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To explore the effect of frost heaving of the tunnel entrance in cold regions, this paper
carries out a thermomechanical coupling analysis based on peridynamics (PD), combines
PD with finite-element method (FEM) into a numerical model, and verifies the feasibility
of the proposed model. On this basis, we selected frost heave amount as the quantitative
index, discussed the evolution law of the energy field in the lining structure of the tunnel
entrance in cold regions, and analyzed the stress of the lining structure, as well as the
expansion and distribution laws of lining cracks, under different frost heave amounts. The
results show that: The difference of frost heave amount indirectly brings changes to the
system’s energy field. With the growth of frost heave amount, the thermal potential and
strain would increase. During the changes, the thermal potential and strain energy of the
system are both positively correlated with frost heave amount. The degradability of tunnel
lining increases with the frost heave amount of the lining. A high density of cracks can be
observed at the foot and waist of the arch, most of which are tensile cracks. With frost
heave amount as the main temperature reference, this research explores the degradation
state of the tunnel entrance in cold regions, which greatly facilitates the maintenance,

repair, and safe operation of tunnels.

1. INTRODUCTION

In the cold regions, tunnel construction breaks the dynamic
thermal balance of the surrounding rocks. Notably, the cold
airflow enters the lining and surrounding rocks at the tunnel
entrance, and exchanges heat with these objects. The pore
water would freeze into ice, when the temperature drops below
0°C [1-3]. As the liquid phase turns into solid phase, the
volume expansion causes the tunnel lining and the surrounding
brocks to generate a frost heave force. When the temperature
rises, the ice melts into water, which increases the amount of
water in the pores. The displacement of tunnel lining and the
surrounding rocks, which occurs during the freezing phase,
cannot be fully recovered, resulting in the expansion of the
pores. The cyclic freezing and thawing lead to deformation of
the lining structure at the tunnel entrance. If the freezing and
thawing continue, the tunnel entrance will crack and fail,
posing a serious threat to the safe operation of the tunnel [4-7].

Many scholars probed deep into the degradation of tunnel
lining in cold regions. To reveal the influence of the phase
change from ice to water over the dynamic temperature field
of tunnels in cold regions, Xu et al., Min et al., Zhan et al.,
Keawsawasvong and Ukritchon [8-11] constructed a finite-
element model of the target tunnel, and comparatively
discussed the dynamic changes of tunnel temperature field
with and without the phase change. Xu et al. and Cai et al. [12,
13] revealed the frost heave mechanism of local excess water
in tunnels of cold regions, proposed an effective evaluation
method for lining structure safety, and designed a three-
dimensional (3D) geo-mechanical model test. Frost heave tests
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were carried out with three different ranges of excess water,
and the crack propagation and lining forces were observed
during the frost heave process. Qiu et al. [14] evaluated the
main analysis models for frost heave pressure in China, and
enumerated the deformation constraints of frost heave water
bodies, based on the model of water storage space. On this
basis, a constrained frost heave model was developed, treating
the frost heave pressure as a gas pressure, and the relevant
theoretical formulas were provided. Finally, they calculated
and analyzed the distribution laws of the active site of frost
heave pressure, scale of frost heave water body, and stiffness
of tunnel lining and surrounding rocks, as well as how much
these factors affect the safety of tunnel lining.

Yau et al. [15] attempted to clarify the effects of the local
empty water storage space between tunnel lining and the
surrounding rocks on the degradability of tunnel lining.
Drawing on the coupling theory between water, heat, and force
of the water storage space, the Abaqus software was adopted
to theoretically model the water-heat-force coupling, and the
tunnel roof settlement and crack distribution were numerically
simulated. Through field measurement, indoor test, and
COMSOL simulation, Do et al. [16] explored how the
magnitude and distribution law of frost heave force are
affected by porosity, permeability, random crack diameter,
and lower boundary waterhead of the model, under the
condition of random cracking. Li et al. [17] noticed that the
tunnels in cold regions are prone to cold damages like broken
lining and leak water freezing. To prevent such damages, it is
necessary to deploy an active heating system, in addition to an
insulation layer. The active heating system mainly consists of
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the ribbon heater between the secondary lining and the
insulation layer. Under the negative temperature, concrete
specimens were tested by the electric heating model to
simulate the temperature rise from the negative level to the
positive level, after the concrete of tunnel lining leaks and
freezes. The specimens were tested one by one or in groups of
three specimens.

Focusing on the degradation state of the lining structure at
the entrance of operating tunnels in cold regions, this paper
selects the Bapanshan Tunnel between Jiangluo Town to
Tianshui City on National Highway 316 as the target,
combines peridynamics (PD) with traditional finite-element
method (FEM) to build a hybrid model, and relies on the
model to analyze the progressive cracking of the lining
structure at the tunnel entrance. The FEM and PD domains of
the computational model were coupled, based on the strain
energy density equivalence principle. After verifying the
feasibility of the model, the lining at the tunnel entrance was
subjected to thermomechanical coupling analysis.

2. PD THERMOMECHANICAL COUPLING THEORY
2.1 Bond type PD thermomechanical coupling theory

In PD, the thermal density between two mass points x and
x’ is the temperature difference between them. Based on the
diffusion of the heat flow, the bond type PD heat conduction
can be expressed as [18]:

pcyO(x, t) = JHfh(G)’, 0,x',x,t)dV, + psy(x, t) (1
where, f;, is the density function of the heat flow, which is only
controlled by the interaction between mass points x and x”; p
is density; cy is the specific heat capacity; sy is the amount of
heat generated per unit mass of heat source per unit time; ® is
the reference temperature at the stress of zero; © is the
absolute temperature.

In the bond type PD heat diffusion, the interaction between
different mass points is independent of each other. The heat
flow between a pair of mass points has nothing to do with the
temperature difference between other pairs. The thermal
response function of the pairs of mass points outside the
neighborhood (i.e., |¢| = |x" — x| > &) is zero. The bond type
PD heat conduction function can be corrected by the deformed
heating and cooling terms. Then, the bond type PD
thermomechanical coupling equation can be written as [19]:

aVG)(x,t)=J (fh—(é)%aé) AV’ + py(x, £) Q)
,_n+s§
RN 3

where, é is the time derivative of the elongation between mass
points; 717 is the time derivative of the relative displacement
vector; ¢ is the material parameter of PD; 7 is the relative
displacement of a pair of mass points; a is the thermal
expansion coefficient; ay is the linear expansion coefficient of
temperature between mass points; py is the thermal density; &
is the relative position between mass points.

2.2 Initial conditions

To solve the time integral, the initial conditions should be
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configured. In the target area, the temperature of each mass
point can be initialized as [20]:
O(x,t=0)=0"(x) @)
Temperature can be added as a boundary condition in PD
thermal conduction analysis. Let R denote the lining area of
the target tunnel. Then, the boundary condition of temperature
needs to be applied in a virtual area R, attached to the outside
of the real material S;. The numerical test should accurately
reflect the specified boundary temperature in the lining area of
the tunnel. To this end, the virtual boundary depth must be
equal to the neighborhood size J. Then, the temperature
boundary condition can be expressed as [21]:

Oy, t +At) =20"(x",t + At) — 0(z,t) x* € S,y 5)
€ER,ZER

where, z is the position of a mass point in R; x" is the position
of a point on surface S,. The relative position between them
can be derived from their shortest distance: d = |x* — z|. The
position y of a mass point in R, is the mirror image of the
position of mass point z. The position can be determined
according to the positions of points z and x*: y = z + 2dn,
where the unit vector n = (x* — z)/ |x* — z|.

3. FEASIBILITY ANALYSIS OF NUMERICAL MODEL
3.1 Model discretization

To numerically solve the thermomechanical coupling of PD,
the solution space must be discretized into multiple sub-
domains with constant temperatures. Since the temperature of
each sub-domain remains constant, the sub-domains can be
viewed as independent integration points. Each point lies at the
centroid of the corresponding sub-domain, and has a certain
volume and integral weight w=1. The integral term in the
governing Eq. (1) can be numerically integrated by [22]:

N
P o0y = Z flt™[xg) = x 1V + R

=1

(6)

where, n is the current time step; i is a mass point; j is a mass
point in the neighborhood of mass point i; V{; is the volume of
the sub-domain associated with centroid x;. The time integral
can be solved in the format of forward difference.

3.2 Constitutive relationship and damage criterion

The modified physical mechanism-based (PMB) model was
taken as the constitutive model. Each pair of mass points is
viewed as being connected by a rigid rod element (bond). If
€]l < 8, the constitutive force f of the interaction between a
pair of mass points can be expressed in the 3D form [23]:

[(1_M] ]su(t,f)
itlEl > 8, 0.

)
where, { is the relative position between a pair of mass points;
o is the near-field range; # is the relative displacement of the

E+n T2E
I &+l 75*

f(n,8)= (7)



pair of mass points; s is the relative elongation of the pair of
mass points.

In the PD theory, scalar functions x4 and ¢@(x,t) are
introduced to illustrate the breaking damage [24]:

Ls(t,&)<s,0<t <t
0, Otherwise

uEh) ={ ®

where, 59 is the critical elongation of the pair of mass points.
If 4=0, the interaction between the pair of mass points
disappears, and the micro bond breakage manifests as cracking
on the macro scale. When the damage of the mass points
accumulates into a surface, a macrocrack will form. The crack
degree ¢(x,t) at a point in the near-field range can be
expressed as [25]:

[ 1Ot 9)av, 0 Intact
p(xt)=1-=H—————¢€(0,1) Damaged ©)
IH 1 Broken

3.3 Numerical simulation

Based on the software extension model of Abaqus, this
paper establishes a hybrid model coupling PD with FEM. The
simulation background is the main tunnel of the Bapanshan
Tunnel between Jiangluo Town to Tianshui City on National
Highway 316. The tunnel adopts a composite lining of the
thickness of 60cm. The inner contour of the tunnel is a curved
wall type three centered arch (height: 7.0m; net width: 10.5m)
with the same cross-sectional area. The 30m long entrance of
the tunnel was selected for calculation.

According to the long-term monitoring data and the data
from the repair and maintenance project of the tunnel in 2018,
the tunnel lining has 23 circumferential cracks. Among them,
4 circumferential cracks penetrate the lining. The
circumferential cracks are between 0.1 and 5.0mm in width,
and 0.0-13.0m in length (except the penetrating cracks). Most
circumferential cracks suffer from water seepage and salt-
petering.

There are 10 longitudinal cracks in the lining, including 4
on the side walls (width: 0.2-0.3mm), and 6 on the waist and
springing line (width: 0.2-0.5mm). There are also 15 diagonal
cracks in the lining (width: 0.2-0.6mm; length: 5.0-16.0m).
Most diagonal cracks suffer from water seepage and salt-
petering. Finally, there are two cross cracks (width: 0.2-
0.5mm), mainly on the arch top and side walls. All cross
cracks suffer from water seepage and salt-petering.

Without considering burial depth and partial pressure, our
numerical simulation mainly focuses on three failure modes:
the crushing caused by the concrete reaching the ultimate

compressive strain; the tensile cracking caused by the concrete
reaching the ultimate tensile strain; the failure of lining bearing
capacity induced by crack extension. The maximum main
stress criterion was adopted to simulate the lining crack
expansion. Tables 1 and 2 list the thermophysical parameters
and physio-mechanical parameters of the numerical model of
the lining, respectively.

To quantify the degradability of the lining at the tunnel
entrance in cold regions, the frost heave amount was selected
[26, 27]:

h=f Z4 (10)

where, & is frost heave amount; f is the mean frost heave
intensity of arch top; Zy is the distance from the frozen surface
to the outer surface of the lining.

To verify the laws and applicability of lining degradability
of the lining at the tunnel entrance obtained through our
numerical model under thermomechanical coupling, we
compared the simulated temperature stress on the roof with the
measured value (Figures 1 and 2).

As shown in Figure 1, when the lining at tunnel entrance is
intact, the frost heave amount increased proportionally with
the temperature stress, with the variation in temperature.
Under the effect of low-temperature frost have, the overall
arch top stress slightly increased with the decline of
temperature. This phenomenon arises from the following
reasons: The tunnel, which was completed in 2006, has been
in service for 16 years. During the operation, the tunnel was
hit by earthquakes. The rocks of the tunnel are severely
softened by the seismic action, as well as the fissure
development caused by the abundance of groundwater. As a
result, the lining continues to crack, leading to the slight
growth in the stress on the arch top.
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Figure 1. Simulated and measured values under intact state

Table 1. Thermophysical parameters

Mass heat capacity Heat conductivity of Linear expansion coefficient Convection coefficient f  Radiation Latent heat of phase
of concrete A concrete ¢ of concrete a (m?-h™") [kJ/(m?-h-°C)] coefficient & change of water L
J/(kg'K) (W/m-K) kJ/kg
970 1.25 0.004 08 v=3m/s, 67.4 0.92 590

Table 2. Physio-mechanical parameters

Elastic modulusBulk densityPoisson’s ratioUltimate tensile stressMaximum circumferential tensionBreaking energy

E (GPa) v (kKN/m?) v

fc (MPa)

omax (MPa) Gf (N/m)

28 25 0.2 22.5

2 70




T %

Measured data on the outer surface

Measured data on the iner surface

Figure 2. Simulated and measured values under cracking
state

As shown in Figure 2, the simulated distribution and
positions of cracks were basically the same as the measured
results. In addition, the simulated crack features were
consistent with the measured features: the cracks on the inner
surface are tensile cracks, while those on the outer surface are
shear cracks. Therefore, our model is feasible for simulating
the degradability of tunnel lining in cold regions.

4. ENERGY FIELD AND DEGRADABILITY
ANALYSIS

Figure 3. Boundary conditions

Figure 4. Grids

To facilitate model convergence, the surrounding rock
pressure was applied uniformly as an additional load on the
outer edge of the lining. During the numerical simulation, it is
assumed that the lining cracks are filled up with water. We also
calculated how much the secondary lining degradability is
affected by the additional stress of frost heave produced by
pore water, and by the cyclic freezing and thaws. According to
PD and the strain energy density equivalence principle of
continua, the strain energy density equivalence principle was
adopted as the criterion for crack expansion. The damage
evolution was simulated by the exponential law based on
energy, linear softening, and hybrid mode. The computational
domain was meshed into eight-node thermal coupling

637

hexahedrons with linear displacement and linear temperature
in three directions. The boundary conditions and grids of the
model are shown in Figures 3 and 4, respectively.

4.1 Energy field analysis

According to the monitoring data on the arch top of the
target tunnel, the frost heave amount peaked at about 0.67mm
at the roof temperature of -32°C. This study analyzed the
evolution law of the energy field in the lining of the tunnel
entrance at four different frost heave amounts (0.2mm, 0.4mm,
0.6mm, and 0.8mm). The PD-FEM hybrid model can detect
the energy change in the system through energy monitoring.
In the initial state, the energy is stored as strain energy in the
system. With the application of linear temperature, the energy
would be released as thermal potential energy. Figures 5 and
6 show the evolution of thermal potential energy and strain
energy at different frost heave amounts, respectively.

When linear temperature is applied to the tunnel entrance,
the internal stress state of the tunnel changes because of frost
heave, leading to a variation of the thermal potential energy
inside the model. The thermal potential energy increases more
obviously, with the growth of frost heave amount. As the frost
heave amount rose from 0.2 to 0.8, the thermal potential
energy increased by 3.6 times. The application of linear
temperature reduces the connection between mass points, and
slowly suppresses the thermal potential energy of the model.
When the frost heave amount remains constant, the thermal
potential energy attenuated to 71-81% of the original level.
Finally, the model gradually tended to be state. Throughout the
application of linear temperature, the thermal potential energy
of the model is positively correlated with the strain energy.
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Figure 5. Evolution of thermal potential energy
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Figure 6. Evolution of strain energy
4.2 Degradability analysis

Figures 7(a)-(d) show the stress change and crack
propagation of the lining structure at four different frost heave



amounts, after the temperature load was applied to the tunnel
section. Under the thermomechanical coupling, the inner stress
of the lining structure increased by different degrees, along
with crack extension. When the frost heave amount was
0.2mm, no obvious cracking was observed, but the inner
surface of the lining had an area of compression concentration.
When the frost heave amount reached 0.4mm, the inner
surface of the lining started to crack, and the outer surface had
an obvious area of compression concentration. When the frost
heave amount increased to 0.6mm, a main crack emerged on
the inner surface of the lining, and propagated very quickly,
while the outer surface was slightly crushed. When the frost
heave amount further grew to 0.8mm, the crack distribution on
the lining changed. Many cracks expanded to the inner and
outer surfaces of the arch waist, and a slight crushing occurred
on the arch top. The lining structure failed due to the
continuous expansion of cracks on the inner surface of the arch
top. Frost heave amount exerted an apparent influence over the
lining stress. In the same freezing and thawing cycle, the lining
stress increased with frost heave amount. During the gradual
expansion of cracks, the inner surface of the lining was mainly
subjected to the tensile stress, and damaged by tensile cracks.
The growth rates of stress and cracks are both proportional to
the frost heave amount.
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(a) Degradation state at the frost heave amount of 0.2
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(c) Degradation state at the frost heave amount of 0.6

Under the four frost heave amounts, the cracks were
concentrated near the foot and waist of the arch. The
corresponding positions on the inner surface of the lining
exhibited an obvious tensile feature. In addition, compressive
cracks emerged in different degrees at the top, waist, and foot
of the arch. During the frost heave of the pore water, many
cracks appeared on the inner surface. The cracking process
could be summarized as three stages: emergence, coalescence,
and re-emergence. This means the shear force and tensile force
act alternatively on the lining. The alternative load, which
leads to obvious shear damage surfaces, as well as multiple
tensile damage lines, significantly accelerates the degradation
of the lining. The frost heave at the arch waist is the result of
partial pressure. At this position, the inner surface cracks were
mostly open, and changed into the X shape with the continuous
increase of temperature load. At the foot of the arch, the axial
force increased faster than the bending momentum. Under the
dominance of the axial force, the crack propagation slowed
down. On the inverted arch, a vertical crack appeared, and
extended slowly on the inner surface of the lining, under the
action of frost heave. In addition, an area of compression
concentration appeared on the outer surface of the lining.
Judging by the growth rates of stress and cracks, the arch top
has the greatest impact on the degradability of the lining.

S. Mises

(mean: 73%)
+3.08%e+04
+2.832e+4
+2.5T4e+4
+2317e+4
+2.053%e+04
+1.802e+04
+1.545e+04
+1287e+04
+1.030e+04
+7.723e+03

+5.148e+03

\ ‘ +2.574e+03 ) /
+5.628e-17

(b) Degradation state at the frost heave amount of 0.4
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(d) Degradation state at the frost heave amount of 0.8

Figure 7. Stress change and crack propagation of the lining structure at four different frost heave amounts



5. CONCLUSIONS

(1) Comparison between simulated and measured data
shows the PD-FEM hybrid approach is suitable for quantifying
the state of tunnels in cold regions under thermomechanical
coupling.

(2) After the application of linear temperature, the
difference of frost heave amount indirectly drives the change
of energy field in the system. With the growth of frost have
amount, both thermal potential energy and strain increase.
During the change, the thermal potential energy and strain in
the system are positively correlated with frost heave amount.

(3) The magnitude of frost heave amount has a significant
effect on the stress and crack propagation on tunnel lining. The
degradability of tunnel lining increases with frost heave
amount. A high density of cracks can be observed at the foot
and waist of the arch, most of which are tensile cracks.
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