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A B S T R A C T   

Bridge fires are of significant concern due to their potential consequences and the absence of standards for 
assessing fire resistance in bridges. The first step in this assessment involves building a fire model, often using 
Computational Fluid Dynamics (CFD) models. While CFD models are accurate, they are complex to build. 

This paper introduces closed-form expressions for parametric fire curves for I-girder bridges exposed to fires 
provoked by a burning tanker under the bridge mid-span or close to its abutments/piers. These fire curves 
eliminate the need for building CFD models and depend on key parameters defining the bridge (substructure 
configuration, width, span, vertical clearance) and the fire load (Heat Release Rate). The fire curves provide the 
adiabatic surface temperatures heating the bridge deck and their variation along the bridge deck longitudinal 
axis. The fire curves were obtained through a multi-step process that involved: a) a comprehensive design of 
experiments to define combinations of parameters used to build representative CFD models of I-girder bridges 
under fire, b) the use of ANOVA models to identify the most relevant parameters and parameter interactions, c) 
the use of multiple linear regression to derive the mathematical expressions, i.e. the fire curves, fitting the results 
of the CFD models run in the design of experiments step, d) a validation of the proposed fire curves for com-
binations of parameters not considered in the design of experiments. The resulting parametric fire curves are 
straightforward linear equations and can be easily generated with a spreadsheet provided as a Supplementary 
material. Consequently, these parametric fire curves represent a practical tool for both academics and practi-
tioners interested in evaluating the fire resistance of I-girder bridges. This marks a significant step forward in 
enhancing bridge resilience against fire hazards.   

1. Introduction 

Given the importance of bridges in infrastructure networks, the 
scientific-technical community has devoted a great effort to protecting 
them against extreme load events, such as earthquakes, winds, scour, 
and ship collisions (see e.g Ghosn et al. [1]). Several studies [2–5] have 
shown that fire is another major hazard for bridges and have stressed the 
failure of current codes to guide on how to protect bridges from fire. This 
lack of standards contrasts with the potential grave consequences of 
bridge fires as illustrated by the fire under the MacArthur Maze in 
Oakland, USA on April 29th 2007. This fire was provoked by the over-
turning of a tanker truck and caused the collapse of two spans of the 
Maze 22 min after the beginning of the fire. Repairs and rebuilding 
operations costed more than US $9 million and indirect costs due to 

traffic detours were estimated to be US $6 million per day [3]. Another 
more recent example of the consequences of bridge fires is a vehicle fire 
under the I-95 highway near the Cottman Avenue exit in Northeast 
Philadelphia, on June 11, 2023, which caused a portion of the highway 
to collapse, resulting in the closure of a segment that carried around 160, 
000 vehicles per day, of which roughly 14,000 were trucks [6]. 

Despite the important consequences of bridge fires, fire engineering 
has traditionally focused on mitigating the effects of fires on buildings 
and tunnels (see e.g. [7–12]). However, bridge fires are very different 
from tunnel and building fires [13,14] and require a specific approach. 
This need has motivated a lot of research (see [3,4,15,16] for detailed 
literature reviews) that mainly focused on: (a) risk analyses and prob-
abilistic studies (e.g. [17]), (b) numerical studies on the fire response of 
bridges (e.g. [13,18–27]) (c) experiments carried out in open air 
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conditions (e.g. [14,28]) or in a lab furnace (e.g. [29–31]), and (d) 
systems to protect bridges from fire (e.g. [32]). Among all these studies, 
works with numerical models are the most common since they predict 
the fire response of a bridge and define protective measures when 
required, and are also helpful to analyze the structural condition of a 
bridge after a fire. 

Numerical studies of bridges under fire require three types of models: 
(a) a fire model which indicates how the bridge is heated, (b) a thermal 
model to obtain the temperatures within the bridge structure depending 
on its heating, and (c) a structural model to obtain the bridge mechanical 
response. Fire models are, thus, the first step in any numerical analysis of 
a bridge fire and have different levels of complexity. The simplest fire 
models are the nominal temperature-time curves such as the ISO 834 
(typically used in buildings), the RWS (typically used in road tunnels) or 
the hydrocarbon fire curves. More realistic and complex are the natural 
fire models that consider the characteristics of both the fire source and 
the fire compartment. EN 1991–1-2 [33] describes natural fire models 
which, among others, include: parametric curves for buildings (Annex 
A), a localized fire model valid for fires with heat release rates (HRR) 
smaller than 50 MW (Annex C) and the more advanced zone models and 
Computational Fluid Dynamics models (Annex D). Bridge fires happen 
in open air conditions, with no oxygen limitation, and have fast heating 
rates and high intensities. These conditions make fire curves developed 
for buildings and tunnels not suitable. In addition, and according to the 
statistical study by Peris-Sayol et al. [2], the worst scenarios in terms of 
bridge damage, are those where a tanker starts a fire under a bridge and 
these fires have HRR higher than 50 MW. As a result, the localized fire 
model of EN 1991–1-2 and the fire models developed for tunnels and 
buildings cannot be applied. Different approaches have tried to over-
come this difficulty. Pioneering works (Choi [34], Alos-Moya et al. 
[18]), used Computational Fluid Dynamics (CFD) to model the fire 
source and the bridge with its environment to obtain the spatial and 
temporal distribution of the variables describing the heating of bridge 
decks. CFD can provide accurate results, but they are complex to build 
and require important calculation times, which has motivated the 
development of alternative procedures. Ma et al. [35] proposed a 
semi-empirical fire model to obtain flame temperatures corresponding 
to fires provoked by different types of vehicles located on the bridge 
deck, therefore, with no restriction to the extension of the flames in the 
vertical direction. This study also considered the influence of wind. Wu 
et al. [36] modified the localized fire model presented in the SFPE 
Handbook [37] for its application to fire scenarios where a tanker truck 
is burning under box girder bridges. The model was then applied to 
evaluate the fire response of a post-tensioned segmental concrete box 
girder bridge submitted to a fire under the bridge mid-span cross--
section. The model by Wu et al. [36] assumes that, at each heated bridge 
cross-section, fire exposure is uniform, i.e., all the exposed faces of the 
webs and flanges of the box girder are heated with same temperature. 

Within this context, this study proposes closed form expressions for 
parametric fire curves specific for I-girder bridges submitted to under 
deck tanker fires, the tanker being placed at two potential positions: 
under the bridge mid-span and close to its piers or abutments. In addi-
tion to the tanker position, the expressions also consider the most rele-
vant factors affecting fire development: vertical clearance, bridge span, 
bridge width, structural configuration, and heat release rate of the fire 
(related to type of fuel). Therefore, the study is very relevant because:  

• I-girder bridges and similar structures constitute a very important 
part of bridge inventories. For example, and according to data 
compiled in [38], these systems counted for 47,65% of all bridges 
and represented 69,55% of all bridge deck surfaces included in the 
US National Bridge Inventory.  

• I-girder bridges are especially vulnerable to under-deck tanker fires. 
The statistical analysis of 154 bridge fires by Peris-Sayol at al. [2] 
showed that 77% of the bridges that collapsed or suffered a massive 
damage that provoked their demolition used this structural system.  

• Parametric fire curves for I-girder bridges submitted to under deck 
fires do not exist. Previous works are very relevant but focus on fires 
caused by vehicles on the deck [35] or on box girders where each 
deck cross section is uniformly heated [36]. However, fire exposure 
is not uniform in I-girder bridges submitted to under deck fires. Hot 
gases concentrate in the volume between two adjacent I-girders and, 
as a result, fire exposure in the bottom flange of the girder is 
significantly different to fire exposure on its web and top flange (see 
e.g. Peris-Sayol et al. [39]). In addition, the model proposed by Wu 
et al. [36] considers the longitudinal evolution of the temperatures 
along the bridge, but it does not take into account the position of the 
fire source with respect to the bridge piers or abutments. This posi-
tion is very relevant because, due to the Coandă effect [40], fire 
exposure on the bridge deck when the tanker is close to the bridge 
abutments is different to fire exposure when the fire source is under 
mid-span and, typically, the former exposes the deck to much higher 
temperatures (see [39]).  

• The fire curves proposed are expressed in terms of adiabatic surface 
temperatures and, therefore valid for steel, concrete and composite 
bridges. 

The paper is structured as follows: Section 2 describes the general 
pattern of the proposed fire curves, which are defined in terms of 
adiabatic surface temperatures and consist of a growing phase followed 
by a steady burning phase characterized by a steady burning adiabatic 
temperature. Section 3 outlines the methodology used to derive closed- 
form expressions for these steady burning adiabatic temperatures based 
on the study’s considered parameters. In addition, Section 3 presents 
these closed-form expressions, which undergo discussion and validation 
in Section 4 through CFD simulations. Lastly, Section 5 summarizes the 
main conclusions of this work. 

2. General pattern of the parametric curves 

Fire curves are mathematical expressions which represent the tem-
poral evolution of the thermal actions impinging a structure during a fire 
and combine, in a single temperature, the effects of convection and ra-
diation. In general, the progression of a fully developed fire goes through 
three phases: growth, steady burning and decay (Fig. 1a). Correspond-
ingly, fire curves describing realistic fire scenarios have a pattern that 
replicates these stages with some variations as seen in Fig. 1b. 

When defining a fire curve corresponding to a tanker burning under 
the bridge deck, it should be considered that:  

• Bridge fires occur in the open air with no oxygen limitation and, 
therefore, they are fuel-controlled.  

• Peris-Sayol et al. [2] showed that incidents involving tanker trucks 
carrying gasoline produced a higher average damage to bridges than 
tankers carrying other types of fuel. This happened because gasoline 
has a higher heat release rate than other fuels [42] and is highly 
flammable at ambient temperatures. Therefore, the proposed fire 
curves should be consistent with the features of hydrocarbon fires, 
which have a very high heating rate, i.e., reach very high tempera-
tures in short periods of time.  

• During the fire, temperatures experiment significant variation along 
the bridge axis as shown by previous experimental and numerical 
studies [14,18,39]. Therefore, it is not possible to heat the full bridge 
girders length with a single fire curve. 

Within this context, the parametric fire curves proposed assume 
that every bridge girder receives the same heat flux which is applied 
as follows (see Fig. 2 and Fig. 3):  

• The bridge girder is divided in longitudinal segments (Fig. 2a). At 
each heated section, and following previous results [18], two 
different heating patterns are introduced: a first one to heat the top 
slab, top flange and web, and a second one to heat the bottom flange 
(Fig. 2b). 
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• The fire curves are defined in terms of adiabatic surface temperatures 
Ta or, briefly, adiabatic temperatures. This concept was developed by 
Wickström et al. [43] and corresponds to a fictitious temperature 
obtained assuming that the structural element is a perfect insulator. 
Its use for bridge fires was validated in previous works [18,27,44] 
and enables: 1) to transform the radiation and convection heat fluxes 
impinging the bridge surface into an equivalent gas temperature 
adjacent to that surface, and 2) the introduction of the fire model 
results in the thermo-mechanical model. In addition, adiabatic 
temperatures are independent of the structural material of the bridge 
girders and, thus, can be applied to steel, concrete and steel-concrete 
composite bridges. The emissivity factors of the materials that form 
the I-girder and/or bridge deck are introduced in the thermal model 
to carry out the heat transfer analysis using the previously obtained 
adiabatic surface temperatures Ta.  

• The proposed fire curves have the two phases shown in Fig. 2c: 
growth and steady burning adiabatic temperature (Ta,sb henceforth). 
It must be noted that: 

1. It is not necessary to define a decay stage because typically, fire-
fighters arrive at the fire scene or the bridge collapses before 

temperatures start to decrease due to fuel consumption. For example, 
if the fire load is a tanker truck carrying 35 m3 of gasoline with a 
density of 740 kg/m3 and an effective heat of combustion of 43.7 
MJ/kg [45], then the energy released during the fire is 970140 MJ. If 
the fire corresponds to a confined pool fire (i.e. without oil spill) then 
a heat release rate per unit area (HRRPUA) of 2.4 MW/m2 can be 
assumed [39,45]. If the tanker surface is 30 m2 (see e.g. [46]), then 
the total HRR would be 72 MW and, using the methodology pre-
sented in [45], the duration of the fire in the absence of extinguishing 
measures would be four hours and 21 min. This time is much longer 
than the time it took bridges to collapse because of a fire (e.g. the first 
span of the MacArtur Maze collapsed 17 min after the beginning of 
the fire, and the second span collapsed after 20 min [47]) and it 
exceeds the time firefighters would typically need to reach the bridge 
fire location.  

2. The growth phase is modeled assuming the fire is an ultrafast t- 
squared fire where the relation between HRR (in MW) and time t (in 
seconds) since the beginning of the fire is given by Eq. 1 (see [42]). 

HRR(t) = 1.874 × 10− 4 × t2 (1)  

Fig. 1. (a) Typical phases of a fire. (b) Comparison between a fuel-controlled fire and a ventilation-controlled fire. 
Adapted from Mayfield and Hopkin [41]. 

Fig. 2. (a) Division of a typical girder in segments. Different colors in Segment 4 represent different thermal boundary conditions. (b) Thermal boundary conditions 
applied in each girder segment. (c) Generic form of the proposed parametric fire curves. 
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However, parametric fire curves do not depict HRR temperature 
relationships, but rather time-temperature relationships with a 
growth phase expressed by Eq. 2: 

Ta(t) = β × t2 + Tamb (2)  

where β is a coefficient and Tamb is a constant equal to the ambient 
temperature (typically 20 ◦C). Additional calculations are required 
to obtain β. Firstly, the time required to reach the peak HRR (tpeak 

HRR) is derived by solving t for the peak HRR. For instance, for a peak 
HRR of 72 MW corresponding to a 30 m2 tanker fire, the peak is 
reached after 620 s of fire duration (or roughly 10 min). Then, β can 
be calculated using Eq. 3, derived from Eq. 2 considering that Ta 
(tpeak HRR) = Ta,sb. 

β =
Ta,sb − Tamb

tpeak HRR
2 (3)    

3. Ta,sb is obtained using the procedure detailed in Section 3.4.3. 

3. Calculation of steady burning adiabatic temperatures 

3.1. Introduction 

The key element to define the parametric fire curves is the steady 
burning adiabatic temperature Ta,sb. This temperature is provided in the 
form of closed-form expressions obtained through to the following 
process:  

1) A design of experiments (DOE henceforth) is first carried out to 
define both, the parameters (e.g. span length or vertical clearance) to 
be considered, and the number of bridge configurations needed to 
guarantee the statistical significance of the results obtained. See 
details in Section 3.2.  

2) Steady burning adiabatic temperatures Ta,sb in the I-girder surfaces 
are obtained for each significant configuration. These temperatures 
are obtained with Computational Fluid Dynamic models of each 
configuration run with the software Fire Dynamics Simulator (FDS) 

[48], which has been validated for similar problems by contrast with 
observations from real bridge fire events [18,27] and with experi-
ments with a real bridge built at the campus of the Universitat 
Politécnica de Valencia [14,44]. See details in Section 3.3. Ta,sb 
values are analyzed using the analysis of variance (ANOVA) tech-
nique to obtain the significance of each parameter considered. The 
parameters (and interactions) having a significant effect on the 
steady burning adiabatic temperatures are used to build a predictive 
model using multiple linear regression. The combination of predic-
tive models for various points along the bridges span provides the 
heating curves. See details in Section 3.4.  

3) Finally, to validate the predictive model, heating curves provided by 
the predictive model are compared with heating curves obtained 
with FDS, for the following three groups: parameter values used to 
obtain the predictive models, parameter values that fall within the 
studied ranges (interpolation), and parameters that fall outside these 
ranges (extrapolation). See details in Section 4. 

3.2. Design of experiments 

3.2.1. Parameters selection 
This study considers a total of five parameters to characterize Ta,sb. 

Four of them relate to the bridge geometry (structural configuration, 
width, span and vertical clearance), whilst the fifth parameter is the 
HRRPUA and characterizes the design fire. The analysis also considers 
two potential positions of the burning tanker: under the bridge mid-span 
or adjacent to the pier/abutment. 

Whist the number of potential fire source shapes and positions is 
infinite, this paper has chosen to consider a large tanker truck [46] 
located under the central I-girder and perpendicular to the deck, based 
on numerous previous events of similar characteristics and their po-
tential to cause the most severe damage to bridge structures [2]. 
Considering two tanker truck positions (close to the abutments / piers 
and under mid-span) is the logical choice because:  

• In simply supported decks, these tanker positions provoke the 
maximum heating of the sections close to the abutments or piers 
(where shear forces are the highest) and of the mid-span sections 
(where positive bending moments are the highest).  

• In continuous decks, these tanker positions provoke the maximum 
heating of the sections close to the abutments or piers (where shear 
forces and negative bending moments are the highest) and of the 
mid-span sections (where resistance vis-à-vis positive bending mo-
ments is crucial). 

To reduce the total number of simulated configurations, other pa-
rameters which are not expected to have influence such as the produc-
tion of smoke (soot) and the production of carbon monoxide (CO yield) 
are not considered. According to existing publications on standard 
bridge designs [49], the distance between the axis of two adjacent 
I-girders is taken as 2.6 m and the girders depth as 0.8 m. Preliminary 
calculations showed that transverse girders (diaphragms) do not have 
any significant influence on the steady burning adiabatic temperatures 
[50], and thus have not been included in the FDS models. 

3.2.2. Parameters definition 
Each of the selected parameters is defined as follows (see Fig. 4):  

• Substructure configuration defines the type of deck support for the 
span where the fire source is located, with it being considered 
identical at either end.  

• Width is defined as the total width of the deck top slab, measured 
from between each exterior face.  

• Span is the distance between the faces of abutments or the faces of 
piers for each respective bridge substructure configuration. 

Fig. 3. Flowchart summarizing the process of definition of the parametric 
fire curves. 
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• Vertical clearance is the distance between the road surface/pave-
ment and the lower face of the bottom flange of the I-girders.  

• HRRPUA is the heat release rate per unit area, applied to a horizontal 
surface of 28.8 m2 (12 m x 2.4 m) located 1 m above road surface/ 
pavement. 

The values chosen for each parameter (see Table 1) are based on the 
following:  

• Substructure configuration: the two types proposed are commonly 
used in I-girder bridges.  

• Width: the proposed range covers the most common values of deck 
width for single and dual carriageway roads or highways, including 
additional space for shoulders, pavements, and road barriers.  

• Span: the proposed range covers the most common values of span 
length for I-girder bridges, crossing either single or dual carriageway 
roads and/or highways.  

• Vertical clearance: the lower limit aligns with the typical minimum 
vertical clearance mandated by highway design standards. It is worth 
noting that overpasses often maintain a vertical clearance close to 
this minimum requirement to minimize the height of approaching 
embankments and consequently reduce costs. The upper limit is 
chosen based on previous results by Peris-Sayol et al. [39].  

• HRRPUA: the value of 2400 kW/m2 is based on the HRRPUA of 
gasoline according to SFPE [46]. For the lower value of the HRRPUA, 
1800 kW/m2 has been chosen because according to the formulation 
of SFPE [46], the HRRPUA for diesel can range from 1800 to 1950 
depending on the pool depth and diameter, and the composition of 
diesel. 

3.2.3. Number of configurations 
A standard 2k factorial design [51] has been used for the DOE, where 

k represents the number of parameters considered (thus k = 5). The 
number of FDS models required per position is 25 = 32, and as two 
burning tanker positions are considered, a total of 64 models are needed. 
Note that sometimes fractional factorial designs using e.g. the Taguchi 
method [52] are used to reduce the number of configurations needed to 
cover all possible parameter combinations. However, this reduction has 
not been applied here to obtain complete information on the main ef-
fects (individual effects of each factor) and interactions (combined ef-
fects of factors). By doing so a precise estimation of all main effects and 
interactions can be achieved. 

3.3. FDS analysis 

3.3.1. Introduction 
A Fire Dynamics Simulator (FDS) model for each of the sixty-four 

configurations presented in Table 2 was setup, requiring the definition 
of control volumes (including boundary conditions and mesh dis-
cretization), the geometrical definition of the bridge, its material prop-
erties (including both adiabatic and non-adiabatic surfaces), the fire 
source, a combustion model, sensors to record the models output, etc. 
Details of these FDS models are given in Table 3. 

3.3.2. Boundary conditions 
As seen in Table 3 there are two main types of boundary conditions in 

the FDS models: the adiabatic surfaces, such as the bridges superstruc-
ture (I-girders and deck), and the nonadiabatic surfaces, as in the case of 
the abutments and/or piers. In the case of the nonadiabatic surfaces, the 
materials are defined within the FDS model, and therefore these surfaces 
“absorb” part of the heat emitted by the fire source. The reason for 
including these nonadiabatic surfaces in the analysis is so that the 
adiabatic temperatures obtained in the model for the bridge girders/ 
beams consider the influence of the bridge substructures (abutments 
and/or piers), as these are not included in the thermomechanical 
analysis. 

3.3.3. Sensor location 
The number and position of sensors used to record adiabatic tem-

peratures from the computational fluid dynamic models follows the 
approach proposed by Alos-Moya et al. [18] who concluded that three 
sensors are sufficient in a typical I-girder bridge cross-section to register 
the temperatures from the FDS models: one located in the center of the 
lower face of the bottom flange and the other two positioned in the 
center of either side of the web. Adiabatic temperatures in the top flange 
and in the deck slab can be assumed to be the same as those in the 
corresponding web [18]. 

3.3.4. FDS Results 
All FDS models were run using version 6.6.0, as an MPI parallel job 

on the Universitat Politècnica de València (UPV) calculation cluster, 
Rigel. Each model had between three and fifteen cores assigned for the 
calculations, with 8 GB of RAM per core. Total calculation times for each 
model varied between eight and thirty-two hours. Each model provided 
between 243243 and 363363 temperature readings (depending on the 
span of each model, either 16 or 24 m.), as values were recorded 
approximately every 0.15 s, for a total of 150 s, for each of the sensors 
located along the central I-girder, for both the bottom flange and either 
side of the web. 

The adiabatic temperatures registered for each sensor throughout the 
FDS analyses need postprocessing which implies: (1) removing the fire 
growth phase, which has been considered to last no longer than 30 s for 
all models, and (2) obtaining the average adiabatic temperatures during 
the rest of the analysis, for each of the individual sensors (in the case of 
the web, the average is obtained considering the sensors on both web 
faces, as there is no significant difference between adiabatic tempera-
tures measured on each side of the web due to the fire source being 

Fig. 4. Graphical definition of the parameters.  

Table 1 
Definition of parameter levels.  

Substructure configuration Width 
(m) 

Span 
(m) 

Vertical 
Clearance 
(m) 

HRRPUA 
(kW/m2) 

Deck supported on open piers 
(e.g. monolithic frames or 
hammer head piers) 

13 16 5 2400 

Deck supported on 
abutments or solid wall 
piers 

23.4 24 9 1800  
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located right below the central I-girder). Fig. 5 shows a typical output of 
a sensor from an FDS analysis and Fig. 6 shows how this output is 
transformed into a discretized curve showing the values of Ta,sb along the 
bridge. Note that:  

1) After 150 s, average temperatures remain stable and, therefore, it is 
not necessary to continue the FDS analysis.  

2) Ta,sb temperature curves are obtained for both the bottom flange and 
web of each of the sixty-four FDS models and are discretized into 
eleven points: X/L= 0, X/L= 0.1, …, X/L= 1 where X is the longi-
tudinal coordinate of the I-girder and L its span (see Fig. 6). In the 

case of the thirty-two configurations from the scenario where the fire 
is located under the bridge mid-span, the average temperature for 
equidistant points on either side of the center (X/L=0.5) is used, 
reducing the total number of points to be analyzed to six (X/L=0 to 
X/L=0.5) to obtain symmetric design fire curves, as the differences 
between each pair of equidistant points is minimal. 

As an example of the results obtained, Fig. 7 shows two selected FDS 
curves with the aim of comparing, for a particular case, the influence of 
having a vertical clearance of 5 or 9 m as well as the influence of the 
position of the burning tanker. Results show that, when the tanker is 
under mid-span, the vertical clearance has a major influence and there is 
a maximum difference in the Ta,sb values of 320ºC for the bottom flange 
and 464ºC for the web. However, when the tanker is adjacent to an 
abutment or a solid wall pier, vertical clearance does not have a major 
influence. The latter is the result of the Coandă effect [40] noticed in a 
previous study by Peris-Sayol [39], in which the flames and/or hot 
gasses tend to stay attached to the flat surface of the abutment and help 
them reach larger heights. 

In Howard [50], additional graphical comparisons and discussion are 
provided for other FDS models for the other four parameters (sub-
structure configuration, width, span and HRRPUA). 

3.4. Statistical analysis 

3.4.1. Introduction 
The steady burning adiabatic temperatures for each point of dis-

cretization of the FDS curves were analyzed using ANOVA tests [51] to 
determine the significance of each of the five parameters considered 
(bridge substructure configuration, width, span, vertical clearance and 
HRRPUA), as well as their second order interactions. Individual analyses 
were carried out for both positions of the burning tanker (adjacent to 
abutment/piers or under mid-span), and for both the bottom flange and 
web / top flange / top slab. Therefore, a total of thirty-four ANOVA tests 
were performed, as shown in Table 4 (in the case of the burning tanker 
located under mid-span, the average temperature for equidistant points 
on either side of the center is used, reducing the total number of points to 
be analyzed to six, as explained in Section 3.3.4). 

For each of these ANOVA tests, the parameters and interactions 
which were found to be statistically significant (p < 0.05) were used in 
multiple linear regression (MLR henceforth) models. These MLR models 
form the basis of the fire design curves, as each model provides a pre-
diction of the steady burning adiabatic temperature for a single point, 
for fires located under mid-span or adjacent to abutment/piers, and for 
either the bottom flange or web / top flange / top slab. The combination 
of all points for each subset provides a set of predictions of the steady 
burning adiabatic temperatures Ta,sb which enables to build the design 
fire curves along the whole I-girder. 

All the analyses used the software Statgraphics [55], which is 
capable of carrying multifactorial ANOVA tests, and iterative multiple 
linear regression calculations. 

Table 2 
Design of Experiments: bridge configurations studied.  

Modela  Substructure 
configuration 

Width 
(m) 

Span 
(m) 

Vertical 
clearance 
(m) 

HRRPUA 
(kW/m2) 

1 / 33 Open piers 13.0 16 5 2400 
2 / 34 Open piers 13.0 16 5 1800 
3 / 35 Open piers 13.0 16 9 2400 
4 / 36 Open piers 13.0 16 9 1800 
5 / 37 Open piers 13.0 24 5 2400 
6 / 38 Open piers 13.0 24 5 1800 
7 / 39 Open piers 13.0 24 9 2400 
8 / 40 Open piers 13.0 24 9 1800 
9 / 41 Open piers 23.4 16 5 2400 
10 / 

42 
Open piers 23.4 16 5 1800 

11 / 
43 

Open piers 23.4 16 9 2400 

12 / 
44 

Open piers 23.4 16 9 1800 

13 / 
45 

Open piers 23.4 24 5 2400 

14 / 
46 

Open piers 23.4 24 5 1800 

15 / 
47 

Open piers 23.4 24 9 2400 

16 / 
48 

Open piers 23.4 24 9 1800 

17 / 
49 

Abutments or 
solid wall piers 

13.0 16 5 2400 

18 / 
50 

Abutments or 
solid wall piers 

13.0 16 5 1800 

19 / 
51 

Abutments or 
solid wall piers 

13.0 16 9 2400 

20 / 
52 

Abutments or 
solid wall piers 

13.0 16 9 1800 

21 / 
53 

Abutments or 
solid wall piers 

13.0 24 5 2400 

22 / 
54 

Abutments or 
solid wall piers 

13.0 24 5 1800 

23 / 
55 

Abutments or 
solid wall piers 

13.0 24 9 2400 

24 / 
56 

Abutments or 
solid wall piers 

13.0 24 9 1800 

25 / 
57 

Abutments or 
solid wall piers 

23.4 16 5 2400 

26 / 
58 

Abutments or 
solid wall piers 

23.4 16 5 1800 

27 / 
59 

Abutments or 
solid wall piers 

23.4 16 9 2400 

28 / 
60 

Abutments or 
solid wall piers 

23.4 16 9 1800 

29 / 
61 

Abutments or 
solid wall piers 

23.4 24 5 2400 

30 / 
62 

Abutments or 
solid wall piers 

23.4 24 5 1800 

31 / 
63 

Abutments or 
solid wall piers 

23.4 24 9 2400 

32 / 
64 

Abutments or 
solid wall piers 

23.4 24 9 1800  

a Each line of the table represents two models: one corresponds to the burning 
tanker located under mid-span (cases 1 to 32), and the other corresponds to the 
burning tanker located adjacent to piers/abutment (cases 33 to 64) 

Table 3 
Details of FDS models.  

Control volume X ∈[34,58] m; Y ∈[30,46] m; Z ∈[12,18] m 
Cell size 0.20 × 0.20 × 0.20 m (Fine mesh according to[53]) 
Fire scenario Fire area: horizontal surface of 28.8 m2 (12 m x 2.4 m) located 

1 m above road level. 
CO yield = 0.019; Soot yield = 0.059 according to[54] for 
hydrocarbon fires 

Boundary 
conditions 

Adiabatic surfaces: bridges superstructure (I-girders and deck) 
Nonadiabatic surfaces: substructures (piers and/or abutments) 

Sensors Three located every 0.2 m along central I-girder: center of the 
bottom flange and at the center of either side of the web  
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3.4.2. ANOVA results 
The following sections provide a summary of the ANOVA test results 

related to the steady burning adiabatic temperatures observed for each 
of the sixty-four bridge configurations analyzed, depending on their 
relative position. 

3.4.2.1. Tanker burning under mid-span. Table 5 and Table 6 present a 
comprehensive summary of the ANOVA results for the steady burning 
adiabatic temperatures at various positions along the bridge girder when 
the tanker burns under mid-span. Results indicate that the majority of 
parameters significantly influence Ta,sb, except bridge width, span, and 
substructure configuration for certain positions. Importantly, when 
studying the parameters in isolation, some may not exhibit a significant 
impact, but their influence becomes apparent when considered in 
combination with other factors, demonstrating second-order effects. For 
instance, bridge width alone may not significantly impact the steady 
burning adiabatic temperatures of the bottom flange at position X/ 
L= 0.4 (p-value of 0.0623 in Table 5), yet it is significant at the same 
location when interacting with the bridge span (interaction bridge width 
– bridge span with a p-value of 0.0023 in Table 5). These findings 

underscore the importance of studying parameter combinations to fully 
understand their influence on Ta,sb. 

3.4.2.2. Tanker burning adjacent to piers or abutment. A summary of the 
ANOVA results for the values of Ta,sb at different relative positions along 
the bridge girder for configurations with the fire located adjacent to an 
abutment or piers are shown in Table 7 for the bottom flange and in  
Table 8 for the web and top slab. 

In the case of the bottom flange steady burning adiabatic tempera-
tures, all five parameters have a significant effect on the values of Ta,sb 
for the majority of the relative positions. In the case of the bridge’s 
width, the ANOVA tests for relative positions near the fire source (X/L =
0.8 to X/L = 1) indicate that this parameter is not statistically signifi-
cant, as is also the case for the effect of the bridge span in the immediate 
vicinity of the fire (X/L = 1). It is logical that these parameters have 
greater significance the further from the fire source, as the temperatures 
of these relative positions depend more on the absolute distance to the 
fire, as well as the ventilation conditions. 

For the web/top flange/slab values of Ta,sb, bridge width has a sig-
nificant effect for all relative positions. This happens because the gasses/ 

Fig. 5. Example of adiabatic temperatures registered during the FDS analysis of model 13 at X/L= 0.5 for the bottom flange sensor. Note that in this FDS model the 
growing phase of the fire was not simulated to save computing time. 

Fig. 6. Example of discretization of steady burning adiabatic temperatures Ta,sb along the longitudinal axis of the girder for the bottom flange sensor registered 
during the FDS analysis of model 33. 
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smoke in contact with the web are confined in between neighboring I- 
girders, and therefore, the greater the width, the more I-girders present, 
and the more difficult it is for the gasses/smoke in contact with the 
central I-girder to escape, causing an increased build-up in steady 
burning adiabatic temperatures. 

3.4.3. MLR results 
The fitted MLR models obtained for each relative position, for both 

the bottom flange and web, and depending on the fire location scenario, 
were used to determine parametric fire curves capable of predicting the 
steady burning adiabatic temperatures affecting a bridge’s 
superstructure. 

As can be seen in Table 9, the adjusted R2 of all the fitted MLR models 
is above 0.888, with those considering the burning tanker under mid- 
span performing better than the those with it adjacent to an abutment 
or piers. 

Results of the proposed parametric fire curves are provided in matrix 

form in Table 10 to Table 13, which allows the partial regression co-
efficients and model constant to be viewed for each relative position. 

The matrix form of the parametric fire curves can be used to calculate 
the steady burning adiabatic temperature of the desired relative position 

Fig. 7. Comparison of steady burning adiabatic temperatures Ta,sb obtained with FDS along the longitudinal axis of the bridge for the models 29 and 31 with burning 
tanker under mid-span (top) and for the models 61 and 63 with the burning tanker close to the abutment (bottom). In every case, the substructure configuration is 
“Deck supported on abutment or solid wall piers”, HRRPUA is 2400 kW/m2, bridge span is 24 m and bridge width is 23.4 m. 

Table 4 
Summary of ANOVA tests performed.  

Location of steady burning 
adiabatic temperatures 

Burning tanker 
position 

Number of ANOVA 
carried out 

Bottom flange Under mid-span 6 
Web Under mid-span 6 
Bottom flange Adjacent to 

abutment/piers 
11 

Web Adjacent to 
abutment/piers 

11  

Table 5 
Summary of ANOVA test results (p-values) for the bottom flange steady burning 
adiabatic temperatures when the burning tanker is under mid-span. Values in 
bold correspond to p-values lower than 0.05, indicating the parameter or the 
interaction has a statistically significant influence on Ta,sb.   

X/ 
L¼ 0 

X/ 
L¼ 0.1 

X/ 
L¼ 0.2 

X/ 
L¼ 0.3 

X/ 
L¼ 0.4 

X/ 
L¼ 0.5 

Main Effects       
A 0.0000 0.0000 0.0000 0.0000 0.0046 0.0000 
B 0.0517 0.0001 0.0000 0.0030 0.0623 0.0014 
C 0.0000 0.0000 0.0000 0.0000 0.0000 0.0181 
D 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
E 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Interactions       
AB 0.0051 0.7678 0.7216 0.0731 0.7459 0.0750 
AC 0.0030 0.8716 0.0126 0.5288 0.9762 0.0023 
AD 0.0003 0.0000 0.0000 0.0000 0.0002 0.7941 
AE 0.4270 0.0215 0.0018 0.0032 0.0114 0.0589 
BC 0.0009 0.1445 0.1557 0.1065 0.0023 0.0311 
BD 0.4185 0.1103 0.0059 0.0028 0.0629 0.0549 
BE 0.7521 0.7568 0.5593 0.7878 0.8683 0.7744 
CD 0.0143 0.0012 0.0067 0.0009 0.0000 0.0127 
CE 0.3895 0.5471 0.9241 0.1637 0.0001 0.3611 
DE 0.0731 0.0006 0.0003 0.1088 0.0001 0.0000 

A: Substructure configuration, B: Width, C: Span, D: Vertical clearance, E: 
HRRPUA  
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by summing the individual products between the values that appear for 
the applicable column by the corresponding values of the parameter of 
that same row. In the case of the constant, it is multiplied by 1, whereas 
for the interactions of two parameters, both corresponding values for 
each should be included in the multiplication. Null values in the matrix 
indicate that those parameters and/or interactions are not significant, 
either based on the ANOVA tests or as a result of the fitted MLR models. 

The following equation (Eq. 4) shows an example of the calculation, 
using the above fire curves, of the bottom flange steady burning adia-
batic temperature, for fires located under the bridge mid-span 
(Table 10), for relative position X/L= 0: 

Ta,sb = 1549.4 − 28.892 × Width − 54.853 × Span − 86.848

× Vert.Clear.+ 0.1836 × HRR+ 6.694 × Sub.Config.

× Width+ 9.058 × Sub.Config.× Span − 29.053 × Sub.Config.

× Vert.Clear.+ 1.1579 × Width × Span+ 2.0293 × Span

× Vert.Clear. (4) 

Note that in Eq. 4, bridge width, span and vertical clearance is 
introduced in m, HRRPUA is introduced in kW/m2 and the variable 

“substructure configuration”, which is considered as a dummy variable, 
equals to 0 when the deck is supported on open piers and 1 when the 
bridge is supported on solid wall piers or abutments. 

A spreadsheet of the parametric fire curve equations from Table 10 to 
Table 13 is included as supplementary material, providing the predicted 
steady burning adiabatic temperatures for both bottom flange and the 
web / top flange / top slab, for both fire locations, in both numerical and 
graphical formats. 

4. Validation 

4.1. Introduction 

To validate the proposed parametric fire curves, a comparison has 
been carried out between the steady burning adiabatic temperatures 
obtained using the proposed parametric fire curves and those obtained 
from FDS models for equivalent parameter values. 

Firstly, some comparisons will be provided from the initial 64 models 
(training data) used to obtain the parametric fire curves. Following this, 
additional comparisons will be made with new configurations, both for 
parameter values that fall within the studied ranges (interpolation) and 
parameter values that fall outside these ranges (extrapolation), to vali-
date the proposed parametric fire curves. 

To evaluate the differences between the steady burning adiabatic 
temperatures obtained from the FDS analyses and those predicted by the 
parametric fire curves both a graphical and numerical comparison will 
be presented. For the former, the corresponding steady burning adia-
batic temperatures will be plotted on a graph, whilst for the latter two 
values will be given: the mean absolute percentage error (MAPE) be-
tween each set of steady burning adiabatic temperatures (see Eq. 5), and 
the percentage error (PE) between the maximum steady burning adia-
batic temperatures (see Eq. 6). They are defined as follows: 

MAPE(%) =
100
n

∑n

i=1

⃒
⃒
⃒
⃒
Ta,sb,FC,i − Ta,sb,FDS,i

Ta,sb,FDS,i

⃒
⃒
⃒
⃒ (5)  

Where Ta,sb,FC,i is the steady burning adiabatic temperature predicted by 
the parametric fire curves at a particular point i; Ta,sb,FDS,i is the steady 
burning adiabatic temperature obtained from the FDS analyses at a 
particular point i; and n is the number points studied. Note that n is equal 
to 11 for all comparisons, even those where the fire is located mid-span, 
and the number of points proposed by the fire curve is 6 (since, in this 
case, the same temperatures are predicted for equidistant points on 
either side of the center). 

Table 6 
Summary of ANOVA test results (p-values) for the web / top flange / top slab 
steady burning adiabatic temperatures when the burning tanker is under mid- 
span. Values in bold correspond to p-values lower than 0.05, indicating the 
parameter or the interaction has a statistically significant influence on Ta,sb.   

X/ 
L¼ 0 

X/ 
L¼ 0.1 

X/ 
L¼ 0.2 

X/ 
L¼ 0.3 

X/ 
L¼ 0.4 

X/ 
L¼ 0.5 

Main Effects       
A 0.0026 0.0000 0.0000 0.0001 0.8154 0.0132 
B 0.0976 0.0349 0.3709 0.1011 0.0006 0.0006 
C 0.0000 0.0000 0.0000 0.0000 0.0000 0.4251 
D 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
E 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Interactions       
AB 0.2585 0.0898 0.1115 0.5633 0.2573 0.1066 
AC 0.0421 0.3080 0.2207 0.2376 0.0994 0.0641 
AD 0.0000 0.0000 0.0000 0.0002 0.1259 0.7239 
AE 0.8111 0.1166 0.1116 0.1391 0.1230 0.0969 
BC 0.0935 0.1550 0.1043 0.0391 0.0194 0.0358 
BD 0.2157 0.5941 0.7941 0.7694 0.2253 0.0934 
BE 0.9152 0.8894 0.7888 0.7387 0.8395 0.9846 
CD 0.0000 0.0000 0.0001 0.0009 0.2715 0.0111 
CE 0.1080 0.1165 0.1301 0.2007 0.6093 0.6086 
DE 0.0026 0.0012 0.0034 0.2300 0.0045 0.0000 

A: Substructure configuration, B: Width, C: Span, D: Vertical clearance, E: 
HRRPUA  

Table 7 
Summary of ANOVA test results (p-values) for the bottom flange steady burning adiabatic temperatures when the burning tanker is adjacent to piers or abutment 
(position X/L=1). Values in bold correspond to p-values lower than 0.05, indicating the parameter or the interaction has a statistically significant influence on Ta,sb.   

X/L¼ 0 X/L¼ 0.1 X/L¼ 0.2 X/L¼ 0.3 X/L¼ 0.4 X/L¼ 0.5 X/L¼ 0.6 X/L¼ 0.7 X/L¼ 0.8 X/L¼ 0.9 X/L¼ 1 

Main Effects            
A 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0066 0.0022 
B 0.0963 0.0033 0.0029 0.0010 0.0002 0.0001 0.0006 0.0252 0.2391 0.2649 0.5159 
C 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1824 
D 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
E 0.0100 0.0021 0.0006 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 
Interactions            
AB 0.0152 0.1826 0.2090 0.0754 0.0092 0.0014 0.0026 0.0436 0.2438 0.1736 0.0005 
AC 0.7204 0.2160 0.2312 0.1288 0.0351 0.0166 0.1346 0.6695 0.1365 0.2746 0.1933 
AD 0.0914 0.0017 0.0002 0.0000 0.0000 0.0000 0.0000 0.0015 0.5949 0.0040 0.0027 
AE 0.7176 0.3700 0.1489 0.0787 0.0374 0.0186 0.0162 0.0448 0.4543 0.4003 0.2520 
BC 0.2725 0.9519 0.9690 0.9431 0.7734 0.4614 0.3586 0.4438 0.7951 0.9948 0.1054 
BD 0.0107 0.0199 0.0267 0.0381 0.0463 0.0353 0.0191 0.0045 0.0019 0.0013 0.0007 
BE 0.3839 0.3252 0.3491 0.3286 0.3437 0.3204 0.3281 0.4063 0.5632 0.7252 0.7351 
CD 0.3479 0.5364 0.4472 0.4782 0.2911 0.1121 0.0949 0.0868 0.3321 0.1991 0.6522 
CE 0.9906 0.9441 0.9572 0.9436 0.7513 0.6984 0.8576 0.9116 0.7291 0.7629 0.9747 
DE 0.6213 0.8683 0.7259 0.4889 0.3081 0.2189 0.1912 0.2766 0.8268 0.9735 0.3790 

A: Substructure configuration, B: Width, C: Span, D: Vertical clearance, E: HRRPUA  
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PE(%) = 100 ×
Ta,sb,FC,max − Ta,sb,FDS,max

Ta,sb,FDS,max
(6)  

Where Ta,sb,FC,max is the maximum steady burning adiabatic temperature 
predicted by the parametric fire curves and Ta,sb,FDS,max is the maximum 
steady burning adiabatic temperature obtained from the FDS analyses. 

MAPE is preferred over PE to make a global evaluation of each curve 
defined by a set of steady burning adiabatic temperatures because it does 
not fall foul of positive and negative forecast errors offsetting each other. 

However, in the case of comparing individual points, such as the 
maximum steady burning adiabatic temperatures of each curve, PE is 
preferred because it provides a positive or negative result indicating if 
the predicted values are under or overestimating the actual value. 

4.2. Existing models (training data) 

As can be seen in Table 14, the results of MAPE values for the existing 
models are correlated with the coefficient of determination (R2) values 
given previously, with steady burning adiabatic temperatures for the 
burning tanker under mid-span performing better than those with it 
adjacent to an abutment or piers. 

Table 15 provides the results of PE values for the maximum girder 
steady burning adiabatic temperatures for the existing models. Note that 
for models with the burning tanker located under mid-span, the 
maximum girder steady burning adiabatic temperature is always located 
in position X/L= 0.5. For the models with the burning tanker located 
adjacent to an abutment or piers, the maximum girder steady burning 
adiabatic temperature is located in position X/L= 1 with the exception 
of two cases where the steady burning adiabatic temperatures for the 
web/top flange/slab are higher for position X/L= 0.9, but the difference 

Table 8 
Summary of ANOVA test results (p-values) for the web / top flange / top slab steady burning adiabatic temperatures when the burning tanker is adjacent to piers or 
abutment (position X/L=1). Values in bold correspond to p-values lower than 0.05, indicating the parameter or the interaction has a statistically significant influence 
on Ta,sb.   

X/L¼ 0 X/L¼ 0.1 X/L¼ 0.2 X/L¼ 0.3 X/L¼ 0.4 X/L¼ 0.5 X/L¼ 0.6 X/L¼ 0.7 X/L¼ 0.8 X/L¼ 0.9 X/L¼ 1 

Main Effects            
A 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0037 
B 0.0123 0.0080 0.0082 0.0088 0.0116 0.0185 0.0300 0.0376 0.0401 0.0207 0.0306 
C 0.0001 0.0001 0.0000 0.0000 0.0000 0.0001 0.0002 0.0012 0.0006 0.0158 0.5011 
D 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
E 0.0018 0.0004 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Interactions            
AB 0.1383 0.1196 0.1041 0.0784 0.0607 0.0582 0.0645 0.0644 0.0495 0.0114 0.0028 
AC 0.2835 0.2778 0.2702 0.2712 0.2922 0.4012 0.6705 0.9183 0.3100 0.1739 0.6353 
AD 0.2632 0.0229 0.0145 0.0185 0.0382 0.1168 0.3877 0.8843 0.1021 0.0002 0.0000 
AE 0.9862 0.6907 0.5550 0.5420 0.6339 0.8387 0.8545 0.4931 0.1637 0.0135 0.0171 
BC 0.9234 0.9803 0.9674 0.9431 0.8690 0.7820 0.7828 0.8717 0.9922 0.7894 0.4472 
BD 0.0115 0.0098 0.0085 0.0070 0.0051 0.0036 0.0026 0.0020 0.0017 0.0008 0.0009 
BE 0.3211 0.3392 0.3567 0.3604 0.3681 0.3893 0.4166 0.4644 0.5219 0.5345 0.5009 
CD 0.3051 0.3295 0.2821 0.2405 0.2157 0.2664 0.4213 0.5865 0.7272 0.8530 0.8410 
CE 0.9315 0.9991 0.9867 0.9453 0.8934 0.9009 0.9422 0.9721 0.8597 0.6673 0.7400 
DE 0.8452 0.8399 0.6292 0.4982 0.4297 0.4210 0.4509 0.5187 0.6689 0.8700 0.1756 

A: Substructure configuration, B: Width, C: Span, D: Vertical clearance, E: HRRPUA  

Table 9 
Results of adjusted R2 of all the fitted MLR models.   

Mean Interval 

Bottom flange temperatures for fire under mid-span 0.977 0.960 – 
0.991 

Web/top flange/slab temperatures for fire under mid-span 0.995 0.992 – 
0.996 

Bottom flange temperatures for fire adjacent to an 
abutment or piers 

0.924 0.888 – 
0.947 

Web/top flange/slab temperatures for fire adjacent to an 
abutment or piers 

0.943 0.900 – 
0.956  

Table 10 
Parametric fire curves coefficients for bottom flange steady burning adiabatic 
temperatures, for fires located under the bridge mid-span.   

X/L¼ 0 X/ 
L¼ 0.1 

X/ 
L¼ 0.2 

X/ 
L¼ 0.3 

X/ 
L¼ 0.4 

X/ 
L¼ 0.5 

K 1549.400 259.575 353.633 604.840 897.633 1604.010 
A 0 294.166 201.616 161.614 0 -157.685 
B -28.892 3.043 7.761 7.460 0 -10.172 
C -54.853 -19.692 -20.725 -19.173 -9.218 0 
D -86.848 0 0 -29.416 -91.303 -133.763 
E 0.1836 0.3612 0.2538 0.1333 0.2134 0 
AB 6.694 0 0 0 0 0 
AC 9.058 0 3.470 0 0 6.001 
AD -29.053 -40.658 -42.747 -30.418 -7.656 0 
AE 0 0.0520 0.0615 0.0564 0.0305 0 
BC 1.1579 0 0 0 0 0.3865 
BD 0 0 -0.6825 -0.8306 0 0 
BE 0 0 0 0 0 0 
CD 2.0293 1.1648 1.0915 1.2406 1.4116 -1.1260 
CE 0 0 0 0 -0.0066 0 
DE 0 -0.0284 -0.0163 0 0.0140 0.0322 

K: Constant, A: Substructure configuration, B: Width, C: Span, D: Vertical 
clearance, E: HRRPUA  

Table 11 
Parametric fire curves coefficients for the web / top flange / top slab steady 
burning adiabatic temperatures, for fires located under the bridge mid-span.   

X/L¼ 0 X/ 
L¼ 0.1 

X/ 
L¼ 0.2 

X/ 
L¼ 0.3 

X/ 
L¼ 0.4 

X/ 
L¼ 0.5 

K 889.731 864.723 908.826 1098.980 1394.490 1813.020 
A 121.519 150.983 151.872 93.513 0 -16.494 
B 0 0 0 0 -7.689 -10.037 
C -24.747 -22.824 -20.534 -17.476 -12.631 0 
D -81.017 -80.314 -85.001 -111.179 -131.921 -189.030 
E 0.3172 0.3407 0.3377 0.2779 0.2125 0 
AB 0 1.7709 0 0 0 0 
AC 0 0 0 0 0  
AD -14.896 -18.575 -15.976 -10.193 0 0 
AE 0 0 0 0 0 0 
BC 0 0 0 0 0.2897 0.3814 
BD 0 0 0 0 0 0 
BE 0 0 0 0 0 0 
CD 1.9265 1.6985 1.3843 1.0677 0 -0.9169 
CE 0 0 0 0 0 0 
DE -0.0143 -0.0146 -0.0118 0 0.0127 0.0416 

K: Constant, A: Substructure configuration, B: Width, C: Span, D: Vertical 
clearance, E: HRRPUA  
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with position X/L= 1 is a few degrees centigrade, and thus negligeable. 
By comparing results from Table 14 with Table 15, it is clear that the 

prediction of steady burning adiabatic temperatures for the position 
located above the burning tanker is better than the predictions for the 
curve as a whole. This is due to parameters such as width or span having 
less influence, whilst the further we are from the fire source, the more 
importance these parameters acquire. These parameters are also more 
likely to have significant interactions with other parameters. In any case, 
the prediction of the maximum girder steady burning adiabatic tem-
peratures is considered more important as they will have more influence 
on the global response of the bridge. Fig. 8 and Table 16 compare steady 
burning adiabatic temperatures obtained using the proposed parametric 
fire curves with those obtained from FDS models for equivalent 
parameter values. Predictions are excellent and generally better for the 
position located above the burning tanker than for the curve as a whole. 

4.3. Interpolation 

Table 17 details new bridge configurations with parameter values 
within the ranges of the configurations used to build the proposed 
parametric curves. These configurations are used to validate the pro-
posed curves with models not included in their development. 

Firstly, the corresponding FDS analyses for these bridge parameters 
have been carried out to obtain the steady burning adiabatic tempera-
tures for each relative position. These are then compared with the steady 
burning adiabatic temperatures forecast by the parametric fire curves. 

As can be observed graphically in Fig. 9 (for selected models) and 

Table 12 
Parametric fire curves coefficients for bottom flange steady burning adiabatic temperatures, for fires located adjacent to piers or abutments.   

X/L¼ 0 X/L¼ 0.1 X/L¼ 0.2 X/L¼ 0.3 X/L¼ 0.4 X/L¼ 0.5 X/L¼ 0.6 X/L¼ 0.7 X/L¼ 0.8 X/L¼ 0.9 X/L¼ 1 

K 586.773 436.544 382.624 351.811 297.744 314.738 729.787 832.266 926.635 1277.460 1762.350 
A 158.460 633.453 700.820 723.359 463.631 364.279 0 0 141.056 -133.047 -517.389 
B 0 0 0 0 0 0 -10.745 -14.041 -15.068 -18.566 -29.190 
C -15.110 -13.878 -14.589 -15.416 -11.188 -11.054 -15.802 -13.467 -13.105 -11.892 0 
D -36.718 -45.826 -41.086 -36.539 0 0 -37.169 -49.127 -68.694 -104.635 -134.375 
E 0.1072 0.1288 0.1451 0.1517 0.0902 0.0945 0.0856 0.0935 0.1496 0.1921 0.1414 
AB 9.507 0 0 0 12.213 11.952 9.549 5.991 0 0 13.851 
AC 0 0 0 0 -9.565 -9.309 0 0 0 0 0 
AD 0 -39.768 -50.028 -54.349 -63.153 -53.063 -33.919 -22.424 0 25.894 29.303 
AE 0 0 0 0 0.12574 0.12149 0.14237 0.11476 0 0 0 
BC 0 0 0 0 0 0 0 0 0 0 0 
BD 0 1.1232 1.0972 1.1289 0 0 1.6005 2.0072 2.3764 2.8973 3.3315 
BE 0 0 0 0 0 0 0 0 0 0 0 
CD 0 0 0 0 0 0 0 0 0 0 0 
CE 0 0 0 0 0 0 0 0 0 0 0 
DE 0 0 0 0 0 0 0 0 0 0 0 

K: Constant, A: Substructure configuration, B: Width, C: Span, D: Vertical clearance, E: HRRPUA  

Table 13 
Parametric fire curves coefficients for the web / top flange / top slab steady burning adiabatic temperatures, for fires located adjacent to piers or abutments.   

X/L¼ 0 X/L¼ 0.1 X/L¼ 0.2 X/L¼ 0.3 X/L¼ 0.4 X/L¼ 0.5 X/L¼ 0.6 X/L¼ 0.7 X/L¼ 0.8 X/L¼ 0.9 X/L¼ 1 

K 686.808 886.323 891.939 912.422 1020.150 1129.330 1184.990 1242.040 1443.450 1462.280 1651.940 
A 273.106 511.806 527.134 515.162 351.256 198.326 196.256 184.768 0 0 -283.033 
B 0 -14.364 -14.456 -14.733 -19.277 -20.906 -23.090 -25.156 -29.975 -25.979 -24.989 
C -14.029 -13.950 -14.114 -14.058 -13.759 -12.773 -11.718 -10.138 -11.140 -6.148 0 
D -64.477 -95.759 -97.535 -100.176 -104.713 -119.845 -126.752 -133.754 -138.346 -162.035 -169.798 
E 0.1318 0.1533 0.1668 0.1766 0.1849 0.1929 0.2023 0.2123 0.2201 0.2892 0.2569 
AB 0 0 0 0 7.404 7.517 7.577 7.910 15.912 10.648 11.408 
AC 0 0 0 0 0 0 0 0 0 0 0 
AD 0 -26.047 -27.542 -25.613 -21.555 0 0 0 0 46.355 63.639 
AE 0 0 0 0 0 0 0 0 0 -0.1467 -0.1491 
BC 0 0 0 0 0 0 0 0 0 0 0 
BD 0.9791 2.9134 2.8981 2.9045 2.9722 3.1397 3.4064 3.6732 3.7907 3.5933 3.3025 
BE 0 0 0 0 0 0 0 0 0 0 0 
CD 0 0 0 0 0 0 0 0 0 0 0 
CE 0 0 0 0 0 0 0 0 0 0 0 
DE 0 0 0 0 0 0 0 0 0 0 0 

K: Constant, A: Substructure configuration, B: Width, C: Span, D: Vertical clearance, E: HRRPUA  

Table 14 
Results of MAPE values for steady burning adiabatic temperatures of existing 
models.   

Mean 
(%) 

Interval 
(%) 

Bottom flange temperatures for fire under mid-span 2.6 [1.2, 5.0] 
Web/top flange/slab temperatures for fire under mid- 

span 
1.5 [0.4, 4.0] 

Bottom flange temperatures for fire adjacent to an 
abutment or piers 

8.0 [2.8, 24.9] 

Web/top flange/slab temperatures for fire adjacent to an 
abutment or piers 

6.9 [1.3, 25.8]  

Table 15 
Results of PE values for maximum girder steady burning adiabatic temperatures 
of existing models.  

PE Mean of absolute 
values (%) 

Interval 
(%) 

Bottom flange temperatures for fire under mid- 
span 

1.6% [− 3.4, 
6.0] 

Web/top flange/slab temperatures for fire 
under mid-span 

1.3% [− 5.3, 
5.8] 

Bottom flange temperatures for fire adjacent to 
an abutment or piers 

3.5% [− 8.8, 
8.4] 

Web/top flange/slab temperatures for fire 
adjacent to an abutment or piers 

3.4% [− 7.4, 
9.9]  
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from the values of MAPE and PE in Table 18, the predictions of steady 
burning adiabatic temperatures by the parametric fire curves generally 
fit very well those obtained with the FDS analyses, with values of MAPE 
generally below 12%, with exception of model VAL-INT-7. 

For this model (VAL-INT 7), the MAPE values are affected signifi-
cantly by the overestimation of temperatures for the relative positions 

furthest from the fire location. Whilst in absolute terms the observed 
difference is not the largest that has been recorded when compared to 
the initial training data, due to the relatively low steady burning adia-
batic temperatures (below 400 ◦C for bottom flange and 600 ◦C for web 
/ top flange / lower slab) for 6 of the 11 relative positions, the per-
centage error is inflated. 

As can be seen by the MAPE and PE values, once again the prediction 
of maximum steady burning adiabatic temperatures outperforms those 
of the curves as a whole, with the exception of model VAL-INT 3, which 
presents the largest values of PE for predicted maximum girder steady 
burning adiabatic temperatures for any of the models analyzed in this 
paper. 

4.4. Extrapolation 

Table 19 shows bridge configurations with span length values 
outside the ranges of those used for the existing models (training data). 
These configurations are used to evaluate whether the proposed 

Fig. 8. Comparison of steady burning adiabatic temperatures (Ta,sb) obtained using the proposed parametric fire curves and those obtained from FDS models for 
equivalent parameter values, for selected existing models. Bridge configurations for each model are defined in Table 2. 

Table 16 
MAPE results for steady burning adiabatic temperatures (all relative positions) 
and PE results for maximum girder steady burning adiabatic temperatures, for 
both bottom flange and web / top flange / top slab for selected existing models.  

MODEL BOTTOM FLANGE WEB / TOP FLANGE / TOP SLAB 

MAPE PE MAPE PE 

Model 1 2.5% 2.0% 0.8% 0.4% 
Model 26 1.9% 6.0% 2.2% 5.8% 
Model 39 10.7% -0.3% 11.8% -2.4% 
Model 64 3.2% -1.6% 1.7% 0.1%  

Table 17 
Bridge configurations for interpolation models.  

MODEL Fire location Substructure configuration Width (m) Span (m) Vertical clearance (m) HRRPUA (kW/m2) 

VAL-INT 1 Abutment Open piers 13.0 20 7 2400 
VAL-INT 2 Mid-span Abutments 18.0 18 6 2400 
VAL-INT 3 Mid-span Abutments 16.0 16 6 1800 
VAL-INT 4 Mid-span Open piers 13.0 24 8 2100 
VAL-INT 5 Abutment Abutments 20.0 21 5 2100 
VAL-INT 6 Mid-span Open piers 23.4 18 7 2000 
VAL-INT 7 Abutment Abutments 13.0 23 8 2200  
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parametric fire curves can accurately forecast steady burning adiabatic 
temperatures for this new range. 

Once again, the FDS analyses for these bridge parameters have been 
carried out, and the steady burning adiabatic temperatures for each 
relative position. are compared with those forecast by the parametric 
fire curves (see Fig. 10 and Table 20). 

For the four models analyzed with spans outside the range used to 
obtain the parametric fire curve, the predicted steady burning adiabatic 
temperatures can be considered fairly accurate for all relative positions, 
with MAPE values below 8.2% for all models. As expected, the forecast 
maximum steady burning adiabatic temperatures once again outper-
form average of the whole curve, as span generally has less influence on 
the steady burning adiabatic temperatures right above or adjacent to the 
fire source location. 

5. Conclusions 

This paper presents parametric fire curves for the most fire-exposed 
girder of I-girder bridges heated by under-deck tanker fires. These curves 
incorporate a growth phase based on an ultra-fast fire curve, followed by 
a steady burning phase, and capture the evolving nature of fires without 
the need for complex CFD calculations. In addition, the curves are 
expressed in terms of adiabatic temperatures and, therefore, are valid for 
I-girder bridges with decks built with different materials (i.e. steel, 
concrete, composite). 

The parametric curves consider two potential positions of the tanker 

Fig. 9. Comparison of steady burning adiabatic temperatures obtained using the proposed parametric fire curves and those obtained from FDS models for equivalent 
parameter values, for selected interpolation models. 

Table 18 
MAPE results for steady burning adiabatic temperatures (considering all relative 
positions) and PE results for maximum steady burning adiabatic temperatures, 
for both bottom flange and web / top flange / top slab interpolation models.  

MODEL BOTTOM FLANGE WEB / TOP FLANGE / TOP SLAB 

MAPE PE MAPE PE 

VAL-INT 1 8.7% 1.1% 5.1% 0.0% 
VAL-INT 2 10.4% 6.1% 8.6% 6.5% 
VAL-INT 3 12.2% 16.7% 11.2% 14.4% 
VAL-INT 4 4.0% -0.2% 5.8% 3.4% 
VAL-INT 5 7.2% 5.4% 6.6% 4.5% 
VAL-INT 6 4.3% -1.4% 4.9% 0.7% 
VAL-INT 7 24.7% 9.1% 19.6% 8.8%  

Table 19 
Bridge configurations for extrapolation models.  

MODEL Fire location Substructure configuration Width (m) Span (m) Vertical clearance (m) HRRPUA (kW/m2) 

VAL-EXT 1 Abutment Abutments 13.0 13 5 2400 
VAL-EXT 2 Mid-span Abutments 13.0 13 5 2400 
VAL-EXT 3 Abutment Abutments 13.0 30 5 2400 
VAL-EXT 4 Mid-span Abutments 13.0 30 5 2400  

J.D. Howard et al.                                                                                                                                                                                                                              



Engineering Structures 306 (2024) 117810

14

truck (under mid-span or adjacent to abutment/pier), and their formu-
lation is based on five parameters: four depend on the bridge (sub-
structure configuration, width, span and vertical clearance) and one on 
the type of fuel carried by the tanker (Heat Release Rate). The accuracy 
of the parametric fire curves is verified through validation against CFD 
models, affirming the robustness and reliability of the predictive models. 
The parametric curves are presented as straightforward mathematical 
expressions, facilitating their adoption by both practitioners and aca-
demics. This ease of use allows for the efficient assessment of the fire 
response in I-girder bridges, akin to established practices for other 
extreme load events. This contribution aligns with the progression of 
performance-based methods in bridge design, particularly in relation to 
fire hazards, and holds promise for strengthening bridge resilience in the 
face of fire incidents. 

Based on the findings of the present study, future work should 
include the following:  

• Perform further validation of the proposed parametric fire curves, to 
better establish the limits of their application for the studied pa-
rameters and confirm the models robustness. This could potentially 
lead to the proposal of suitable factors of safety that can negate any 
errors of the parametric fire curves when predicting steady state 
adiabatic temperatures.  

• Study the influence of additional parameters not considered in this 
study, such as I-girders depth and separation, and the size, shape and 
position of the fire source.  

• Analyze the adiabatic temperature distributions during under deck 
tanker fires in the transversal direction of I-girder bridges.  

• Address the development of similar parametric curves for other 
bridge types such as box girder and slab bridges. 

Supplementary material 

An Excel spreadsheet is available as supplementary material to 
directly obtain the values of the steady burning temperatures along the I- 
girder bridge for the two potential tanker truck positions considered. 
The spreadsheet also includes the calculation of the β coefficient defined 
in Eq. 3, with which the growth phase of the fire curves can be calculated 
using Eq. 2. 

CRediT authorship contribution statement 

Jethro David Howard: Writing – review & editing, Writing – orig-
inal draft, Visualization, Validation, Software, Methodology, Investiga-
tion, Data curation, Conceptualization. Ignacio Paya-Zaforteza: 
Writing – review & editing, Writing – original draft, Project 

Fig. 10. Comparison of steady burning adiabatic temperatures obtained using the proposed parametric fire curves and those obtained from FDS models for 
equivalent parameter values, for selected extrapolation models. 

Table 20 
MAPE results for steady burning adiabatic temperatures (considering all relative 
positions) and PE results for maximum steady burning adiabatic temperatures, 
for both bottom flange and web / top flange / top slab extrapolation models.  

MODEL BOTTOM FLANGE WEB / TOP FLANGE / TOP SLAB 

MAPE PE MAPE PE 

VAL-EXT 1 7.8% -2.5% 4.3% -0.9% 
VAL-EXT 2 5.5% -3.2% 6.0% -4.9% 
VAL-EXT 3 8.2% -1.8% 5.1% -2.3% 
VAL-EXT 4 6.2% 3.0% 1.3% -1.4%  

J.D. Howard et al.                                                                                                                                                                                                                              



Engineering Structures 306 (2024) 117810

15

administration, Methodology, Investigation, Formal analysis, Concep-
tualization. Guillem Peris-Sayol: Writing – review & editing, Software, 
Methodology, Investigation, Formal analysis, Conceptualization.. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgements 

This work was funded by CRUE-Universitat Politècnica de València. 
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