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Finite element analysis of shallow buried tunnel subjected to traffic loading by
damage mechanics theory
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Abstract. Tunnels offer myriad benefits for modern countries, and understanding their behavior under loads is critical. This
paper analyzes and evaluates the damage to buried horseshoe tunnels under soil pressure and traffic loading. To achieve this, a
numerical model of this type of tunnel is first created using ABAQUS software. Then, fracture mechanics theory is applied to
investigate the fracture and damage of the horseshoe tunnel. The numerical analysis is based on the damage plasticity model of
concrete, which describes the inelastic behavior of concrete in tension and compression. In addition, the reinforcing steel is
modeled using the bilinear plasticity model. Damage contours, stress contours, and maximum displacements illustrate how and
where traffic loading alters the response of the horseshoe tunnel. Based on the results, the fracture mechanism proceeded as
follows: initially, damage started at the center of the tunnel bottom, followed by the formation of damage and micro-cracks at the
corners of the tunnel. Eventually, the damage reached the top of the concrete arch with increasing loading. Therefore, in the
design of this tunnel, these critical areas should be reinforced more to prevent cracking.
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1. Introduction

With the massive bloom in urbanization over the past
many years, there has been a decrease in the availability of
land for the construction of roads and railways. As an
alternative to reduce the congestion on the surface,
underground transit tunnels have been built in many
countries. They have proven to benefit society both in
economic and environmental aspects. Shallow buried
Tunnels are mostly designed for conventional load
conditions including ground pressure and seismic, as
evident from many published studies (Bendjebbas et al.
2016, Hashash et al. 2001, Jiang and Yin 2012, Singh et al.
2017, Yu et al. 2017).

Road tunnels, either buried, underground, under rivers
or even subsea tunnels, are usually constructed as an
important part of modern highway networks to shorten the
travel time within or between cities, reduce transportation
costs, and improve traffic capacity (Cui ef al. 2015, Wang et
al. 2020, Wang et al. 2020). Based on open reports and
literature, Fig. 1 summarizes the total number of tunnels in
the world. By 2019, China has built 19,067 road tunnels
with the total mileage of 18966.6 km (MTPRC, 2020). By
the end of 2016, the total length of tunnels in service in
China exceeded 14,120 km, the length of railway tunnels
under construction was about 9,300 km, and the length of
railway tunnels under design and planning was about
10,400 km (Wang and Zhao 2006, Zhao and Li 2018). By
2020, the total number of tunnels in service in China is
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expected to reach 17,000, with a total length of more than
20,000 km ; by 2030, the total length will exceed 30,000 km
(Zhao and Li 2018). Also, the total length of tunnels in
Germany in 2023, 2022, and 2021 are 30,622 km, 47,801
km, and 47,365, respectively (Haack 2003). With the
foreseeable growth of transportation demand, road tunnels
will be more intensively constructed worldwide and play
increasingly vital roles in the transportation systems by
virtue of its great advantage in overcoming physical barrier
and minimizing local environment impact (Bassan 2015).

In most engineering works, the service life of structure
is a significant problem that should consider in the design
process. In this situation, the ability of a designer to predict
damage conditions of the structure under negative factors is
an essential issue. For example, unpredicted damages of
tunnels that are related to unpredicted fractures in concrete
and reinforcing steel bars cause significant economical and
safety damages and prevent transit. Also, in the design of
this type of structures, fracture predicting is a determinative
factor and unpredicted fractures in important structures such
as shallow buried tunnels may have catastrophic effects.
Therefore, it is necessary to include all negative factors in
the design process of tunnels.

One of these negative factors that would not be ignore,
is traffic loading. Nowadays, the population of the countries
is increasing and this leads to using more cars on the roads
and more services for people. Shallow buried tunnels as
underground public transit systems should stay in a
serviceable state over time and any damage to them could
result in heavy causalities and economic loss. This requires
a strengthening of shallow buried tunnels against possible
traffic overloading on the roads. This in turn necessitates a
thorough understanding of the structural behavior of
shallow buried tunnels under traffic loading. In other words,
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Fig. 1 The total number of road tunnels

tunnels placed close to roads and railways are expected to
experience additional traffic loading; consequently, tunnels
may be subjected to increased deformations that can lead to
failure. Therefore, it is essential to evaluate the effects of
traffic loads on the response of shallow buried tunnels. So,
this paper analyzes and evaluates the damage of buried
horseshoe tunnels under soil pressure and traffic loading by
damage mechanics theory, which has not been previously
explored in the literature.

1.1 Damage mechanics theory

Annually, the fracture problem has many financial and
physical costs in different countries. At the beginning of
twenty century, the scientistic looking to this issue was
started and created new fields in mechanics science with the
name of fracture mechanics. Generally, two different
methods are used for modeling of fracture processes of
quasi-brittle materials:1) fracture mechanics, 2) damage
mechanics.

In the present world, many structures are seemingly
healthy and flawless. But, in micro-scale viewpoint, they
have micro-cracks, micro-holes and a variety of
disadvantages. They propagate in the structure, connect
together and cause the final fracture of the structure.
Therefore, many structures may do not have any visible
damage on the macro-scale, but they have many micro-
cracks and micro-holes in the micro-scale. Fracture
mechanics science considers the starting and growth
process of micro-cracks as a discontinuous phenomenon. In
other words, fracture mechanics theory is commonly
applied in structural integrity assessments, failure analysis,
and the design of materials and structures to prevent
catastrophic failure due to crack propagation. Therefore, the
study of crack initiation, propagation, and failure within
materials is the goal of this theory. In this way, it provides
predictions of how cracks propagate and whether they will
lead to catastrophic failure, often through the analysis of
stress intensity factors and fracture toughness. Also, fracture
mechanics typically focuses on quasi-static or dynamic
loading conditions and is less concerned with the time-
dependent aspects of damage accumulation. For instance,
Elastic-Plastic Fracture Mechanics (EPFM) uses strain

energy fields or opening displacement near the crack tips to
determine the conditions for crack growth.

In contrast, damage mechanics is a practical engineering
method in continuum mechanics used to predict the
behavior of materials under complex loading conditions or
long-term degradation. It encompasses the consideration of
material damage from initiation to fracture without relying
on a microscopic description. The theory of damage
mechanics finds applications in various fields, including
structural engineering, materials science, geomechanics,
and biomechanics. Damage mechanics aims to elucidate
how a material's properties change as it undergoes damage,
including phenomena like micro-cracking, yielding, or
stiffness degradation. This theory emphasizes the
progressive accumulation of damage, which can lead to
critical levels of damage or deterioration in material
properties under loading conditions. Much of the research
in damage mechanics utilizes state variables to depict the
impact of damage on stiffness and the remaining life of the
material. These state variables may be directly measurable,
such as crack density, or inferred from their influence on
certain macroscopic properties like stiffness, coefficient of
thermal expansion, and remaining life (Struik, 1978).

Nevertheless, damage mechanics can predict the
reduction of characteristics and material properties due to
micro-crack effects. As a concrete tunnel is constructed into
the soil, it undergoes soil pressure from laterals, bottom,
and top regions. This loads on the tunnel can create damage
on the tunnel. When a traffic load is added to the system,
the conditions become more complex. Therefore, in this
study damage mechanics is adopted to evaluate the
responses of concrete tunnel under soil pressure and traffic
load.

1.2 Damage types

(Kachanov 1986) was the first person that allocated a
continuous variable to damage density. This variable
contains the fundamental relationships for growth. These
relationships are written based on stress and strain. They are
used to structural calculations in order to predict the growth
of macro-cracks. (Voyiadjis and Kattan 2005) have
classified the damage types into three groups:

1. Flexible damage: when significant plastic
deformations happen simultaneously with damage growth
in space, it is named "flexible damage". Fundamental
relationships were presented by (Lemaitre 1984, 1986),
(Lemaitre and Dufailly 1987) and (Kattan and Voyiadjis
1990, Voyiadjis and Kattan, 1990). In these relationships,
the elastic and elasto-plastic effects were considered.

2. Damage due to fatigue: When a material is subjected
to cyclic loading, over time, plastic strain accumulates in
the structure. As a result, damage occurs due to these
strains, known as 'damage due to fatigue.' This damage is
classified into two categories: high-cycle fatigue and low-
cycle fatigue. Basic relationships for this damage was
presented by (LEMAITRE, 1971).

3. Damage due to creep: when a metal is subjected to
loading in high temperature (for example, a temperature
above the melting point), the plastic strain is associated with
a viscosity property that results in the material being
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deformed under constant stress. Over time, with the
development of these visco-plastic strains in the space, the
particle separation happens in the material that causes
damage in space. This type of damage is called "damage
due to creep". (Hult 1974), (Lemaitre and Chaboche 1975)
and (Hult 1974) presented the primary relationships of this
problem.

1.3 Researches on the failure mechanism of tunnel

In 1986, (Lemaitre 1986) used a summary of the work
done 15 years ago to apply the behavior of crack by using
the damage mechanics theory. Also, (Lemaitre and Dufailly
1987) raised eight different experimental methods to
measure of damage. Although the damage is non-identical,
but it can be assumed to be identical in many quasi-brittle
materials with a good approximation. In the identical and
non-identical states, the damage variable is scaler and
higher-order tensor, respectively.

Some works have been conducted about the failure
mechanism of tunnel. For instance,(Yang et al. 2016)
studied tunnel roof failure mechanisms in homogeneous and
layered soils. The results show that, in layered soils, the
total height and the width on the layered position of
possible collapsing block increase, and the width of the
falling block on the tunnel roof decreases when only the
upper soil's dilatancy coefficient decreases. Moreover, (Yoo
2016) investigated the deformation behavior of tunnels
crossing a weak zone. A three-dimensional finite element
model was adopted that allows realistic modeling of the
tunnel. The results indicate that the effectiveness of the
absolute displacement monitoring data as early warning
indicators depends strongly on the spatial characteristics of
the weak zone.

(Nikadat and Marji 2016) evaluated the effects of two
basic geometric factors influencing tunnel behavior in a
jointed rock mass on the stress distribution around the
tunnel. This numerical analysis revealed that both the dip
angle and spacing of joints have important influences on
stress distribution on tunnel walls. Also, (Huang et al. 2018)
investigated the failure mechanism of tunnel roof with the
upper bound theorem of limit analysis. It is shown that the
material parameters of initial cohesion, nonlinear
coefficient and unit weight have significant influence on the
potential range of tunnel collapse. (Chen et al. 2019)
proposed a new improved failure mechanism to evaluate the
stability of the tunnel and introduced the critical places.
(Zaid 2021) conducted a simulation in order to understand
the behavior of rock tunnel under static loading condition.

(Nikadat et al. 2015) examined how the behavior of
large discontinuities (faults) affects a jointed medium
surrounding rectangular tunnels. The results demonstrated
that the dip angle of these discontinuities plays a significant
role in determining the stress distribution around the
tunnels. Furthermore, an increase in the dip angle of
discontinuities located in the tunnel's roof leads to a
decrease in tensile stress in that region. The greatest tensile
stress occurs at the intersection of a 60° fault and the tunnel
roof, while the highest compressive stress is observed at the
intersection of a 30° fault and the tunnel wall. Moreover,
corners within rectangular tunnels cause dilation
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Fig. 2 Model geometry

perpendicular to the orientation of in-situ stress, resulting in
a higher concentration of stress in the walls compared to the
roof and floor. (Abdollahipour et al. 2016) presented a
numerical formulation and implementation for the
poroelastic displacement discontinuity method (DDM).
Additionally, they introduced a scheme for -crack
propagation in crack propagation problems, demonstrated
through an example. This allows the code to track crack
propagation over both time and space. Using experimental
techniques alongside the extended finite element method,
(Haeri et al. 2020) explored how the joint number and its
angular variations affect both the compressive behavior of
joint bridge regions and their tensile strength. Results
underscored that the failure process is primarily dictated
joint number and joint angularities. Furthermore, the
strength of specimens declines with an escalation in both
joint number and joint angularities.

Nevertheless, the research on the failure mechanism of
horseshoe-shape tunnels under the traffic load and soil
pressure has not been seen in the literature. Therefore, this
article applies damage analysis to horseshoe tunnels under
soil pressure and traffic load using damage mechanics
theory. To carry out the numerical analysis, ABAQUS
software is used. The damage conditions of the reinforced
horseshoe tunnel in the soil are investigated using the
damage plasticity model, which describes the complete
inelastic behavior of concrete in tension and compression.
Finally, a traffic damage assessment is conducted to identify
the most vulnerable and most robust parts of the tunnel
against traffic loading.

2.Geometry and finite element model of tunnel

A typical transit tunnel with horseshoe cross section of
height 8.5 m and width 7 m is considered in this study. A
cover depth of 6.5 m is taken on top of the tunnel. The
tunnel is made of concrete with normal strength of 30 MPa,
elasticity modulus of 23.9 GPa, poisson's ratio of 0.2 and
weight density of 2500 kg/m3. The thickness of the tunnel
lining is assumed to be 400 mm along with double
reinforcement using 18-mm diameter and 22-mm Fe 420
bars (Schwer 2014). The Ilongitudinal and hoop
reinforcement bars are placed with a center-to-center
spacing of 150 mm and also concrete cover is 50 mm (Fig.
2). Also reinforcing steel with a yield strength of 420 MPa,
elasticity modulus of 200 GPa, Poisson's ratio of 0.3 and
weight density of 7850 kg/m?® was used.
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(a) Reinforcing steel modeling  (b) Tetrahedral elements
Fig. 3 Numerical modeling details
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Fig. 4 Sensitivity of the damage rate in the tunnel to the
level of mesh refinement at the boundary

In 3D space to reduce the computational time and
memory consumption, a soil medium with dimension of
80x30 meters and thickness of 1 meter was created in plain-
strain condition. The behavior of the unbounded soil
domain is simulated by assigning 3D viscous dashpots to
the external boundaries of the soil model, following the
formulation proposed by Lysmer and Kuhlemeyer (1969).
Moreover, the bottom of the model is fixed in all directions.
In numerical modeling, three-dimensional element with ten
nodes (tetrahedral) is used for meshing of the soil that it is
demonstrated in Fig. 3(b) (51270 elements and 83348
nodes). Furthermore, it is important to determine the
appropriate level of mesh refinement in the soil domain. To
do this, a convergence study is carried out with three
element sizes of 2, 6, and 10 m for boundary elements. The
soil domain dimensions are the same for all three meshes
(i.e., 80.0 m " 1.0 m " 30.0 m), and the size of the elements
decreases as they get closer to the tunnel. The models are
subjected to the same traffic loads. The resulting damage
rates are presented in Fig. 4, showing almost no difference
between the results of the first and second levels of mesh
refinement. Finally, the element size of 6 m gave
sufficiently accurate results. The mesh size around the
tunnel was considered small enough (small enough to
capture the wave propagation accurately). In order to
simulate the reinforcing steel, element T3D3 is used in
ABAQUS software that this element is a three-dimensional
trust element with three nodes. In this numerical modeling,
also to define the interface between concrete and steel, the
embedded region constraint used to constrain the degrees of
freedom of steel element with surrounding concrete

elements. The value of fractional exterior tolerance is
selected of 0.05. Also, the sliding of reinforcing steel is
ignored. Fig. 3(a) presents the modeling and configuration
of reinforcing steel in the model. The traffic live load in this
study has been considered as a uniform pressure (Bryden et
al. 2015, Kraus ef al 2014, Trickey and Moore 2007, Yoo et
al. 1999).

3. Materials models
3.1 Concrete

Three different types of constitutive equations are
considered for concrete: 1) smeared crack constitutive
model, 2) brittle crack constitutive model 3) damage plastic
constitutive model. In this article, the damage plastic
constitutive model is used and this model will be explained
below. The damage plastic constitutive model formulated
based on studies of (Lubliner ez al. 1989) and (Lee and
Fenves 1998). This constitutive model is applicable for
states that concrete and others of quasi-brittle materials are
under uniform, cyclic and dynamic loading in the low
hydrostatic pressure. The principal fracture mechanisms
involve cracking under tension and fracture under
compression. Generally, this model requires three groups of
parameters: plasticity parameters, uniaxial compressive and
tensile stress-strain curves of concrete, and damage
parameters for compression and tension. Each of these
cases will be described below.

3.1.1 Plasticity parameters

These kinds of parameters include the plastic flow rule
and yield function. The plastic flow rule is the hyperbolic
Drucker-Prager function. The general criterion for this
function is as follows:

G = \/(eoptanp)? + q2 — Ptang (1)

Where & = eccentricity; ¢ = dilation angle; oy
= uniaxial tensile stress at failure; P= hydrostatic pressure
stress and q = Von-Mises equivalent effective stress. The
Von-Mises equivalent effective stress can be expressed as

3
= |=s. (2)
q 25 S
Where S is the effective stress deviator, defined as
S=0+PI 3)

Where o is the effective stress and P is the hydrostatic
pressure stress and can be calculated as follow

P=- 1/3 trace(o) 4)

The yield function expressed with the yield function of
(Lubliner et al. 1989) and suggested changing by (Lee and
Fenves 1998). The yield function criterion is defined as

__1 N(E N — v
F= - [q — 3ap + B(P") (Gmax) — ¥ (—Gmax)] 5)
—o.(ePH =0
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Where the value of , § and y is calculated below.

a=1[(""/g,) - 11/12(°/5,,) — 1] (6)
b= oy apo 7
=——=1—-a)— a
Ut(efl)
_3(1-K) (®)
2K, -1

In the Egs. (5)-(8) the parameter G,,,, is the maximum
of available stress and Ubo/gc0 is the ratio of biaxial
maximum compressive stress to the axial maximum
compressive stress that the value of this parameter based on
the suggestion of the ABAQUS software is 1.16. Kc is a
determinative parameter for the transversal sectional shape

of yield surface that also the value of this parameter based
on the suggestion of the ABAQUS software is 0.667.

! ! . . .
o.(el") and o, (el") are the compressive and tensile axial
stresses in available plastic strain.

3.1.2 Axial compressive and tensile stress-strain
curve of concrete

The axial stress-strain curve of concrete introduces by
the user as the inelastic stress-strain in the software. In
order to simulate the tensile behavior of concrete
completely, young modulus E, tensile stress o;, cracking
strain &7 and tensile damage parameter d, are needed.
Concrete cracking strain is calculated as

& = & —elh ©)

o . . . .
Where ¢ = “t / .= clastic strain associated with non-
0

damaged materials in tension and &= total tensile strain.
ABAQUS uses the plastic strain to evaluate the validation
of the damage curve. The negative and descending value of
tensile plastic strain shows the unacceptable damage curve
and causes an error before performing the analysis.

~pl _ ~ck _ d o
gt - gt 1-d; E_O (10)

In order to simulate the compressive behavior of
reinforced concrete completely in ABAQUS, compressive
stress 0, , inelastic strain &7 and compressive damage
parameter d, are needed. Therefore, the total strain should

be changed to an inelastic strain as below.
e =g — &gl (1n)

o . . . .
Where g = “¢ / = elastic strain associated with non-
0

damaged materials in compression and &, = total
compressive strain. In the pressure, should also be taken to
ensure that the plastic strain values calculated by the
following equation are neither negative nor decreasing with
increasing stress (Wahalathantri et al. 2011).

~pl _ _~in _ dc oc
e = et — e e (12)

3.1.3 Damage parameters in compression and
tension

Damage in solid materials is the growth and creation of
micro-cracks and micro-holes that on the micro-scale and
macro-scale are discontinuous and continuum, respectively.
Damage mechanics defined based on the effective stress
concept by (Kachanov 1986) and has been used in many
practical and engineering works (Fig. 5). In the same way,
in this study also this concept is used.

The ideal curve of stress-strain of concrete in
compression and tension is shown in Fig. 6. According to
this figure, the slope of the curve up to the initial yield
stress g, is equal to initial young modulus, E,. When the
concrete is unloaded from any point on the strain-softening
branch, the unloading slope of the curve due to the cracking
and crushing in the concrete will be less than Ej; even it
will have a lower value than the initial value. The
compressive damage parameter d. is used to express the
stiffness reduction of concrete during compressive
unloading. In these conditions, the unloading slope of the
curve is obtained from multiplying 1 — d. in the initial
young modulus. d. can be zero corresponding to
completely non-damaged state and one corresponding to
completely damaged state. Usually, to prevent numerical
instabilities, the value of d. is not chosen more than 0.99.
Also, according to Fig. 6 can be stated that there are similar
definitions of tension except that in the tensile behavior, the
stress-strain curve is linear to the peak point of stress. After
that, a softening branch is observed, similar to a straight line
for some materials such as concrete.

The following equations use in order to determination of
damage parameters in compression and tension. (Birtel and
Mark 2006) believe that the determination of damage
parameters in compression and tension is related to

T=04 T=c4
— —
oV
o\\|°>:
\°, 6 _
°7o‘~ L A /:A

0<g<l ¢=0
Damaged State Egquivalent Fictitious
Undamaged State

Fig. 5 Isotropic damage in axial tension state (based on
effective stress concept)(Voyiadjis and Kattan 2005)

—
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Fig. 6 The ideal curve of concrete in tension and
compression (Systemes 2011)
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corresponding plastic strains that are calculated from the
following equations.

ok
d.=1-
pt(l _ -1 (13)
£, (bc 1) + o E;
o Bt
dt = 1 -
(1 _ (14)
e? (b_t_ 1) + o.Egt

Where E =elasticity modulus of concrete, .= concrete

. . 1
compressive stress, o, = concrete tensional stress, ! =

compressive plastic strain of concrete, &; '= tensional plastic
strain of concrete, b= constant parameter in compression
(suggested value=0.7) and b, = constant parameter in
tension (suggested value=0.1).

3.2 Reinforcement

The stress-strain relationship of reinforcing steel in
concrete is shown in Fig. 7. This relationship is valid for
both longitudinal and transverse reinforcement. The
following equations mathematically convey the stress-strain
relationship of reinforcing steel in concrete (Pilkey and
Pilkey 2005).

fs =Eses & <&, (15)

f=f, [(0.91 —2B) + (0.02 + 0.25B) z—]
y

16
1_2—0(2/4-5o e s (16)
1000p P&~
_ 2 — ay/45°
(Sn = Sy(093 - ZB) (1 - W) (17)

Where in Eq. (16), the coefficient [(0.91 —2B) +
(0.02 +0.25B) (es/gy)] is the average steel stress in post-

a2

2—%
yield branch and coefficient [1—1004§p] is related to

reinforcing steel torsion in the crack. When a, is equal to

45 degrees, the torsion coefficient is equal to [ﬁ] and

when a, is equal to 90 degrees, the torsion coefficient is
equal to one.

A
Bare Steel Bars oo
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Fig. 7 Bilinear model of reinforcing steel in concrete

3.3 Soil

The thickness of the soil layer is 30 m and a dense
engineering bedrock with a shear wave velocity of 800 m/s
is located below the uniform sand layer. It should be noted
that in the numerical model, soil sites are classified based
on the average shear wave velocity of the top 30 m of soil
layers. However, the maximum depth of 30 m in the
conventional numerical site investigations generally did not
extend down to the stiff bedrock with Vs more than 800
m/s. Investigations on the influence of the bedrock stiffness
in numerical simulations of the seismic site response show
that an increase in stiffness of bedrock cannot significantly
affect the overall seismic response of a site and the site
response is mostly governed by the upper soil layers
(Falcone et al. 2020). The simplified numerical models
provide a quantification of the surface ground motion
modification with an error generally equal to £10% with
respect to the realistic conditions (Falcone et al. 2020). The
finite element soil domain was discretized with three-
dimensional element with ten nodes (tetrahedral). Soil
density and Poisson’s ratios of soil deposit were considered
to be 2200 kg/m? and 0.3, respectively. It is assumed that
the shear modulus (Gz) for the site was varied with depth
(Z) as Eq. (18), where Gy, denotes shear modulus at depth h,
and n represents the dimensionless shear modulus exponent.
This common equation is considered for the homogeneous
soil type C in the present study and the values of parameters
n, h, and Gy, were assumed to be 0.7, 15 m, and 182 MPa,
respectively. The average shear wave velocity at the top 30
m of the soil is computed by Eq. (19), according to
Eurocode 8 (Acun 2012); h; and Vj; stand for the thickness
(in meters) and the shear wave velocity of the i-th
formation.

Z
G, =Gn()" (18)
30
V =
5,30 ﬂ (19)
i=LN Vsi

4. Results and discussions

Fig. 8 presents the horizontal displacement of the soil
and horseshoe tunnel under soil pressure and traffic loading
at the final stage. It is noteworthy that, This contour is the
size of deformation in space (U = \/UZ + U3 + UZ). In the
soil, the displacement increases with decreasing the depth
(from the surface). In the far regions from the tunnel, the
soil deformation is uniform in the X direction, but getting
closer to the tunnel becomes non-uniform. This is due that,
the stiffness of the concrete is much more than the soil, so
the deformation of the soil around the tunnel is less than in
the upper area (about 0.3 mm). The displacement is zero at
the model's base and equal 18.4 mm at the soil surface. This
displacement is dependent on the amount of stiffness of soil
and traffic loads. With consideration of the high damage to
the tunnel, this amount of displacement is logical.
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Fig. 9 Damage contours of concrete in different stages of traffic loading
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Fig. 8 Final displacements of the concrete box and soil

Fig. 9 shows the damage contour in concrete in the
different stages of traffic loading. It should be said that,
zero damage is equal to healthy material and unit damage is
equivalent to completely damaged material (complete
cracking). It can be seen that at each stage of loading, the
maximum damage happens in the center of the tunnel
bottom. This is due to the geometrical shape of the tunnel,
which transfer the loads to the base of the tunnel. First, the

damage occurs in the center of the tunnel bottom, with
increasing traffic loading, damage in concrete extends to the
corners of the horseshoe tunnel.

According to Fig. 9(a) to 9(f), when the traffic load
increase, more volume (in width and height) of the central
and corner concrete regions became damaged. Finally, in
the final stage of traffic loading (Fig. 9(f)), the maximum
damage in the center of the tunnel reaches 0.9 and this value
indicates that the concrete has completely cracked and lost
its strength. On the other hand, the damage value in the
corners of the tunnel is less than in the central region (about
0.6). Nevertheless, the most vulnerable and critical part
against soil pressure and traffic load is the central areas of
the bottom of the horseshoe tunnel. So, this part of the
tunnel needs more attention in the design process. For
instance, designers can use more reinforcement in this
region or use better concrete with higher mechanical
properties in order to prevent creating a crack.

Also, Fig. 10 illustrates the damage contours of concrete
in different stages of loading plus deformation with a scale
factor of 50. According to these deformations, it can be
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Fig. 10 Damage contours of concrete in different stages of loading plus deformation with a scale factor of 50

understood that two sides of the tunnel act as two columns
under the traffic loading, experiencing both bending
moments and compressive forces. At the end of these
columns, the bending moment is maximum; as a result, the
damage happens at the corners of the tunnel. Also, the
bottom of the tunnel acts as the beam-column element. It is
under the bending moment in addition to the compressive
force; therefore, more damage occurs in the bottom center
of tunnel.

Moreover, to evaluate stress distribution in the
reinforcing steels, the von-Mises stress in reinforcing steel
of concrete at the end of loading is demonstrated in Fig. 11.
Because of the soil load, the bending behavior of two
vertical columns (two tunnel sides) and the bottom of the
tunnel are toward the tunnel center. Therefore, based on Fig.
11, the maximum stress of reinforcing steels happens at the
corners of the concrete box, which is equal to 309 MPa.
This amount is less than the yield stress of reinforcing
steels, 420 MPa, which means that with this total traffic
load, the reinforcing steels did not reach yet to the yielding
and plastic states. In the same way, if the traffic load
increases, the reinforcing steels surely yield.
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Fig. 11 Von-Mises stress in the reinforcing steels at the
end of loading plus deformation with a scale factor of 50
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Fig. 12 Stress contours in concrete in three stages of traffic loading plus deformation with a scale factor of 50

In order to investigate how the stress distribution in the
tunnel, the stress contours 1-1 and 2-2 in the three stages of
traffic loading are shown in Fig. 12. In the stress
distribution 1-1, observes that stress in the beam is non-
uniform and increases with raising the traffic load. The top
corners and the bottom center experience compressive
loads. In contrast, the bottom corners and the top center
experience tensile loads. But, the stress in the columns is
uniform in three stages and less than the beam.
Nevertheless, the beam (bottom of the tunnel) has a vital
role in tunnel response against the traffic load and soil
pressure and is the most vulnerable part to damage. In
contrast, based on the Fig. 12(b), the stress distribution in
the beam and columns is uniform and non-uniform,
respectively.

In the following, the effect of traffic load on the cracking
and damage analysis of the horseshoe tunnel is discussed. In
the same way, with four different loads 20, 50, 100 and 150
KN, nonlinear analysis of the model is performed and the
amount of the damage to the tunnel is examined in these cases.

0.96
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0.94

0.93

Damage rate

0.92

0.91

0.9
0 20 40 60 80 100 120 140 160

Traffic load (KN)
Fig. 13 maximum damages in the tunnel for four different
values of traffic load

Fig. 13 shows the trend of the changes in maximum
damage in the tunnel for different values of traffic load. It is
observed that with increasing the traffic load, the damage in
concrete increases, and with increasing 7.5 times the traffic
load, the damage rate increases from 0.9 to 0.96.
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Fig. 14 Damage contours in the concrete at the end of loading for different values of traffic load

Also, Fig. 14 shows the damage contour in the concrete
at the end of traffic loading for different values of traffic
load. It can be seen in these four states that damaged areas
and damage amount are growing with increasing traffic
load. It should be noted that with the increase in the traffic
load, the damage is created in the middle of the arc, which
naturally increases with the raising in loading.

According to these contours, it can be concluded that in
a horseshoe-shaped tunnel, the fracture mechanism is as
follows: first, the damage starts at the center of the tunnel
bottom. Then, damage and micro-cracks develop at the
corners of the tunnel. Eventually, the damage reaches the
top of the concrete arch as the loading increases. Therefore,
in the design of this tunnel, these critical places should
more reinforce to prevent cracking.

5. Conclusions

This paper evaluates the performance of a shallow
buried transit tunnel using damage mechanics theory. The

tunnel, which has a horseshoe-shaped cross-section, is
subjected to soil pressure and traffic loads. Numerical
modeling using ABAQUS software was conducted in detail.
The study focuses on the cracking phenomenon using the
damage plasticity modulus, which accounts for the inelastic
behavior of concrete under tension and compression. The
analysis identifies the most vulnerable parts of the tunnel,
which experience the highest damage due to traffic loads.
The main findings are as follows:

e Based on the damage and stress contours in the
concrete and steel of the tunnel, the most vulnerable
part is the center of the tunnel bottom.

e As soil pressure and traffic load increase, macro-
cracks expand in the bottom (beam) and corners
(columns) of the tunnel, resulting in more damage.

e The damage value is highest above the center of the
tunnel bottom and at the bottom of the tunnel corners.
This is because the bending moment and compressive
force are greatest in these areas.

e More stress concentration was observed in the
reinforcing steel in the corners of the tunnel.
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Additionally, unlike the stress 1-1 contour, the stress
2-2 distribution was uniform in the beam and non-
uniform in the columns.

e As the traffic load increases, the damage in the
concrete also increases. With a 7.5-fold increase in
traffic load, the damage rate rose from 0.9 to 0.96.

e The fracture mechanism is as follows: first, the
damage starts at the center of the tunnel bottom, then
damage and micro-cracks develop at the corners of the
tunnel, and eventually, the damage reaches the top of
the concrete arch as the loading increases. Therefore,
in the design of this tunnel, these critical areas should
be reinforced more to prevent cracking.
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