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Abstract: Temperature differences between the surrounding ground and the tunnel lining will cause
a variation of the tunnel lining forces. The hyperstatic reaction method (HRM) could be efficiently
and simply used to investigate the impact of thermal load on tunnel linings. First, the steady
state numerical solution is derived for a shallow circular tunnel to estimate the internal forces and
displacements of tunnel lining caused by thermal load. The effective strain coefficient βTl is deduced
to calculate the thermal stresses in tunnel lining. Secondly, the influence of the temperature difference
on the internal forces of tunnel lining is investigated using the HRM method considering different
lining elastic modulus, lining thickness and ground coefficient of thermal expansion. Lastly, the
impact of fires which will be able to modify the elastic modulus of tunnel lining is investigated,
which makes it possible to predict the damage of tunnel lining caused by fires.
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1. Introduction

Tunnels have been extensively used for transportation, such as rail traffic, road and
water; however, less attention is focused on the thermal stresses of tunnel lining caused by
temperature differences. The temperatures inside the tunnel and/or in the surrounding
ground are different in practice. The reasons which will cause a temperature change in
tunnel lining have been presented by several studies:

(1) Seasonal changes in ambient temperature: Luo et al. [1] have shown that the tem-
perature of lining varies with the seasonal changes. For instance in their study, the
temperature variation was between −1.8 ◦C in winter and 13.2 ◦C in summer.

(2) Heating from the trucks, trains or passage of cars. Nicholson et al. [2] carried out an
assessment of the available heat energy inside tunnels. They found that train heat
emitted from the brakes, motors and air conditioning systems, could be able to warm
the surrounding ground and the air.

(3) Geothermal issues: Shallow geothermal energy is available all over the world (below
10 m to 400 m under the ground) [2]. The underground geotechnical structures, such
as tunnel linings, have large structure-ground interfaces and can easily be converted as
heat-exchangers [3–6]. Therefore, the temperature of lining may also change because
of geothermal energy.

(4) Fires: Emergency situations such as fires could be able to cause the temperature
change in tunnels [7]. It was investigated by Maraveas and Vrakas [8] that a fire
occurring in tunnel induces a rapid rise of the air temperature, to more than 1000 ◦C,
within a few minutes. This rapid change of temperature results in an explosive
concrete spalling of the tunnel lining [9], which not only brings about casualties and
property loss, but also causes a prolonged disruption of operations.
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Temperature change will give rise to a variation of internal forces in the tunnel lining.
The thermal stresses represent the stresses caused by temperature change, which usually
causes cracking and damage to the tunnel lining and surrounding ground. If the thermal
stress is large enough, it may become a major factor causing the damage of structures.
Many tunnels suffer from cracking damage due to thermal loading, such as the Channel
Tunnel fire, which resulted in considerable damage over 480 m in France in 1996, or the
Mont Blanc tunnel fire in 1999 where the tunnel roof was damaged. Clearly, temperature
change has an impact on the internal forces of tunnel lining; however, a few research works
could be found that investigated the stresses and displacements of tunnels caused by a
thermal loading. For example, Barla and Di Donna [10] showed how thermo-mechanical
analyses were used to design the tunnels by investigating the possibility of the thermal
activation of tunnel linings. Luo et al. [1] analyzed the internal forces of tunnel lining under
the ambient temperature changing in one year by monitoring strain on a lining tunnel in the
Shaanxi Province. Despite this, one could not find a simplified way to evaluate the thermal
stress of a circular tunnel, which means that there is no one efficient way to evaluate the
impact of temperature change on the behavior of a circular tunnel lining. Therefore, it is
required to find an efficient and rigorous calculation procedure to provide an appropriate
design of a circular tunnel lining while considering the influence of temperature change.

The HRM method is a very effective way to estimate the tunnel lining forces (bending
moments and normal forces) and displacements of tunnels. This method was proposed
and developed [11,12] to study the behavior of circular tunnel linings under mechanical
loading conditions. It could be able to provide the same results as the numerical ones, but
with higher computational efficiency [11].

This paper starts with an introduction to the HRM method, including the ground-
structure interaction and the loads applied to the tunnel lining. An improvement of this
method is presented to show how to estimate the thermal stresses caused by temperature
change. The effect of temperature change which causes the change of soil parameters and
behavior is often not considered for simplicity purpose. A comparison with the results
of Luo et al. is then given, which verifies the present method. A parametric analysis is
presented to study the effect of temperature change on the internal forces of circular tunnel
lining using the present method. The following factors, such as the lining thickness, elastic
modulus, and ground coefficient of thermal expansion, are considered. Lastly, the impact
of a fire on the behavior of circular tunnel lining is presented. The conclusion is given
that heating the lining generates compressive forces, whereas cooling the lining leads to
tensile forces. The temperature change has a significant influence on the internal forces of
circular tunnel lining, which should be considered while designing the circular tunnels.
The proposed simplified method could be able to give a design reference for the tunnel
facing the thermal impact.

2. HRM Method

The HRM method permits calculating the displacements and internal forces of lining
in a fast and accurate way [13–20]. The tunnel lining in this bi-dimensional method is
subdivided into a finite number of linear beam elements (Figure 1) which are connected by
nodes. The ground-structure interaction is established through springs connected to the
element nodes and the active loads (σv and σh in Figure 1). It should be noted that normal
and shear springs are taken into consideration. The beam element is defined by its area A
and inertial modulus J on the transversal section, the elastic modulus E of the lining, and
the length of element Li. Figure 1 presents the calculation sketch of a circular tunnel lining
considering the additional thermal loads caused by temperature change, in which σv and
σh are the vertical and horizontal loads, respectively; σT is the additional thermal loads
caused by the temperature change; ks and kn represent the shear and normal stiffness of
springs, respectively; EA and EI mean normal and bending stiffness of lining, respectively;
X and Y are the global Cartesian coordinates; t is the thickness of lining.
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Figure 1. Schematic diagram of circular tunnel lining in the analysis: (a) Calculation sketch of the additional thermal loads
caused by temperature change; (b) Circular support structures in the HRM method.

As the ground-structure interaction is simulated by springs, the stresses of elements
could be calculated by the unknown node displacements. The unknown displacement
components [S] could be evaluated by the active loads and the global stiffness matrix [K]
of the whole structure elements, which is shown as follows:

[K]·[S] = [F] (1)

where F = [F1, F2, . . . , Fn]T are the external active loads, in which each sub-vector consists
of three node external forces; S = [S1, S2, . . . , Sn]T are the unknown node displacement
components, in which each sub-vector consists of the three node displacements.
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The local stiffness matrix ki (i = 1, 2, 3 . . . , n) of ith element under the global Cartesian
reference system is used to assemble K, which is given as follows:

K =



k(n)11 + k(1)11 k(1)12 0 0 0 0 k(n)1n
k(1)21 k(1)22 + k(2)22 k(2)23 0 0 0 0

0 k(2)32 k(2)33 + k(3)33
. . . 0 0 0

0 0 k(3)43 k(3)34
. . . 0 0

0 0 0 k(3)44 + k(4)44
. . . . . . 0

...
...

...
...

. . . . . . k(n)
(n−1)n

k(n)n1 0 0 0 0 k(n)n(n−1) k(n)nn + k(1)nn


(2)

where n is the total number of elements; the terms k(n)
(n−1)(n−1), k(n)

(n−1)n, k(n)n(n−1) and k(n)nn

consist of 3 × 3 sub-matrices of the local stiffness matrix kn.
ki is calculated by the local stiffness matrix under local Cartesian reference system ki

as follows:
[k]i = λT

i ·[k]i·λi (3)

where λi is the transformation matrix, which is given as follows:

[k]i =
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Li
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(4)

λi =



cos αi sin αi 0 0 0 0
−sin αi cos αi 0 0 0 0

0 0 1 0 0 0
0 0 0 cos αi sin αi 0
0 0 0 −sin αi cos αi 0
0 0 0 0 0 1

 (5)

where αi represents the inclination angle of the ith element relative to the horizontal.
Since the structural stiffness of the elements will be changed due to the presence

of springs, the corresponding elements along the diagonal of the global stiffness matrix
should be modified as follows:

K∗
3i−2,3i−2 = K3i−2,3i−2 + kn,i·cos2
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2
+

αi
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− π

2

)
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2
+
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− π

2

)
(6)
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(9)

where ks,i and kn,i represent the stiffness of the shear and normal spring connected to node
i, respectively.

After obtaining the displacement components [S] under the global reference system, a
conversion of the node displacements to the local reference system can be achieved. The
stress characteristics of nodes could be estimated through the local stiffness matrix.



Geotechnics 2021, 1 389

2.1. Interaction of the Ground and Structure

The ground-structure interaction is described by a nonlinear relation between the
reaction pressure p and support displacement δ in the present analysis, which is introduced
by Oreste [11] (see Figure 2), as follows:

p = plim

(
1 − plim

plim + η0·δ

)
(10)

where η0 and plim represent respectively the initial ground stiffness and the maximum
reaction pressure.

Figure 2. Relationship of p and δ.

According to Oreste [11], the apparent stiffness η∗ of the ground could be determined
by the p/δ ratio, which can be written as:

η∗ =
plim

δ
·
(

1 − plim
plim + η0·δ

)
(11)

The initial normal stiffness ηn,0 can be calculated by:

ηn,0 = β
1

1 + vs
·Es

R
(12)

where vs is the Poisson’s ratio of ground; R is the tunnel radius; Es is Young’s modulus of
ground; β is a dimensionless factor.

The shear stiffness of springs is estimated by the normal stiffness ηn as follows [21]:

ηs =
1
3

ηn (13)

pn,lim is determined as follows:

pn,lim =
2·c·cosϕ

1 − sinϕ
+

1 + sinϕ

1 − sinϕ
·σv + σh

2
· vs

1 − vs
(14)

The maximum shear reaction pressure ps,lim is estimated by:

ps,lim =
σv + σh

2
·tanϕ (15)
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The shear stiffness ks,i and normal stiffness kn,i of each spring are given by:

ks,i = η∗
s,i·
[
(Li−1 + Li)

2
·1
]
=

ps, lim

δs,i
·
(

1 −
ps,lim

ps,lim + ηs,0·δs,i

)
· (Li−1 + Li)

2
(16)

kn,i = η∗
n,i·
[
(Li−1 + Li)

2
·1
]
=

pn, lim

δn,i
·
(

1 −
pn,lim

pn,lim + ηn,0·δn,i

)
· (Li−1 + Li)

2
(17)

2.2. Loads Applied to the Lining

The surrounding rock pressure and temperature stress are taken into consideration
while investigating the stresses and displacements of tunnels. Those following assumptions
are made: (1) temperature change in the lining is the same as the one in the surrounding
ground; (2) the parameters of ground, such as vs, c, ϕ and Es are constant under the effect
of temperature [22].

As temperature change is taken into consideration, the external loads consist of two
parts in the analysis: (1) the additional thermal loads (σT shown in Figure 1a) caused by
temperature change; (2) the earth active loads (σv and σh shown in Figure 1b) applied by
the ground.

2.2.1. Active Loads

The active vertical load σv applied by ground is estimated according to the
Terzaghi’s theory [23]:

σv = γs·h (18)

where h is the overburden thickness which is the vertical distance from the tunnel center to
the ground surface; γs is the unit weight of ground. If h is two times larger than the circular
tunnel diameter, an effective depth h0 should be taken into consideration as follows [23]:

h0 =
B1(1 − c/(B1γs))

K0·tanϕ

(
1 − e−K0·tanϕ·(h/B1)

)
(19)

B1 = R·cot(π/8 + ϕ/4) (20)

where R is the tunnel radius; K0 means the lateral earth pressure factor. Please note that if
h0 is lower than two times the tunnel external diameter, h0 is set equal to two times of the
tunnel external diameter.

The active horizontal load σh applied by the soil is calculated as follows:

σh = K0·σv (21)

2.2.2. Additional Thermal Loads σT

The temperature in surrounding ground and tunnels changes with time. The tempera-
ture change causes the thermal shrinkage or expansion of tunnel lining. Since the lining is
suffered from the restraint of surrounding ground, the lining internal stresses will change
with different temperature.

σT is assumed to be a uniform load (see in Figure 1a). The tunnel lining is assumed to
be contacted with the ground without considering the effect of the temperature change. σT
consists of the additional thermal load σTl from the circular tunnel lining and the additional
thermal load σTs from the ground. The total thermal load σT is therefore calculated by:

σT = σTl+σTs (22)

It is given that the ground-structure contact is rigid and the ground is perfectly re-
strained by the tunnel lining, so that the potential soil strains caused by temperature
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change could be totally converted to additional thermal stresses. σTs could then be ex-
pressed as follows:

σTs = ES·εths (23)

in which εths is the radial restrained thermal strain of ground caused by temperature
change, which is given as follows:

εths = αTS·∆T (24)

where ∆T is the temperature change; αTs is the thermal expansion coefficient of the
ground (/◦C).

As only the outer surface of tunnel lining is constrained by the surrounding ground
and the inner surface of tunnel lining is free, the lining strains induced by temperature
change cannot be completely converted to additional tunnel lining thermal stresses. It is
emphasized by Amatya et al. [24] that only the restrained thermal strains of the structure
could be able to induce thermal stresses. Herein, an effective strain coefficient of tunnel
lining βTl is introduced to evaluate the σTl , which represents the proportion of strain which
could be able to convert into thermal stress. σTl is therefore expressed as follows:

σTl = E·
(

βTl ·εth
)

(25)

in which E is the Young’s modulus of the circular tunnel lining; εth is the radial thermal
strain of the tunnel lining caused by temperature change, which is calculated by:

εth = αTl ·∆T (26)

where αTl is the thermal expansion coefficient of tunnel lining (/◦C).
It could be found from Equation (25) that βTl is the key point to calculate αTl . However,

no authors have proposed a formulation to evaluate βTl . Since Luo et al. [1] investigated
the lining forces under ambient temperature by monitoring the tunnel lining strain of a
tunnel in the Shanxi Province (China), the value of β_Tl was determined by comparing the
internal forces calculated by the present method to the ones of Luo et al. [1]. Table 1 gives
the lining properties used in Luo et al. [1].

Table 1. Lining properties used in the analysis.

Lining Properties Symbol Value Unit

Tunnel radius R 6.08 m

Thickness of lining t 0.45 m

Poisson’s ratio of lining v 0.16 -

Elastic Modulus of lining E 2.95 × 104 MPa

Coefficient of thermal expansion αTl 9 × 10−6 ◦C−1

The initial temperature of tunnel lining in Luo et al. [1] was equal to 12 ◦C. In the
analysis, the Es is taken equal to 300 MPa; vs is 0.3; h is 40 m; K0 is 0.8; γ is 22 kN/m3; ϕ and
c are respectively 20 degrees and 50 kPa. Table 2 shows the inner thermal forces of tunnel
lining induced by temperature change from the in situ data [1] and the present method,
in which the normal forces calculated by the present method correspond to βTl with
t/[(R − t/2)2]. It should be noticed that βTl with t/[(R − t/2)2] is proposed by authors after
extensive trial calculations. From Table 2, one can find that the results of the present method
are in good agreement with ones of Luo et al. [1]. Since their error is less than 7%, βTl
with t/[(R − t/2)2] is taken into consideration. The positive direction of the lining forces
(bending moment M, normal force N) considered in the analysis is shown in Figure 3.
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Table 2. Inner thermal forces of tunnel lining from Luo et al. [1] and the present method.

Temperature Change ∆T (◦C)
Normal Force N (kN/m)

Luo et al. [1] Present Method Error

−10.1 207.45 192.99 6.97%

−11.6 222.53 221.66 0.39%

Figure 3. Positive direction of the lining forces. θ: the angle between the element axis and the vertical
axis of tunnel cross-section.

As Do et al. [12] investigated the impact of active loads applied by the ground on the
behavior of a circular tunnel lining, herein, only the thermal loads are presented to show
the effect of temperature change on the incremental internal forces of a circular tunnel
lining.

The properties of the tunnel lining and ground from the Toulon tunnel in France [25]
are adopted in the analysis, which are shown in Table 3.

Table 3. Properties of the tunnel lining and ground.

Symbol Value Unit

Properties of lining
Tunnel radius R 6.02 m

Thickness of lining t 0.50 m
Poisson’s ratio of lining v 0.15 -

Elastic Modulus of lining E 3.5 × 104 MPa
Coefficient of thermal expansion αTl 1.2 × 10−5 ◦C−1

Overburden thickness h 40 m
Properties of ground

Elastic Modulus of ground Es 300 MPa
Cohesion of ground c 50 kPa

Internal friction angle ϕ 20 degree
Unit weight of ground γs 22 kN/m3

Poisson’s ratio of ground vs 0.30 -
Lateral earth pressure factor K0 0.8 -

Coefficient of thermal expansion αTs 5 × 10−6 ◦C−1

3. Impact of ∆T on the Internal Forces of Tunnel Lining

Barla and Di Donna [10] found that the ground temperature varies between 8 ◦C and
16 ◦C at depths being higher than 5–8 m, but it remains constant when depth is over 50 m.
In addition, it was found by Luo et al. [1] that the temperature change ∆T is about 15 ◦C. It
is, therefore, assumed that a constant temperature equal to 20 ◦C and the tunnel lining is
subjected to a ∆T varying from −15 ◦C to +15 ◦C in the analysis.
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3.1. Only Considering σTl

While the underground trains stopping at platforms, braking or accelerating, signifi-
cant heat will be generated. It is assumed that there is no enough time to transmit the heat
from tunnel lining to surrounding ground. Therefore, herein only the effect of σTl on the
internal forces of tunnel lining in investigated. αTl is taken as 1.2 × 10−5 ◦C−1 and αTs is
0 ◦C−1. The other properties shown in Table 3 are considered.

As the tunnel lining is restrained by ground (Figure 1a), the bending moment of tunnel
lining caused by the temperature change is close to 0 when the temperature varies from
−15 ◦C to +15 ◦C. Therefore, Figure 4 only gives the impact of ∆T on the normal forces
and stress of tunnel lining. In addition, since it is assumed that the additional thermal
loads apply uniformly to the circular tunnel lining (shown in Figure 1a), same stresses
and normal forces of tunnel lining are obtained along the whole tunnel when the value
of ∆T keeps constant. From Figure 4, one can find that heating the tunnel lining leads to
compressive normal forces, whereas cooling the tunnel lining generates tensile normal
forces, which is consistent with the conclusion given in Bourne-Webb et al. [26]. In addition,
the greater the ∆T, the greater the internal forces of tunnel lining. For the same absolute
value of ∆T, a heating load produces a similar response as that of a cooling load.

Figure 4. Effect of ∆T on the internal forces of tunnel lining when only considering σTl : (a) Normal
force; (b) Stress of lining.
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3.2. Considering σTs and σTl

This section gives the impact of the temperature change ∆T on the internal forces of
tunnel lining when considering both σTs and σTl , which is shown in Figure 5. The αTl is
taken as 1.2 × 10−5 ◦C−1 and αTs is 5 × 10−6 ◦C−1. Compared to the results of Figure 4,
one can find that the absolute force values considering both σTs and σTl are higher than of
the ones where only σTl are considered.

Figure 5. Effect of ∆T on the internal forces of tunnel lining when considering both σTs and σTl : (a) Normal force; (b) Stress
of lining.

3.3. Impact of Other Factors on the Internal Forces of Tunnel Lining

The impact of other factors, such as the Young’s modulus E, thickness t of tunnel
lining and the type of ground, on the internal forces of tunnel lining is presented, in which
αTl is set equal to 1.2 × 10−5 ◦C−1.

As mentioned in Section 3.1, the internal forces caused by a temperature change (from
−15 ◦C to +15 ◦C) stay constant along the whole tunnel. Therefore, only the normal lining
forces and stresses at the tunnel crown will be shown in the analysis.



Geotechnics 2021, 1 395

3.3.1. Impact of Lining Thickness t

The impact of ∆T on the internal forces of tunnel lining for different t is herein
investigated. The t varies from 0.3 m to 0.6 m.

Figure 6 presents the internal forces of tunnel lining for different ∆T and t. It could
be found from Figure 6 that the absolute values of stresses σ decrease as the increase of t;
however, the absolute values of normal forces increase as t increases. This is because the
lining stress σ strongly depends on t and σ is calculated by the formula as follows:

σ =
N
A

± My
I

(27)

in which M and N are respectively the bending moment and normal force of tunnel lining;
I is the moment of inertia and y is taken as t/2 which also depend on t; A represents the
cross-sectional area of the tunnel lining.

Figure 6. Impact of ∆T on the internal forces of tunnel lining with different t: (a) Normal force; (b) Stress of lining σ.

From Equation (27), one can find that the greater the ∆T, the greater the internal forces
of lining. In addition, the thicker the lining, the smaller the stress value. Heating the lining
generates compressive forces, whereas cooling the lining causes tensile forces.

3.3.2. Impact of Lining Elastic Modulus E

The impact of ∆T on the internal forces of tunnel lining considering different E is
investigated herein, and shown in Figure 7. The E in the analysis varies from 20 GPa to 50
GPa. It is found from Figure 7 that the absolute values of the lining forces increase as E
increases. This is because the bending and normal stiffness (EI and EA) of the tunnel lining
depend on E, and the lining stiffness increases with the increase of E.

3.3.3. Impact of the Thermal Expansion Coefficient αTs of the Ground

The αTs depends on the ground type [27]. The effect of ∆T on the internal forces of
tunnel lining is therefore shown in Figure 8 for different αTs, in which αTs changes from
3 to 7 × 10−6 ◦C−1. From Figure 8, it can be found that the maximum difference is less
than 14.3%, when ∆T is 15 ◦C. The absolute values of lining internal forces increase as
σTs increases.
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Figure 7. Impact of ∆T on the internal forces of tunnel lining considering different E: (a) Normal force; (b) Stress of lining.

Figure 8. Impact of ∆T on the internal forces of tunnel lining while considering different αTs: (a) Normal force; (b) Stress
of lining.

4. Impact of Fires on the Internal Forces of Tunnel Lining

The internal forces of lining structure are analyzed in this section supposing that the
tunnel lining subjected to a severe fire. It was found that a loss of lining strength and
stiffness [8,28] will be caused in the event of a fire, as the temperature of the tunnel lining
rises rapidly in an instant. Many fire tests, e.g., the EUREKA fire test [7], were executed
to determine the temperature development and the damage pattern of lining structure
during a tunnel fire. It was found that the gas temperature at the tunnel ceiling rises
to temperatures of over 800 ◦C after about 5 min [7], which results in concrete spalling
of the lining. It is, therefore, important to investigate the behavior of tunnel lining at
elevated temperatures.

In the following analysis, the impact of a fire on the relevant elastic modulus of
tunnel lining is first introduced and then the influence of a fire on the lining behavior is
investigated. To study a fire impact on the internal forces of tunnel lining, the temperature
of lining structure is assumed to vary from 100 ◦C to 800 ◦C [29]. As the temperature in the
tunnel lining rises rapidly in a very short time, it is assumed that the heat in tunnel lining
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generated by a fire could not be transmitted to the surrounding ground. The additional
thermal load from ground is therefore neglected and only the additional thermal load from
tunnel lining is taken into account in the following analysis. In addition, as Guo et al. [29]
found that the coefficient of thermal expansion αTl of tunnel lining is not sensitive to
temperature; it is assumed that αTl remains unchanged under different temperatures.

4.1. Impact of Fires on the Elastic Modulus E of Tunnel Lining

The tunnel lining structure is prefabricated by steel reinforced concrete. Many studies
have reported that the high temperature will degrade the lining performance. For exam-
ple, Aslani and Samali [27] proposed a constitutive model for high strength reinforced
concrete subjected to fires by studying the impact of the elevated temperatures on the
reinforced concrete behavior. The elasticity modulus of the reinforced concrete at elevated
temperatures could be evaluated by this constitutive model which is expressed as follows:

ET = E·
{

1.0
1.1344 − 0.0017T + 5 × 10−7T2

20 ◦C
100 ◦C ≤ T ≤ 800 ◦C

}
(28)

where ET is the elastic modulus of tunnel lining at different temperatures, which is shown
in Figure 9.

Figure 9. Young’s modulus of tunnel lining with different temperatures expressed by Equation (28).

4.2. Impact of Fires on the Behavior of Tunnel Lining

The spontaneous development of a large amounts of heat will cause the damage
of lining structures [7]. In addition, the fire tests found that the maximum temperature
of tunnel lining occurs at the tunnel crown. Therefore, this section gives the impact of
fires on the behavior of lining at the tunnel crown in terms of internal forces and radial
displacements, which is shown in Figure 10. The other mechanical properties of ground
and lining used in the analysis are presented in Table 3.
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Figure 10. Impact of the temperature on the behavior of tunnel lining at the tunnel crown considering different αTl :
(a) Bending moment of lining; (b) Normal force of lining; (c) Intrados stress of lining; (d) Extrados stress of lining; (e) Radial
displacement of lining.

From Figure 10, one can find that the maximum stresses of tunnel lining appear
when the temperature is approximately 400 ◦C for a fire event. Even though the tunnel
lining is restrained by the surrounding ground, the lining bending moment caused by
the temperature change should not be neglected while the temperature change is over
100 ◦C. The bending moments of tunnel lining caused by a fire decrease as the temperature
increases. Figure 10b gives that the normal forces of tunnel lining increase first and reach
a peak of 6.63 MN/m as the temperature is about 400 ◦C. On the contrary, those normal
forces decrease as the temperature is more than 400 ◦C. This is because that the elastic
modulus of tunnel lining decreases with the increase of the temperature. Therefore, the
thermal-induced stresses will decrease as the temperature is over 400 ◦C, which are shown
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in Figure 10c,d. Since the absolute values of the bending moment are significantly less
than the ones of the axial force, the extrados and intrados stresses of tunnel lining have the
similar trend as the normal forces.

Figure 10e presents that the radial displacements of tunnel lining increase with the
increase of the temperature, which explains why the lining forces of tunnel lining increase
first and then decrease as the temperature increases. Consequently, the lining strain caused
by the temperature change increases as the temperature increases.

It should be noted that the maximum normal force of tunnel lining is 7.75 MN/m
without considering the earth active loads applied by the ground. If taking the earth active
loads into account, the normal force of tunnel lining will be 8.10 MN/m corresponding to
the temperature with 200 ◦C. It exceeds the maximum admissible value of tunnel lining,
which leads to the lining collapse. The limit state of the linings should then be verified for
designing such structures suffering from a thermal loading.

In addition, Kaundinya [7] found that the spalling of tunnel lining happens during the
first five minutes from the beginning of a fire event. The ETK/ISO curve used to describe
the relationship of temperature and time in the case of a fire [7] is presented in Figure 11.
From this figure, one can find that the temperature exceeds 400 ◦C at the 5th minute. Hence,
this paper could give a possible explanation fpr lining spalling in the case of a fire event
from the lining structural point of view.

Figure 11. ETK/ISO curve adopted to describe the relationship of temperature and time in
the analysis.

It could be found that the fires have a significantly negative effect on the lining
behavior. The first 5 min corresponding to the temperature exceeding 400 ◦C represents the
worst time. Damage of the tunnel lining occurs if the tunnel lining has no protection and is
on fire. Preventive measures need to be taken to protect the tunnel lining from fires. Some
possible measures of the fire protection in tunnels have been summarized by Kaundinya [7]:
(1) fire-proof panels installed on the outer side of the lining; (2) sprayed fire protection (e.g.,
fire-proof render); (3) novel concrete mixtures containing polypropylene fibers; (4) high
strength concrete with an extremely tight texture. Maraveas and Vrakas [8] also proposed
some prevention measures, such as compressive stress control, thermal barrier, choice of
section type/shape, supplementary reinforcement, etc.

5. Conclusions

This manuscript presents an efficient way to evaluate the influence of temperature
change on the behavior of tunnel lining using the HRM method. First, an effective lining
strain coefficient βTl determined by in situ results is introduced to calculate the effective
thermal stresses of tunnel lining. Secondly, the impact of temperature change on the
internal forces of tunnel lining considering different factors is investigated by means of the
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present method. Lastly, the impact of fires on the internal forces of tunnel lining is studied.
Some conclusions are given:

1. Heating the lining generates compressive forces, whereas cooling the lining leads to
tensile forces;

2. The stresses of tunnel lining decrease with the increase of lining thickness, whereas
the absolute values of lining normal forces increase as the lining thickness increases;

3. The absolute internal forces values of tunnel lining increase with the increase of the
lining elastic modulus;

4. The effect of the soil thermal expansion coefficient on the internal forces of tunnel
lining could be neglected;

5. The maximum force of tunnel lining appears when the temperature is about 400 ◦C
for a fire event.

In summary, it is found by the present simplified method that the temperature change
has a significant impact on the behavior of circular tunnel lining. The proposed simplified
method is able to give a preliminary design of tunnel linings considering the thermal
loading impact.
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