 
surface (Figs. 3, 4 and 5). A total of 12,236 disks with a min-
imum radius of 0.27 cm were used to make up the rectangu-
lar specimen. These models were subjected to uniaxial com-
pression. One measuring circle with diameter of 6 m was 
chosen at the tunnel roof and the vertical displacement of 
discs surrounded in this circle was measured as a vertical 
displacement of tunnel roof (Figs. 3(a), 4(a) and 5(a)).

4 Failure behavior of numerical model
4.1 Failure pattern of numerical model
Figs. 6, 7 and 8 shows failure pattern of models consisting 
one, two and there tunnel, respectively. Black lines and red 
lines are representative of shear crack and tensile crack, 
respectively. Totally, tensile cracks are dominant mode of 
failure occurred in the models.

4.1.1 Failure pattern of numerical model consisting one 
tunnel
When layer angle was 0° (Fig. 6(a)), tensile cracks initi-
ates from left side and right side of the tunnel and prop-
agate diagonally till coalescence with left side and right 
side of the model. When layer angle was 15°, 30° and 90° 
(Figs. 6(b), (c) and (g)), tensile cracks initiates from left 
side and right side of the tunnel and propagate diagonally 
till coalescence with left side and right side of the model. 
In this condition, tensile fractures intersect both of the 
concrete and gypsum layers. When layer angle was 45° 
(Fig. 6(d)), tensile cracks initiates from left side and right 
side of the tunnel and propagate diagonally till coales-
cence with left side and right side of the model. In this 

Table 2 Micro properties used to represent the gypsum

Parameter Value Parameter Value

Type of 
particle disc Stiffness ratio 2

density 3000 Particle friction coefficient 0.5

Minimum 
radius 0.27 contact bond normal strength, 

mean (MPa) 4

Size ratio 1.56 contact bond normal strength, SD 
(MPa) 2

Porosity ratio 0.08 contact bond shear strength, mean 
(MPa) 8

Damping 
coefficient 0.7 contact bond shear strength, SD 

(MPa) 2

Contact young 
modulus (GPa) 1

Table 3 Micro properties used to represent the concrete

Parameter Value Parameter Value

Type of 
particle disc Stiffness ratio 3

density 3600 Particle friction coefficient 0.5

Minimum 
radius 0.27 contact bond normal strength, 

mean (MPa) 12

Size ratio 1.56 contact bond normal strength, SD 
(MPa) 2

Porosity ratio 0.08 contact bond shear strength, mean 
(MPa) 24

Damping 
coefficient 0.7 contact bond shear strength, SD 

(MPa) 2

Contact young 
modulus (GPa) 8

Table 4 tensile properties in numerical models

Tensile strength of concrete (MPa) 2.4

Tensile strength of gypsum (MPa) 1.4

(a) (b)

(c) (d)

Fig. 2 a) Experimental Brazilian test on concrete, b) Numerical 
Brazilian test on concrete, c) experimental Brazilian test on gypsum 

and d) Numerical Brazilian test on gypsum
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(a) (b) (c) (d)

(e) (f) (g)

Fig. 3 Model consisting one hole with beddings angle of a) 0°, b) 15°, c) 30°, d) 45°, e) 60°, f) 75°, g) 90°

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

(e) (f) (f)

Fig. 4 Model consisting two holes with bedding angles of a) 0°, b) 15°, c) 30°, d) 45°, e) 60°, f) 75°, g) 90°
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condition, tensile fractures go through the gypsum layers. 
When layer angle was 60° (Fig. 6€), tensile cracks initi-
ates from left side and right side of the tunnel and prop-
agate diagonally till coalescence with left side and right 
side of the model. In this condition, tensile fractures go 
through the gypsum layers. The number of tensile cracks 
in this condition was less than the condition where the 
layer angle was 45°. When layer angle was 75° (Fig. 3(f)), 
tensile cracks initiates from left side and right side of the 
tunnel and propagate diagonally till coalescence with left 
side and right side of the model. In this condition, tensile 
fractures go through the gypsum layers. 

4.1.2 Failure pattern of numerical model consisting two 
tunnels
When layer angle was 0°, 15°, 30° and 90° (Figs. 7(a), (b), 
(c) and (g)), tensile cracks initiates from left side and right 
side of the tunnel and propagate diagonally till coalescence 
with left side and right side of the model. When layer angle 
was 45°, 60° and 75° (Figs. 7(d), (e) and (f)), tensile cracks 
initiates from left side and right side of the tunnel and prop-
agate diagonally till coalescence with left side and right 
side of the model. In these conditions, tensile fractures go 
through the gypsum layers. 

4.1.3 Failure pattern of numerical model consisting 
three tunnels
When layer angle was 0°, 15°, 30° and 90° (Figs. 8(a), (b), 
(c) and (g)), tensile cracks initiates from left side and right 
side of the tunnel and propagate diagonally till coalescence 
with left side and right side of the model. When layer angle 
was 45°, 60° and 75° (Figs. 8(d), (e) and (f)), tensile cracks 
initiates from left side and right side of the tunnel and prop-
agate diagonally till coalescence with left side and right 
side of the model. In these conditions, tensile fractures go 
through the gypsum layers. 

4.2 Compressive strength of numerical model
Fig. 9 shows the effect of layer angle on the compressive 
strength of numerical models consisting one, two and 
three tunnels. The compressive strength has minimum 
value when layer angels were 45 and 60 degree. This rate 
has been fixed for each tunnel number. The compressive 
strength was increased by increasing the tunnel number.

4.3 Vertical displacement of tunnel roof of numerical 
model
Fig. 10 shows the effect of layer angle on the vertical dis-
placement of tunnel roof. These results are depicted for 

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

(e) (f) (g)

Fig. 5 Model consisting three holes with bedding angles of a) 0°, b) 15°, c) 30°, d) 45°, e) 60°, f) 75°, g) 90°
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(a) (b) (c) (d)

(e) (f) (g)
Fig. 6 Failure pattern of models consisting one holes with bedding angles of a) 0°, b) 15°, c) 30°, d) 45°, e) 60°, f) 75°, g) 90°

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

(e) (f) (g)

Fig. 7 Failure pattern of models consisting two holes with bedding angles of; a) 0°, b) 15°, c) 30°, d) 45°, e) 60°, f) 75°, g) 90°



1022|Sarfarazi et al.
Period. Polytech. Civ. Eng., 65(4), pp. 1015–1024, 2021

numerical models consisting one, two and three tunnels. 
The vertical displacement has maximum value when layer 
angels were 45° and 60°. This rate has been fixed for each 
tunnel number. The vertical displacement was increased 
by decreasing the tunnel number.

5 Conclusions
• When layer angle was 0°, tensile cracks initiates 

from left side and right side of the tunnel and prop-
agate diagonally till coalescence with left side and 

right side of the model. When layer angle was 15°, 
30° and 90°, tensile cracks initiates from left side 
and right side of the tunnel and propagate diagonally 
till coalescence with left side and right side of the 
model. In this condition, tensile fractures intersect 
both of the concrete and gypsum layers. When layer 
angle was 45°, tensile cracks initiates from left side 
and right side of the tunnel and propagate diagonally 
till coalescence with left side and right side of the 
model. In this condition, tensile fractures go through 
the gypsum layers. When layer angle was 60°, 

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

(e) (f) (g)

Fig. 8 Failure pattern of models consisting three holes with bedding angles of a) 0°, b) 15°, c) 30°, d) 45°, e) 60°, f) 75°, g) 90°

Fig. 9 the effect of layer angle on the compressive strength of numerical 
models

Fig. 10 the effect of layer angle on the vertical displacement of tunnel roof
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tensile cracks initiates from left side and right side of 
the tunnel and propagate diagonally till coalescence 
with left side and right side of the model. In this con-
dition, tensile fractures go through the gypsum lay-
ers. The number of tensile cracks in this condition 
was less than the condition where the layer angle was 
45°. When layer angle was 75°, tensile cracks initi-
ates from left side and right side of the tunnel and 
propagate diagonally till coalescence with left side 
and right side of the model. In this condition, tensile 
fractures go through the gypsum layers. 

• The compressive strength has minimum value when 
layer angels were 45 and 60 degree. This rate has been 
fixed for each tunnel number. 

• The compressive strength was increased by increas-
ing the tunnel number.

• The vertical displacement has maximum value when 
layer angels were 45 and 60 degree. This rate has been 
fixed for each tunnel number. 

• The vertical displacement was increased by decreas-
ing the tunnel number.
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