
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thermo-mechanical analysis of fire effects on the structural
performance of shield tunnels

Citation for published version:
Shen, Y, Zhu, H, Yan, Z, Zhou, L, Zhang, T, Men, Y & Lu, Y 2023, 'Thermo-mechanical analysis of fire
effects on the structural performance of shield tunnels', Tunnelling and Underground Space Technology,
vol. 132, 104885, pp. 1-13. https://doi.org/10.1016/j.tust.2022.104885

Digital Object Identifier (DOI):
10.1016/j.tust.2022.104885

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Tunnelling and Underground Space Technology

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 06. Jan. 2023

https://doi.org/10.1016/j.tust.2022.104885
https://doi.org/10.1016/j.tust.2022.104885
https://www.research.ed.ac.uk/en/publications/dadcbb13-ded6-4a8b-b8f8-5772a4476192


1 

 

Thermo-mechanical analysis of fire effects on the structural 

performance of shield tunnels 

Yi Shen a,b,c, Hehua Zhu a,b, Zhiguo Yan a,b*, Long Zhou b, Tong Zhang b, Yanqing Men d,  

Yong Luc        

a State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, 1239 

Siping Road, Shanghai 200092, China 

b Department of Geotechnical Engineering, College of Civil Engineering, Tongji University, 

1239 Siping Road, Shanghai 200092, China  
c Institute for Infrastructure and Environment, School of Engineering, The University of 

Edinburgh, Edinburgh EH9 3JL, UK 

d Jinan Rail Transit Group Co., Ltd, Jinan 250101, China 

 

Abstract: Investigating fire effects is a continuing endeavour in the research and practice 

communities concerned with the design and safety of shield tunnels. This paper aims to provide 

a comprehensive model for the assessment of structural safety of a shield tunnel segmental ring 

exposed to fire. A thermo-mechanical model for assembled shield tunnel structure in fire is 

developed to provide a basis for a holistic analysis by incorporating tunnel lining segments and 

longitudinal joints, as well as improved predictions for the temperature, stress and deformation 

distributions in the tunnel structure. Validation of the numerical results against experimental 

data shows satisfactory agreement. Parametric studies are subsequently conducted to 

investigate the effects of spalling, buried depth and cooling-off phases on the fire behaviour of 

the shield tunnel. The results show that the damage and failure of a tunnel lining structure under 

high temperature are mainly due to the combined action of internal thermal expansion force and 

thermal stress. Spalling leads to the loss of a key “insulation” layer of a tunnel lining structure. 

On the other hand, the constraint of strata on the tunnel structure under high temperature not 
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only restrains the deformation of key parts of the structure, but also helps offset the adverse 

effect of load on the structure through elastic resistance.  

Keywords: Fire effect; Shield tunnel; Thermo-mechanical model; Structural performance; 

Numerical analysis
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1. Introduction 1 

Fire is an important subject for a wide range of design, operation and maintenance 2 

processes of tunnels. Many historical fire incidents have confirmed that, while tunnel fires may 3 

not necessarily cause the collapse of a tunnel structure, significant damage can occur to the 4 

tunnel lining, and such damage in turn can result in long-term disruption to traffic or rail 5 

services leading to major economic losses (Carvel, 2019; Casse and Caroly, 2019; Hua et al., 6 

2021; Ren et al., 2019; Zhang et al, 2021a; b). For instance, in 2001 two trucks crashed and this 7 

triggered a fire and induced serious structural damage at the Gotthard Road Tunnel in 8 

Switzerland (Chen et al., 2013). In 2008, a heavy goods vehicle fire lasted for around 16 hours 9 

resulting in severe damage of tunnel structure in the Channel Tunnel in France (Beard and 10 

Carvel, 2011). In 2015, a fire induced by a gasoline tank truck sparked fast spread of fire over 11 

500 m and the tunnel structure was severely damaged in the Skatestraum Tunnel in Norway 12 

(Zhang et al., 2021). In all these historical fire incidents, severe spalling of concrete was 13 

observed and this directly exposed one or more layers of reinforcement to high temperatures. 14 

Despite the numerous fire incidents causing tunnel damage, however, there is still a lack of 15 

generally accepted approach to analysing these complex systems for a quantitative performance 16 

assessment that enables fire safety engineers to establish, in an explicit manner, an adequate 17 

fire safety strategy. As the provision of fire resistance is not a design objective or criterion in 18 

most transportation infrastructure standards, the fire resistance of tunnel structures is generally 19 

lower than that in buildings (Kodur and Naser, 2020). 20 

Previous research studies have mainly focused on the fire performance of isolated 21 

members of shield tunnel. On the experimental side, various studies have been conducted to 22 
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support grading evaluations and analysis of structural safety of lining structures in fire (Du et 1 

al., 2018; Qiao et al., 2019; Tomar and Khurana, 2019; Yan et al., 2012; 2015; 2016; 2020; 2 

Zhang et al, 2021c; e). Only a small number of experimental studies have been carried out on a 3 

whole tunnel structure setting in fire due to high costs. Yan et al. (2013) conducted experiments 4 

on small scale shield tunnel lining structures for metro tunnels to investigate the thermo-5 

mechanical behaviour and fire damage under different load conditions. Ring et al. (2014) 6 

carried out fire tests and numerical analysis on concrete frame structures simulating tunnel 7 

structures and described the temperature field distribution across the sections of the structural 8 

members, the deformation at different positions and the concrete bursting. Alhawat et al. (2021) 9 

conducted large-scale fire exposure testing of two unloaded tunnel rings in the RABT fire curve. 10 

These experiments to some extent demonstrated the deformation behavior of the entire structure, 11 

but the experimental conditions were restricted and the monitoring data were limited.  12 

On the other hand, the numerical simulation has been adopted by many researchers, using 13 

simplified modelling methods such as a layered beam model or detailed finite element (FE) 14 

analysis. Detailed finite element analysis has been used to carry out comprehensive simulation 15 

of the mechanical behaviour of the continuous tunnel rings under fire, and calculate the 16 

corresponding bearing capacity and fire resistance time (Choi et al., 2013; Chang, 2016; 17 

Colombo et al., 2015; Lilliu and Meda, 2013). By combining the method of fluid dynamics and 18 

multiphase porous media mechanics, Bergmeister et al. (2020) simulated the mechanical 19 

response of the arched tunnel structure under fire. Ouyang et al. (2021) employed the FE 20 

method to examine the flexural response of drop ceiling panels in rock tunnels to several fire 21 

curves. Although it has been recognised that the mechanical properties of joints is a key that 22 
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could dictate the structural performance and integrity of shield tunnels (Shen et al., 2021), 1 

previous numerical simulations of shield tunnel structures have generally been conducted 2 

without regard to the presence of joints and hence could not represent the realistic mechanical 3 

behaviour of segmental rings, especially in terms of the integrity and stability of the overall 4 

tunnel structure. 5 

In all, much has been accomplished from the experimental and numerical studies in terms 6 

of understanding the general behaviour of shield tunnel structures in fire. However, few studies 7 

have attempted to investigate the shield tunnel structure with discontinuous joints. On the other 8 

hand, limited information is available with regard to the parametric influences on the 9 

performance of segmental lining structures in fire.   10 

In this paper, a holistic analysis approach is developed for the nonlinear structural analysis 11 

and design of the segmental tunnel rings incorporating lining segments and longitudinal joints, 12 

as well as an improved transient thermal analysis. The accuracy of the numerical model is 13 

verified by comparing the analysis results with the data from previous fire experiments 14 

involving complex nonlinear behaviour of the tunnel structural members. Based on the 15 

parametric calculations using the proposed model, the influences of spalling, buried depth and 16 

cooling-off phase on the temperature distribution, structural deformations and mechanism of 17 

failure are discussed. The proposed analysis framework enables the analysis of whole tunnel 18 

rings in fire in a practical calculation environment, and the parametric results should inform the 19 

development of improved fire resistance provisions in design codes and retrofitting strategies 20 

for upgrading fire-damaged shield tunnels. 21 

 22 
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2. Modelling approach  1 

An finite element (FE) approach is employed to evaluate the response of loaded and 2 

restrained reinforced concrete (RC) tunnel rings in fire. The modelling of fire exposed RC 3 

tunnel rings is carried out using a sequentially coupled thermo-mechanical analysis. To reduce 4 

the computational effort, a plane model is chosen for the tunnel lining to demonstrate the non-5 

linear behaviour of tunnel rings from the fire load.  6 

 7 

2.1 General procedure  8 

Fig. 1 illustrates the analysis and design procedure for a shield tunnel structure subjected 9 

to fire. At different stages of the analysis, various input parameters need to be provided. Firstly 10 

the tunnel fire scenarios and equations of transient heat conduction should be specified in the 11 

heat transfer analysis. A temperature–time curve representing the fire at the heating surface 12 

needs to be defined, noting that the commonly prescribed structural design fires are defined by 13 

gas phase time-temperature curves, e.g. ISO834, HC, RABT-ZTV, RWS standard curves 14 

(Maluk et al., 2019). The tunnel cross section is divided into different regions to account for the 15 

variance in elevated temperatures across the height (Hua et al., 2022). To be more specific, 16 

during a tunnel fire, the heat transfer of the vault surface is always identified as the hottest 17 

region, and that of the shoulder’s regions is determined through a weaker heat convection and 18 

radiation mode. The bottom region, which isolated by substructures, is defined as insulation. 19 

Following the transient heat transfer analysis, the temperature distribution within the segments 20 

at each time step is obtained. As the thermal analysis is independent of the stress states, the 21 

model cannot predict directly the effect of concrete spalling. Following the consideration that 22 
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the first indication of spalling from experimental findings (Hua et al., 2022), the deactivation 1 

of layers at the inner side of the tunnel lining was assumed to be mainly caused by spalling 2 

during the in-fire rapid thermal shock (Savov et al., 2005; Hua et al., 2021). 3 

In the mechanical analysis of the tunnel structure, the non-linear transient thermal-4 

mechanical coupled numerical analysis requires considerable effort. Apart from the pre-5 

calculated temperature input, the time-dependent loads and ground constraints need to be 6 

defined in the model in accordance with the tunnel’s surrounding geological conditions. Since 7 

the thermo-mechanical analysis is “sequentially-coupled” and the coupling between the two 8 

simulations is internally managed by the FEM codes, the finite element discretization is kept 9 

constant, while the element type changes from thermal to structural elements for the thermal 10 

and mechanical analysis, respectively. In other words, the time-dependent temperature of each 11 

element is obtained from the thermal analysis, which then serves as an input for the subsequent 12 

mechanical analysis. The stress field in concrete is derived from the corresponding mechanical 13 

strain, suitably corrected by including the contribution of the free thermal strain, which is 14 

considered stress independent and isotropic. 15 

  16 

2.2 Element types  17 

Following the general procedure, a thermo-mechanical analysis is conducted using finite 18 

element software ABAQUS (ABAQUS, 2014) to determine the transient nodal temperatures. 19 

In the heat transfer analysis, all materials are continuous, isotropic and without any internal heat 20 

source. The effect of moisture evaporation in the concrete lining structure on the heat 21 

conduction process is not considered. A two-node heat transfer element (DC1D2) is used for 22 
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steel bars and bolts, and the plane heat transfer elements (DC2D4) are used for concrete. 1 

Compared with solid elements, the two-dimensional elements are more computationally 2 

efficient for both the thermal and structural models for the prediction of the temperature 3 

distribution, and similar modelling strategies have been adopted in the past (Chang et al., 2016; 4 

Choi et al., 2013). A tie constraint is used to apply temperatures from concrete to reinforcing 5 

steel bars and bolts at the same location. The external surface areas of DC2D4 elements, which 6 

are exposed to fire from one side, are used to simulate the surface effect of convection and 7 

radiation that occur from fire (ambient air) to the segments. The model of shield tunnel structure 8 

is mainly composed of concrete segments, bolts and steel bars. In the analysis model, a two-9 

node truss element (T2D2) is used for steel bars, a beam element (B21) is used for bolts and a 10 

plane strain element (CPE4R) is used for concrete. As the model involves a large number of 11 

parts and that complex interaction exists between different parts, the phenomenon of stress 12 

concentration could easily occur in the simulation analysis.  13 

For the segmental joint, the contact between segments is set as face-to-face contact, with 14 

the normal direction set as hard contact, and the tangential direction set with friction "rough" to 15 

limit tangential dislocation on both sides of the joint. The constraint relation between 16 

reinforcement and segmental concrete is set as embedded contact. The constraint between bolt 17 

and segment concrete is complicated, thus it is set as a partially embedded constraint, and the 18 

contact surface and related parameters are adjusted to the expandable state. Only the main 19 

reinforcement in the segment is considered. All the bolts are modelled with a nonlinear element 20 

connector. The elastic sealing pad and water strip at the joint are ignored.  21 

 22 
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2.3 Material models 1 

For common shield tunnel structures, the main constituent materials are concrete and steel, 2 

whose thermal and mechanical properties vary with elevated temperatures. These input 3 

parameters are very crucial to the evaluation of the vulnerability of a tunnel to fire hazard 4 

considering all critical aspects that could influence a tunnel structure's performance in fire. 5 

Presented thermal and mechanical properties at different target temperatures are incorporated 6 

into equations or tables in Eurocode 2 clearly to obtain the specific value (Le et al., 2021). 7 

Following the temperature-dependent thermal properties defined in Eurocode 2 (CEN, 2004), 8 

the specific heat, thermal conductivity and coefficient of thermal expansion of reinforcing steel 9 

and concrete are listed in Table A1 in Appendix A. 10 

For the stress-strain relationship of concrete and reinforcing steel, the instantaneous stress-11 

related strain and thermal strain are evaluated according to EC2 (CEN, 2004). Considering the 12 

nonlinearity and different failure mechanisms under compression and tension, a damaged 13 

plasticity constitutive model is employed to model the complex behaviour of concrete. The 14 

envelop stress-strain relation for concrete is represented by a bilinear relationship, consisting 15 

of an elastic part up to the peak stress and then a stable part until the ultimate strength. The 16 

ultimate strength at elevated temperatures is assumed to vary as per EC2 (CEN, 2004). The 17 

variation of mechanical and thermal properties with respect to temperature is different in the 18 

cooling phase as compared to the heating phase and it depends on the maximum temperature 19 

reached during the heating phase. During the cooling phase, a linear interpolation between the 20 

elevated and residual material properties after cooling down is adopted. Following the 21 

specifications in Eurocode 2 (CEN, 2004), the temperature dependant mechanical properties 22 
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adopted in this study are listed in Table A1 in Appendix A.. 1 

 2 

2.4 Boundary conditions 3 

Thermal analysis is performed in order to obtain the transient temperature field within the 4 

tunnel. This analysis takes into account all the three mechanisms governing the heat transfer, 5 

namely conduction, convection and radiation. The heat transfer from a fire source to the surface 6 

of a structural member is through convection and radiation. The heat flux to the surface of a 7 

structural member through radiation and convection is expressed as boundary conditions in the 8 

thermal analysis. The heat transfer within a structural member is through conduction, which is 9 

expressed as a Fourier heat transfer equation. The general differential equation for the heat 10 

transfer in a structural member can be expressed as:  11 

2 T Q
T

c t c

λ
ρ ρ

∂∇ = −
∂

                              (1) 12 

where ρc is the heat capacity of the section, λ is the thermal conductivity tensor, t is time, T is 13 

temperature, ∇ is spatial gradient operator, and Q is internal heat generation rate per unit volume. 14 

The heat flux on the fire-exposed boundary due to convection and radiation can be expressed 15 

by the following equation: 16 

( )( )con rad fQ h h T T= + −                           (2) 17 

where hcon and hrad are convective and radiative heat transfer coefficients, Tf is fire temperature. 18 

Heat transfer problems involving conduction, forced convection, and boundary radiation can 19 

be analysed by a numerical calculation procedure.  20 

For most metro shield tunnels, the inner diameter of the tunnel section is usually below 6 21 
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m and the lining around the tunnel, except the thick track base layer at the bottom, is considered 1 

to be directly exposed to the thermal range of fire. Therefore, when considering a tunnel fire, 2 

the thermal boundary conditions can be directly applied to the lining surface, whereas the tunnel 3 

lining structure under the bottom track base layer may be considered as not being influenced 4 

by the elevated temperatures. Since the heat convection and radiation of a tunnel fire source to 5 

the surrounding wall surface are not uniform, dividing the tunnel inner wall into multiple 6 

temperature zones can improve the accuracy of calculation of the lining thermal boundary (Guo 7 

et al, 2019). Based on the above considerations and the actual heating conditions of subway 8 

tunnels, the lining thermal boundary is divided into three sections as shown in Fig. 2 (a). More 9 

specifically, Section I is strongly and directly affected by the fire source, and is the heat 10 

conduction affected area; Section II is mainly affected by convective heat of the fire source, 11 

and is the affected zone of thermal convection. Section III is considered as an adiabatic zone 12 

due to the insulation of the trackbed base. All the above thermal boundary distribution T in a 13 

symmetric half-circle space can be expressed by the following equation: 14 

( ) [ )

( ) [ )
( ) [ ]

( '), 0,45

( ') , 45 ,150

0, 150 ,180

T T t

h T T t

T

n θ

θ θ

θ θ

θ
θ

 = ∈ °


 = − ∈ ° °


∂ = ∈ ° ° ∂

iq n                  (3) 15 

where θ represents the range of the central angle of the temperature boundary, ( ')T t  is the 16 

temperature rise curve function of the fire source, q is the heat flow vector of the tunnel 17 

boundary in the vector n direction, and h (W/m2·K) is the convective heat transfer coefficient. 18 

According to the previous experimental and calculation results (Yao et al., 2021), the convective 19 
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heat transfer coefficient is taken to be 25 W/m2·K on a fire exposed surface. The emissivity for 1 

the radiative heat transfer at the exposed surfaces of the tunnel lining segments is taken as 0.8. 2 

The mechanical load configuration for the shield tunnel is presented in Fig. 2(b). Since the 3 

focus of this work is the evaluation of tunnel behaviour under fire conditions, the simulation of 4 

tunnel installation phases is herein simplified, such that only the final equilibrium condition 5 

between the support system and the surrounding ground is considered, which is typical of a 6 

service-state condition. The structural capacity of the tunnel lining segment at the ultimate limit 7 

state (ULS) for bending and axial actions is typically represented by a moment-axial force 8 

interaction curve (M-N curve). The soil-structure interaction is modelled with spring elements 9 

that transfer only the compression-action and have a zero lift-off tension capacity. The radial 10 

spring compression stiffness can be obtained from a geotechnical investigation report, or 11 

generally calculated using the following equation: 12 

1

(1 )(1 2 )
R

E
K

R

ν
ν ν

−= ⋅
+ −

                          (4) 13 

where KR is the radial spring stiffness, E is the Young’s Modulus of the ground, R is the tunnel 14 

radius and ν is the Poisson’s ratio of the ground. 15 

In the structural analysis of a shield tunnel, appropriate failure criteria should be applied 16 

for the applicable failure limit states. For evaluating the capacity of the tunnel at an ambient 17 

condition or under fire exposure, the strength limit state generally governs the failure but a 18 

deflection limit state is often a reliable failure indicator from a performance perspective. 19 

Accordingly, the failure of the tunnel structure is said to occur (NSC, 2021) when the maximum 20 

convergence deformation of shield tunnel exceeds 0.2% of the central diameter, or the 21 
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maximum opening of the joints exceeds 2 mm. It is important to note here that the 1 

aforementioned deflection limit states have been developed for common shield tunnels, with an 2 

inner diameter below 10 m, and may not be strictly applicable under a fire scenario. In this 3 

respect, the timescale leading to failure from the analysis with the above deflection-based limits 4 

would generally be on the conservative side. 5 

 6 

3. Model verification 7 

After the model is established, an appropriate verification against suitable experimental 8 

results is required. Experimental data on fire growth characteristics and temperature-dependent 9 

structural responses need to be collected to validate the numerical model. As shown in Fig. 1, 10 

the shield segments and the joints are key elements in the whole tunnel rings; therefore, a 11 

comparison of the temperature profile in the segments between the numerical analysis and 12 

actual experiment can be instructive on the adequacy of the numerical model. The accuracy of 13 

numerical analysis in terms of the mechanical behaviour may be evaluated by comparing the 14 

deformations of segments and joints with those from the experiments. 15 

3.1 Overview of relevant experimental tests 16 

RC segments and RC segmental joints tested by the authors’ research group (Yan et al. 17 

2015; Yan et al. 2016) are selected to validate the numerical model presented in Section 2. The 18 

test system has been developed for testing shield tunnel segments and joints under both applied 19 

mechanical loads and elevated temperatures. In the test system, a furnace powered by two 20 

combustors of industrial grade can be controlled by a programmable controller to achieve a 21 

desired heating up history. The test system can provide a wide range of combinations of 22 

mechanical loading and fire scenarios, including high rate heating (250 °C/min) and high peak 23 

temperature (1200°C) in conjunction with diverse mechanical load patterns.  24 
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In the aforementioned tests, the furnace temperature was all monitored and controlled to 1 

follow the standard Eurocode HC curve (CEN, 2002). The test specimens represented metro 2 

shield tunnels at a reduced scale of about 1:3 with respect to the full-size lining units. Thus, the 3 

test specimens were 120 mm in thickness and 300 mm in width, and the average radius of the 4 

assembled ring was 990 mm. The size of the specimens allowed the composition of the 5 

materials in the actual construction to be maintained in the test specimens, thus avoiding any 6 

material scaling effect. The materials used in the preparation of the test specimens, including 7 

concrete, the main reinforcement and bolts, are the same as the actual shield tunnel lining 8 

structure. These tests are selected for validation because comprehensive results have been 9 

reported, and the representative cases can facilitate finite element simulations and detailed 10 

comparisons. RC segments and segmental joints tested under fire exposure are analysed by 11 

applying the above numerical procedure to validate the proposed approach.  12 

 13 

3.2 Verification of temperature field analysis 14 

A comparison of the temperature results between the numerical calculation and the test 15 

data is shown in Fig. 3. It can be observed that towards the later part of the first 60 min the 16 

numerical and experimental results show good agreement. However there is some noticeable 17 

difference between the test temperature and the numerical results at 10mm and 30mm during 18 

the rising process. This is because in the physical structure the lining concrete will lose free 19 

water and calcium silicate hydrate (C-S-H) will lose bound water when heated (Zhao et al., 20 

2014), thus forming a temperature platform above and below the boiling point of water. The 21 

temperature rises rapidly as the water in the area evaporates. On the other hand, in the numerical 22 

analysis a homogenous model is employed with the thermal properties as given in EC2 (CEN, 23 
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2004). Due to the complex heat transfer process in actual concrete, there is no simple 1 

equivalence in the heat transfer parameters in using a homogeneous model. Consequently, the 2 

temperature development process from the numerical model can be anticipated to show 3 

variation from the actual situation in concrete specimens during a fire test. Nevertheless, the 4 

temperature development will become smooth and steady afterwards as the maximum 5 

temperature of HC curve is 1100 °C and it has almost been reached at the closest point (10mm) 6 

exposed to fire. In addition, the simulation time of the numerical calculation conditions is set 7 

as long as two hours or more (Choi et al., 2013), so any discrepancy in the earlier process of 8 

temperature development will not affect significantly the structural response results and the 9 

comparative discussion.  10 

 11 

3.3 Verification of structural analysis 12 

Figs. 4 and 5 show the comparisons between the numerical and experimental results in 13 

terms of the vertical load vs. midspan displacement and vertical load vs. joint inner opening 14 

relationships. Very good agreement can be observed, indicating that the numerical model 15 

simulates well the mechanical behaviour of segments at elevated temperatures.  16 

 17 

4. Parametric study and discussions  18 

In this section, a typical shield tunnel case is analysed using the modelling framework 19 

presented in Section 2. The influences of the key parameters on the performance of shield tunnel 20 

rings are examined through the parametric analysis and the results are discussed. 21 

4.1 Model configuration 22 
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The shield tunnel structure of Shanghai Metro Line No. 14 is chosen in this case study. 1 

The concrete type is C55, the main reinforcement grade is HRB400 and the bolt grade is 5.8. 2 

The external diameter of the tunnel lining is 6.20 m, and the inner diameter is 5.50 m. The ring 3 

width and thickness are 1.20 m and 0.35 m, respectively. Each ring consisted of one key 4 

segment (F), two adjacent segments (L1 and L2), two standard segments (B1 and B2), and one 5 

counter key segment (D), as shown in Fig. 6.  6 

The stratum parameters are obtained from the geological exploration data of Shanghai rail 7 

transit, as summarised in Table 1. The groundwater level is 0.5m below the filled soil layer. 8 

According to the general design provisions of this area, the buried depth for shallow, medium 9 

and deep buried tunnels is 6.5m, 15.6m, and 23.5m, respectively. For spalling estimation, the 10 

average depth can be assumed to be 40 mm (Monckton, 2018). In general correction practices, 11 

isosceles triangle loads are used to simulate the formation reactions. Such calculation is 12 

considered reasonable at room temperature, but under the action of high temperature in a fire 13 

scenario, the tunnel structure will produce different degrees of compression to the surrounding 14 

soil, especially for the vault position where the temperature increases rapidly. Therefore, soil 15 

springs need to be placed around the tunnel in a high temperature model, so as to represent the 16 

constraints of the stratum on the structure. According to the exploration data of relevant sections 17 

and the empirical data of shield tunnel segment design, 20kN/m3 is taken for the sandy silt and 18 

5kN/m3 for the soft clay.  19 

HC and RABT heating curves represent two typical fire boundary conditions with a high 20 

heating rate and a cooling stage respectively. The standard Eurocode HC curve and RABT curve 21 

adopted herein to simulate the heating phase are expressed in Eqs. (5) and (6), respectively: 22 
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-0.167 -2.5( )=20+1080(1-0.325e -0.675 )t t
T t e               (5) 1 

20 236 0 5

( )= 1200 5 130

1200 10.727( 130) 130 240

t t

T t t

t t

+ ≤ ≤
 ≤ ≤
 − − ≤ ≤

             (6) 2 

where  is time (in minutes) and  is the gas temperature inside the furnace (in ˚C).  3 

The applied loads on tunnels with different buried depths and surrounding strata are 4 

different, so the safety under fire in each depth case should be evaluated separately. The 5 

numerical simulation cases are listed in Table 2.  6 

 7 

4.1 Influence of spalling 8 

Structural members in a tunnel under severe fire exposure may experience significant 9 

deformations and structural damage caused by temperature-induced forces, resulting in 10 

phenomena like spalling in concrete and rupturing of connections. In moderate- to low-intensity 11 

fire scenarios, deformations or damage in structural members may not be significant, but 12 

localized damage such as spalling in concrete linings can still occur. The application of inner 13 

surface insulation is assumed herein due to the heat insulation practice in actual tunnels. 14 

Fig. 7 shows the temperature of F segment inner reinforcement vs time under HC and 15 

RABT fire curves, respectively. It can be seen that there is a marked increase of the 16 

reinforcement temperature if spalling occurs. After the explosive spalling, the inner 17 

reinforcement exhibits a rapid rise in temperature to more than 1000℃ and consequently loses 18 

its bearing capacity. If the inner reinforcement completely loses its bearing capacity, the lining 19 

concrete will share more loading under fire, leading to further damage to the structure and even 20 

t ( )T t
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failure.  1 

The joints of the tunnel structure are also key elements in the tunnel structure. Fig. 8 (a) 2 

and (b) show the temperature variation of F-L1 bolt and L1-D1 bolt with time under HC curve 3 

and RABT curve, respectively. It can be seen from Fig. 8 (a) that under the HC curve, the bolt 4 

temperature increases at a significantly higher rate after the spalling, and the maximum 5 

temperature reaches nearly 480℃, nearly twice as high as that before the spalling. What stands 6 

out in Fig. 8 (b) is that although there is a cooling stage in the RABT curve, the temperature of 7 

the joint is still about 150℃ at 4h, which is higher than that of the joint without spalling. When 8 

the temperature increases sharply, the yield stress of the joint bolt decreases and the temperature 9 

strain increases, and this makes it quicker for the joint to reach the critical state.  10 

Fig. 9 (a) and (b) show the maximum displacement of the vault of the tunnel under the HC 11 

and RABT fire curve, respectively. It can be seen that the maximum displacement after spalling 12 

peaks at 32 mm. It is worth noting that there is a 4 mm increment than that without spalling, 13 

this results in the convergence deformation of tunnel approaching the limit state. As shown in 14 

Fig. 9 (b), under the RABT curve and after spalling, the tunnel structure even exceeds the limit 15 

deformation and reaches total failure after 67min. A possible reason is that the opening process 16 

of F-L1 and F-L2 joints gradually shifts from inside to outside during the continuous fire in the 17 

deep tunnel. The displacement change of the vault is influenced by the deformation of the joint 18 

bolts. The deformation of the joint bolts increases as the temperature rises after spalling, and 19 

this in turn leads to further deformation of the vault.  20 

 21 

4.2 Influence of buried depth 22 
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Fig. 10 shows the vertical displacements of shallow, medium and deep tunnel structures. 1 

The initial displacements are 3 mm, 6 mm and 12 mm for the three depths, respectively. Under 2 

the action of the HC curve with a continuous temperature rising, the vertical displacements of 3 

the structural vault all decrease first and then increases. Because the elevation of temperatures 4 

has a certain delay in causing damage in the structural materials, it can be deduced that the 5 

thermal expansion response is the main factor affecting the structural deformation in the early 6 

stage of the fire. However, since the interior opening of the F-L1 and F-L2 joints is recovered 7 

from thermal expansion first, the displacement at the top of the tunnel structure does not develop 8 

outward. After the interior opening of the joints is recovered, the vault of the tunnel structure 9 

begins to expand outward. For this reason, it can be seen from Fig. 10 that the vertical 10 

displacement of the deep buried tunnel with the largest interior opening of F-L1 and F-L2 joint 11 

dramatically decreases, and the maximum displacement also reaches about 31mm, which 12 

exceeds the limit state of the tunnel structure and is close to destructive damage. In addition, 13 

the descending phase of the vertical displacement of the deep buried tunnel is as long as 120 14 

min, and the effect of thermal expansion of the lining inner layer of the tunnel structure is nearly 15 

saturated. In comparison, the rising rate of the ascending branch of the vault displacement in 16 

the deep buried tunnel is far less than that of shallow and medium buried tunnels.  17 

When the tunnel is under the RABT curve (Fig. 10(b)), the vertical displacement of the 18 

vault of the tunnel at each buried depth is basically maintained after a short recovery in the 19 

cooling stage. The vertical displacement of the vault in the case of deep-buried tunnel cannot 20 

be recovered, and this could pose a serious threat to the structure safety in the cooling stage. 21 

There is also a close correlation between the amount of opening in the key joints of the 22 
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tunnel structure and the buried depth. The change of the amount of opening in L1-B1 joints 1 

under different buried depths is shown in Fig. 11. Under ambient temperature, the joint opening 2 

of the tunnel structure with a larger buried depth tends to be larger, but compared with the joint 3 

opening in fire, the initial joint opening is relatively small and hence the differences may be 4 

ignored. As shown in Fig. 11 (a), during the 90 min period after the initiation of fire, the opening 5 

of L1-B1 joints of all buried tunnels increases rapidly, and the subsequent increase rate slows 6 

down. The increase rate of the shallow-buried tunnel is less than that of medium- and deep-7 

buried tunnels in the stage of the rapid expansion of the joint opening, and the final opening is 8 

only about 60% of that of medium- and deep-buried tunnels. It can be seen that although the 9 

opening of L1-B1 joint is different in the initial state due to the influence of load combinations 10 

caused by the buried depth of the tunnel, the main factor influencing the variation of joint 11 

opening is still the stratum spring. Due to the weakness of the surrounding strata, the constraint 12 

on the expansion deformation of the tunnel structure under fire is flexible, and this makes the 13 

deformation of the joints larger. Interestingly, as can be seen from Fig. 11 (b), under the action 14 

of RABT curve with a cooling stage, the opening of L1-B1 joint recovers significantly when 15 

cooling sustains for 40 min, and the recovery speed of the joint opening of the medium- and 16 

deep-buried tunnels is faster than that of the shallow-buried tunnel. The opening of tunnels with 17 

different depths eventually tends to be the same in the last period of cooling. The above results 18 

reveal that the influence of the buried depth on the deformation of key joints mainly exists in 19 

the heating stage of fire, and it is not significant in the cooling stage. 20 

 21 

4.3 Influence of cooling-off phase 22 
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Fig. 12 shows the temperature distributions in the tunnel structure. It can be seen that the 1 

elevated temperatures induced by fire gradually penetrated the lining, and the heat insulation 2 

surface under the track bed gradually heated up. However, there are no apparent differences in 3 

the temperature at the interface between the direct heat transfer section and the heat convection-4 

dominated section. For the tunnel under the RABT curve, the development of the temperature 5 

field through the thickness of the lining begins to decline during the cooling phase, but part of 6 

the tunnel still reaches a high temperature. At the time of 4 h, i.e., cooling after 110 min, the 7 

area with a remaining temperature of 200~400 ℃ is still extensive. In other words, although 8 

the fire risk has disappeared at this point of time, the hidden danger of the tunnel structure still 9 

exists. As can be seen in detail from Fig. 13, for the sections of vault and sidewall, only the 10 

points with a depth of less than 10cm into the thickness experience an apparent cooling stage. 11 

The temperature in the lining with a depth between 20 cm and 35 cm almost maintains a linear 12 

increase in the whole process and there is no slow-down in the heating trend during the cooling 13 

process. After cooling for 110min, the temperature at the depth of 20 cm rises to more than 14 

100℃, and the temperature at 200-400 ℃ is distributed in the 5-15cm depth of the lining 15 

thickness. When the lining structure reaches such a level of temperature, the internal force of 16 

the structure induced by thermal expansion and the degradation of the mechanical properties of 17 

the material are not negligible factors for the mechanical behaviour of the structure. Therefore, 18 

for the tunnel structure under the RABT curve, it is necessary to consider the fire-induced 19 

mechanical response not only in the heating process but also in the cooling process. 20 

Fig.14 shows the deformation contours of the shallow-buried tunnel structure. It can be 21 

seen that before the cooling stage, the deformation of the structure under the RABT fire curve 22 
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is similar to that under the HC curve. After the cooling stage, the overall deformation of the 1 

structure tends to be steady without further deformation, but there is no significant recovery. 2 

From the detailed joint opening deformation history shown in Fig.15, the opening of joint F-L1 3 

and joint B1-D does not change significantly until a period after the start of the fire, while the 4 

opening of L1-B1 joint increases rapidly after the start of the fire and finally reaches 9mm. 5 

Although the deformation at the sealing pad of each joint is reduced in the cooling stage, the 6 

amount of reduction is quite small. The above results indicate that, following a fire, the residual 7 

capacity of structural members must be comprehensively evaluated in order to assess the 8 

damage and safety of the tunnel structure. Setting up specifically designed sprinklers or water 9 

curtain systems will effectively control the initial fire development and shorten the cooling-off 10 

phase. Integrating structural fire design principles into the structural design of tunnel 11 

components can significantly enhance the inherent fire resistance of tunnel structures. 12 

 13 

5. Conclusions and future work 14 

In this paper, a thermo-mechanical framework is presented for a holistic analysis of the 15 

structural response of assembled shield tunnel rings in fire. The analysis framework 16 

incorporates the tunnel lining segments and longitudinal joints to improve the predictions for 17 

the temperatures, stresses and deformations of the tunnel structure. The approach is validated 18 

by comparison of the predicted responses with previous experimental results. A parametric 19 

study is performed to demonstrate the influences of key parameters on the load and fire effects 20 

on shield tunnel structure. The following conclusions can be drawn:  21 

（1） The damage and failure of a shield tunnel ring structure under high temperature are 22 

mainly due to a combined action of internal thermal expansion force and thermal stress. 23 
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The most critical areas of the ring structure in fire are the vault and the key joints L1-1 

B1 and L2-B2 of the shoulder’s regions. In the early stage of fire development, the arch 2 

region of the ring sustains a substantial deformation development and incurs large 3 

deflection. With the continuation of the fire, the large lateral opening angle in the key 4 

joints tends to result in a progressive failure, while water and soil could pour through 5 

the joints to induce sudden local damage. 6 

（2） The spalling of concrete results in a loss of important “insulation” layer for the tunnel 7 

lining structure. As a result, the inner steel bar of the lining tends to completely lose its 8 

bearing capacity under fire. The strength of the bolts at the joints also decreases with 9 

the increasing temperature strain. The lining concrete tends to be subjected to increased 10 

loading under the fire, and this puts further demand on the structure, leading to 11 

accelerated failure.  12 

（3） From the parametric study, it is found that the influence of different buried depths on 13 

tunnel structures under fire mainly come from two aspects, namely different load 14 

combinations and different ground spring resistance coefficients. The constraint of 15 

strata on the structure under high fire temperature not only restrains the deformation of 16 

the key parts of the structure, but also offsets the adverse effect of load on the structure 17 

through elastic resistance. This mechanism is deemed to be a key factor affecting the 18 

safety and durability of tunnel structure under fire. 19 

（4） Comparison analyses between two heating curves, i.e. the HC curve and the RABT 20 

curve, reveal that under elevated temperatures, the stress state in the F segment, the L 21 

segments, and the B segments gradually changes into a full section compression. The 22 

areas that mainly bear compressive stress expand and move outward, forming an arched 23 

high-stress area. On the other hand, the stress state of the inner side of the concrete 24 

lining gradually changes from compression to tension in the cooling stage, but most 25 
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areas are still in a compression state. Furthermore, the stress recovery process caused 1 

by cooling is relatively slow, therefore it will still be necessary to exercise caution, and 2 

careful evaluation should be carried out on the residual state of the tunnel structure after 3 

the fire.  4 

（5） The analysis results suggest that the stiffness of the assembled tunnel ring plays a 5 

dominant role in maintaining the structural fire safety. A possible strategy to enhance 6 

the stiffness can involve retrofitting the construction of longitudinal joints to reduce the 7 

deformation under elevated temperatures.  8 

For future research in evaluating the fire performance of the shield tunnel structure it will 9 

be useful to look into the impact of circumferential joints and the settlement of tunnels. Hybrid 10 

fire testing incorporating nonlinear substructure experiments and numerical analysis are also 11 

being planned as part of our future work.  12 
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Table 1 Soil parameters of a section of Shanghai Metro Tunnel 

Stratum 
Thickness 

（m） 

Unit weight

（kN/m3) 

Cohesion 
(kPa) 

Internal 
friction 
angle(o) 

Coefficient 
of ground 

spring 
(kN/m3) 

Fill ①1 1.9 18 - - - 

Sandy silt ②3-1 1.9 18.6 5 30.5 20 

Sandy silt ②3-2 4.2 18.3 5 30.5 20 

Sandy silt ②3-3 4.7 18.3 4 31.5 20 

Silty clay ④ 5.3 17 14 12.5 2 

Clay ⑤1-1 3.8 17.6 15 13.5 2 

Clay ⑤1-2 8 17.9 15 13.5 2 

 

Table 2 List of numerical simulation cases 

No. Heating curves Duration Burial depth Spalling 

A1 HC 4h Shallow � 

A2 HC 4h Medium � 

A3 HC 4h Deep � 

AS1 HC 4h Shallow  

AS2 HC 4h Medium  

AS3 HC 4h Deep  

B1 RABT 4h Shallow � 

B2 RABT 4h Medium � 

B3 RABT 4h Deep � 

BS1 RABT 4h Shallow  

BS2 RABT 4h Medium  

BS3 RABT 4h Deep  

Note: :Spalling; �:No spalling. 
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Fig. 1 Analysis and design procedure of shield tunnel structure in fire. 
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(a) 

 
(b) 

Fig. 2 Determination of boundary condition: (a) Thermal condition; (b) Loading condition. 
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Fig. 3 Comparison of temperature vs. time results between numerical calculation and fire test. 
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(a) (b) 

Fig. 4 Comparison of vertical load vs. mid-span displacement relationships between numerical 

results and test data: (a) Under sagging moment；(b) Under hogging moment. 
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(a) (b) 

Fig. 5 Comparison of vertical load vs. joint inner opening relationships between numerical results 

and test data: (a) Horizontal load = 20kN; (b) Horizontal load = 40kN. 

 

 

Fig. 6 Layout of a typical segmental ring. 

  



34 

 

 

0 30 60 90 120 150 180 210 240 270
0

100

200

300

400

500

600

700

800

900

1000

1100

1200
T

em
p
er

at
u
re

 (
℃

)

Time (min)

 No spalling

 Spalling

0 30 60 90 120 150 180 210 240 270
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

T
em

p
er

at
u

re
 (

℃
)

Time (min)

 No spalling

 Spalling

 
(a)                                   (b)                  

Fig. 7 Temperature of F segment inner reinforcement vs. time: (a) HC; (b) RABT 
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(a)                                   (b)                  

Fig. 8 Temperature of F-L1 and L1-D1 joint bolts vs time: (a) HC; (b) RABT. 
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Fig. 9 Vault vertical displacement vs. time of deep buried tunnel: (a) HC; (b) RABT.  
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(a) (b) 

Fig. 10 Vault vertical displacement vs. time of tunnels in different buried depths: (a) HC; (b) 

RABT. 
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(a) (b) 

Fig. 11 L1-B1 joint opening vs. time of tunnels in different buried depths: (a) HC; (b) RABT. 
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(a) (b) 

 
 

(c) (d) 

Fig. 12 Temperature distribution of tunnel: (a) HC-120min; (b) RABT-120min; (c) HC-240min; 

(d) RABT-240min. 
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(a) (b) 

Fig. 13 Temperature distribution along the thickness of tunnel lining in vault: (a) HC: (b) RABT.  
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(a) (b) 

 

(c) (d) 

Fig. 14 Deformation of shallow buried tunnel: (a) HC-120min; (b) RABT-120min; (c) HC-

240min; (d) RABT-240min. 
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(a)                                   (b)                   

Fig. 15 Joint opening in shallow tunnel vs, fire duration: (a) HC; (b) RABT. 
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Appendix A 

Table A1 Main thermal and mechanical properties of the segment concrete and steel adopted in the analysis 

Type Unit Concrete Steel 

Density kg/m3 2400 7800 

Specific heat J/(kg∙°C) 
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Fig. A.1 Reduction factor of compressive strength (fc) and elastic modulus (Ec) of concrete at 

elevated temperatures 
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Fig. A.2 Reduction factor allowing for decrease of compressive strength (fy) and elastic modulus 

(Ey) of concrete at elevated temperatures 

 


