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Abstract.  In this paper, the interaction between two neighboring tunnel has been investigated using PFC2D. For this purpose,
firstly calibration of PFC was performed using Brazilian experimental test. Secondly, various configuration of two neighboring
tunnel was prepared and tested by biaxial test. The maximum and minimum principle stresses were 0.2 and 30 MPa
respectively. The modeling results show that in most cases, the tensile cracks are dominant mode of cracks that occurred in the
model. With increasing the diameter of internal circle, number of cracks decreases in rock pillar also number of total cracks
decreases in the model. The rock pillar was heavily broken when its width was too small. In fixed quarter size of tunnel, the
crack initiation stress decreases with increasing the central tunnel diameter. In fixed central tunnel size, the crack initiation stress
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decreases with increasing the quarter size of tunnel.
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1. Introduction

Tunnel excavation will cause the re-adjustment of
existing stress fields in surrounding rock masses. Therefore,
the excavation of a tunnel near an existing tunnel will also
cause the re-adjustment of stress fields around the first
tunnel, which has been stabilized with the help of a support
system. The re-adjustment of the stress field will cause
further changes in the support loads and deformation of the
existing tunnel. Many attempts are made to investigate
tensile and compressive failure modes of rock materials
(Sarfarazi and Haeri 2016, Haeri et al. 2016a,b). The
interaction process in between adjacent tunnels have been
studied by many researchers (Ghaboussi and Ranken 1977,
Kovari 2003, Shin et al. 2005, Liu et al. 2009, Xie et al.
2004, Gergek 2005, Chehade and Shahrour 2008, Kim and
Bae 2008, Hsiao et al. 2009, Kim et al. 2012, Chen et al.
2011 and Li and Yuan 2012, Kim and Lee 2013, Huang et
al. 2012, Ramadoss 2013, Chung ef al. 2013, Kang et al.
2014, Jung et al. 2014, Ye et al. 2014, Nejati and
Ghazvinian 2014, Lim and Son 2014, Pan 2014, Panaghi et
al. 2015, Zhao 2015, Kequan 2015, Li et al. 2015, Shi et al.
2015, Haeri and Sarfarazi 2016, Kim and Kim 2017, Das et
al. 2017, Nabil et al. 2017, Monfared 2017, Boumaaza et al.
2017, Rooh et al. 2018, Khodayar and Nejati 2018).
However, several classical numerical approaches have been
devoted to study the stresses and displacement fields around
the two neighboring tunnels under different loading and
geometrical conditions. The finite element, finite difference
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boundary element methods or a combination of these
numerical methods have been developed and used by
several researches. for the stability analyses of surface and
underground rock structures (Marji et al. 2008,
Siahmansouri et al. 2012).

Many numerical methods can be applied to investigate
interaction between two neighboring tunnel, such as
General Particle Dynamics (GPD). Peridynamics(PD), The
Extended Finite Element Method.

A series of finite element analyses is performed by
Ghaboussi and Ranken (1977) to investigate the mechanical
behavior of systems of two parallel and neighboring
tunnels. They considered various situations related to the
excavation sequences and support installation process of
these two tunnels. Stability analyses of two parallel circular
tunnels considering different tunnel diameters in a cohesive
soil were accomplished by Xie et al. (2004). They used the
finite element method (FEM) and theory of plasticity to
investigate the relationship between the pillar width (the
distance separating the two neighboring parallel tunnels)
and the collapsing ratio.

Chehade and Shahrour (2008) performed a parametric
study on twin tunnels using FEM to examine the effect of
the relative position of tunnels (i.e. considering the
horizontal, vertical or inclined alignment of the twin
tunnels). They also considered the construction process
based on the soil movements and internal forces in the
tunnel lining. They found that the vertical tunnel alignment
gives the maximum soil settlement while the horizontal
alignment may give the minimum amount of settlement.

Haeri et al. 2018, investigated the effect of particle size
on the single edge-notched rectangle bar in bending test
using PFC3D simulation. Also, Haeri et al. 2018 studied the
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effect of ball size on the hollow center cracked disc
(HCCD) in Brazilian test.

Kang et al. (2014) studied the behavior of rock pillar in
the diverging area of road tunnel by a three dimensional
numerical simulation and proposed a safety factor chart to
reflect the effects of pillar width, tunnel overburden depth,
and rock condition. On the other hand, Kim and Bae (2008)
performed a series of scaled model test on three parallel
tunnels and, by examining crack initiating pressures and
deformation behaviors, investigated their stability including
the effects of pillar widths, tunnel sectional shapes, supports
and ground conditions. Concerning the interaction between
adjacent tunnels, however, most studies have been focused
on parallel tunnels as described and, moreover, many cases
of which were for circular tunnels or for tunnels in
symmetric conditions. Little attention has been paid to the
interaction between two tunnels in asymmetric geometric
configurations. This study concerns the interaction between
two asymmetric circular tunnels.

2. Numerical simulation with discrete element
method

Discrete element method (DEM) can also be effectively
used for the stability analyses of twin tunnels under various
conditions. The two dimensional particle flow code
(PFC2D) which is a sophisticated computer software
developed by Itasca 1999 (version 3.1 and later on modified
by Potyondy and Cundall, 2004) has been used in this
research for the stability analyses of two parallel adjacent
tunnels.

2.1 Numerical modeling by PFC2D based on the
bonded particle model approach

The two dimensional particle flow code (PFC2D) is
versatile discrete element software used to solve many geo-
mechanical problems used in various fields of rock
engineering. The version 3.1 of Itasca 1999 modified by
Potyondy and Cundall (2004) is used in this research to
represent the rock material as an assembly of rigid particles.
These particles can move independently within the
assembly and are interact one another at the contact points.
An explicit central finite difference scheme is applied to
this DEM code to model the particles movements and the
interaction forces by adopting both the linear and non-linear
contact models. This modeling technique also taking into
account the frictional sliding in between the particles within
the assembly. In the present study, it is required to provide
an elastic relationship in between the contact forces and the
relative movements of the particles by using the linear
contact model in PFC2D. Therefore, a parallel-bond particle
model is adopted using the following micro-mechanical
properties within the particle assembly model: 1) the
stiffness ration Kn over Ks, ii) the friction coefficient and
the contact modulus of the ball-to-ball contact points, iii)
the parallel normal and shear bonding stresses, iv) the
radius of the typical ball, v) the radius multiplier, modulus
and stiffness ration for parallel-bond contacts and vi) the
ratio of standard deviation to that of the mean normal and

shear bonding strengths. The suitable micromechanical
properties required to model the particle assembly can be
established by wusing the standard calibration process
adopted in PFC2D. The laboratory measured macro-
mechanical properties of natural material cannot be directly
used to represent the corresponding micro-mechanical
properties needed for numerical simulation of the material
sample in a standard DEM code. The macro-mechanical
properties reflect the continuum behavior of testing
samples, therefore, an inverse modeling technique is
adopted in Itasca 1999 version 3.1 software to estimate the
appropriate micro-mechanical properties for the particle
assembly model. This is a trail- and-error algorithm relating
these two sets of the material properties as suggested by
Itasca 1999. This algorithm assumes the micro mechanical
properties for a particular particle assembly and compares
the deformation and strength characteristics of the models
with those of the laboratory specimens. The suitable micro-
mechanical properties which give simulated macro
mechanical values close to those measured from the
laboratory tests can be adopted to be used for modeling the
discontinuous rock masses containing joints. The
limitations of DEM are as follow: (a) Fracture is closely
related to the size of elements, and that is so called size
effect. (b) Cross effect exists because of the difference
between the size and shape of elements with real grains. (c)
In order to establish the relationship between the local and
macroscopic constitutive laws, data obtained from classical
geomechanical tests which may be impractical are used
(Donze FV, Richefeu V, Magnier SA (2009)).

2.2 Calibrating the numerical model for the problem

The two standard uniaxial compression and Brazilian
tensile strength tests were used to calibrate the testing
specimen or model in PFC2D. The particle assembly model
is generated by the modeling software considering the
following four steps: i) generating and packing the particles
for the particle assembly model, ii) installing the isotropic
stress situation, iii) eliminating the floating particles and iv)
installing the bonds in between the particles with in the
assembly. Table 1 gives the micro-properties adopted in this
modeling technics based on the calibration process provided
by Potyondy and Cundall, 2003. These properties can be
used to generate a calibrated particle assembly in PFC2D.
In this calibration process the diameter of the Brazilian disc
samples is taken as 54 mm. The testing sample is made of
5,615 particles in the particle assembly model. During the
loading process, a suitable speed of 0.016 m/s is adopted in
this modeling procedure to crush the lateral walls of the disc
toward each other. The failure process of the testing
samples are illustrated in Figures la and 1b. The
distribution of particles displacement vectors and bonding
forces are shown in Fig. 2. This figure shows the failure
planes in the corresponding laboratory and numerical tests
are well matching. Table 2 compares the experimental and
numerical strengths of the testing samples and show a good
agreement in between the corresponding numerical and
experimental strength values.

Fig 3 shows numerical compression test results. Red
line and black line shows shear crack and tensile cracks,
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Table 1 Micro properties used to represent the intact rock
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(b)
Fig. 1 failure pattern in a) physical sample, b) PFC2D model

Parameter Value Parameter Value
Type of particle disc Parallel bond radius multiplier 1
. Young modulus of parallel
density 3000 bond (GPa) 40
Minimum radius 0.27 Parallel bond stiffness ratio 1.7
Size ratio 1.56 Particle friction coefficient 0.4
. . Parallel bond normal strength,
Porosity ratio 0.08 mean (MPa) 30
. . Parallel bond normal strength,
Damping coefficient 0.7 SD (MPa) 2
Parallel bond shear strength,
Contact young modulus (GPa) 40 mean (MPa) 30
. . Parallel bond shear strength,
Stiffness ratio 1.7 SD (MPa) 2

Table 2 Brazilian tensile strength of physical and numerical
samples

Physical tensile strength (MPa) 4.5 and 4.7

Numerical tensile strength (MPa) 4.5

A e NN AN g

Fig. 2 Numerical compression test result

respectively. As can be seen tensile cracks develop within
the model. This is accordance to typical failure pattern
occurred in experimental test.

2.3 model preparation of the problem using Particle
Flow Code

Finishing the calibration process of the PFC2D, a
rectangular model is created in the code to simulate the
biaxial compression testing samples with the dimension of
70*70 mm. Rectangular models are consisted of one quarter
of circular tunnel and a circle tunnel that situated at center
of the model. The radius of one quarter of circular tunnel
was 10 mm (Fig 3), 15mm (Fig 4) and 20mm (Fig 5). The
radius of central tunnel were 5Smm, 10mm, 15mm, 20mm
and 25mm. These models are loaded biaxially (Fig 3, 4
and 5). The values of minimum and maximum principal
stress was registered at 0.2 MPa and 30 MPa, respectively.
The compressive force was registered by taking the reaction
forces on the upper wall.

3. Numerical results
3.1 Failure pattern in numerical models

a) The radius of one quarter of circular tunnel is 10 mm
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(b)

(d)

(e)

Fig 6 shows failure pattern in numerical models. Red
line and black line is representative of shear crack and
tensile crack, respectively.

A-1-Diameter of internal circle was 5 mm:

When diameter of internal circle was Smm (Fig 6a),
tensile cracks initiate in rock pillar between two cavities.

Also, three tensile joint set initiate near the central hole
and propagates diagonally till coalescence with model
boundary.

®

Fig 3. The radius of one quarter of circular tunnel is 10 mm while diameter of central tunnel were a)Smm, b)10mm,
¢)15mm, d)20 mm, €)25 mm and )30 mm

A-2-Diameter of internal circle was 10 mm:

When diameter of internal circle was 10mm (Fig 6b),
tensile cracks initiate in rock pillar between two cavities.
Also, three tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

A-3-Diameter of internal circle was 15 mm:

When diameter of internal circle was 15 mm(Fig 6c¢),
tensile cracks initiate in rock pillar between two cavities.
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(a)

(©)

(b)

(d)

Also, three tensile joint set initiate near the central hole
and propagates diagonally till coalescence with model
boundary.

A-4-Diameter of internal circle was 20 mm:

When diameter of internal circle was 20 mm(Fig 6d),
tensile cracks initiate in rock pillar between two cavities.
Also, three tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

(e)
Fig 4. The radius of one quarter of circular tunnel is 15 mm while diameter of central tunnel were a)Smm, b)10mm,
¢)15mm, d)20 mm, €)25 mm

A-5-Diameter of internal circle was 25 mm:
When diameter of internal circle was 25 mm (Fig 6e),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

A-6-Diameter of internal circle was 30 mm:

When diameter of internal circle was 30mm (Fig 6f),
tensile cracks initiate in vertical rock pillar.
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(©)

(b)

(d)

Fig 5. The radius of one quarter of circular tunnel is 20 mm while diameter of central tunnel were a)Smm, b)10mm,

¢)15mm, d)20 mm

From above finding it can be concluded that with
increasing the diameter of internal circle, number of cracks
decreases in rock pillar also number of total cracks
decreases in the model.

b) The radius of one quarter of circular tunnel is 15 mm

Fig 7 shows failure pattern in numerical models. Red
line and black line are representative of shear crack and
tensile crack, respectively.

B-1-Diameter of internal circle was 5 mm:

When diameter of internal circle was Smm (Fig 7a),
tensile cracks initiate in rock pillar between two cavities.
Also, three tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

B-2-Diameter of internal circle was 10 mm:

When diameter of internal circle was 10mm (Fig 7b),
tensile cracks initiate in rock pillar between two cavities.

Also, two tensile joint set initiate near the central hole
and propagates diagonally till coalescence with model
boundary.

B-3-Diameter of internal circle was 15 mm:

When diameter of internal circle was 15 mm (Fig 7c),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model

boundary.

B-4-Diameter of internal circle was 20 mm:

When diameter of internal circle was 20 mm (Fig 7d),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

B-5-Diameter of internal circle was 25 mm:

When diameter of internal circle was 25 mm (Fig 7e),
tensile cracks initiate in rock pillar between two cavities.

Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

¢) The radius of one quarter of circular tunnel is 20 mm

Fig 8 shows failure pattern in numerical models. Red
line and black line are representative of shear crack and
tensile crack, respectively.

C-1-Diameter of internal circle was 5 mm:

When diameter of internal circle was Smm (Fig 8a),
tensile cracks initiate in rock pillar between two cavities.

Also, two tensile joint set initiate near the central hole
and propagates diagonally till coalescence with model
boundary.
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Fig 6. The radius of one quarter of circular tunnel is 10 mm while diameter of central tunnel were a)5 mm, b)10 mm, c)15

mm, d)20 mm, )25 mm and )30 mm

C-2-Diameter of internal circle was 10 mm:

When diameter of internal circle was 10mm (Fig 8b),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

C-3-Diameter of internal circle was 15 mm:

When diameter of internal circle was 15 mm (Fig 8c),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

C-4-Diameter of internal circle was 20 mm:

When diameter of internal circle was 20mm (Fig 8d),
tensile cracks initiate in rock pillar between two cavities.

From above finding it can be concluded that with
increasing the diameter of internal circle, number of cracks
decreases in rock pillar also number of total cracks
decreases in the model.

c) The radius of one quarter of circular tunnel is 20 mm
Fig 8 shows failure pattern in numerical models. Red
line and black line are representative of shear crack and

tensile crack, respectively.

C-1-Diameter of internal circle was 5 mm:

When diameter of internal circle was Smm (Fig 8a),
tensile cracks initiate in rock pillar between two cavities.

Also, two tensile joint set initiate near the central hole
and propagates diagonally till coalescence with model
boundary.

C-2-Diameter of internal circle was 10 mm:
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Fig 7. The radius of one quarter of circular tunnel is 15 mm while diameter of central tunnel were a)Smm, b)10mm,

¢)15mm, d)20 mm, €)25 mm

When diameter of internal circle was 10mm (Fig 8b),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model boundary

C-3-Diameter of internal circle was 15 mm:

When diameter of internal circle was 15 mm (Fig 8c),
tensile cracks initiate in rock pillar between two cavities.
Also, two tensile joint set initiate near the central hole and
propagates diagonally till coalescence with model
boundary.

C-4-Diameter of internal circle was 20 mm:

When diameter of internal circle was 20mm (Fig 8d),
tensile cracks initiate in rock pillar between two cavities.

From above finding it can be concluded that with

increasing the diameter of internal circle, number of cracks
decreases in rock pillar also number of total cracks
decreases in the model.

3.2 The effect of a central tunnel diameter on the
crack initiation stress:

Fig 9 shows the effect of diameter of central tunnel on
the crack initiation stress.

4. Conclusion

Interaction in between the twin tunnels have been
studied by the discrete element method. The main results
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Fig. 8 The radius of one quarter of circular tunnel is 10 mm while diameter of central tunnel were a)Smm, b)10mm,

¢)15mm, d)20 mm.
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Fig. 9 the effect of diameter of central tunnel on the crack
initiation stress.

may be classified as:

e The most dominant induced cracks in the model
are those of tensile mode.

e With increasing the diameter of internal circle,
number of cracks decreases in rock pillar also
number of total cracks decreases in the model. The
rock pillar was heavily broken when its width was
too small.

e In fixed quarter size of tunnel, the crack initiation
stress decrease with increasing the central tunnel
diameter.

e In fixed central tunnel size, the crack initiation
stress decrease with increasing the quarter size of
tunnel.
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