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Abstract: As a potential fire scenario for bridge structures, the safety impact of an FRP anti-collision
floating pontoon fire on bridge structures cannot be ignored. Taking the FRP anti-collision floating
pontoon fire that occurred in a continuous rigid-frame bridge as the engineering background, the
damage condition of the actual bridge fire scene was first investigated. In addition, FDS 5.3 software
was used to simulate the FRP anti-collision floating pontoon fire scenario. Furthermore, the thermal–
structural coupling method was used to investigate the thermodynamic response of double-armed
thin-walled piers under fire. The results show that the FRP anti-collision floating pontoon fire causes
localized concrete carbonization and spalling on the surface of the P2 pier, and the FRP anti-collision
floating pontoons are largely destroyed. The fire has the greatest impact on the P2-1 pier, with
the highest temperature of 667 ◦C on the windward side and the highest temperature of 326 ◦C
on the leeward side. The temperature impact range is 6 m above the bearing platform, and the
maximum damage depth of pier body concrete is 84.58 mm. The deformation and stress of the P2
pier under fire do not show significant changes and do not exceed the allowable limits for structural
deformation and material stress. Therefore, the impact of this fire accident on the structural safety of
the continuous rigid-frame bridge is minor. This study’s results provide reliable guidance for the fire
safety assessment and post-fire structural repair of the continuous rigid-frame bridge.

Keywords: continuous rigid-frame bridge; double thin-walled piers; FRP anti-collision floating
pontoon fire; temperature influence range; thermodynamic response; structural safety

1. Introduction

In recent years, bridge–ship collision accidents have occurred frequently, causing
varying degrees of damage to bridge structures. Some ship collision accidents have even
caused serious consequences such as bridge collapse, resulting in significant economic
losses and negative social repercussions [1]. Implementing effective protection against ship
collisions on bridge structures is an effective way to prevent direct impact from vessels
and drifting objects on bridges [2]. Scholars both domestically and internationally have
conducted research on bridge collision protection, proposing various collision prevention
facilities such as collision guardrails, collision floating pontoons, gravity-based collision
piles, and artificial islands to meet the collision prevention needs of different types of
bridge structures [3]. The FRP anti-collision floating pontoon is a type of independent
collision prevention facility that mainly relies on the deformation and energy absorption
of the outer pontoon and inner lining structure. Its main advantages are good cushioning
performance and the ability of the floating pontoon to move up and down with changes in
water level, making it suitable for protecting bridges with large water level differences in
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the bridge area from ship collisions [4]. The outer pontoon of the FRP anti-collision floating
pontoon is made of FRP material, while the inner lining structure is made of combustible
materials such as polyurethane foam [5]. During the later operation and maintenance
process, collision floating pontoons may experience fire accidents due to construction
welding, lightning strikes, and collisions with oil-carrying vessels, which should not be
overlooked due to their safety impact on bridge pier structures.

Like earthquake, wind, and wave loads, fire as an extreme load may cause fatal
damage to bridge structures. Scholars have conducted a large amount of research on the
fire resistance of bridge structures to reveal the mechanisms of fire-induced damage, fire
resistance performance, and fire protection measures [6–8]. Zhang et al. [9] investigated
the fire resistance of steel truss–concrete composite bridge girders and studied the spatial
distribution properties of temperature when hydrocarbon fires are encountered on the
lower and upper parts of the bridge. Zheng et al. [10] analyzed the static and dynamic
performances of the bridge under the condition of cable fire damage. Zhang et al. [11]
conducted relevant experiments and theoretical research on the fire resistance of prestressed
concrete beam bridges and steel beam bridges, revealing the evolution mechanism and
failure behavior of bridge fire resistance under oil tanker fires. Du et al. [12] studied the
high-temperature heat transfer properties of a cable-supported bridge’s cable components,
revealing the high-temperature heat transfer characteristics of cable components and
establishing a theoretical model for heat transfer calculation. Kang et al. [13] studied the
impact of automobile fires on the stress performance of large-span steel truss arch bridge
structures, revealing the structural performance changes in steel truss arch bridges under
different fire scenarios through a thermal–structural coupling analysis method. From
the perspective of research progress, the current research on the fire resistance of bridge
structures mainly focuses on the key load-bearing components of upper structures such as
the main girders of beam bridges and cable components of cable-supported bridges. The
fire source model used in the research is mainly vehicle fires occurring on bridge decks.

As the main load-bearing member of the bridge structure, it is crucial to reveal the
thermodynamic behavior of bridge piers under fire and avoid serious damage or even
collapse, etc. The internal filler material of the FRP anti-collision floating pontoon is com-
bustible, and fire accidents may occur during the construction process. The fire temperature
of the FRP anti-collision floating pontoon can reach over 600 ◦C, which is higher than
the concrete spalling temperature [14]; therefore, the fire of the FRP anti-collision floating
pontoon should be considered as a pier fire scenario. In this regard, this study takes the
FRP anti-collision floating pontoon fire accident of a continuous rigid-frame bridge as the
engineering background and reveals the thermodynamic response and damage condition
of double-armed thin-walled piers under the FRP anti-collision floating pontoon fire, which
provides a basis for the safety assessment and repair of bridge piers after fire.

2. Engineering Application
2.1. Design of Collision Avoidance Scheme of Main Pier of Continuous Rigid-Frame Bridge

The main pier of a continuous rigid-frame bridge No. 2~3 adopts the FRP anti-collision
floating pontoon for anti-ship collision protection. The peripheral pontoon of the FRP anti-
collision floating pontoon is the main anti-collision, energy dissipation structure, and
buoyancy balance structure of the pier to prevent ship impact. The octagonal column
shell lined with the FRP anti-collision floating pontoon is the impact buffer and support
transmission-weakening member in direct contact between the pontoon and pier. The FRP
anti-collision floating pontoon is connected to the pier by its lined octagonal column shell
member, which has weak contact in daily operation. When the floating pontoon is hit,
it will have strong contact with the pier surface. The floating pontoon is connected by a
dovetail groove socket and self-locking. The structural dimensions of the FRP anti-collision
floating pontoon of the P2 pier of the continuous rigid-frame bridge are shown in Figure 1.
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total energy dissipation. Through tripartite energy dissipation, the kinetic energy of the 
ship colliding with the bridge pier is reduced, thereby reducing the impact force borne by 
the pier. 
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(Ashland vinyl ester resin). The fire lasted for approximately 2 h. After the fire broke out, 
water sprinklers were first used to extinguish the fire, followed by foam extinguishing to 
eliminate the source of the fire, and finally water sprinklers were used to cool down. The 
ignition point of the fire was in the middle section of the rear pontoon of the collision-
resistant float pontoon, and the fire spread to the front pontoon and middle pontoon of 
the float pontoon, accompanied by a large amount of thick smoke. The inspection of the 
fire scene indicated that the collision-resistant float pontoon of the P2 pier was severely 
damaged and deformed, with the concrete surface of the P2 pier showing varying degrees 
of cracking, spalling, and exposed steel bars, corresponding to the damaged areas and the 
range of float pontoon burning. Based on the fire process, the condition of residual mate-
rials at the scene, and the extent of damage to the appearance of structural components, it 
can be concluded that the affected area of this fire accident mainly includes all four sur-
faces of the P2-1 pier and surfaces A, B, and D of the P2-2 and P2-3 piers, as shown in 
Figure 1. 

On-site, a drone was used to film and investigate the overall appearance of the P2 
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Figure 1. Structural dimension drawing of FRP anti-collision floating pontoon of main pier of
continuous rigid-frame bridge (unit: cm).

The FRP collision-resistant floating pontoon absorbs energy by deforming through the
outer pontoon and inner filling material when impacted by drifting objects such as ships,
thereby dissipating the energy of the collision. The FRP anti-collision floating pontoon
has three energy dissipation modes: the first mode is the energy dissipation of the outer
pontoon structure, the second mode is the energy dissipation of the inner lining shell
component, and the third mode is the energy dissipation of the flow resistance of water
inside and outside the floating pontoon. Among them, the energy dissipation of the outer
pontoon structure accounts for the highest proportion, reaching about 50% of the total
energy dissipation. Through tripartite energy dissipation, the kinetic energy of the ship
colliding with the bridge pier is reduced, thereby reducing the impact force borne by
the pier.

2.2. The Scene Inspection of the FRP Anti-Collision Floating Pontoon

In the maintenance process of the FRP anti-collision floating pontoon of the continuous
rigid-frame bridge’s P2 pier, an electric welding fire occurred. The main combustible
materials in the fire were the float pontoon itself and the construction repair materials
(Ashland vinyl ester resin). The fire lasted for approximately 2 h. After the fire broke out,
water sprinklers were first used to extinguish the fire, followed by foam extinguishing
to eliminate the source of the fire, and finally water sprinklers were used to cool down.
The ignition point of the fire was in the middle section of the rear pontoon of the collision-
resistant float pontoon, and the fire spread to the front pontoon and middle pontoon of
the float pontoon, accompanied by a large amount of thick smoke. The inspection of the
fire scene indicated that the collision-resistant float pontoon of the P2 pier was severely
damaged and deformed, with the concrete surface of the P2 pier showing varying degrees
of cracking, spalling, and exposed steel bars, corresponding to the damaged areas and the
range of float pontoon burning. Based on the fire process, the condition of residual materials
at the scene, and the extent of damage to the appearance of structural components, it can
be concluded that the affected area of this fire accident mainly includes all four surfaces of
the P2-1 pier and surfaces A, B, and D of the P2-2 and P2-3 piers, as shown in Figure 1.

On-site, a drone was used to film and investigate the overall appearance of the P2 pier
and its anti-collision floating pontoon. The drone captured the scene of the collision float
catching fire, the burn damage to the P2 pier, and the collision floats after the fire, as shown
in Figure 2.
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Figure 2. The investigation findings at the scene of the fire. (a) The site of the fire and the process of 
extinguishing. (b) The condition of the piers’ body and collision-resistant floating pontoon after the 
fire. (c) The damage assessment of the collision-resistant floating pontoon at the point of ignition. 
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5.0, and 2.17 mm, respectively, and the maximum concrete spalling thickness to be 84.0, 
30.0, and 80.0 mm, respectively. The concrete fire damage depth is defined as the sum of 
the concrete carbonization depth and spalling thickness. Therefore, the concrete damage 
thicknesses for the P2-1, P2-2, and P2-3 piers caused by the fire are 84.58, 35.0, and 80.58 
mm, respectively. The results indicate that the fire damages to the P2-1 and P2-3 piers are 
the most severe, while the damage to the P2-2 pier is relatively minor, and the P2-4 pier is 
not affected by the fire. Since the dimensions of the P2-1, P2-2, P2-3, and P2-4 piers are the 
same, the subsequent analysis mainly focuses on the thermodynamic response of the P2-

Figure 2. The investigation findings at the scene of the fire. (a) The site of the fire and the process of
extinguishing. (b) The condition of the piers’ body and collision-resistant floating pontoon after the
fire. (c) The damage assessment of the collision-resistant floating pontoon at the point of ignition.

2.3. Post-Fire Damage to Bridge Piers

After the fire, the inspection of the bridge pier damage revealed the surface concrete
spalling in the area affected by the fire on the P2 pier. In order to determine the thickness of
the concrete damage caused by the fire, the surface of the fire-affected concrete was tapped
and chiseled until fresh concrete was uncovered. The depth from the original concrete
surface to the fresh concrete surface was measured to determine the depth of fire damage
to the bridge pier surface. The inspection results are shown in Table 1.

Table 1. Results of surface damage depth detection on bridge piers.

Pier Number Detection
Position

Concrete Carbonation Depth at Different
Locations (mm) Concrete Spalling

Thickness (mm)
Concrete Damage
Thickness (mm)

1 2 3

P2-1

A 2.00 1.75 2.00 1.92 30.00

84.58
B 1.75 0.75 1.00 1.17 55.00
C 1.00 0.75 1.25 1.00 30.00
D 0.50 0.50 0.75 0.58 84.00

P2-2

A 3.00 3.25 3.00 3.08 28.00

35.00
B 2.75 3.25 3.00 3.00 28.00
C 4.75 5.00 5.25 5.00 30.00
D 0 0 0 0 0

P2-3

A 2.50 1.50 2.50 2.17 0

80.58
B 2.00 1.75 2.00 1.92 40.00
C 0 0 0 0 0
D 0.75 0.50 0.50 0.58 80.00

From Table 1, it can be seen that the FRP anti-collision floating pontoon fire caused
the maximum carbonization depth of concrete for the P2-1, P2-2, and P2-3 piers to be
1.92, 5.0, and 2.17 mm, respectively, and the maximum concrete spalling thickness to be
84.0, 30.0, and 80.0 mm, respectively. The concrete fire damage depth is defined as the
sum of the concrete carbonization depth and spalling thickness. Therefore, the concrete
damage thicknesses for the P2-1, P2-2, and P2-3 piers caused by the fire are 84.58, 35.0, and
80.58 mm, respectively. The results indicate that the fire damages to the P2-1 and P2-3 piers
are the most severe, while the damage to the P2-2 pier is relatively minor, and the P2-4 pier
is not affected by the fire. Since the dimensions of the P2-1, P2-2, P2-3, and P2-4 piers are
the same, the subsequent analysis mainly focuses on the thermodynamic response of the
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P2-1 pier, which suffered the most severe fire damage in the FRP anti-collision floating
pontoon fire.

3. Simulation of Fire Scene for FRP Anti-Collision Floating Pontoon
3.1. Numerical Simulation Verification of FDS

To simulate the fire burning scene of the FRP anti-collision floating pontoon on the P2
pier of the continuous rigid-frame bridge, the FDS 5.3 (Fire Dynamics Simulator) software
is used to establish a CFD calculation model for the combustion of the FRP anti-collision
floating pontoon. First, the accuracy of the FDS fire simulation is verified using the fire test
conducted in the literature. Jiang et al. [15] designed an experimental device with a side
length of 500 mm and a height of 1000 mm in the shape of a regular hexagonal prism. A
stainless steel oil tank with a diameter of 200 mm and a height of 100 mm was used as the
central fire source, and the fuel used was methanol gasoline. The experimental device used
industrial heat-resistant glass as the wall, with one group of opposite sides and the top open
for ventilation convenience. Eight thermocouples were installed along the height direction
of the fire source, with a spacing of 100 mm, to measure the temperature distribution along
the height direction. The experiment tested the temperature field distribution of methanol
gasoline combustion under wind speeds ranging from 0.1 to 4 m/s, and the experimental
site is shown in Figure 3.
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Figure 3. Methanol gasoline fuel pool fire experiments conducted in the literature. (a) The experi-
mental site. (b) The layout of temperature measurement points.

Using FDS to establish a CFD calculation model for methanol gasoline combustion
that is identical to the literature experiment, the mesh boundaries of the model are set at
0.8 × 1.36 × 1.2 m. In order to balance computational accuracy and efficiency, multiple-
zone mesh divisions are applied in the spatial domain, with an increased density of mesh
near the key fire positions. Specifically, the mesh size near the fire source is set at 0.01 m,
while other positions are set at 0.02 m. The total number of meshes is 9.71 × 105. Based
on the experimental conditions, the heat release rate of the methanol gasoline combustion
model is set at 8.1719 kW. Since the fuel mass in the experiment is constant, a fuel-controlled
exponential growth model is used as the heat release rate growth function. The top surface
of the calculation model is set as an open boundary, a pair of side surfaces are set as vent
boundaries, and the remaining side surfaces are set as close boundaries, consistent with the
experimental conditions. The wind speed is set from 0.1 to 4.0 m/s. The calculation model
is shown in Figure 4.
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wind speeds of 0.1 m/s, 1.0 m/s, and 3.0 m/s are compared with experimental test results, 
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Figure 5. Comparison of methanol gasoline combustion tests and simulations under different wind 
speed conditions. (a) 0.1 m/s. (b) 1.0 m/s. (c) 3.0 m/s. 

As shown in Figure 5, the combustion and smoke flow patterns of methanol gasoline 
obtained by CFD calculation are basically consistent with the experimental results, and 
the overall pattern is as follows: Under approximately no wind conditions (wind speed of 
0.1 m/s), the smoke from the fire source mainly flows in the vertical direction, and the 
temperature distribution of the fire source is also in the vertical direction. Under certain 
wind conditions (wind speed of 1.0 m/s and 3.0 m/s), the smoke from the fire source 
mainly flows in the direction of wind speed, and the temperature distribution of the fire 
source is also influenced by the wind speed. In order to further verify the accuracy of the 
FDS calculation results, a comparison is made using a wind speed of 3 m/s, as shown in 
Figure 6. 

Figure 4. CFD calculation model of methanol gasoline combustion. (a) Elevation view. (b) Layout plan.

CFD calculations are conducted to investigate the combustion of methanol gasoline
and gas flow characteristics under different wind speeds. The CFD calculations under wind
speeds of 0.1 m/s, 1.0 m/s, and 3.0 m/s are compared with experimental test results, as
shown in Figure 5.
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Figure 5. Comparison of methanol gasoline combustion tests and simulations under different wind
speed conditions. (a) 0.1 m/s. (b) 1.0 m/s. (c) 3.0 m/s.

As shown in Figure 5, the combustion and smoke flow patterns of methanol gasoline
obtained by CFD calculation are basically consistent with the experimental results, and
the overall pattern is as follows: Under approximately no wind conditions (wind speed
of 0.1 m/s), the smoke from the fire source mainly flows in the vertical direction, and the
temperature distribution of the fire source is also in the vertical direction. Under certain
wind conditions (wind speed of 1.0 m/s and 3.0 m/s), the smoke from the fire source
mainly flows in the direction of wind speed, and the temperature distribution of the fire
source is also influenced by the wind speed. In order to further verify the accuracy of the
FDS calculation results, a comparison is made using a wind speed of 3 m/s, as shown in
Figure 6.

It can be seen from Figure 6 that the temperature rise curves of different measuring
points calculated by the FDS 5.3 software are in good agreement with the experimental
results. In addition, when the heat release rate of the fire source reaches its maximum
(around 200 s of combustion time), the maximum temperature difference between the CFD
calculation results and the test results is about 50 ◦C, with a temperature difference rate of
approximately 8.3%. This indicates that using FDS 5.3 software to simulate the fire source
combustion process has sufficient calculation accuracy.
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Figure 6. Comparison between FDS simulation and experimental test results. (a) Comparison of
heating processes. (b) Temperature differences between calculation and test results.

3.2. CFD Calculation Model for Fire Combustion

To simulate the fire and combustion scene of the FRP anti-collision floating pontoon
on a continuous rigid-frame bridge pier, the FDS 5.3 software is used to establish a CFD
calculation model for the combustion of the FRP anti-collision float pontoon, as shown
in Figure 7. Based on the field investigation of the fire scene, the downstream side of the
FRP anti-collision floating pontoon is more severely damaged and has a greater impact
on the downstream of the P2 pier. Therefore, the downstream of the P2-1 and P2-2 piers
is selected as the research object. Since the lower part of the bearing platform of the P2
pier is buried in the soil, the heights of the P2-1 and P2-2 piers are set at 35 m above the
bearing platform (approximately the distance from the bearing platform to the top of the
pier). The dimensions of the bridge pier and the FRP anti-collision floating pontoon are
shown in Figure 1. The bridge pier is made of concrete, and the main material parameters
are as follows: a density of 2280 kg/m³, specific heat capacity of 1.04 kJ/(kg K), thermal
conductivity of 1.8 W/(mK), and radiation coefficient of 0.9 [16]. The FRP anti-collision
floating pontoon is made of polyurethane rigid foam, and the main material parameters
are as follows: a density of 28 kg/m³, specific heat capacity of 1.7 kJ/(kg K), thermal
conductivity of 0.05 W/(mK), and radiation coefficient of 0.9 [17].

According to the size of the model, the mesh space is set as 22 × 22 × 40 m, and the
mesh size is set as 0.5 m. The number of computational model units is 151,008. The top and
side surfaces of the mesh space are set as open boundary conditions to simulate an open
burning environment at the fire scene. Sixteen thermocouples are installed along the height
direction of the P2-1 and P2-2 piers to monitor the temperature rise and distribution along
the height direction of the P2 pier during the burning process of the FRP anti-collision
floating pontoon. Considering the worst-case fire scenario, the entire top surface of the
FRP anti-collision floating pontoon is set as the fire surface, and the combustion reaction
follows the polyurethane reaction in the database, which is applicable to the combustion
process of polyurethane materials. The fire heat release rate is an important indicator
reflecting the severity of fire combustion. Hyeong et al. [18] determined the growth pattern
of the fire heat release rate for polyurethane materials through experiments, and the results
showed that the heat release rate of polyurethane materials increases according to a square
exponential function, with a maximum heat release rate of 3004 kW. Therefore, this study
adopts these test results to define the fire heat release rate function and maximum heat
release rate of the FRP anti-collision floating pontoon.
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3.3. The Transient Temperature Distribution of the Fire Space

The transient temperature distribution of the FRP anti-collision floating pontoon in
the event of a fire is calculated using FDS software and compared with the actual fire
scene, as shown in Figure 8. The calculation was performed for a duration of 500 s,
which simulated both the growth and steady stages of the fire in the FRP anti-collision
floating pontoon, without considering the decay stage of the fire. From Figure 8, it can
be observed that the temperature of the FRP anti-collision floating pontoon fire can reach
750 ◦C, causing the temperature on the surface of the P2 pier to exceed 650 ◦C. Research
on the high-temperature spalling of concrete indicates that concrete is prone to spalling
when the surface temperature is in the range of 200~500 ◦C. Therefore, it can be concluded
that the FRP anti-collision floating pontoon fire can result in the spalling and peeling of
the concrete of the P2 pier, and thus, the damage caused by the fire cannot be ignored.
Taking 300 ◦C as the critical temperature for concrete spalling, it is determined that the
FRP anti-collision floating pontoon fire causes concrete spalling in an area above the fire
surface within a range of 6 m. The spalling mainly occurs on the A, B, and D surfaces
of the P2-1 pier, while the inner C surface is minimally affected. Additionally, the CFD
simulation results are consistent with the on-site detection results, demonstrating that the
FDS software can accurately simulate the fire scenario of a continuous rigid-frame bridge
with an FRP anti-collision floating pontoon.

The temperature rise process along the height direction of the P2-1 pier is tested by
a thermocouple, with the thermocouple arranged on the surface and interior of the P2-1
pier. The calculation is considered under the worst-case fire scenario; that is, the entire top
surface of the FRP anti-collision floating pontoon is set as the fire surface. The temperature
rise pattern on the A, B, and D surfaces of the P2-1 pier is basically the same, and there
are significant differences in the temperature rise pattern on the C surface. Therefore,
the temperature rise process on the C and D surfaces of the P2-1 pier is plotted. The
temperature rise processes at 1 m, 2 m, 4 m, 6 m, 8 m, and 10 m along the height direction
of the P2-1 pier are calculated and shown in Figure 9.
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Figure 8. The cloud map distribution of the transient temperature field of the FRP anti-collision
floating pontoon during a fire (unit: ◦C).
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Figure 9. Temperature rise process at different measuring points along height direction of P2-
1 pier. (a) Temperature rise process at different measurement points on surface C of P2-1 pier.
(b) Temperature rise process at different measuring points on surface D of P2-1 pier.

From Figure 9, it can be seen that the temperature rise pattern of different measuring
points on the surface of the P2-1 pier are basically the same, with the temperature reaching
its peak at around 150 s after being exposed to fire and then fluctuating near the peak.
Comparing the temperature rise curves of different surfaces of the P2-1 pier, it can be
concluded that the temperature of surface D is significantly higher than that of surface
C. This is because surface D is the front surface facing directly towards the fire, while
surface C is on the back side shielded by the pier leg and thus has a lower temperature.
The highest temperatures on both surfaces C and D are located approximately 1 m above
the fire surface, which is coincident with the flame height of the FRP anti-collision floating
pontoon fire. Comparing the temperature rise curves at different measuring points, it can
be noted that as the height increases, the temperature gradually decreases. To reflect the
temperature distribution gradient along the height direction of the P2-1 pier, the variation
curve of the highest temperature at each measuring point with height is plotted, as shown
in Figure 10.
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Figure 10. Temperature gradient distribution at different measuring points along the height direction
of the P2-1 pier.

According to Figure 10, the highest temperatures at different measuring points on
surface D of the P2-1 pier are 667 ◦C, 565 ◦C, 275 ◦C, 228 ◦C, 180 ◦C, and 161 ◦C, respectively,
while the highest temperatures at different measuring points on surface C of the P2-1 pier
are 326 ◦C, 272 ◦C, 198 ◦C, 124 ◦C, 108 ◦C, and 91 ◦C, respectively. This indicates that
when the height reaches 6 m, the maximum temperature on the surface of the P2-1 pier
does not exceed 250 ◦C, which is below the temperature at which concrete is susceptible to
cracking. That is, the impact range of the FRP anti-collision floating pontoon fire on the P2
pier is approximately 6 m. Therefore, in the subsequent thermodynamic response analysis
of the P2 pier of the continuous rigid-frame bridge under the FRP anti-collision floating
pontoon fire, the analysis can be conducted under the most unfavorable conditions, where
the temperature load is taken as the temperature rise process at a location 1 m above the fire
surface of the FRP anti-collision floating pontoon, and the temperature load range is taken
as the range above the fire surface of the FRP anti-collision floating pontoon up to 6 m.

4. The Thermal Characteristics and Mechanical Response of the Bridge Pier under Fire
4.1. The Thermal–Structural Coupling Calculation Model of the Bridge Pier

A numerical calculation model of the P2 pier of the continuous rigid-frame bridge is
established using ANSYS 17.0 software, as shown in Figure 11. The calculation model uses
SOLID70 elements for thermal analysis and SOLID185 elements for structural analysis. The
temperature load range for thermal analysis is set at 6 m above the bearing platform, and
the load size is determined by the temperature rise process at the H = 1 m measuring point
in Section 3.3. For structural analysis, the load is taken as the load transmitted by the upper
structure to the pier top and the weight of the pier itself. The pier top internal forces under
the condition of the completed bridge are calculated using Midas Civil 2022 software. The
load is mainly considered as dead load (self-weight + second phase) and live load (vehicle
load + crowd load + temperature load), and the load combination is based on the ultimate
limit state of bearing capacity. The axial force, shear force, and bending moment at the top
of the P2 pier under the completed bridge state are calculated to be 74,991 kN, 1411 kN,
and 31,614 kN·m, respectively. An auxiliary node is established at the pier top, and the
‘*CERIG’ command is used to form a rigid domain between the auxiliary node and the pier
top node. The internal forces of the completed bridge are applied to the auxiliary node to
avoid stress concentration at the pier top.
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Figure 11. Numerical calculation model for thermal–structural coupling analysis of P2 pier.

The boundary constraints of the computational model are as follows: since the bearing
platform of the P2 pier is embedded in the soil, a fixed boundary constraint is adopted for
the bottom surface of the bearing platform. The material of the P2 pier is C50 concrete, and
the thermal parameters of the concrete mainly include the convective coefficient, radiation
rate, thermal conductivity coefficient, specific heat capacity, and thermal expansion coeffi-
cient. The mechanical parameters of concrete mainly include stress–strain curves, elastic
modulus, and Poisson’s ratio. High temperature can affect the material performance, and
the high temperature nonlinearity of concrete material is considered in this calculation. The
values of the above thermodynamic parameters are determined according to the experi-
mental results of Lie or specifications [19,20], and the functional relationship between the
thermodynamic parameters and temperature is described in [21], which is not repeated in
this study. The specific values of thermodynamic parameters are shown in Table 2.

Table 2. The values of the key thermodynamic parameters for the calculation model.

Parameter
Convection
Coefficient
W/(m2·◦C)

Emissivity
Specific

Heat
Capacity

Conduction
Coefficient

Thermal
Expansion
Coefficient

Stress–Strain Elastic
Modulus

Poisson’s
Ratio

Value 50 0.7 Lie Lie Lie EC4 EC4 0.17

Specific heat capacity:

C(θ) = 900 + 80 × θ

120
− 4 ×

(
θ

120

)
(1)

Conduction coefficient:

λ(θ) =

{
1.355 0 ≤ θ ≤ 293 ◦C

−0.001241θ + 1.7162θ θ > 293 ◦C
(2)

Thermal expansion coefficient:

α(θ) = (0.008θ + 6)× 10−6 (3)

In these, λ(θ) is the conduction coefficient of concrete at high temperatures; C(θ) is
the specific heat capacity of concrete at high temperatures; α(θ) is the thermal expansion
coefficient of concrete at high temperatures.
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4.2. The Thermodynamic Response Analysis of the Bridge Pier

The indirect coupling method is used in the thermal–structural coupling method to
conduct the thermodynamic response analysis of the P2 pier under the FRP anti-collision
floating pontoon fire. The analysis approach of the indirect coupling method is as follows:
Firstly, the structural heat transfer analysis is carried out. The heat boundary conditions of
the structure subjected to fire are defined, and the material heat transfer parameters are
input to calculate the temperature field distribution of the structure under fire. Secondly,
the structural stress analysis is carried out. The structural load and boundary conditions are
defined, and the thermal analysis calculation results are read in to calculate the mechanical
response of the structure. The results of the temperature distribution and temperature rise
process of the P2-1 pier are shown in Figures 12 and 13.
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Figure 12. Temperature rise process and temperature distribution gradient of P2-1 pier. (a) Tempera-
ture rise process. (b) Temperature distribution gradient.
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According to Figure 12, the temperature rise patterns at different locations on the 
surface of the P2-1 pier are basically consistent. The temperatures on surfaces A, B, and D 
all reach above 450 °C, with localized temperatures exceeding 500 °C. The temperature on 
surface C is relatively lower, with a maximum temperature not exceeding 250 °C. Addi-
tionally, throughout the entire fire exposure process, the interior surface temperature of 
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Figure 13. Cloud diagram of distribution of temperature field of P2-1 pier leg (Unit: ◦C).

According to Figure 12, the temperature rise patterns at different locations on the
surface of the P2-1 pier are basically consistent. The temperatures on surfaces A, B, and
D all reach above 450 ◦C, with localized temperatures exceeding 500 ◦C. The temperature
on surface C is relatively lower, with a maximum temperature not exceeding 250 ◦C.
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Additionally, throughout the entire fire exposure process, the interior surface temperature
of the hollow thin-wall pier remains below 30 ◦C, maintaining a near-room temperature
state. This means that the internal surface of the P2-1 pier is not affected by the FRP
anti-collision floating pontoon fire. The temperature distribution calculation results along
the thickness direction of the P2-1 pier indicate that the internal temperature does not
exceed 300 ◦C when the thickness reaches 150 mm. Therefore, the influence of the FRP anti-
collision floating pontoon fire on the concrete layer of the P2-1 pier does not exceed 150 mm
in thickness. On-site inspections revealed that the maximum depth of concrete damage
caused by the FRP anti-collision floating pontoon fire on the P2-1 pier is approximately
85 mm, which is consistent with the numerical calculation results. The thermal calculation
results are then applied as thermal loads in the structural mechanical response analysis,
resulting in the maximum deformation and equivalent yield stress σ in the X, Y, and Z
directions before and after the P2 pier is exposed to fire. The calculation results for the top
and bottom of the P2 pier are shown in Table 3.

Table 3. Deformation and stress calculation results of P2-1 pier before and after fire.

Fire State
Pier’s Top Pier’s Bottom

X (mm) Y (mm) Z (mm) σ (MPa) X (mm) Y (mm) Z (mm) σ (MPa)

Before fire 1.47 0 2.62 1.93 0 0 0 3.01
After fire 1.47 1.84 1.71 1.95 0.13 0 0.07 7.96
Increment 0 1.84 −0.91 0.02 0.13 0 0.07 4.95

The comparison in Table 3 shows that under the FRP anti-collision floating pontoon
fire, the maximum deformation increments of the top and bottom of the P2 pier are 2.05 mm
and 0.15 mm (combined deformation), and the maximum equivalent yield stress increments
are 0.02 MPa and 4.95 MPa, respectively. The distribution of the deformation and the stress
for the P2 pier are shown in Figure 14. The calculation results show that the fire does
not cause significant deformation and stress changes in the P2 pier, and the deformation
and stress of the P2 pier do not exceed the allowable limits of structural deformation and
material stress. Therefore, the impact of the FRP anti-collision floating pontoon fire accident
on the structural safety of the P2 pier is minimal, and there is no need to close the bridge or
close part of the lane. The bridge deck can be used normally after the fire. Due to the partial
concrete spalling on the surface of the P2 pier and the almost complete destruction of the
FRP anti-collision floating pontoon, it is necessary to repair the surface concrete of the P2
pier to prevent the exposure of internal steel bars to the air. In addition, it is necessary
to timely replace the burned FRP anti-collision floating pontoon to ensure the collision
prevention requirement of the P2 pier.
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5. Conclusions

To figure out the safety impact of the FRP anti-collision floating pontoon on a contin-
uous rigid-frame bridge structure, this study first conducted an investigation of the fire
scene, identifying the degree of burning of the FRP anti-collision floating pontoon and the
damage condition of the bridge piers. Next, the accuracy of the FDS software calculation
was verified, and the simulation of a real bridge fire scene was achieved. Finally, based on
the thermal–structural coupling method, the thermodynamic response of the bridge pier
was analyzed. The main conclusions obtained are as follows:

(1) The inspection indicates that the fire caused basic destruction to the FRP anti-
collision floating pontoon, and the surface concrete of the P2 pier displayed carbonation
and spalling. The fire caused the maximum damage depth of the concrete surface of the
bridge pier to exceed 80 mm. In addition, all damaged locations were at the bottom of
the piers.

(2) The FDS calculation results show that under the influence of fire, the temperature
of the bridge pier along the height direction shows a gradient decreasing distribution law,
and the fire impact range of the glass fiber-reinforced plastic anti-collision floating bridge is
6 m above the bearing platform.

(3) The thermal–structural coupling calculation results show that the deformation and
stress change in the P2 pier under fire is very small and does not exceed the allowable limit
of structural deformation and material stress, which indicates that the fire has no significant
effect on the structural safety of the continuous rigid-frame bridge.
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