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Abstract: Fire in a tunnel will deteriorate the mechanical properties of the tunnel. For fabricated 

tunnels formed by splicing prefabricated components through joints, under the high temperature 

of a fire, the rapid degradation of the bearing capacity of the joints can easily lead to tunnel damage. 

In this study, a new type of joint (bolt-pin joints (BPJ)) for prefabricated frame tunnels is proposed. 

To investigate the fire resistance of the new joint and the other three fabricated frame tunnel joints 

(including mortise joints (MJ), bolt-mortise joints (BMJ), and pin joints (PJ)), a three-dimensional 

solid model of four types of fabricated frame tunnel joints is established using the finite element 

calculation software ABAQUS. According to the standard European HC curve, the heat transfer 

characteristics of the joint model are analyzed, the temperature distribution law of the joint under 

fire is studied, and the flexural bearing performance and deformation characteristics of the joint 

before and after the fire are discussed, as well as the influence of the initial axial force on the flexural 

bearing capacity and the opening of the joint under fire. The analysis result shows that the vertical 

peak load of the BPJ is higher than that of the other three joints at room temperature. Under the 

combined action of the pin and bolts and the tongue groove, the vertical peak load of the joints can 

be effectively increased and the midspan vertical displacement can be reduced. The decrease degree 

of the vertical peak load of the MJ and BMJ under fire exposure is greater than that of the other two 

joints, and the opening of the BPJ is 19 mm, which is much smaller than that of the other three joints. 

When the initial axial force is increased, the openings of the four joints under fire exposure are 

reduced, the vertical peak loads of the PJ and BPJ are increased, and the vertical peak loads of the 

MJ and BMJ are not significantly increased. Overall, the BPJ demonstrates better fire resistance.  
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1. Introduction 

Tunnels are narrow and closed relative to aboveground structures, and continuous 

high temperature in tunnels during a fire causes serious damage to the tunnel lining. For 

example, in 1996, the tunnel lining was severely damaged in the Channel Tunnel between 

England and France in a fire, and the most serious damage was that the spalling depth of 

the original 45 cm thick lining segment concrete reached 40 cm [1,2]. In 1999, the Mont 

Blanc fire at the France–Italy border caused local concrete peeling of the tunnel vault [3]. 

In 2011, a large amount of concrete on the side and top of the tunnel spalled off in the fire 

of the Xinqidaoliang Tunnel in China [4,5]. In 2019, the Limaoling Tunnel facilities were 

severely damaged by scorching the tunnel vault and detaching concrete blocks in a fire. 

After fire exposure, the damage to a tunnel greatly reduces the bearing capacity of the 

tunnel lining. Therefore, it is of great significance to carry out research on the bearing 
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capacity of tunnel structures under fire exposure for tunnel fire prevention and disaster 

resistance. 

In the context of green and low-carbon development, industrial construction is an 

important direction and path for the development of tunnel engineering. As a new type 

of tunnel construction method in industrial construction, fabricated frame tunnels have 

the characteristics of high utilization of underground space, fast construction speed, small 

disturbance to the environment, and reliable quality. This approach is very popular in the 

fields of municipal tunnels, underground passages, and multipurpose networks for un-

derground pipelines in cities [6]. However, the fabricated frame tunnel lining is a structure 

connected by various joints. The lining structure is considered a discontinuous body, 

which makes the mechanical behavior of the tunnel structure more complicated [7,8]. 

Joints are the weakest part of a fabricated tunnel. The deterioration of joint performance 

after a fire will reduce the bearing capacity of the tunnel and even cause structural failure. 

Therefore, the bearing capacity performance of fabricated frame tunnel joints under fire 

is the focus of this research. 

Many scholars have conducted research on the mechanical properties of tunnels un-

der fire exposure with immersed tunnels and shield tunnels as objects. For example, for 

immersed tunnels, Lin [9] carried out a fire test through immersed tunnels with a scale of 

1:5 and studied the characteristics of the temperature distribution, degree of concrete 

spalling, and crack distribution of immersed tube tunnels under high-temperature condi-

tions. Duan [10] carried out a large-scale fire test of an immersed tunnel and found that, 

under the protection of a fire-resistive coating, the deformations of the tunnel were small, 

but the cracking of the tunnel concrete was very serious on the outside of the tunnel. Guo 

[11] studied the temperature in the thickness direction of the immersed tunnel under fire 

by a numerical simulation method. Immersed tunnels are quite different from prefabri-

cated tunnels in terms of structural type, stress characteristics, and construction. In recent 

years, many scholars have carried out research on the mechanical properties of shield tun-

nels at high temperatures. For example, Yan [12-14] carried out a fire-resistance test of a 

segment joint with a shallow concave–convex tenon joint structure on a scale of 1:3 and 

studied the effect of the change in the joint performance on the lining performance of the 

shield tunnel under high-temperature conditions. Ye [15] carried out fire tests on seven 

groups of full-scale shield tunnel segment specimens and studied the effects of different 

fire types and different sealing settings on the mechanical properties of shield tunnel seg-

ments under fire and high temperatures. Guo [16] and Yin [17] carried out fire tests on 

joint specimens of reduced-scale lining with installation errors and studied the lining of 

shield tunnels under the action of high temperatures due to the apparent characteristics, 

temperature field distribution, and deformation response of segments. To study the tem-

perature distribution law of the composite segment under fire, Zhang [18] used the finite 

element calculation software ABAQUS to establish a three-dimensional model of a shield 

tunnel with an inclined bolt joint. Hua [19] considered the effect of geologic conditions of 

soil–structure interactions on the fire behavior of tunnels, simulated the fire performance 

of the lining sections during the heating and cooling, and compared the deformation and 

internal force caused by the fire in the tunnel sections. Zhang [20] conducted thermal–

mechanical coupling analysis of fabricated tunnels. The study found that thermal stress 

concentration is likely to occur at the corners where the top plate is connected to the mid-

dle wall and sidewall. However, the effect of seams was not considered in the numerical 

simulation. 

However, for fabricated frame tunnels, the structural section is usually rectangular. 

This type of tunnel joint has various types and is usually equipped with connecting com-

ponents such as bolts and pins to improve the flexural behavior and the shear behavior of 

the joints. The mechanical characteristics of these joints after fire exposure are different 

from those of a circular tunnel. There are few studies on the high-temperature mechanical 

properties of this type of fabricated frame tunnel joint. Therefore, based on the existing 

joints, this study proposes the design of a new type of joint (bolt-pin joint) for fabricated 
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rectangular tunnels. Taking the bolt-pin joint and three other kinds of fabricated frame 

tunnel joints (mortise joints, bolt-mortise joints, and pin joints) as research objects, this 

study establishes three-dimensional solid models of four types of fabricated frame tunnel 

joints. This study verifies the reliability of the modeling in combination with the existing 

experimental research results. First, the flexural bearing performance and deformation 

characteristics of four fabricated frame tunnel joints at room temperature are studied. Sec-

ond, according to the standard European HC curve, the joint model’s heat transfer char-

acteristics are analyzed and the temperature distribution law of the joint under fire is stud-

ied. Finally, the flexural bearing performance and deformation characteristics of the joint 

before and after the fire are discussed, as well as the influence of the initial axial force on 

the flexural bearing capacity and the joint’s opening under fire. 

2. Fabricated Frame Tunnel Joints 

The structural form and the stress condition of fabricated frame tunnels are signifi-

cantly different from those of circular tunnels, and rectangular fabricated tunnels have 

large spans and heavy single-piece components. Therefore, the joints of rectangular tun-

nels require better mechanical properties. The types of annular joints of fabricated frame 

tunnels can be summarized as mortise joints, steel sleeve joints, and steel box joints. 

Among them, mortise joints are composed of tenons and grooves, which produce a certain 

occlusal effect under the action of axial pressure. The concave–convex occlusal structure 

can not only resist shearing force but also increase the overall rigidity of the structural 

joint. It is a relatively common assembly method at present. This study mainly discusses 

the mechanical properties of four types of fabricated frame tunnel joints, including MJ, 

BMJ, PJ, and BPJ, at room temperature and under fire conditions, as shown in Figure 1. 

 

Figure 1. Fabricated frame tunnel joints. 

2.1. Establishment of the Numerical Simulation Model 

2.1.1. Joint Construction and Dimensions 

The numerical simulation model of the fabricated frame tunnel joint is 3800 mm long, 

2000 mm wide, and 900 mm thick. The detailed dimensions of the BPJ are shown in Figure 2. 
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Figure 2. Geometry of the BPJ (dimensions in mm). 

2.1.2. Meshing and Contact Properties 

Different element types are used in the numerical simulation. The 8-node linear heat 

transfer brick elements (DC3D8) and 2-node heat transfer link elements (DC1D2) can ef-

fectively reflect the heat transfer. The 8-node 6-facet reduced integral elements (C3D8R) 

are more accurate in solving the displacement, and the analysis accuracy will not be af-

fected when the mesh is deformed. The 2-node linear 3-D truss elements (T3D2) can effec-

tively reflect the change of the axial stress of the element and is suitable for simulating 

steel bar. Therefore, in the process of the temperature field calculation, DC3D8 is used to 

simulate the concrete joints, bolts, H-pin, and C-slot. The steel bars are modeled by 

DC1D2. In the process of the force-field calculation, the steel bars are modeled using T3D2, 

and the other parts adopt C3D8R. The meshing of the joint is shown in Figure 3. 

The contact relationship between a steel bar and the concrete is set as an embedded 

contact. Surface-to-surface contacts are used at the concrete-to-concrete, concrete-to-bolt, 

H-pin-to-C-slot, and C-slot-to-C-slot interfaces, which simulate the normal and tangential 

contacts between faces. The friction coefficient between the bolt surface and the concrete 

channel is taken as 0.6, and that between the tenon and the groove surface concrete is 

taken as 0.3. The tangential behavior at the interface between H-pin and C-slot and be-

tween C-slot and C-slot is set to frictionless [6]. Since the nut is always in a tightened state 

in practice, the contact with the concrete is simplified as a tie. The contact between the 

outer surface of the C-slot and the concrete is set as a tie. 
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Figure 3. Model mesh (dimensions in mm). 

2.1.3. Boundary Conditions and Loading Methods 

One end of the boundary conditions of the bearing is UX = UY = UZ = 0 and the other 

is UX = UZ = 0. The bearing and loading pads are set up as rigid bodies to achieve loading. 

The sequentially-coupled thermomechanical analysis is adopted in this study, and 

each calculation is divided into two models. The first model is a pure heat transfer model, 

the second model is a thermomechanical coupling analysis model, and the first model of 

the temperature field is imported into the second model for thermomechanical coupling 

calculation. The thermomechanical coupling analysis model includes three steps: 

1. A predetermined axial load is applied at the joints at room temperature; 

2. The first model of the temperature field is imported into the second model; 

3. A vertical load is applied at the joints to calculate the bearing capacity of the joint 

under fire, as shown in Figure 4. 

 

Figure 4. Loading methods. 

Under the action of the high temperature of the fire, the thermal fluid will exchange 

heat with the surface of the structure through convection and radiation. The convective 

heat transfer coefficient is defined as 25 W/(m·°C) and the resultant emissivity value is 

taken as 0.7 [21]. The heating rate and temperature distribution of the tunnel lining under 

fire are closely related to the fire scene, and the heating curve is the direct manifestation 

of the fire scene [22] Most tunnel fires have the characteristics of rapid heating and a high-

temperature peak, and its heating process is similar to the standard European HC curve. 

The standard European HC curve is used in this study, and its expression is detailed in 

Equation (1). 

 0.167 2.520 1080 1 0.325 0.675t tT e e      (1)

where T is the temperature at time t (°C) and t is the burning time (min). 
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2.2. Material Constitutive 

2.2.1. Concrete 

Thermal parameters of the concrete are essential for numerical simulation of fire-ex-

posed tunnel linings [23]. Table 1 shows the material parameters of C60 concrete at room 

temperature. The constitutive model of concrete in this study is the concrete damage plas-

ticity (CDP) model. The dilation angle Φ = 30°, eccentricity κ = 0.1, �b� �c�⁄  = 1.16, k� =

 0.6667, and viscosity parameter � = 10�� [6]. The calculation of the thermal parameters of 

the concrete including the thermal conductivity �� of concrete, the specific heat �� of con-

crete, and the thermal expansion �� of concrete, is determined using the Eurocodes [24,25]. 

Table 1. Material properties of C60 concrete at room temperature. 

Density 

(kg/m3) 

The Axial Compressive Strength of Concrete 

(N/mm2) 

Elasticity Modulus 

(N/mm2) 
Poisson Ratio 

2400 40.2 35,992.8 0.2 

The stress–strain relationship of concrete at high temperatures proposed by Guo [26] has 

been widely used and is adopted in this study, and its expression is detailed in Equation (2). 

 

2 3

2

1

1
0.8

2.2 1.4 0.2     

           
1

 

x

x

x x

x

x

y
x

x

 


  
 









 (2)

where / T
cy f , 0/ Tx   , and  1.7

0 / 1 5 /1000T T    . 

2.2.2. Steel 

The diameters of the main bars and stirrups are 28 mm and 12 mm, respectively. 

Table 2 shows the material parameters of the steel bars, H-pin, C-slot, and bolts at room 

temperature. In the heat-transfer analysis, the thermal conductivity λ� of steel, the spe-

cific heat c�  of steel, and the thermal expansion α� of steel all take the values recom-

mended by the Eurocodes [24,25]. 

Table 2. Material properties of steel at room temperature. 

Type 
Elasticity Modulus 

(MPa) 

Yield Stress 

(MPa) 

Yield 

Strain 

Ultimate 

Strain 

Poisson 

Ratio 

Steel bar 2 × 10��� 500 0.02 0.15 0.28 

H-pin 

C-slot 
2 × 10��� 335 0.02 0.2 0.28 

Bolt 2 × 10��� 900 0.02 0.2 0.28 

The density of steel at high temperature is generally taken as a constant, which is 

taken as 7850kg m�⁄ . The decline rate of elastic modulus ��(�) ��⁄ , the decline rate of yield 

strength ��
� ��� , the decline rate of the proportional limit ��

� ��⁄  of steel at high tempera-

ture all take the values recommended by the Eurocodes [24,25], as shown in Table 3. 

Table 3. The decline rate of steel at high temperature. 

Temperature/°C 20 100 200 300 400 500 600 700 800 900 

��(�) ��⁄  1 1 0.9 0.8 0.7 0.6 0.31 0.13 0.09 0.0675 

��
� ���  1 1 1 1 1 0.78 0.47 0.23 0.11 0.06 

��
� ��⁄  1 1 0.807 0.613 0.42 0.36 0.18 0.075 0.05 0.0375 
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The formula for the stress–strain curve of steel at high temperature is detailed in 

Equation (3). 

 
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where,   /T T T T Ty P y P
a c E       ,   2

T T Ty P
b c E c    , and 

 
   

2

2

T T

T T T T

P y

Ty P P y

f f
c

E f f 




  
; Tu
  is the ultimate strain at temperature T; Tt

  is the cor-

responding yield strength at temperature T; TP
  is the proportional limit strain at tem-

perature T; Ty
  is the yield strain at temperature T; TE  is the initial elastic modulus at 

temperature T; TP
f  is the proportional limit at temperature T; Ty

f  is the yield strength 

at temperature T. 

2.3. Verification of the Numerical Simulation Method 

Using the modeling approach introduced in Section 2.2, the laboratory experiment of 

concrete lining segmental joints under elevated temperature carried out by Yan [14] was 

simulated and analyzed as the control group (specimens RCJ1 and RCJ3), as shown in 

Figure 5. By comparing temperature and deformation performance of experimental and 

analytical models RCJ1 and RCJ3 under fire, the rationality and reliability of the modeling 

process and model parameter selection are verified. 

 

Figure 5. Comparison of the analytical model and experiments [14]. 

2.3.1. Verification of the Flexural Bearing Capacity of the Joints at Room Temperature 

To verify the correctness of the flexural bearing capacity of the numerical simulation 

model at room temperature, the flexural bearing capacity at room temperature of speci-

men RCJ1 was compared with the simulation results. The vertical load resistance capacity 

measured in the test is 11.38 kN·m, and the vertical load resistance capacity measured in 

the numerical simulation model is 12.30 kN·m. The error between the simulation and the 

test value is only 8.08%, as shown in Table 4. The simulation results are generally in good 

agreement with the test results. Therefore, the numerical modeling method used in this 

study to obtain the bearing capacity of the joint at room temperature is reliable. 
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2.3.2. Verification of the Temperature Field Analysis Model 

The temperature time histories of different temperature measurement points of a 

joint are obtained through heat transfer analysis. Figure 6 shows the numerical and exper-

imental comparison results of the temperature time histories of the joint under fire expo-

sure. As shown in Figure 6, the change trends of the experimental and numerical results 

of the temperature measuring points at different positions are basically the same. The 

time–temperature curve of the measuring points 10 mm and 30 mm away from the surface 

on fire exhibit a noticeable prolonged plateau at a temperature, but the numerical results 

have no such plateaus. This phenomenon could not be accurately simulated due to the 

evaporation of water, which removes the heat of the lining concrete. As the water in the 

fire area evaporates, the temperature rises rapidly, and the simulated temperature is get-

ting closer to the measured temperature. At 2400 s, the temperature error between the 

numerical value and the test result is small, and each measuring point reaches the maxi-

mum temperature at this time. The maximum temperature of concrete structures under 

fire is a crucial factor affecting the bearing capacity. Therefore, the thermal parameters 

and heat transfer analysis modeling of concrete and steel in this study can reflect the effect 

of fire on structural performance. 

 10mm (Test result)        10mm (Numerical result)
 30mm (Test result)        30mm (Numerical result)

 60mm (Test result)        60mm (Numerical result)
 90mm (Test result)        90mm (Numerical result)
 120mm (Test result)      120mm (Numerical result)
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Figure 6. Comparison of the temperature field of specimen RCJ3. 

2.3.3. Verification of the Flexural Bearing Capacity of Joints under Fire 

To verify the correctness of the flexural bearing capacity of the model under fire, the 

flexural bearing capacity test and numerical results of specimen RCJ3 under fire were 

compared and analyzed. Figure 7 shows the numerical and experimental comparison re-

sults of the M-θ curves of specimen RCJ3. As shown in Figure 7, the vertical load re-

sistance capacity measured in the test is 9.04 kN·m, and the vertical load resistance capac-

ity measured in the numerical simulation model is 8.56 kN·m. The error between the sim-

ulation and the test value is only 5.31%, as shown in Table 4. It can be seen that the test 

values of the bending moment and the opening angle of the segment are basically distrib-

uted around the curve of the numerical simulation results. Therefore, the numerical mod-

eling method used in this study to obtain the bearing capacity of the joint under fire is 

reliable. 
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Figure 7. Comparison between the M-θ curves of specimen RCJ3 and the analytical model. 

Table 4. Comparison between numerical simulation and experimental results of the tunnel segmen-

tal joint. 

No. Fire Load Mid-Span Ultimate Bending Moment (kN·m) Error 100%A B

A

M M

M


   

  MA MB  

RCJ1 - 11.38 12.30 8.08% 

RCJ3 HC 9.04 8.56 5.31% 

Note: in the table, MA is the experimental result of ultimate bearing capacity of the joint and MB is 

the numerical simulation result of ultimate bearing capacity of the joint. 

3. Results and Analysis 

3.1. Flexural Bearing Capacity of Joints at Room Temperature 

To compare the mechanical properties of the four types of joints at room temperature, 

an axial force of 500 kN is applied to the joints, and the displacement loading method 

simulates the four-point loading test. The vertical displacement value of the midpoint of 

the lower edge of the joint is extracted, and the flexural bearing capacity–displacement 

load curves are obtained, as shown in Figure 8. Figure 8 shows that the flexural bearing 

capacity–displacement load curves can be roughly divided into elastic stage I, elastic–

plastic stage Ⅱ, and decline stage Ⅲ. In elastic stage I, the flexural bearing capacity of the 

BPJ is higher than that of the other three types of joints. In the elastic–plastic stage Ⅱ and 

softening decline stage Ⅲ, the MJ first reaches a peak load of 3176 kN, and the deformation 

of the joint is still small. Therefore, the mortise joint needs to cooperate with other connec-

tion methods to improve the flexural bearing capacity of the joint. By comparing the dis-

placement corresponding to the peak load, the displacement values of the BPJ and BMJ 

with a bolted connection are 9 mm and 10 mm, respectively, which are significantly 

smaller than the 14 mm displacement value of the PJ. The bolted connection can reduce 

the displacement corresponding to the peak load. As far as the load peak is concerned, the 

peak load of the BPJ using bolted and pinned connections is significantly larger than that 

of the BMJ and PJ. The peak load of the joints is effectively improved under the combined 

action of the pin and bolts and the tongue groove. 
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Figure 8. Load–displacement curves of the four joints at room temperature. 

3.2. Temperature Field Analysis Model 

Figure 9 shows the simulation results of the temperature field of the tunnel lining 

exposed to fire for 120 min. When exposed to fire for 120 min, the temperature of the inner 

surface of the tunnel lining reaches 1070 °C. Due to the small thermal conductivity of con-

crete, the outer surface of the tunnel lining is almost at room temperature during the entire 

fire process. Due to the good protection of the outer concrete wrapping, the temperature 

of the pin is kept at 20 °C, while the temperature of the bolt reaches 495 °C. From the 

decline rate of steel at high temperatures in Table 3, it can be seen that /Tp yf f  of the bolt 

at this time is 0.36. The temperature of the longitudinal steel bars at the tunnel joints rises 

rapidly, which reflects the weakness of the joints under fire, so fire prevention measures 

are required for the tunnel joints. 

According to the direction of the lining thickness, the temperature measuring points 

of A~E are selected, and the distance from them to the fire receiving surface is 0~200 mm. 

The trend curve of the temperature at different measuring points with time is obtained, 

as shown in Figure 10. When exposed to fire for 120 min, at a distance of 25 mm from the 

inner surface of the tunnel lining, the temperature is weakened to approximately 715 °C. 

At a distance of 50 mm from the inner surface of the tunnel lining, the temperature is 

weakened to approximately 477 °C. At a distance of 100 mm from the inner surface of the 

tunnel lining, the temperature is weakened to approximately 220 °C, and at a position of 

200 mm, the temperature is weakened to approximately 55 °C. Figure 11 shows the tem-

peratures of different measuring points when the joint is exposed to fire for 120 min. It 

can be seen from the figure that the temperature on the joint decreases rapidly with in-

creasing distance from the inner surface of the tunnel. At a depth of 0 mm to 50 mm from 

the inner surface of the tunnel, the rate of temperature drop is linear, while at a depth of 

50 mm to 200 mm from the inner surface of the tunnel, the rate of temperature drop grad-

ually decreases. 
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Figure 9. Cross-section temperature distributions after two hours of heating. 
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Figure 10. Temperature–time curves of concrete of various components of the model. 

0 20 40 60 80 100 120 140 160 180 200

0

200

400

600

800

1000

1200

T
em

pe
ra

tu
re

 (
℃

)

Depth (mm) . 

Figure 11. Temperature–thickness curves of concrete at measuring points after two hours of heating. 

3.3. Flexural Bearing Capacity of Joints under Fire 

To compare the flexural bearing capacity of the four types of joints under fire, a 500 

kN axial force and the standard European HC curve of 120 min are applied to the joints 
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to simulate a fire in a tunnel, and the displacement loading method is used to simulate the 

four-point loading test process of the joints under fire. The vertical displacement value of 

the midpoint of the lower edge of the joint is extracted, and the flexural bearing capacity–

displacement load curves are obtained, as shown in Figure 12. Under the standard Euro-

pean HC curve of 120 min, the flexural bearing capacity–displacement load curves of the 

MJ and BMJ are basically the same, and the flexural bearing capacity–displacement load 

curves of the PJ and BPJ are basically the same. Figure 13 shows the comparison results of 

the flexural bearing capacity of the joints under fire and at room temperature. The degree 

of decrease in the flexural bearing capacity of fire is expressed by the ratio η and its ex-

pression, as detailed in Equation (4): 

1

2

P

P
   (4)

where P1 represents the flexural bearing capacity of the joint at room temperature and P2 

represents the flexural bearing capacity of the joint under fire. 

From Figure 13, when the fire lasts for 120 min, the ratio η reaches 18% due to the 

absence of connecting components in the MJ. Since the bolt temperature reaches 495 °C, 

the connection function has been lost after 120 minutes of fire, and the flexural capacity of 

BMJ decreases the most, and its ratio η is 16%. The ratio η of the PJ and BPJ under 120 min 

of fire exposure is significantly higher than that of the other two joints, 52% and 38%, 

respectively. Because the temperature of the pin does not increase significantly after 120 

min of fire, the connection of the pin still has a certain connection function. The decrease 

degree of the vertical peak load of the MJ and BMJ is greater than that of the PJ and BPJ 

joints. It can be seen that the results of the ratio η of the four joints correspond to the results 

of the temperature field analysis. 
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Figure 12. Load–displacement curves of four joints under fire exposure and at room temperature. 
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Figure 13. Flexural bearing capacity of four joints under a fire of 120 min and at room temperature. 

3.4. Opening 

Structural deformation is the primary reference for judging the limited state of a 

structure. In this study, the opening outside of the joint is used as the index to judge struc-

tural deformation. To compare the deformation characteristics of the four types of joints 

under fire, a 500 kN axial force and the standard European HC curve of 120 min are ap-

plied to the joint. The opening of the upper edge of the joint is extracted, and the relation-

ship curve of the opening with time is obtained, as shown in Figure 14. Figure 14 shows 

that the openings of the four types of joints increase rapidly from 0 to 10 min and then 

slowly increase. Among them, the MJ and BMJ have basically the same variation in the 

opening from 0 to 5 min, and the change rate of the opening is greater than that of the 

other two joints. Under a fire of 120 min, the openings of the MJ, BMJ, PJ, and BPJ are 46 

mm, 37 mm, 30 mm, and 19 mm, respectively. During the 120 min fire, the opening of the 

BPJ is much smaller than that of the other three joints. The combined action of the pin and 

bolts and tongue groove can effectively reduce the opening of the joint. 
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Figure 14. The opening gap fire time of the four joints. 
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3.5. Influence of Axial Force 

To explore the influence of the initial axial force on the flexural bearing capacity and 

opening of the four types of joints under fire, the joints with the standard European HC 

curve of 120 min under the two working conditions of 500 kN and 1000 kN initial axial 

forces are compared. The flexural bearing capacity–displacement load curves and the 

opening curve of the 120 min fire under different initial axial forces are shown in Figures 

15 and 16, respectively. 

  
(a) (b) 

  
(c) (d) 

Figure 15. Load–displacement curves of the four joints with different initial axial forces. (a) MJ. (b) 

BMJ. (c) PJ. (d) BPJ. 

Figure 15 shows that the initial axial force changed from 500 kN to 1000 kN, the ver-

tical peak load of the MJ changed from 565 kN to 642 kN, the vertical peak load of the BMJ 

changed from 703 kN to 581 kN, and the flexural bearing capacity–displacement load 

curves of the MJ and BMJ did not change much. The vertical peak loads of the PJ and BPJ 

increased from 2150 kN to 2410 kN and 2105 kN to 2433 kN, respectively. It can be seen 

that increasing the initial axial force is beneficial for improving the flexural bearing capac-

ity of the PJ and BPJ under fire. However, it does not significantly improve the flexural 

bearing capacity of the PJ and BPJ. 
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(a) (b) 

  
(c) (d) 

Figure 16. The opening gap fire time of the four joints with different initial axial forces. (a) MJ. (b) 

BMJ. (c) PJ. (d) BPJ. 

Figure 16 shows that the size of the initial axial force will significantly impact the 

opening of the joint. When the initial axial force is changed from 500 kN to 1000 kN, after 

120 min of fire, the opening of the MJ is reduced from 46 mm to 28 mm, the opening of 

the BMJ is reduced from 37 mm to 17 mm, the opening of the PJ is reduced from 30 mm 

to 13 mm, and the opening of the BPJ is reduced from 19 mm to 4 mm. The openings of 

the four joints are reduced after increasing the initial axial force. 

4. Conclusions 

This research used the finite element calculation software ABAQUS to analyze the 

mechanical behavior and temperature field distribution of different types of fabricated 

frame tunnel joints (mortise joints, bolt-mortise joints, pin joints, and bolt-pin joints) under 

fire and at room temperature and studied the influence of the initial axial force on the 

flexural bearing capacity and the opening of the joints under fire. The following conclu-

sions were obtained: 

(1) The vertical peak load of the BPJ is higher than that of the other three joints at 

room temperature, and the combined action of the pin and bolts and the tongue groove 

can effectively increase the vertical peak load of joints and reduce the midspan vertical 

displacement. 

(2) Under a fire of 120 min, the bolts of BPJ reach 495 °C, while the temperature of the 

pin is kept at 20 °C. The external concrete can prevent the pin from overheating. 
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(3) The load–displacement curves of the MJ and BMJ under fire are basically the 

same, the load–displacement curves of the PJ and BPJ are basically the same, the decrease 

degree of the vertical peak load of the MJ and BMJ is greater than that of the PJ and BPJ 

joints, and the opening of the BPJ is much smaller than that of the other three types of 

fabricated frame tunnel joints. 

(4) When the initial axial force is increased, the openings of the four joints under fire 

are reduced, and the vertical peak loads of PJ and BPJ are increased, while the vertical 

peak loads of MJ and BMJ are not significantly increased. 
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