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Abstract. In this paper the effect of confining pressure and tunnel depth on the ground vertical settlement has been investigated
using particle flow code (PFC2D). For this perpuse firstly calibration of PFC2D was performed using both of tensile test and triaxial
test. Then a model with dimention of 100 m x 100 m was built. A circular tunnel with diameter of 20 m was drillled in the middle of
the model. Also, a rectangular tunnel with wide of 10 m and length of 20 m was drilled in the model. The center of tunnel was
situated 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, 45 m, 50 m, 55 m and 60 m below the ground surface. these models are under
confining pressure of 0.001 GPa, 0.005 GPa, 0.01 GPa, 0.03 GPa, 0.05 GPa and 0.07 GPa. The results show that the volume of
colapce zone is constant by increasing the distance between ground surface and tunnel position. Also, the volume of colapce zone
was increased by decreasing of confining pressure. The maximum of settlement occurs at the top of the tunnel roof. The maximum
of settlement occurs when center of tunnel was situated 15 m below the ground surface. The settlement decreases by increasing the
distance between tunnel center line and measuring circles in the ground surface. The minimum of settlement occurs when center of
circular tunnel was situated 60 m below the surface ground. Its to be note that the settlement increase by decreasing the confining
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pressure.
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1. Introduction

A rapid economic development have been presented
worldwide due to novel tunnel construction methods in the
last 25 years. The huge underground roadways need a lot of
excavation works to provide shallow tunnels in relatively
soft grounds in urban areas. Therefore, tunneling design and
construction methods have been established in the world by
imploying the conventional drilling and blasting operations
or by using the modern and advanced tunnel boring
machines (TBMs). The safetofy conditions, stability and
durability of these underground constructions all should be
ensured by employing the sophisticated management and
engineering design process (Abdollahi et al. 2019). A lot of
theoretical and numerical researches have been carried out
in the field of tunneling design and construction methods.
Several numerical studies such as indirect boundary
element methods (i.e., displacenment discontinuity and
fictitious stress methods) have been developed in recent
years to investigate the fracturing patterns related to the
rock cutting actions procedures and rock fragmentation
mechanisms due to rock blasting and TBM disc cutters
performances in the modern mechanized excavation
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methods (Hosseini_Nasab et al. 2007, Marji et al. 2009,
Lak et al. 2019, Marji 2015, Nikaadat and Marji 2016,
Haeri and Marji 2016). One of the main issues in these huge
manmade underground roadways is the surface subsidence
phenoma resulting from the vertical and lateral movements
of the relatively soft grounds surrounding these structures
(e.g., Peck 1969, Attewell and Yates 1984, and Mair and
Taylor 1997, Boscardin and Cording 1989, Ou et al. 2008,
Yoo and Lee 2008, Nabil et al. 2012, Bi et al. 2016,
Ramadoss and Nagamani 2013, Pan et al. 2014, Panaghi et
al. 2015, Haeri 2015, Haeri and Sarfarazi 2016, Haeri et al.
2015, 2016, Monfared 2017, Boumaaza et al. 2017, Zhou
and Bi 2018).

A critical threat to both surface and subsurface facilities
may be the soft ground movements in urban areas which
should be predicted before the construction and controlled
during and after its completion (Papastamos et al. 2014, Wu
et al. 2015, Zhang et al. 2015, Liao et al. 2009).

The shallow depth and soft ground are the two major
charactteristics of the near surface tunneling projects which
may result in considerable subsidence phenomenon
(Dindarloo and Siami-lrdemoosa 2015, Mirsalari et al.
2017). The tunneling induced ground subsidence can be
analyzed, forcasted and controlled through a sound
engineering design of any tunneling projects. Thus,
subsidence phenomenon is one of the major concerns in
many urban underground structures because of their
relatively shallow depths and their safety issues in the
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populated cities. The prediction of the magnitude and
duration of the vertical and horizontal movements of the
ground surfaces above the underground tunnels can be of
main concerns in tunnel engineering. A lot of impirical,
analytical, numerical and artificial intelligence methods
have been imployed by many researchers to predict the
maximum ground subsidence induced by a shallow tunnel
(O’Reilly and New 1982, Peck 1969, Bobet 2001,
Loganathan and Poulos 1998, Kasper and Meschke 2004,
Melis et al. 2002, Neaupane and Adhikari 20086,
Suwansawat and Einstein 2006, Wang et al. 2013).
Although, several advantages are being gained from these
studies for predicting the tunnel induced subsidence, most
of these methods need some assumptions and simplications
(constrains) to be able to solve the problem. For example, in
most cases, in the analytical and numerical solutions of
three dimensional subsidence problems, the plain strain
condition is assumed (Chou and Bobet 2002), the elastic
behavior is stablished (Park 2004), and the rock and soil
isotropy conditions are taken into account (Franzius et al.
2005).

The prediction and assessment of ground subsidence due
to tunnel excavation may ensure the construction safety
performance of this shallow subsurface structure. Therefore,
the surface subsidence phenomena and their safety issues in

shallow tunneling industry remains a big engineering
chalenge which is rarely studied. In the soft grounds, the
deformation and failure process of shallow excavations
such as tunnels have been considered as the basic
engineering concerns and therefore, a plenthy of research
works has been devoted to this important task (Broms and
Bennermark 1967, Peck 1969, Davis et al. 1980, Clough et
al. 1983, Lee et al. 2006, Adachi et al. 2003, Chakeri et al.
2013, Chakeri and U nver 2014, Wan et al. 2016, Goh et al.
2017).

Although several experimental and field measurement
tests were developed to investigate and solve many rock
engineering problems, the model tests accompanying with
the theoretical and numerical methods such as finite
element, boundary element and finite difference methods
have also been devoted and used form augmenting and
completing the overall solutions of these problems.
However, for the discontinuum soil and rock masses where
large deformations theories are of main concern, the
continuum based methods (such as finite and boundary
element methods) in some cases may not be able to reflect
the discrete characteristics of the geo-materials. Therefore,
the discrete element method (DEM) may be considered as a
proper alternative to reflect the mechanical behavior of
rock-like materials encountered in any tunnel construction

(b)
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Fig. 1 (a) The Universal Tensile Testing Machine (UTTM); (b) granite sample; (c) granite sample; (d) shear stress

versus normal stress
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project. Thus, in the present study, the DEM based particle
flow code in two dimensions (PFC2D) is used to be able to
simulate the discontinuum nature, large deformation
behaviour and cracks propagation process in geo-materials.
Cundall (Cundall 1971, Cundall and Strack 1979) originally
developed the explicit finite difference method known as
DEM. His work was rapidly and widely used in
geotechnical engineering (Rothenburg and Bathurst 1989,
Oda and Kazama 1998, Cai et al. 2007, Ng et al. 2013).
However, in this paper, the effects of confining pressures
and tunnel depths on the surface subsidence have been
studied by using a sophisticated computer code based on
DEM.

2. Experimantal test

2.1 Direct tensile strength test by compressive-to-
tensile load convertor (CTLC) device

In this study, a Universal Tensile Testing device
(UTTM) is developed as shown in Fig. 7. The CTLC device
together with granite specimens already prepared in the
laboratory can be used to complete the required
arrangement for measuring the direct tensile strength of the
granite (Fig. 7). In this experimental approach, the UTTM
have a conventional uniaxial compression frame which can
provide the required uniaxial compression for the CTLC
device already contained a granite specimen. The loading
frame of UTTM is specially designed for applying a
uniaxial compressive load to the end plates of the CTLC
device via a 5-tons gearbox load cell which can
electronically record the applied load increments during
tensile testing process. During the testing operation, a
constant loading rate of 0.02 MPa/s is applied to minimize
its effects on the final testing results of the direct tensile
strength of granite specimen. This loading rate is suggested
for the tensile strength measurement using a rock splitting
approach. UTTM is powered by a single-phase electricity
applying through a rigid frame of 5 tons loading capacity
and can be effectively used for measuring the direct and
indirect tensile strengths, the uniaxial compressive and the
fracture toughness’s of concretes, rocks, ceramics, mortars
and asphalts. However, UTTM cannot be used for
measuring the uniaxial strength of relatively hard rocks but
it can be used for measuring the compressive strength of
rock like materials, soft and medium rocks, ceramics and
asphalts, successfully.

In the present research, the UTTM with CTLC device is
used to measure the direct tensile strength of granite
specimens. Therefore, 15 pre-holed rectangular specimens
of granite are prepared and placed in the CTLC device for
testing with UTTM in a rock mechanics laboratory. Figs.
1(b) and (c) show the failure and crack propagation process
in 2 failed specimens. These figures show that when the
granite specimens are subjected to tensile loading the
horizontal line cracks are getting started from the boundary
of the center holes and extend through the specimens’
width. This is the direct tensile failure causing the splitting
tensile failure to be produced by the semi-cylindrical steels
or rings around the periphery of the central hole in the

specimen. The value of tensile strength has been depicted in
Table 2.

2.2 Triaxial test on the granite

Cuncurent with tensile strength, triaxial test have been
done on the granite specimens. Fig. 1(d) shows Shear stress
versus normal stress for granite specimen. The value of
cohesion and friction angle has been depicted in Table 2.

3. Numerical simulation of the subsidence
phenomenain shallow tunnels

The subsidence phenomena in shallow tunneling
projects can be predicted by using the two dimensional
particle flow code (PFC2D). In this work, the effect of
tunnel depths and confining pressures on the surface
subsidence due to shallow tunnel excavation are
numerically simulated analyzed.

3.1 Particle Flow Code in Two Dimensions
(PFC2D) and Bonded Particle Model (BPM)

A discrete element code developed by Itasca 1999
(version 3.1) and improved by Potyondy and Cundall
(20014) known as particle flow code in two dimensions
(PFC2D) is used in this study to investigate the effects of
tunnel depths and confining pressures on the surface
subsidence of a typical shallow tunnel excavated in a soft
(soil) ground. In this computer code, the interactions forces
and the relative movements of the material particles within
an assembly are computed using an explicit central finite
difference method (FDM) known as discrete element
method (DEM). A bonded particle model (BPM) algorithm
is adopted in PFC2D to model the contact conditions of the
particles within the material’s particles assembly. The two
linear and non-linear contact models taking into account the
frictional sliding of the particles can be used. In the linear
contact model an elastic relationship is established between
the contact forces and the particle’s relative displacements.
A parallel-bonded particle model can be generated for
PFC2D by using the routines suggested by Itasca 1999;
version 3.1.

In this modelling procedure, the following micro-
mechanical properties should be defined for any particular
particle assembly: (i) the ball-to-ball contact modulus; (ii)
the stiffness ratio Kn/Ks; (iii) the friction coefficients of
balls; (iv) the normal and shear parallel bond strengths,; (v)
the standard deviation of the mean bonding strength
considering both normal and shear strengths of the bond;
(vi) the minimum ball radius; (vii) the radius multiplier,
stiffness raio and modulus of the parallel bond. A standard
calibration procedure is adopted in PFC2D to provide the
appropriate micro properties for each particle assembly
model. However, the bonding characteristics and contact
properties for the particles in an assembly cannot be directly
measured from the laboratory experimental results gained
from the real geo-material samples. The macro-mechanical
properties of the material samples can be measured through
laboratory tests based on their continuum behavior. To
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Table 1 Micro properties used to represent the intact rock

Parameter Value Parameter Value
Type of particle disc Stiffness ratio 2
Density (Kg/cm3) 3600 Particle friction coefficient 0.5
Minimum radius (mm) 0.27 Contact bond normal strength, mean (GPa) 0.2
Size ratio 1.56 Contact bond normal strength, SD (GPa) 0.04
Porosity ratio 0.08 Contact bond shear strength, mean (GPa) 0.2
Damping coefficient 0.7 Contact bond shear strength, SD (GPa) 0.04

Contact young modulus (GPa) 10

(d) ©

)

Fig. 2 Contact force in models under different confining pressure of (a) 0.001 Gpa; (b) 0.005 Gpa; (c) 0.01 Gpa;
(d) 0.03 Gpa; (e) 0.05 Gpa; (f) 0.07 Gpa; (g) failure pattern of numerical model
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Table 2 Direct tensile strengths of physical sample and
numerical model

Experimental Numerical
test simulation
Cohesion (GPa) 0.05 0.056
Friction angle (°) 42 445
Tensile strength (MPa) 6.5 7

estimate the appropriate micro-properties of the modeled
samples from the real macro-properties obtained from
experimental tests, an inverse modeling procedure is

Settlement measuring circles

100 m

100m

@)

adopted | n PFC2D. This method is the versatile trial and
error approach which relates these two sets of materials
properties (PFC 2D 1999). The trial and error algorithm
assumes the micro-mechanical property values at the first
step and then compares the strength and deformation
characteristics of the numerical models with those measured
form the laboratory tests. By an iterative process, the
appropriate micro-mechanical properties of the modeled
samples can be achieved. 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

(b)

()

(d)

®

Fig. 3 Numerical models with circular tunnel; The center of circular tunnel was situation in 10 different positions below the
ground surface of (a) 15 m; (b) 20 m; (c) 25 m; (d) 30 m; (e) 35 m; (f) 40 m; (g) 45 m; (h) 50 m; (i) 55 m and (j) 60 m
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Fig. 3 Continued

relationship between the local and macroscopic constitutive
laws, data obtained from classical geomechanical tests
which may be impractical are used.

3.2 Preparing and calibrating the numerical model

The triaxial compression test was used to calibrate the
cohesion and friction angle 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 particle elimination, and (d) bond
installation.

Adopting the micro-properties listed in Table 1 and the
standard calibration procedures (Potyondy and Cundall
2003), a calibrated PFC particle assembly was created. The
dimension of the tri-axial model were 54 mm and 108 mm.
The specimen was made of 15,615 particles. The lateral
walls were moved toward each other in a servo control
manner to reach desirable confining pressure i.e., 0.001
GPa, 0.005 GPa, 0.01 GPa, 0.03 GPa, 0.05 GPa and 0.07
GPa, respectively. The upper and lower walls was moved
toward each other with a low speed of 0.016 m/s. Fig. 2
illustrate the contact force chain of the numerical tested
samples for six different confining pressure. The contact
force chain is like a cone shape when model is tested under
low confining pressure and contact force chain are
distributed in all of the model by increasing the confining
pressure. Fig. 1(d) shows Mohr-Coloumb envelope in these
data. The cohesion and friction angle were gained by this

envelope. These shear properties are well matching with
those of experimental test (Table 2). This shows that model
is calibrated correctly.

Its to be note that CTLC test was simulated for
calibration of tensile strength of model. Table 2 gives the
numerical values of the direct tensile strengths obtained by
PFC2D. Comparing these results with those obtained
experimentally in Table 2. One can easily visualize that
these two set of direct tensile strength values are very close
to each other which again the validity of both experimental
and numerical procedures adopted in this study is approved.
Fig. 2(g) shows the failure pattern of model under direct
tensile test. A good agreement was established between
experimental test and numerical simulation.

3.3 Model preparation using particle flow code

After calibration of PFC2D, a rectangular model
consisting a circular tunnel was built. Dimension of
rectangular model was 100 m x 100 m. The diameter of
tunnel was 20 m. the center of tunnel was situation in 10
different positions below the surface i.e., 15 m, 20 m, 25 m,
30 m, 35 m, 40 m, 45 m, 50 m, 55 m and 60 m, respectively
(Fig. 3). A total of 14,179 disks with a minimum radius of
0.27 cm were used to make up the rectangular specimen.
Rectangular models are under confining pressures of 0.001
GPa, 0.005 GPa and 0.01 GPa. These models are loaded
gravitationally. For measurement of ground settlement, 15
circles with diameter of 2 m were chosen on the surface and
the average of vertical displacement of discs surounded in
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Fig. 4 Numerical models with circular tunnel; The center of circular tunnel was situation in 10 different positions below the
ground surface of (a) 10 m; (b) 15 m; (c) 20 m; (d) 25 m; (e) 30 m; (f) 35 m; (g) 40 m; (h) 45 m; (i) 50 m and (j) 55 m
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Fig. 4 Continued

these circles was chosen as a ground settlement (Fig. 3(a)).

(@) Models under confining pressure of 0.001 GPa:

When center of tunnel is situated 15 m, 20 m, 25 m, 30
m, 35 m, 40 m, 45 m, 50 m, 55 m and 60 m below the
surface (Fig. 4), a wedge of particle colapcse inside the
tunnel. The size of these wedge is constant by increasing
the distance between tunnel center and ground surface. Its
to be note that the particles of side wall of tunnel were fixed
in the place.

(©

(b) Models under confining pressure of 0.005 GPa:

When center of tunnel is situated 15 m, 20 m, 25 m, 30
m, 35 m, 40 m, 45 m, 50 m, 55 m and 60 m below the
surface (Fig. 5), a wedge of particle colapcse inside the
tunnel. The size of these wedge is constant by increasing
the distance between tunnel center and ground surface. Its
to be note that the particles of side wall of tunnel were fixed
in the place.

(b)

(d)

Fig. 5 Failure pattern in numerical models; The center of circular tunnel was situation below the ground surface of (a) 15 m;
(b) 20 m; (c) 25 m; (d) 30 m; (e) 35 m; (f) 40 m; (g) 45 m; (h) 50 m; (i) 55 mand (j) 60 m
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Fig. 5 Continued

@) (b)

Fig. 6 Failure pattern in numerical models; The center of circular tunnel was situation below the ground surface of (a) 10 m;
(b) 15 m; (c) 20 m; (d) 25 m; (e) 30 m; (f) 35 m; (g) 40 m; (h) 45 m; (i) 50 m; (j) 55 m
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Fig. 6 Continued
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Fig. 7 The settlement diagram for circular tunnel under confining pressure of 0.001 GPa
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Fig. 8 The settlement diagram for circular tunnel under confining pressure of 0.005 GPa
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Fig. 9 The settlement diagram for circular tunnel under confining pressure of 0.01 GPa
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(c) Models under confining pressure of 0.01 GPa:

When center of tunnel is situated 15 m, 20 m, 25 m, 30
m, 35 m, 40 m, 45 m, 50 m, 55 m and 60 m below the
surface (Fig. 6), several groups of particles colapcse inside
the tunnel. The size of these groups is constant by
increasing the distance between tunnel center and ground
surface. Its to be note that the particles of side wall of
tunnel move inside the tunnel. From Figs. 4, 5 and 6, its
clear that the volume of failure zone increase by decreasing
the confining pressure.

4. Comparison of settlement diagram for circular
tunnel under three different confining pressure

Figs. 7, 8 and 9 show the settlement diagram for circular
tunnel under confining pressure of 0.001 GPa, 0.005 GPa,
and 0.01 GPa, respectively. Totally the ground settlement
has maximum value when confining pressure was 0.01 GPa.
From Figs. 7, 8 and 9, it’s clear that the maximum of
settlement occurs at the top of the tunnel roof in the ground
surface. The maximum of settlement occurs when center of
tunnel was situated 15 m below the ground surface. Its
amount was 2 mm, 2.33 mm and 2.8 mm for confining
pressure of 0.001 GPa, 0.05 GPa and 0.01 GPa. The
settlement decreases by increasing the distance between
tunnel center line and measuring circles in the ground
surface. The minimum of settlement occurs when center of
circular tunnel was situated 60 m below the surface ground.

5. Conclusions

In this paper the effect of confining pressure and tunnel
depth on the ground wvertical settlement has been
investigated using PFC2D. for this perpuse firstly
calibration of PFC2D was performed using triaxial test.
Then a model with dimention of 100 m x 100 m was built. a
circular tunnel with diameter of 20 m was drillled in the
middle of the model. The center of circular tunnel was
situated 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, 45 m, 50 m,
55 m and 60 m. these models are under confining pressure
of 0.001 GPa, 0.005 GPa and 0.01 GPa. the results show
that:

e A wedge of particle colapcse inside the tunnel in
lower confining pressure. Several groups of particles
move inside the tunnel by increasing the confining
pressure. Also, several balls from side walls of
tunnel move inside the tunnel in high cnfining
pressure. The size of colapse zone are decrease by
increasing the confining pressure.

e Totally the ground settlement has maximum value in
low confining pressure.

e It’s clear that the maximum of settlement occurs at
the top of the tunnel roof in the ground surface.

e The maximum of settlement occurs when center of
tunnel was situated 15 m below the ground surface.
Its amount was 2 mm, 2.33 mm and 2.8 mm for
confining pressure of 0.001 GPa, 0.005 GPa and
0.01 GPa, respectivly.

e The settlement decreases by increasing the distance
between tunnel center line and measuring circles in
the ground surface.

e The minimum of settlement occurs when center of
circular tunnel was situated 60 m below the surface
ground.

e The circular shape of tunnel change to non-circular
by increasing the confining pressure.
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