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Abstract. The quantification of thermal action is important to the analysis of structural-fire performance of bridges. This study evaluates the parameters for the localized fire model adopted in SFPE Handbook for application to the fire scenario of a tanker truck burning beneath a bridge. Modification is applied first to the flame length and then to the distribution of gauge heat flux using the simulation results of various fire models established in Fire Dynamics Simulator considering parameters, including the sectional dimensions of bridge, bridge headroom, truck size and heat release rate. Spatially varied gauge heat flux or adiabatic surface temperature of the bridge can be predicted with this fire model. Implementation of this modified fire model in structural-fire analysis is illustrated with a sequentially coupled thermo-mechanical modelling of a post-tensioned segmental concrete box girder bridge exposed to tanker truck fire. The adiabatic surface temperature calculated from the modified fire model is applied as thermal boundary to the bridge. Simulation results show that, although the global structural responses are seldom influenced by fire, localized damage in concrete and tendon may result. The prestress in tendons near mid-span may be reduced even after the bridge is cooled down to ambient temperature, which may adversely affect its load-carrying capacity. The damage to concrete may also induce localized separation between adjacent segments, possibly affecting the durability of tendons.
Keywords: Box girder bridge, fire simulation, localized fire model, structural-fire performance, tanker truck fire, thermo-mechanical analysis.
Introduction
Post-tensioned segmental concrete box girder bridges, as a kind of prestressed concrete bridge, has gained wide popularity in practical engineering [1]. However, the fire-induced collapse of MacArthur Maze Bridge near Oakland, California in 2007 [2] has reminded engineers of the potentially severe consequence of bridge fire. The damage caused by fire to prestressed concrete bridges results from the material degradation of prestressing steel, reinforcement and concrete at elevated temperatures [3]. Tanker truck fire has been reported as the main type of fires causing bridge collapse [3,4]. However, relatively little work has been done on bridge fire and prescriptive requirements are specified in only some design codes, e.g. AASHTO Code [5].
In the simulation of structural-fire behaviour of bridges, the quantification of thermal action is important and it has been explored in various ways. Some studies [6-8] have assumed specific values of temperature or heat flux on certain areas of the bridge while assuming other areas to be at ambient temperature. This method is straightforward but questionable, since the thermal loading is assumed arbitrarily. To consider the spatial variation of thermal action, the localized fire models given in Eurocode 1 [9] and SFPE Handbook [10] for predicting temperature or heat flux in the scenario of fire burning underneath a structural member have been adopted by Zhang and Li [11] and Zhang et al. [12]. Specifically, for the fire scenario of a burner beneath a steel beam mounted to a ceiling, a localized fire model [13] (the SFPE model) is suggested in SFPE Handbook, which has been adopted in the simulations by Zhang et al. [14] and Jiang et al. [15]. However, this localized fire model is not directly applicable to bridge fire scenarios characterized by rectangular burner shape, larger burner size and higher heat release rate (HRR) as compared with the burner used in those tests [16-19], based on which the SFPE model was proposed by Wakamatsu et al. [17].
Recently, a 3-step procedure comprising fire simulation, thermal analysis and mechanical analysis has been widely adopted in the analysis of structural-fire performance of bridges. Choi et al. [20] used this procedure to analyze a composite bridge (I-80/880 interchange, steel girder-concrete slab composite deck bridge) exposed to tanker truck fire. Design recommendations were given based on sensitivity studies on different surface protection materials. The behaviour of another composite bridge (I-65 overpass) exposed to tanker truck fire was extensively analysed [21-23] with great effort devoted to the verification of their fire models. The response of a long-span steel truss bridge during and after fire was analysed with this procedure [24]. In these studies, the software Fire Dynamics Simulator (FDS) [25] based on computational fluid dynamics was used for fire simulation to obtain the heat flux or temperature distribution on the surface of the structural element. FDS was developed by National Institute of Standards and Technology (NIST) and has been widely verified and validated [26,27]. While FDS has shown capability in achieving high simulation resolution for various fire scenarios, expert knowledge and large computational resources are required to conduct such simulations. It also requires an interface to transfer data from the FDS model to the finite element (FE) model before conducting the subsequent thermo-mechanical analysis, because of the relatively simplistic one-dimensional analysis of heat conduction in FDS. These characteristics have hindered the application of FDS in structural-fire engineering.
In view of the accuracy and extensive applicability of FDS in fire simulation, the parameters in the SFPE model can be tuned by regression using the simulation results of the fire models built using FDS. First, various bridge fire models are built up considering the influence of several parameters including the sectional dimensions of bridge, bridge headroom, truck size and HRR. Then, the parameters in the SFPE model for calculation of the flame length and distribution of heat flux are tuned by regression using the simulation results. This modified fire model can be used to predict the distribution of heat flux and temperatures on the bridge exposed to tanker truck fire, which are useful input for the structural-fire analysis of bridges using an FE software such as ABAQUS [28].
A localized fire model
The SFPE model
The SFPE model [13] to predict the flame length and distribution of heat flux on a steel beam when exposed to fire beneath the beam was developed based on the fire tests [16-19] conducted with an I-beam 0.075 m in width, 0.15 in height and 3.6 m in length; a distance between the heat source and the beam 0.6 m - 1.2 m; a burner in square shape 1 m in length or in circular shape 0.5 m in diameter; and the HRR was 100 kW - 1000 kW.
However, the fire scenario of a tanker truck burning beneath a bridge usually involves a bridge several metres in width and tens of metres in length; a rectangular truck 2.5 m in width and 12 m in length [21,22]; and a fire intensity up to 2500 kW/m2 [21]. These distinct inconsistencies between the previous test conditions for building components and the bridge fire scenario makes the SFPE model dubious for analysis of bridge fire. Therefore the SFPE model needs to be modified before application to bridge fire. Since it is difficult and costly to conduct fire tests on full-scale bridges, the modification of this fire model is resorted to numerical simulation using FDS.
Details of FDS models
Prototype bridge
The prototype bridge simulated in this study is the North Vernon bridge in Indiana, USA [29,30] as shown in Fig. 1. The bridge is a continuous single-box girder bridge having three spans with a central span of l58.02 m. Fig. 1(b) shows the general layout of the right half of the central span. The bridge was constructed with precast concrete segments numbered sequentially from 0 at the pier to 11. The general sectional dimensions as well as the layout of cantilever tendons and continuity tendons on each side are shown in Fig. 1(c). A total of 13 cantilever tendons are provided over the pier and anchored at the left end of each segment and they are numbered by the corresponding segments anchored. No cantilever tendon is needed for Segment 0 above the pier while double cantilever tendons are provided to each of Segments 1 and 2. Continuity tendons crossing the mid-span are provided and anchored at the right ends of Segments 5 to 8, and they are numbered as 4 to 1, respectively.
Key parameters in fire simulation
[bookmark: _Hlk20601961]Fig. 2 shows the key parameters for a bridge fire scenario of a burning tanker truck located beneath a bridge. The longer side of truck is set perpendicular to the longitudinal direction of bridge, which has been adopted in previous simulation studies [22,24]. The key parameters related to the bridge are Wb, Wt, Hs, α, Hb denoting the width of bottom flange, width of top flange, section height, web angle and headroom, having ranges of 2 m - 4.2 m, 3.6 m -10.8 m, 1.9 m - 3.6 m, 70° - 90° and 4 m - 8 m, respectively, based on practical cases.
[bookmark: _Hlk20601953][bookmark: _Hlk20601931]The key parameter related to tanker truck fire are the width Dl, length Dt and heat release rate per unit area Q" of the tanker truck fire. The fire is assumed to be located at 1 m above the road. Considering the variety of the size of different tanker trucks and the uncertainty of the burning area which may only be part of the tanker truck, the width and length of the burning area are to vary in the ranges of 1.2 m - 2.5 m and 4 m - 12 m, respectively. The value of HRR could reach 2500 kW/m2 for a fire burning with tanker truck fuel while the minimum value of HRR of spilled fuel was estimated as one-fifth of the value of tanker truck fuel, i.e. 500 kW/m2 [21]. Owing to the lower value of HRR and the difficulty to estimate the spilled area, the fire burning from the spilled area is not modelled here. The HRR of the tanker truck varies in the range of 1500 kW/m2 - 2500 kW/m2 to account for its variety.
The values of these parameters for each case are given in Table 1, where Case 1 is the default case. The values in the other cases are the same as those in the default case unless otherwise specified. Totally, 29 cases are simulated using FDS. The minor differences of dimensions between the designed value and that used in simulation are caused by the need for the FDS models to be partitioned into rectangular cells and that any obstructions should have dimensions defined as whole numbers of times of those of the cells.
Establishment of fire models
To establish a bridge fire model using FDS, the following should be specified: (a) simulation space and mesh size; (b) obstruction geometry and the surface thermal properties; (c) heat sources; (d) ventilation boundary conditions; and (e) sensors for outputting quantities such as temperature and heat flux.
Fig. 3 shows a typical bridge fire model built up using FDS. The computational domain, solid angle and grid size are important considerations in the simulation using FDS. A clear space of 3 m between the computation boundaries and obstructions in the x- and y-directions is set to guarantee that the flames are entirely included in the computational space. No further attempt is made to find a smaller domain in the z-direction when the flame tip is entirely contained in the space. The side and top boundaries are set to be open. The default number of solid angles 100 is adopted since the simulation result is insensitive to it as shown previously [31].
A non-dimensional expression D*/δx is suggested by FDS to evaluate the quality of mesh resolution, where D* is the characteristic fire diameter and δx is the nominal size of mesh cell in the fire model. A low mesh resolution means the use of fewer grid cells but the accuracy of numerical simulation cannot be guaranteed, while a high resolution needs more computational resources which may not be feasible in practice. To resolve the fire characteristics including the flame height or thermal radiation with acceptable accuracy, the value of D*/δx has been suggested [32] to be at least 13 at locations near the fire source. In the current study, the size of mesh cells is around 0.2 m in the three orthogonal directions and the calculated dimensionless resolution D*/δx is above 26 for each model.
The sectional dimensions of the bridge are shown in Fig. 1(c). The sloping surfaces of the web are modelled in steps since the computational domain is divided into rectangular cells. A span length of 30 m is used in the FDS model irrespective of the actual span as shown in Fig. 1(a) since the temperature is found to decrease fast with the distance from the burner, giving almost ambient temperature 15 m from the burner in the longitudinal direction. The temperature-dependent thermal properties of concrete including conductivity and specific heat from Eurocode 2 Part 1-2 [33] are defined at the surfaces of the bridge. The density of concrete is taken as 2400 kg/m3. The emissivity and heat transfer coefficient are assumed to be 0.8 and 50 W/(m2·K), respectively.
Calculation of flame length
The SFPE model [13] showed that the heat flux within the flame was much higher than that in the plume, indicating the significance of predicting the flame length in obtaining the distribution of heat flux. Studies show that the shape of the flame changes periodically, which is the puffing phenomenon, with a certain puffing frequency due to the formation of coherent vortex structures above the burner [34]. Owing to this oscillating characteristic, the flame length is usually calculated with the time-averaged image method that averages the visual flame length recorded by video in a fire duration. The prediction of the fundamental characteristic of puffing frequency by FDS has been demonstrated by the FDS validation [27] and a study of gasoline pool fires [35]. The capability of time-averaged image method in predicting flame length has been proved by previous fire tests [36] and simulations using FDS [37]. For simulation, images showing the shape of the flame can be exported from post-processor Smokeview [38] instead of being recorded by video. The time-averaged image method is used here to calculate the flame length. Specially, to accurately capture the evolvement of fire flames, the time interval between the exported images is determined to be much smaller than the puffing period of the fluctuating fire flame. Numerous experimental investigations have shown that the puffing frequency f is dependent on the inverse square root of the burner diameter D, and their relationship can be best fitted as [34]
	f = 1.68 D-0.5
	[bookmark: _Ref6601895](1)


To verify the capability of FDS modeling in the prediction of flame length, the fire tests [17], based on which the SFPE model was proposed, are simulated with the fire models built in FDS. In these tests, the flame length and surface heat flux acting on an I-beam mounted beneath a ceiling were measured. The beam had a length of 3.6 m, a flange width of 75 mm and a height of 150 mm. The fire was burned from a circular or square propane gas burner. The distance from the burner surface to the I-beam and the HRR were varied. Two cases are modeled, in which the distance from the beam to the square-shape burner is 1.2 m, and the HRR is 540 kW or 900 kW. Fig. 4 illustrates the fire model in FDS and Table 2 gives the general information about the models. Images are exported from Smokeview [38] every 0.1 s for a duration of 18 s (between 32 s and 50 s after the beginning of fire) during which the HRR of the fire is at steady state. The small interval of images and the large duration compared with the puffing period 0.6 s calculated from Eq. (1) is expected to be able to capture the evolvement of the flame. The deviation between observed and predicted flame lengths is within 10%, showing good estimation of the flame length at the soffit of the bottom flange of the I-beam using the fire simulation in FDS.
The flame length of bridge fire is calculated with this verified method. First, with the option of GPU turned on while leaving all the other settings in Smokeview as default, 2-D color images showing the HRRPUV (heat release rate per unit volume) are exported every 0.1 s in the steady state (between 40 s to 100 s after the beginning of fire). Fig. 5 shows an exported image where the mid-span of the bridge is engulfed in the flame. Then, the color images are converted to binary black-and-white images with a program written in Matlab. The flame length at the soffit of bottom flange in the longitudinal direction Lb is calculated from the stagnation point to the flame tip. Fig. 6 shows the evolvement of the flame on left and right sides. The flame length Lb fluctuated with a period of around 0.9 s, approaching the calculated puffing period 1.1 s with Eq. (1). The average flame lengths on both sides are almost equal although they are sometimes different due to turbulence.
Modification of the SFPE model
Following the same framework developed by Wakamatsu et al. [17] when proposing the localized fire model adopted in the SFPE handbook [13], the modification of this model is based on the correlation of flame length and the distribution of gauge heat flux using the simulation results. Additionally, to facilitate applications in numerical simulations, the distribution of adiabatic surface temperature (AST) on bridges is obtained with a relationship between the gauge heat flux and AST.
Flame length
The flame length Lb at the soffit of a beam was determined in the SFPE model [13] in the form of
	
	(2)


where Hb is the distance from the burner surface to the soffit of bottom flange, φ and ω are coefficients to determine,  is the dimensionless heat release rate defined as [13]
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in which = (Q") is the HRR of the burner, Q" is the heat release rate per unit area, A is the burner area, ρ∞ is the density of air at ambient temperature T∞, Cp is the specific heat of air, and g is the acceleration due to gravity. The coefficients φ and ω were determined as 2.3 and 0.3, respectively, in the SFPE model. However, these values may not be feasible for fire burning from a tanker truck that is usually rectangular in shape. The flame length of a rectangular burner was found to be related to the burner length / width ratio [39] rather than the burner area. The flame length would only depend on the width of the burner when the burner length / width ratio is above 2, which usually applies to a tanker truck. In this situation, Qb will be
	
	(4)


where Dl is the burner width as shown in Fig. 2. The flame length at the soffit of bottom flange is fitted as
	
	(5)


This fitted flame length is very similar to that given in the SFPE model if the heat release rate is calculated by Eq. (4). The simulated flame length is well fitted with Eq. (5) as shown in Fig. 7. This means that the flame length can be approximately predicted by the SFPE model even when the fire has a high HRR from a rectauglar burner.
Distribution of gauge heat flux
The gauge heat flux along the bottom flange, web and top flange were calculated separately in the SFPE model [13]. To describe the distribution of gauge heat flux at the fire exposure surfaces including the soffit of bottom flange, outer surface of web and soffit of top flange using a single formula while considering various locations, here the distribution of gauge heat flux  is decoupled with two terms:
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where  is the heat flux at the centreline of the soffit of bottom flange in the longitudinal direction, and  is the normalized heat flux in the transverse direction. To correlate the heat flux at the surface of beam, a normalized distance was defined in the SFPE model. This concept of normalized distance is also adopted here. The normalized distance  along longitudinal direction, instead of along a plane as adopted in SFPE handbook, from the stagnation point is defined as
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where x is the coordinate of the location along the longitudinal direction with zero at the stagnation point, abs() is the absolute value function, and the virtual source location z0 proposed mainly for correlation is defined as [13]
	
	

	(8)


in which the dimensionless heat release rate of the burner is given in terms of the equivalent diameter of burner D as [13]
	
	(9)


Since the burner representing a tanker truck is generally in rectangular rather than in circular shape, to consider the key role of the width of rectangular burner [39], an equivalent diameter is defined here as
	
	(10)


Fig. 8 shows that  follows a similar exponential function of the normalized distance  as in the SFPE model [13], and is assumed here to take a similar form having different coefficients
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where coefficient  is the maximum gauge heat flux, which is averaged as 254.6 kW/m2 for all the cases as shown in Fig. 9, and coefficient  is the normalized distance at the location of the stagnation point, which can be calculated from Eq. (7) as
	
	(12)


The simulated gauge heat flux in each case is then determined by regression with Eq. (11) as shown in Fig. 8. The coefficient βl is taken as a constant value in SFPE handbook, while it is found to be approximately correlated with  as shown in Fig. 10(a) by
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For comparison, the gauge heat flux in fire scenario Case 1 is calculated with the SFPE model. The prediction of heat flux along the soffit of bottom flange is shown in Fig. 8(a). Apparently, the heat flux will be underestimated if the SFPE model is adopted, indicating the necessity to tune the SFPE model in predicting the heat flux distribution along a bridge subject to tanker truck fire.
The normalized heat flux  in the transverse direction is correlated similarly. The distance of a calculated point to the stagnation point in the transverse direction is normalized with the length of the burner
	
	(14)


where y is the coordinate of the location in the transverse direction with zero at the centreline of bridge section. Similar to with Eq. (11), the normalized heat flux in the transverse direction is defined as
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where the coefficient βt is also correlated with  using the simulation results as shown in Fig. 10(b) by
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Substituting Eqs. (11) and (15) into Eq. (6) yields the distribution of heat flux at the fire exposure surfaces as
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where the coefficients βl and βt are obtained from Eqs. (13) and (16), respectively.
Distribution of AST
[bookmark: _Hlk19728107]AST is a quantity proposed by Wickström et al. [40] and is calculated by assuming that the obstruction is covered with a perfect insulator. AST is suggested by FDS [25] to transfer data from the FDS models to heat transfer models since: (a) it does not involve any inaccuracies brought about by the 1-D conduction calculated within FDS; and (b) it is convenient to be applied as thermal boundaries for heat transfer models by transferring only this single quantity instead of two quantities, i.e. net radiative heat flux and net convective heat flux. The distribution of AST can be obtained from the distribution of gauge heat flux using the relationship between gauge heat flux and AST. The total net heat flux  into a surface is [40]
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where the two terms on the right hand side are the radiative and convective heat fluxes, respectively,  is the emissivity of target surface,  is the Stefan-Boltzmann constant,  is AST,  is the temperature of target surface and h is the convective heat transfer coefficient. Specifically, when the surface of a heat flux gauge is considered,  will be almost equal to 1.0 since the surface of gauge is typically painted black to gain a high emissivity [13], and  will be kept at ambient temperature . The gauge heat flux q" can be obtained by substituting these two values into Eq. (18) as
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The distribution of AST can be obtained with this “exact” equation. However, the explicit expression of AST by solving this equation is too complicated. For simplicity, the relationship is approximated by a power function assuming that absolute zero temperature = -273.15 °C, T∞ = 20 °C, σ = 5.67e-8 W/(m2·K4) and h = 50 W/(m2·K) as
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where TAST is in °C and  is in kW/m2. Comparison between the exact results from Eq. (19) and the approximation from Eq. (20) is shown in Fig. 11, indicating good agreement for temperatures 20 °C -1200 °C.
The distribution of AST can then be obtained by substituting Eq. (17) into Eq. (20) as
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The comparison between the simulated and fitted results of AST for the typical case is shown in Fig. 12. The coefficients of determination R2 used to illustrate the goodness of the prediction of fitted AST by the established relationship Eq. (21) incorporating the influence of the factors Hb, Dl, Dt and Q" are calculated for all cases, which are above 0.8, showing a reasonably good agreement. Eq. (21) provides a localized fire model to predict the distribution of AST on bridges exposed to tanker truck fire, which is applicable under the conditions: 2 m - 4.2 m in width of bottom flange, 3.6 m - 10.8 m in width of top flange, 1.9 m - 3.6 m in section height, 70° - 90° in web inclination, 4 m - 8 m in bridge headroom, 1.2 m - 2.5 m in width of truck and 4 m - 12 m in length of truck.
Implementation of the fire model
The implementation of the localized fire model established in the structural-fire analysis of bridges is illustrated with the modelling of a prototype bridge under Case 1 that is regarded as the most severe fire scenario. The bridge is assumed to be exposed to fire for 1 h to 3 h as the reported major bridge fires [3] have usually lasted for up to 3 h. The distribution of AST obtained is applied as thermal boundary conditions on the surface of bridge. A sequentially coupled thermal and mechanical analyses is carried out using ABAQUS [28].
Finite element model
In view of the symmetry about the longitudinal and transverse planes of symmetry, the FE model for analysis is only needed for a quarter of the whole prototype bridge as shown in Fig. 13. The total length is 58020 mm. The general dimensions of the FE model are the same as those in Fig. 1. Fig. 13(a) shows that the central span assumed to be exposed to fire is modelled with solid elements. Finer meshes are adopted in the area near the two ends of the central span and near the outer surfaces of the section. The end span being at ambient temperature is modelled with beam elements. The end span at support A is placed at the centroid of the cross section of the central span. Fig. 13(d) shows the layout of tendons in the central span considered in modeling. The mesh sensitivity is studied to strike a balance between the simulation accuracy and computational time.
[bookmark: _Toc459146326][bookmark: _Hlk20667401]The mechanical properties of concrete, tendon, reinforcement and interaction between tendon and concrete degrade at elevated temperature. Concrete does not recover its mechanical properties during the subsequent cooling stage. Instead it will retain no less than 90% of the compressive strength at the maximum temperature after cooling down to ambient temperature according to Eurocode 4 [41]. The mechanical property of prestressing steel after exposure to elevated temperature is also found irreversible [42,43]. For simplicity, the mechanical properties of concrete and tendon in the descending branch are assumed to be equal to the corresponding values at the maximum temperature experienced. Unlike concrete and tendon, the property of reinforcement depends only on the current temperature rather than the highest temperature experienced according to Eurocode 4 [41].
[bookmark: _Hlk20669708][bookmark: _Hlk20670560][bookmark: _Hlk20670642][bookmark: _Hlk20670107]Concrete damaged plasticity model available in ABAQUS is defined for concrete. The cylinder strength of concrete at ambient temperature is 50 MPa. The compressive stress-strain relationship of concrete with calcareous aggregates at elevated temperatures given in Eurocode 2 Part 1-2 [33] is adopted to define concrete compressive behaviour. A tensile stress-cracking opening displacement relationship as proposed by FIB [44] is adopted to describe concrete tensile behaviour. The stress-strain relationships of tendon and reinforcement at elevated temperature recommended in Eurocode 2 Part 1-2 [33] are defined for tendon and reinforcement layer, respectively. The ultimate strength of tendon and the yield strength of reinforcement at ambient temperature are 1860 MPa and 460 MPa, respectively. To model the bond behaviour between tendon and concrete, “cartesian” connectors are established between each tendon and concrete nodes. The bond-slip relationship of Khalaf and Huang [45] is used for the connectors in the direction parallel to the tendons and rigid relationship is assumed in the normal direction. The constitutive relations used for these materials are shown in Fig. 14. The maximum temperature experienced is indicated in Figs. 14(a), 14(b) and 14(d) to 14(f), while the current temperature is shown in Fig. 14(c).
Thermal analysis
The temperature boundary conditions are applied, as appropriate, to the surfaces of the bridge. Both convection and radiation are considered. Gap radiation is defined between fire exposed surface and additional surfaces built up adjacent to the fire exposed surfaces. A spatially varied analytical field of AST generated from Eq. (21) rather than gas temperature, which was used by Ali et al. [46], is assigned to the additional surfaces. The same AST field is defined as the surrounding temperature for convection. Ambient temperature is assigned as the surrounding temperature to the unexposed surfaces such as the top surface of top flange and the surfaces of inner void.
The emissivity coefficient for the concrete surfaces is 0.8. The convective heat transfer coefficient depends on the surrounding temperature. A value of 50 W/(m2·K) is specified for the fire exposed surfaces at the heating period and 9 W/(m2·K) for the cooling period and the unexposed surfaces [9]. The temperature-dependent thermal properties for concrete and steel including tendons and reinforcement suggested in Eurocode 2 Part 1-2 [33] are adopted. A moisture content of 3.0% is assumed for concrete. The densities of the concrete and steel are taken as 2400 kg/m3 and 7800 kg/m3, respectively.
Concrete, reinforcement meshes and prestressing tendons are modelled with solid elements DC3D8, shell elements DS4 and link elements DC1D2, respectively. The end span is not modelled in heat transfer analysis since it is always at ambient temperature. The nodal temperature of reinforcement and tendon is set to be equal to that of the nearest concrete node by defining relevant constraints.
[bookmark: _Toc459146327]Structural analysis
According to the AASHTO Code [5], 1.1 times of the self-weight of bridge and 1.25 times of vehicle live load are applied before fire exposure. Concrete, reinforcement meshes and tendons of the central span are modelled with solid elements C3D8R, membrane elements M3D4Rf and beam elements B31, respectively. The interface between prestressing tendon and surrounding concrete is modelled with connector elements. The end span is also modelled with beam elements B31 for simplicity. 
[bookmark: _Toc459146329]Simulation results and discussions
[bookmark: _Ref534398863]Global structural response during and after fire exposure
The global structural responses of the central span including deflection and sectional moment during and after fire exposure are obtained to evaluate the effects of fire on bridges. Fig. 15 shows the evolvement of the vertical deflection at mid-span, horizontal deflection at support A and hogging moment at support A with time. These structural responses behave in a similar manner, i.e. increasing with time during fire but are partially recovered after the termination of fire. The fire-induced structural responses increase with fire exposure time. The maximum vertical and horizontal deflections after exposure to fire for 3 h are 28 mm (0.1% of the length of central span) and 8 mm, respectively. The hogging moment is increased by up to 19% of its original value before exposure to fire. A proportionally increasing live load is imposed on the bridge to check its residual load-carrying capacity after fire. Fig. 16 shows that the residual load-carrying capacity of the bridge is hardly influenced by fire exposure of 1 h to 3 h. Overall, the tanker truck fire has insignificant influence on the global structural responses of bridges. 
Thermal and mechanical responses of tendons
Fig. 17 shows the evolvement of the temperature of cantilever tendons at the location near their respective interior anchorages and continuity tendons near mid-span. The temperature of continuity tendons near mid-span is much higher than that of cantilever tendons. The temperature of tendon still increases after the termination of fire due to further penetration of heat into concrete. The temperature of cantilever tendons such as tendon 1 near support A is almost unaffected, but that of continuity tendons near mid-span increases significantly as shown in Fig. 17(a) and Fig. 17(b), respectively. This is because bridge fire is localized so that the increase in temperature is only limited to the vicinity of fire exposure. After exposure to fire for 3 h, the maximum temperature experienced by the continuity tendons is in the range of 100 °C to 280 °C.
Although the mechanical property of tendons may be hardly influenced by the increase of temperature, the prestress has further loss. Fig. 18 shows the evolvement of stress of continuity tendons at location near mid-span, which confirms the loss of prestress. At the termination of the 3-h fire exposure, 47% (620 MPa) loss of prestress is incurred for the outermost continuity tendon 3. Around 13% (172 MPa) loss of prestress is incurred after slight recovery during the cooling phase.
Thermal and mechanical responses of concrete
The evolvement of sectional temperature distribution at mid-span during and after fire is shown in Fig. 19. After fire exposure for 3 h, only a limited thickness of concrete is heated to temperatures above 500 °C. However, heating still penetrates into the inner layers of concrete after the fire has been extinguished as shown in Fig. 19(d). After being cooled down for 10 h by when the temperature of concrete is below 100 °C, the whole model is manually set at ambient temperature as shown in Fig. 19(f).
The evolvement of sectional stress distribution in concrete at each stage of thermal analysis is shown in Fig. 20. The whole section is in compression before fire exposure, which complies with the design requirement of Eurocode 2 Part 2 [47] for prestressed bridges with bonded tendons. The high compression at the anchorage area is related to the high prestressing force acting on the anchorage. After fire exposure for 1 h, the outer layer of concrete is under higher compressive stress due to thermal expansion. However, the interior part of concrete is in tension because of stress redistribution. The concrete in tension may also be damaged to certain extent. Large areas of the concrete surrounding the void is in tension after 3-h fire exposure. Then the compressive stress of concrete near the outer surface begins to drop while concrete near the void becomes compressive again. This is caused by the thermal expansion and stress redistribution associated with transient heat transfer. After the bridge has cooled down to ambient temperature, a large part of concrete is still in tension because of the fire-induced damage in concrete.
For precast post-tensioned concrete bridges, no tensile stress can be resisted between adjacent segments. The area in tension indicates possible separation between adjacent segments, which will also affect the durability of tendons. Thus, even though the global structural performance is seldomly affected by fire, post-fire investigation and, if necessary, appropriate retrofitting should be conducted.
Conclusions
This study has modified the localized fire model adopted in the SFPE handbook to make it applicable to the fire scenario of a tanker truck burning beneath a bridge. The fire model is tuned through the regression of fire simulation results using FDS. This modified fire model considers the influence of multiple factors, including the sectional dimensions of the bridge, bridge headroom, tanker truck size and HRR. The distribution of AST on the bridge can be predicted with acceptable accuracy without further fire simulations, which facilitates structural fire engineering practice for bridge design.
Implementation of the modified fire model in the analysis of structural-fire performance of bridges is illustrated with a sequentially coupled thermo-mechanical analysis. Assuming reasonable values of parameters related to the bridge and tanker truck, the distribution of AST on the bridge can be calculated for use as thermal boundary condition in the heat transfer model. The thermal and mechanical behaviour of the bridge exposed to fire can be analysed covering the pre-fire, fire exposure and post-fire phases. Results show that the global structural responses of the bridge are hardly affected by localized tanker truck fire. In a typical example, a maximum mid-span vertical deflection of 28 mm can be induced by 3-h fire exposure. However, certain amount of prestress is lost at continuity tendons in the bottom flange, especially at the location of fire exposure, possibly leading to cracking. The reduced prestressing force will affect not only the load-carrying capacity of bridge, but also its durability. Therefore, post-fire investigation and, if necessary, appropriate retrofitting should be conducted.
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[bookmark: _Ref6763951]Table 1 Values of key parameters in fire simulation
	[bookmark: _Hlk30105328]Case ID
	Dl (m)
	Dt (m)
	
(kW/m2)
	Hb (m)
	Wb (m)
	Wt (m)
	α
(°)
	Hs (m)

	1
	2.5
	12
	2500
	4.83
	3.2
	7.2
	77
	2.73

	2
	
	
	1500
	
	
	
	
	

	3
	
	
	1750
	
	
	
	
	

	4
	
	
	2000
	
	
	
	
	

	5
	
	
	2250
	
	
	
	
	

	6
	1.2
	
	
	
	
	
	
	

	7
	1.5
	
	
	
	
	
	
	

	8
	1.8
	
	
	
	
	
	
	

	9
	2.1
	
	
	
	
	
	
	

	10
	
	4
	
	
	
	
	
	

	11
	
	6
	
	
	
	
	
	

	12
	
	8
	
	
	
	
	
	

	13
	
	10
	
	
	
	
	
	

	14
	
	
	
	3.99
	
	
	
	

	15
	
	
	
	4.41
	
	
	
	

	16
	
	
	
	5.25
	
	
	
	

	17
	
	
	
	5.67
	
	
	
	

	18
	
	
	
	6.09
	
	
	
	

	19
	
	
	
	6.51
	
	
	
	

	20
	
	
	
	6.93
	
	
	
	

	21
	
	
	
	7.35
	
	
	
	

	22
	
	
	
	7.77
	
	
	
	

	23
	
	
	
	7.98
	
	
	
	

	24
	
	
	
	
	2.0
	3.6
	
	

	25
	
	
	
	
	4.2
	10.8
	
	

	26
	
	
	
	
	
	
	
	1.89

	27
	
	
	
	
	
	
	
	3.57

	28
	
	
	
	
	
	
	70
	

	29
	
	
	
	
	
	
	90
	


Note: Unless otherwise stated, the default values of key parameters shown in Case 1 apply.

Table 2 Simulation condition of SFPE localized fire model
	Simulation in FDS
	Simulation results

	Square burner length (m)
	Heat release rate (kW)
	Mesh resolution D*/δx
	Time interval (s)
	Duration (s) / puffing period (s)
	Simulated flame height (m)
	Tested flame height (m)
	Deviation (%)

	1
	540
	37
	0.1
	18 / 0.6
	0.68
	0.62
	8.8

	1
	900
	45
	0.1
	18 / 0.6
	1.30
	1.19
	8.5




Fig. 1 General arrangement of bridge (unit: mm): (a) span arrangement; (b) Section I-I
Fig. 2 Key parameters in fire simulation: (a) front view; (b) side view
Fig. 3 Fire model built up using FDS: (a) overview; (b) arrangement of sensors (unit: mm)
Fig. 4 SFPE model built up using FDS
Fig. 5 Calculation of the flame length at soffit of bottom flange in longitudinal direction
Fig. 6 Evolvement of flame length at soffit of bottom flange in longitudinal direction
Fig. 7 Correlation of flame length at the soffit of bottom flange in longitudinal direction
Fig. 8 Variation of gauge heat flux at centreline of soffit of bottom flange in longitudinal direction  with: (a) heat release rate; (b) tanker width Dl and tanker length Dt; (c) headroom Hb; (d) width of bottom flange Wb, section height Hs and web angle α
Fig. 9 Correlation of the maximum gauge heat flux for various cases
Fig. 10 Correlation of coefficients: (a) βl; (b) βt
Fig. 11 Relationship between gauge heat flux and AST
Fig. 12 Comparison of the fitted and simulated distribution of AST
Fig. 13 Finite element model: (a) whole model; (b) sectional mesh at plane of symmetry I-I; (c) reinforcement layer; (d) tendon layout of central span
Fig. 14 Constitutive relations: (a) concrete compression in and after fire; (b) concrete tension in and after fire; (c) reinforcement in and after fire; (d) prestressing tendon in fire; (e) prestressing tendon after fire; (f) bond in and after fire

Fig. 15 Global structural responses during and after various fire exposure: (a) vertical deflection at mid-span; (b) horizontal deflection at support A; (c) hogging moment at support A
Fig. 16 Relationship between hogging moment at support A and mid-span deflection of bridge when loaded with increasing live load after cooling down from various fire exposure
Fig. 17 Temperature evolvement of: (a) cantilever tendons near respective interior anchorages; (b) continuity tendons at mid-span during and after 3-h fire exposure
Fig. 18 Stress of continuity tendons at mid-span during and after 3-h fire exposure
Fig. 19 Temperature evolvement of concrete at mid-span: (a) before fire exposure; (b) after 1 h fire exposure; (c) after 3 h fire exposure; (d) after cooling down for 1 h; (e) after cooling down for 10 h; (f) after cooling down to ambient temperature
Fig. 20 Stress evolvement of concrete at mid-span: (a) before fire exposure; (b) after 1 h fire exposure; (c) after 3 h fire exposure; (d) after cooling down for 1 h; (e) after cooling down for 10 h; (f) after cooling down to ambient temperature
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