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A B S T R A C T

For a shield tunnel structure in fire, the thermal-mechanical behavior of tunnel lining segments plays a key role
in determining the failure process. Due to the restriction at the segment ends, secondary stress will be induced,
and this is particularly the case when the temperature distribution is non-uniform over the cross-section, thus
further worsening the adverse effect on the structure. Existing studies on the thermal-mechanical behavior of
tunnel lining have mainly focued on the complex nonlinear and non-elastic behavior of the concrete, whereas
little attention has been paid to the application in engineering. In this study, a multilayer thermo-elastic damage
model is proposed to analyze the bending behavior of the tunnel lining segment exposed to high temperature.
The temperature distribution on the cross-section is described by a piecewise function. The contributions of the
concrete and bolts are modelled equivalently by a set of springs. A multi-scale thermal damage model is in-
troduced to describe the damage evolution of concrete with temperature. Various boundary conditions, in-
cluding a statically determinate segment, a statically indeterminate segment with two hinged ends and a seg-
ment with two fixed ends, are considered. To verify the analytical model, four-point bending tests have been
conducted with reduced-scale specimens. Test results indicate that this multilayer model can well predict the
response of the tunnel lining segment under or after high temperature. The model is suitable in the fire pro-
tection design of the tunnel lining segment.

1. Introduction

There have been numerous serious tunnel fires worldwide, causing
significant number of casualties and considerable property damages.
For example, in the Tauern Tunnel fire in 1999, 12 people were killed,
and 60 people were injured (Gandit et al., 2009); in the Mont Blanc
Tunnel fire (France-Italy) in 1999, 39 people were killed (Vuilleumier
et al., 2002). These catastrophic tunnel fire incidents certainly high-
lighted the importance of fire safety in tunnel design, and they also
raised further attention to reliable and effective tunnel structures
(Beard, 2009). For a tunnel, because of its confined space and in-
sufficient exits, fires usually result in fast temperature rise and high
peak temperature (Nilsson et al., 2009), posing serious threat to the
tunnel lining structure itself.

Under elevated temperature, the damage to the tunnel lining seg-
ment can be caused by degradation of the mechanical property of
concrete, as well as area reduction in the cross-section of lining segment

(Chen and Liu, 2004; Yan et al., 2012; Yan et al., 2013; Shen et al.,
2015; Yan et al., 2015; Yan et al., 2016). High temperature beneath the
tunnel ceiling above 250℃ could induce surface layer of concrete
falling out from the tunnel structure, and progressive spalling can
follow. Spalling is in fact a very complex phenomenon, which has at-
tracted a lot of research interest. However, there exist some different
views about the mechanisms of concrete explosive spalling (Kodur,
2014). Some works (Kalifa et al., 2000; Phan et al., 2001) tend to show
that the spalling of concrete is caused by pore pressure built-up. This
adverse effect can be alleviated through the addition of polypropylene
fibers since such fibres can create microchannels after melting (Kalifa
et al., 2001; Bangi and Horiguchi, 2012; Mindeguia et al., 2010; Li and
Liu, 2016). On the other hand, restrained thermal dilatation is also
considered as a factor influencing the spalling (Ulm et al., 1999a,b;
Haddad and Shannis, 2004).

To analyse the mechanisms of concrete spalling under high tem-
perature, formulations of partial differential equations based on the
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laws of thermodynamics from the material level, taking into account of
porosity, humidity, mass and heat transfer have been put forward
(Schrefler et al., 2014; Gawin et al., 2003; Gawin et al., 2006; Gawin
et al., 2010), while the finite difference method and the finite element
method are generally employed to obtain the solution. To reflect the
thermo-mechanical behavior of concrete, constitutive relations based
on internal variable theory have been proposed (Ulm et al., 1999b).

The structural behavior of the tunnel lining segments in fire have
been investigated using four-point bending tests at elevated tempera-
ture (Yan et al., 2012; Yan et al., 2013). On the other hand, semi-
analytical or numerical methods have been employed to analyse the
mechanical performance of the tunnel lining segment at elevated tem-
perature (Choi et al., 2013).

In general, the models for the analysis of tunnel segmental lining
can be classified as the continuous model and the discontinuous model.
The continuous model assumes that tunnel lining is an entire ring with
uniform flexural rigidity. A reduction factor is introduced to correct the
effect of joints on the bending stiffness of the tunnel lining. In the
discontinuous model, the segments and joints are simplified as a group
of springs with equivalent bending stiffness, axial stiffness and shear
stiffness (Li et al., 2015; Blom, 2002). Past experiments have shown that
the stiffness at a joint exhibits a bilinear behavior when the joint gra-
dually loses contact, and this behavior can be well characterized by a
progressive model (Li et al., 2015; Koyama, 2003; Klappers et al., 2006;
Zhu, 1995). Other models have been formulated to analyze the me-
chanical behavior of the tunnel lining segments in three-dimensional
space (Molins and Arnau, 2011; Liu, 2014; Huang, 2006; Zhu et al.,
2006).

Under high temperature, because of the presence of steel bars at
specific locations in the radial direction, the coefficient of heat con-
duction of a reinforced concrete component is not uniform. Thus, using
a multilayer model is a ratioanl and effective approach. Guo and Shi
(2003) developed a combined model to analyze the mechanical beha-
vior of concrete components in fire. The interface between the steel bar
and concrete was assumed to be perfect and non-slipping. The re-
inforced concrete section was divided into many stripes with the as-
sumption that the stress on each stripe was uniformly distributed. Re-
sults illustrated that the satisfactory relationship between bending
moment and curvature could be achieved by using 7–10 stripes (Ibañez
et al., 2013; Li. 2007; Kodur and Sultan, 2003; Kudor and Yu, 2013;
Kudor et al., 2005). Another method, named fiber model, has also been
used, in which the cross-section is divided into different regions based
on the mechanical properties of the material in the specimen (Chen
et al., 2009; Chen and Ren, 2011). The arrangement and material
properties of the reinforcement are taken into consideration in this
model, and the the influence of combined bending moment and axial
force can be represented.

Using the multi-layer composite material approach, Wang and Meng
(1998) and Han et al. (2010) presented the analytical solution of dis-
placement of laminated composite beams under special loads. Chen and
Ren (2011) used a novel numerical model based on the fiber beam
model and multi-layer shell element to analyze and simulate the col-
lapse of reinforced concrete frame structure under fire, Yin and Wang
(2004; 2005a,b) presented a method to describe the irregular tem-
perature distribution in steel beams under elevated temperature.

It should be noted that most of the experimental and analytical
investigations into the thermo-mechanical behaviors of of reinforced
concrete under high temperatures have been conducted on straight
beams or plates. Reseach on the modeling of the thermo-mechanical
behaviors of the curved beams, in connection with tunnel design in fire,
is scarce. Among the existing studies, Li and Zhou (2008) adopted the
geometric nonlinearity theory of Euler-Bernoulli beam and formulated
governing equations for the elastic curved beam under the combination
of thermal and mechanical load. Heidarpour et al. (2009; 2010a,b,c)
conducted a series of studies about the steel-concrete curved beams
under fire, and proposed analysis method which was validated by finite

element method (FEM). A thermo-hydro-mechanical (THM) coupling
model was adopted by Ružić et al. (2015) to analyze the response of the
reinforced concrete curved beam under high temperature. These ex-
isting models can reasonably describe the mechanical behaviors of the
curved beam under fire. However, due to the complexity in the for-
mulations, the solution requires complicated numerical procedures,
making these models difficult to apply in the tunnel structural design.

In this paper, we focus on developing an analytical model, with
progressive thermal damage, for the bending behavior of the tunnel
lining segment based on the combination of curved beam theory. A
thermo-mechanical model is derived for the reinforced concrete tunnel
lining segment in a given fire condition. To verify the soundness of the
model, four-point bending tests are conducted with reduced-scale spe-
cimens. Comparison with the test results indicates that the proposed
multilayer model can well predict the response of the tunnel lining
segment under or after elevated temperatures. The method is simple to
implement and therefore is suitable for the fire protection design of the
tunnel lining segment.

2. Theoretical development

2.1. Sectional analysis

The following assumptions have been adopted to facilitate the
multilayer model development of tunnel lining segment subjected to a
fire.

1) Concrete is isotropic at the macro level and the damage caused by
temperature is also isotropic at each layer.

2) The bolts and the corresponding bolt holes are in close contact,
and so no additional deformation is induced at such contacts.

3) Small deformation is assumed. Thus, the bending deformation of
the tunnel lining segment has a negligible impact on the internal force
distribution.

A tunnel lining segment cross-section subjected to bending moment
and the axial thrust is divided into multiple layers according to the
distribution of mechanical and thermal properties on the section. The
plane cross-section assumption is adopted to derive the stress on the
cross-section. Thus the strain on this section can be expressed as:

= +ε y y κ( )t n (1)

where κ is the curvature and yn is the height of the compressive zone
and it ranges from 0 to h.

At a fixed time point, the thermal distributionT y( )α on the section of
the tunnel lining segment is assumed to be known. As shown in Fig. 1,
T y( )α may be expressed by a piecewise linear function as follows:

= + ∇ + ∇ =T y T y α n( ) ~ ( 1, 2, ..., )α t α α (2)

∑∇ = − ∇ = ∇+
− −

T T
h

h, ~
α

α α

α
α

α

α α
1

1
1 1

(3)

where hα is the height of the arbitrary layer; at = ∇ =h  0,  00 0 , =α  1. n is
the total number of layers for the cross-section. Generally, the elastic
strain εe can be defined as equal to the total strain εt minus the thermal
strain εθ:

= −ε ε εe t θ (4)

where the thermal strain can be written as: =ε y λ T y( ) ( )θ α α , where λα is
the coefficient of linear expansion; T y( )α is the thermal distribution
function of layer α.

Thus the normal stress on the section can be obtained:

= = − + + − ∇σ E y ε E y ε y κ y κ λ( ) ( )·( ( ))α T e T c n α α (5)

where E y( )T corresponds to Young′s modulus at y where the tempera-
ture is T. εc in Eq. (5) can be given by:

= + ∇ε λ T( ~ )c α t α (6)
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Further, the axial thrust can be obtained through the integration:

∫= = − − + − ∇ = ⋯

N

σ dA ε y κ EA κ λ EB α n( ) ¯ ( ) ¯ ( 1, 2, , )
α

A α α c n α α α α
α

(7)

where ∫ ∫= =EA E y dA EB yE y dA( )¯ ( ) , ( )¯ ( )α A T
α

α α A T
α

αα α
. It should be

noted that when layer α contains steel bars, E y( )T
α can be determined

through the mechanics of composite materials, as follows:

= +
+

E y E A E A
A A

( )T
α c c s s

c s (8)

where Ec and Es are the Young′s modulus of concrete and steel bar,
respectively; Ac and As are the section area of the concrete and steel bar
in the layer, respectively.

The height of compressive region can be obtained as:

∑=
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.

In a similar way, the bending moment at layer α can be obtained by:

∫= = − − + − ∇M σ ydA ε y κ EB κ λ EI( )( )¯ ( )( )¯α A α α c n α α α α (10)

where the flexural stiffness ∫=EI y E y dA( )¯ ( )α A T
α

α
2

α
.

Therefore, the expression of the compressive height can be re-
written as:
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According to the compatibility of Eqs. (9) and (11), the curvature
can be obtained as:
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2.2. Analysis of tunnel lining segment under general boundary conditions

In reality, the pressure from the soil and water loaded on the lining
segment is continuous. In analysis, the continuously distributed pres-
sure is usually represented by equivalent point loadings to analyze the
bending behavior of the tunnel lining segment (Shen et al., 2015; Yan
et al., 2016; Yan, 2007). Similar simplification is also adopted in the
experiments (Shen et al., 2015; Yan et al., 2016).

The multilayer model described in Section 2.1 is verififed by com-
paring with the experimental data in this section. As in the test, a
symmetrical arrangement of point loads is adopted, as shown in Fig. 2.
To simulate the boundary conditions induced by the bolts and the
connected lining segments, a set of horizontal, vertical and rational
springs with equivalent stiffness are adopted at the segment ends. k h0 ,
k v0 and k r0 are horizontal, vertical and bending stiffness at the left end,
respectively, and kLh, kLv and kLr are the corresponding stiffness at the
other end (See Fig. 2). The stiffnesses at the two ends are not the same
in general conditions.

The internal force of the tunnel lining segment can be solved
through the force equilibrium condition. The bending moment at any
section along the segment length can be obtained as:

= − + ⩽ −∗ ∗ ∗M M H y V z z L l,
2int 0 0 0 (13)

Fig. 1. Outline of the model: (a) layering of the cross section of the tunnel
segment; (b) layering of the profile of the tunnel segment; (c) strain and tem-
perature distribution over the cross section of tunnel lining segment.

Fig. 2. Tunnel lining segment with general boundary conditions.
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= − + − ⎛
⎝

+ − ⎞
⎠

− < ⩽ +∗ ∗ ∗ ∗M M H y V z F z l L L l z L l
2

,
2 2int 0 0 0 (14)

= − + − > +∗ ∗ ∗M M H y V z Fl z L l2 ,
2int 0 0 0 (15)

where = ⎡⎣
− ⎤⎦

∗ ( )y R φcos cos Θ
2 , = ⎡⎣

+ ⎤⎦
∗ ( )z R φsin sinΘ

2 , L is the span
of the segment, l is the distance between the axis line and the applied
force. H0、V0、M0 are the horizontal, vertical and bending moment
reactions at the origin of the coordinates (See Fig. 2). It should be noted
that H0、V0 are positive when their directions are consistent with the
positive direction of the respective coordinate axis, while M0 is positive
if it is in a counter-clockwise direction.

The axial thrust of the section can be obtained as:

= + ⩽ −∗N H φ V φ z L lcos sin ,
2int 0 0 (16)

= + − − < ⩽ +∗N H φ V φ F φ L l z L lcos sin sin ,
2 2int 0 0 (17)

= + − > +∗N H φ V φ F φ z L lcos sin 2 sin ,
2int 0 0 (18)

Finally the shear forces of the section can be obtained as:

= − ⩽ −∗V H φ V φ z L lsin cos ,
2int 0 0 (19)

= − + − < ⩽ +∗V H φ V φ F φ L l z L lsin cos cos ,
2 2int 0 0 (20)

= − + > +∗V H φ V φ F φ z L lsin cos 2 cos ,
2int 0 0 (21)

For the convenience of expression, it can be defined as follows.

= − = − = = +∗ ∗φ z L l φ z L lΦ,
2

, Φ,
2 (22)

where Φ is the central angle of the curve between the loading point and
the midpoint of lining segment.

2.3. Displacement derivation under general boundary conditions

2.3.1. Radial (lateral) displacement
The relationship between curvature, bending angle and radial (lat-

eral) displacement follows the Euler beam theory:

= =κ dθ
ds

d v
ds

2

2 (23)

where s is is the tangential coordinate of the arch-shaped lining segment
profile. When it satisfies ⩽ −∗Z lL

2 , the curvature can be obtained:
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(24)

Then using Eq. (23), the bending angle θ and radial displacement
can be derived by integrating the −κ θ and −κ v relations, as shown in
Eqs. (B1) and (B2) in the Appendix. Similarly, when ∗z satisfies

− < ⩽ +∗l z lL L
2 2 and > +∗z lL

2 , the corresponding bending angle θ
and radial displacement v can be obtained, as shown in Eqs. (B3)–(B6)
in Appendix. Details of the determination of the associated intregation
constants can be found in Appendix. The expression of the parameter λ
is listed in the Eq. (A1).

2.3.2. Tangential displacement u
According to Bradford (2006, 2011), the geometric relation between

strain and tangential displacement u of a curved beam section can be
given by:

⎜ ⎟= + ⎛
⎝

⎞
⎠

− − ⎛
⎝

⎞
⎠

ε du
ds

dv
ds

v
R

y d v
ds

1
2t

2 2

2 (25)

The tangential displacement can be derived if Eq. (25) equals Eq. (1)
at =y 0:

∫= ⎡
⎣⎢

− − ⎛
⎝

⎞
⎠

+ ⎤
⎦⎥

+ =u s y κ dv
ds

v
R

ds C e( ) 1
2

1, 2, 3n e

2

3
(26)

For z* falling into three different intervals, the corresponding tan-
gential displacement u can be obtained, respectively, as can be seen in
detail in Eqs. (C1)–(C10) in Appendix.

2.3.3. Boundary conditions
1) Continuity requirements

⎧
⎨⎩

= =

=

= − = − = − = − = −

= −

∗ −
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∗ +
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2 2 2 2 2

2 (27)
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( )

θ θ v v u

u

| | , | | , |

|

z L l z L l z L l z L l z L l

z L l

2 2 2 2 2

2 (28)

Substitution of expressions of displacement (u, v) and bending angle
(θ), as derived above, into Eqs. (27) and (28) leads to six equations,
which include nine unknowns: C11, C12, C13, C21, C22, C23, C31, C32, and
C33.

Once the displacements at the segment ends are available, the
corresponding reactions can be found by the following equations:

⎧

⎨

⎪

⎩
⎪

= − +

= − −
= − = +

= =

=−

=−

= =

=− =

H k u φ v φ

V k u φ v φ
H k u φ v φ V k u φ v φ

M k θ M k θ

( cos sin )| ,

( cos sin )|
( cos sin )| , ( sin cos )|

| , |

h s R

v s R

L Lh s R L Lv s R

r s R L Lr s R

0 0 Θ/2

0 0 Θ/2

Θ/2 Θ/2

0 0 Θ/2 Θ/2

(29)

where HL and VL are the horizontal and vertical reactions at the other
(right) end, and ML is the corresponding bending moment.

2) Equilibrium condition of forces
The reactions on the tunnel lining segment must satisfy the equili-

brium of forces, thus:

= + = = + −H H V V F M M V L FL, 2 ,L L L L0 0 0 (30)

Substituting Eqs. (29) and (30) into the corresponding equations of
u and v, these 12 unknowns: C11, C12, C13, C21, C22, C23, C31, C32, C33,
H0, V0, and M0 can be obtained. Because of the large number of un-
knowns and couplings between them, it is cumbersome to solve these
equations directly. In fact, re-organising the sequence of the solution
can help uncouple some of the unknowns. After observation of these
equations, it can be easily found that C11, C12, C13, C31, C32, and C33 can
be solved first, followed by C21, C22, and C23; and then H0, V0, and M0.
When these unknowns are solved, the displacements and bending angle
can be obtained directly with the substitution of solutions into corre-
sponding equations.

2.4. Determination of transient temperature field

When the tunnel segment is subjected to a fire, the heat transfer can
be represented by one side flow onto the concrete surface. In the tunnel
longitudinal direction, the highest temperature decreases with the
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distance from the fire, which is usually influenced by the fire scale and
the ventilation condition (the wind speed) (Shen, 2015; Yan, 2007). The
temperature distributions along the tunnel longitudinal direction for
specific fire scenarios were measured and analyzed by Yan (2007).
Here, the temperature difference in the longitudinal direction is ne-
glected since it plays a negligible role in the bending deflection (Shen,
2015).

When a reinforced concrete slab or beam is exposed to a standard
fire (such as ISO834 and ASTM E119) from a single side, the tem-
perature rise at different depths may be predicted through an empirical
method (Kodur et al., 2013, Gao et al., 2014). In an underground space,
the Eurocode HC fire is usually utilized. Accordingly, the temperature
distribution along the depth of the segment can be determined by one-
dimensional heat flow equations.

∂

∂
= ∂

∂

∂
∂( )λ

y
ρc T T

t
( )

c
T
y

(31)

where λc is the heat conductivity coefficient of concrete; ρ is the con-
crete density, which is assumed to remain unchanged (2400 Kg/m3);
c T( ) is heat capacity of concrete at temperature T.

In a practical situation, the inner side of the tunnel segment is ex-
posed to heat, while the opposite side closely contacts with its sur-
rounding soil. Therefore, the boundary conditions can be expressed as
follows:

⎧
⎨
⎩

− = −

= =

∂
∂

∂
∂

∂
∂

λ β T T T

T T λ λ

( )·( ), at the heated side

, , at the cool side

c
T
n a

c s c
T
n s

T
n

c s
(32)

where Ta is the temperature of the hot air; β T( ) is the heat exchange
coefficient between the hot air and the concrete; λs is the heat con-
ductivity of soil, n is the normal vector at the boundary;Tc andTs are the
temperature of concrete and soil at the boundary, respectively.

A finite difference method can be adopted to calculate the tem-
perature field (Guo and Shi, 2003; Ju and Zhang, 1998). The thermal
parameters (β T( ), λc, c T( )) above can be taken from existing data (Guo
and Shi, 2003). An explicit difference scheme has been employed in
Guo and Shi (2003) to predict the temperature of concrete subjected to
ISO 834 fire. In addition, temperature charts have been made available
for concrete with different thicknesses. In the present model, the above
method is adoped for the evaluation of the temperature field in the
lining segment.

2.5. Thermal damage of concrete

The hydration products of cement mainly contain the calcium sili-
cate hydrate (C-S-H) and calcium hydroxide (CH). Besides, there are
also pores and unhydrated clinker in the cement paste (Zhang et al.,
2017,2018). Under high temperature, C-S-H and CH will decompose.
On the other hand, the aggregates may undergo crystal transition (si-
liceous aggregates) or decarbonation (calcareous aggregates). There-
fore, the thermal degradation of concrete is generally induced by the
damage of cement paste caused by thermal decomposition and thermal
incompatibility, the deterioration of aggregates, and the interfacial
damage between aggregates and the cement paste matrix (Lee et al.,
2009; Zhao et al., 2012; Zhao et al., 2014). At the micro-scale, the
decomposition of the constituents (C-S-H product and CH) of cement
paste will lead to the loss of water. The loss of water is expected to
increase the porosity of the reactant, which is the main mechanical
degradation of cement paste (Zhao et al., 2014).

In order to take the effects of the mismatch between the deforma-
tions of cement paste and aggregates into consideration, Lee et al.
(2009) used a function obtained from a regression curve from test data.
Here, the process of derivation is omitted for simplicity. Finally, the
thermal degree d T( ) of concrete can be expressed as follows:

For 120 °C–400 °C,

= − + −
+

− − − −

− −d T e T
T

( ) 1 (39.21·10 )·(697.126·10 253.828·10 )
651.437·10 126.914·10

T3 0.002 3 6

3 6

(33)

For 400 °C–530 °C,

= −

−

+ −
+ +

− −

− − − −
d T

T

( ) 1

· (178.434·10 279.418·10 )

e T
T T

563.948·10 ·(39.21·10 )·(697.126·10 253.828·10 )
(77.1825 )·(5132.91 )

2 5

T4 3 0.002 3 6

(34)

For 530 °C–800 °C,

=

− + −
+

− − − − −

− −

d T

e T
T

( )

1
357.689·10 ·(39.21·10 )·(697.126·10 253.828·10 )

651.437·10 126.914·10

T3 3 0.002 3 6

3 6

(35)

Apparently, the temperature is the only variable in the above three
equations; however, the phase transformation and thermal in-
compatible damage are accounted for at the micro-scale. It should also
be noted that these equations have been established based on the ce-
ment paste with a water/cement ratio of 0.67, but these equations can
reproduce relatively good accuracy since the cement paste only ac-
counts for a small volume (Zhao et al., 2014). As aforementioned, the
deterioration of concrete also depends on the aggregate type. The above
equations can be extended to other types of aggregates by modifying
the terms in the first bracket based on test results. Detailed derivations
can be found in Zhao et al. (2014).

3. Case study

3.1. General symmetric condition

In practical tunnel engineering, a symmetric design is usually
adopted. When the support stiffness at both ends of a segment is the
same or the difference can be neglected, the boundary conditions can be
simplified as follows:

(1) Continuity condition:

⎧
⎨⎩

= =

=

= − = − = − = − = −

= −

∗ −
∗ + ∗ −

∗ + ∗ −

∗ +

( ) ( ) ( ) ( ) ( )

( )

θ θ v v u

u

| | , | | , |

|

z L l z L l z L l z L l z L l

z L l

2 2 2 2 2

2 (36)

(2) Boundary conditions at the end:

⎧

⎨
⎩

= − +
= − −

=
= − =

=−

=−

=−

∗
H k u φ v φ
V k u φ v φ

M k θ
φ z

( cos sin )|
( cos sin )|

|
Θ/2, 0

h s R

v s R

r s R

0 0 Θ/2

0 0 Θ/2

0 0 Θ/2 (37)

(3) Boundary conditions at the mid-span:

= = = = == = =
∗∗ ∗ ∗θ u V φ z L| 0, | 0, | 0, 0,

2z L z L z L
2 2

int
2 (38)

Substituting these boundary conditions into the corresponding
equations, several unknowns can be determined as described below.

When ==θ| 0s 0 =V |sint 0 is satisfied, we have = ′ =C C 021 . For =u|s 0, it
can be fund that C23= 0. All the unknowns can be solved with the
given symmetric boundary conditions. In the following sub-sections,
some examples will be discussed as references for the fire-resistant
design of tunnel lining segments.

3.2. Statically determinate case

In practical engineering, tunnel lining segments are usually de-
signed to be statically indeterminate systems. However, analysis of a
statically determinate case provides a lower-bound limit capacity for
the lining segments, which is useful to assess the capacity when the
boundary conditions are difficult to estimate.
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As shown in Fig. 3, the boundary conditions for a determinate
segment will specialize as follows:

(1) The continuity condition remain the same as Eq. (36).
(2) The boundary condition at the segment ends can be simplified

as:

⎧

⎨
⎩

=
− =

=
= − ==−

∗
H N

u φ v φ
M

φ z( cos sin )| 0
0

Θ/2, 0s R

0

Θ/2

0 (39)

(3) The condition at mid-span remain the same as Eq. (38).
In this case, H0 is replaced by a known axial forxe N. The bending

moment M0 at the end equals zero. With a similar process of derivation
as described in Section 3.1, all the unknowns in this boundary condition
can be solved completely.

3.3. Tunnel lining segment with two hinged ends

The tunnel lining segment with two hinge ends is another special
condition. From Fig. 4, it can be seen that bending moments at both
ends are zero. Other boundary conditions can be expressed as follows:

(1) The expression of continuity condition is the same as Eq. (36).
(2) The boundary condition at the end can be re-written as:

⎧

⎨
⎩

+ =
− =

=
= − =

=−

=−
∗

u φ v φ
u φ v φ

M
φ z

( cos sin )| 0
( cos sin )| 0

0
Θ/2, 0

s R

s R

Θ/2

Θ/2

0 (40)

(3) The condition at the mid-span can be expressed by Eq. (38).
Using the boundary conditions as described above, all the unknowns

in the lining segment can be solved completely and the reaction forces
at the ends can be obtained.

3.4. Tunnel lining segment with two fixed ends

Comparing with two types of boundary condition as described
above, tunnel lining segment with two fixed ends shows a stiffer flex-
ural stiffness (c.f., Fig. 5). The corresponding boundary conditions can
be written as follows:

(1) Eq. (36) can be used to describe the continuity condition.
(2) The boundary condition at the end can be simplified as

⎧

⎨
⎩

+ =
− =

=
= − =

=−

=−

=−

∗
u φ v φ
u φ v φ

θ
φ z

( cos sin )| 0
( cos sin )| 0

| 0
Θ/2, 0

s R

s R

s R

Θ/2

Θ/2

Θ/2 (41)

(3) The condition at mid-span is the same as Eq. (38).
The tunnel lining segment can be solved accordingly.

4. Validation

4.1. Test specimens

Several experimental tests about tunnel lining segments with var-
ious boundary conditions were conducted to validate this proposed
multilayer model. The specimens utilized in the tests were at about 1:3
scale to the actual size in real tunnel linings. Such a scale was de-
termined so as to allow the composition of the materials as in the actual
construction to be maintained in the test specimens to avoid the ma-
terial scaling effect.

The dimensions of all the test specimens were 300-mm wide and
120-mm thick with an average radius of 990mm. Fig. 6 shows the
details of the specimens. All the specimens were cured for 28 days in the
standard environment.

4.2. Test set-up and main measurements

The loading condition in a real shield TBM tunnel structure may be

Fig. 3. Statically determinate tunnel lining segment.

Fig. 4. Tunnel lining segment with two hinged ends.

Fig. 5. Tunnel lining segment with two fixed ends.
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generally characterized by an inward pressure exerted by the sur-
rounding soil. However, the actual distribution of the pressure load is
complicated and could vary from segment to segment. In this test set-
up, the mechanical loading and support conditions of the test segments
were arranged so as to be representative of the corresponding condi-
tions in a segment unit within a real shield tunnel lining structure, but
in a simplified manner. In the experiment, the external pressure load
was simplified into two-point loads applied vertically at the one-third
span locations of the segment. Depending on the location of a specific
segment within a tunnel shield ring, especially at the top and bottom
regions, the midspan of the segment could be subjected to a positive
moment (the inner side in tension). To represent the effect of such
conditions under elevated temperature, selected specimens were pre-
loaded to an initial positive moment condition.

The tests were carried out through a multi-function experimental
system at Tongji University (see Fig. 7(a)). This system consists of a fire
simulation subsystem powered by two combustors of industrial grade, a
loading subsystem, and an auto-measurement and data acquisition
subsystem. The fire simulation subsystem can achieve a desired
heating-up history with the feedback of temperature in the furnace
through a programmed control system. In addition, it can simulate the

actual fire scenarios since the maximum temperature in the furnace can
reach 1200 °C and the maximum heating rate is approximately 250 °C/
min. The loading subsystem has been developed with a pair of ad-
justable supports, thus it can simulate different boundary conditions
according to the requirements. The combination of these two sub-
systems makes it possible to investigate the response of tunnel lining
segments under both applied mechanical loads and elevated tempera-
tures.

LVDTs and K-type thermocouples were employed to measure the
mid-span deflections and the temperature distribution through the
cross-section of the segment specimens. Two measuring sections were
arranged to measure the temperature within each test specimen, and at
each measuring section five K-type thermocouples were installed, at the
positions of 10mm, 30mm, 60mm, 90mm and 120mm from the
heating surface of the linings, respectively. In addition, a K-type ther-
mocouple was installed on the extrados linings (120mm from the
heating surface). Aluminum powder with high heat conductivity was
poured into the holes to ensure that the thermocouples and concrete
contact closely. For the mechanical loading, a load cell was placed
under each hydraulic actuator to control the level of the applied load
(c.f., Fig. 7). The LVDTs for measuring displaceemnts were carefully

Fig. 6. Geometry and reinforcement details of the concrete lining segment specimens (dimension: mm).
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protected from high temperature. More details of the experimental
setup can be found in Yan et al. (2015).

As the horizontal support force represents the horizontal constraint
on an individual segment as a boundary condition, two levels of such a
boundary condition (BC) were employed, namely, (a) BC1: no hor-
izontal load, i.e., free sliding (lower bound); (b) BC2: controlled hor-
izontal load to maintain a no sliding condition. Table 1 lists the detailed
information about the load condition adopted in this present study, as
well as the corresponding boundary conditions. Specifically, two load
cases are considered in this study, namely:

(1) Loading Case1 (LC-1): In this case, the test segments were first
loaded mechanically to a prescribed initial (service) load level, and
then subjected to a complete heating (following the standard Eurocode
HC curve (CEN, 2004)) and cooling period. After complete cooling, the
specimens were loaded to the onset of visible concrete cracking by

increasing the vertical load, to investigate the mechanical behavior
after exposure to high temperature. Two pairs of specimens were tested
with LC-1, under two different boundary conditions, respectively, in-
cluding RC5 (under BC1); RC4 (under BC2).

(2) Loading Case2 (LC-2): The specimens were heated following the
standard Eurocode HC curve, without any initial loads. After approxi-
mately 40min of heating, the specimens were mechanically loaded to
the onset of visible concrete cracking to investigate the response under
elevated temperatures. One specimen was subjected to the LC-2 test
(RC1 under BC1).

4.3. Test results and discussions

The standard Eurocode HC curve, which was adopted to simulate
the small oil fire in the test, can be written as:

= + − −− −T e e20 1080(1 0.325 0.675 )t t0.167 2.5 (42)

where t is the time (in minutes) and T is the gas temperature in the
furnace at time t. The actual temperature in the furnace measured in the
tests is shown in Fig. 7(b), along with the values calculated by Eq. (42).
It can be seen from this figure that the fire simulation system can well
resemble the standard HC curve. In addition, the measured temperature
distributions through the cross-section at different heating time are
shown in Fig. 8. This figure indicates that the temperature gradient of
the temperature field intensifies with the heating time.

The accuracy of the multilayer model described in Section 3 can be
improved through increasing the number of the layers according to the
characteristics of the actual tunnel lining segment. The degradation of
the Young′s modulus of steel bar under different temperature can be
estimated through an empirical expression:

= − + − × − −d T T( ) 1 (1.03 7( 20) 10 ) , under fires
6 7 1 (43)

= +d T T( ) 0.0011 0.0249 /100, post fires (44)

The constitutive relations of concrete under different temperature,
as given in CEN (2004), are approximately illustrated in Fig. 9. From
this figure, it can be seen that the compressive stress-strain relation of
concrete under different temperature are reasonably linear. Therefore,
the linear stress-strain relationship is considered in this study. The
damage of concrete also has significant effects on the deformation of
the specimens (Sun and Li, 2016; Ding and Li, 2017; Li and Wu, 2018;
Suchorzewski, 2018). The damage evolution of concrete with tem-
perature can be determined through Eqs. (33)–(35), which is shown in
Fig. 10. When the temperature is beyond 800 °C, the damage degree of
concrete will reach 100%. The reduction rate of elasticity modulus will
reach 1/6 of the value in ambient from 100 °C to 900 °C. From other
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(b)
Fig. 7. Test setup for combined mechanical and thermal loadings and support
conditions, (a) overall view of the test setup, (b) temperature in the furnace in
the test and standard HC curve.

Table 1
Summary of specimens and load conditions.

No. Age (day) BCa LCb Fire load

RC1 226 BC1 LC-2 HC (60min)
RC4 540 BC2 LC-1 HC (60min)
RC5 264 BC1 LC-1 HC (60min)

a BC-boundary conditions, i.e., horizontal constraints (BC1-free slide; BC2-
restrained).

b LC-load case.
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Fig. 8. Measured temperature distribution over the cross section.
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experiment results (Lee et al., 2009; Zhao et al., 2012; Zhao et al.,
2014), taking into account the effects of thermal decomposition and
microcracking of heated cement paste, the Young′s modulus has also
been found to reduce by 70% to 80% when temperature increases from
100 °C to 600 °C.

The temperature of the specimen measured during the test is re-
garded as the input of the present multilayer model. The properties of
concrete after a fire are assessed based on the highest temperature re-
corded, while the properties of steel bar after fire recover to the un-
heated properties (Chen and Liu, 2004; Haddad and Shannis, 2004).

The displacements at the mid-span of these specimens are calculated
by the multilayer model. The predicted results and test results are
compared in Figs. 11–13. Fig. 11 shows the results of the statically
determinate specimen (RC1) under elevated temperatures. Fig. 12
shows the load–displacement at mid-span of RC5 after cooling. For
specimen RC 4 with two fixed ends, the load-displacement curve is
shown in Fig. 13.

Compared with the segments after fire exposure, the segment under
fire exhibits a higher bending stiffness by approximately 2.0 times.
From other experiments (Yan et al., 2012; Yan et al., 2013), the seg-
ment under fire has also been observed to exhibit 1.5–3 times the
bending stiffness of the segments in a post-fire condition. Furthermore,
segments under more restricted boundary conditions can improve the
ultimate bearing capacity by as much as 5 times or even more. All the
predicted results compare well with the test results, indicating that this
model is suitable for the calculation of the response of tunnel lining

segments under elevated temperature.
It should be noted that the loading condition adopted in the present

analysis of the behavior of tunnel lining segments under fire is a
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simplified case with concentrated loads. In practical engineering, the
main load may be a uniformly distributed load, and in some special
cases a combination of concentrated and uniform distributed loads may
appear, such as in the case of a eccentric terrene heaped load and
ground water seepage. For a uniformly distributed load, a similar de-
rivation can be carried out, and the internal force at any section of the
tunnel lining segment can be rewritten as:

= − + −∗ ∗ ∗M H y V z qzBending moment: M 1
2int 0 0 0

2
(45)

= + − ∗N H φ V φ qz φAxial thrust: cos sin sinint 0 0 (46)

= − + ∗V H φ V φ qz φShear force: sin cos cosint 0 0 (47)

Using a given boundary condition, the solution can be derived in a
standard process. The response of the tunnel lining segment under a
combination of concentrated and uniformly distributed loads can be
obtained through the superposition of responses under each load pat-
tern.

The model also has limitations. The stress-strain model and the
layering strategy of the segment section require rational match-up to
reduce the calculation cost and improve the result accuracy. On the
other hand, the lining segments linked by segmental joints my exhibit
more sophisticated behavior as general boundary conditions, and
modelling such boundary conditions will require a more suitbale joint
model. Further development is also required to extend the multilayer
segment model for the analysis of the entire ring structure.

5. Conclusions

A multilayer thermo-elastic damage model for bending deflection of
the tunnel lining segment exposed to fire is developed. The key features
of the model and the main conclusions may be summarized as follows:

(1) The basic unknowns are the tangential and radial displacement of a
tunnel lining segment in the proposed model. Based on the plane
cross-section assumption, the cross-section is divided into multi-
layers and the strain distribution over the section is derived. In
accordance with the geometric relation between the displacement

and strain, it leads to the general solution of the radial and tan-
gential displacements of the tunnel lining segment with 9 integra-
tion constants. Combining the continuity and force equilibrium
conditions, equations are established to solve 12 basic unknown
parameters.

(2) A multi-scale thermal damage model is introduced to describe the
damage evolution of the tunnel segment in fire. When the tem-
perature is beyond 800 °C, the damage degree of concrete is as-
sumed to reach 100%. The reduction rate of the elasticity modulus
reaches 1/6 of the value in ambient from 100 °C to 900 °C.
Examples with typical boundary conditions, such as a statically
determinate segment, a statically indeterminate lining segment
with two hinged ends, and a lining segment with fixed ends, are
given to illustrate the working of this multilayer model.

(3) The accuracy of the proposed model is verified by comparing the
predictions with experimental results from four-point bending tests
under and after the fire. The comparisions demonstrate that this
model is capable of analyzing the response of tunnel lining segment
under non-uniform temperature field with satisfactory accuracy.
Both the experimental and the analytical results indicate that a
restricted boundary condition can improve the ultimate bearing
capacity of the lining segment by as much as five times or even
more.
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It should be noted that A, B, C, A′, C′, A′′, and C′′ are displayed in the Eqs. (A2)–(A8), respectively.
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