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EXECUTIVE SUMMARY  

When fire events occur, local transportation authorities and national agencies become increasingly aware 
of the impact of fire on their bridge inventories. This project provides design information that can  
complement and expand on Chapter 6 in National Fire Protection Association (NFPA) 5021 [1], with the 
goal of enabling bridge designers and owners to make informed decisions about fire mitigation based on 
the calculated response of the structural system to likely fire hazards. A performance-based evaluation and 
mitigation of severe fire hazards for highway bridges includes the following steps:   
 

(1) Characterize the size, proximity, and probability of a potential design basis fire. 
(2) If a structurally significant hazard is identified, model the fire and calculate the resulting thermal 

exposure to the bridge structure. 
(3) Evaluate the potential for fire-induced structural damage. 
(4) Determine practical mitigation measures based on available resources and risk tolerance.  

 
The information and techniques in this report can inform authorities having jurisdiction (AHJ) when 
evaluating the vulnerability of highway bridges to structurally significant fire hazards. This study address 
items (1) and (2) from the list above, namely the selection of a design fire exposure which accounts for 
likely hazards (such as vehicles passing under or near the bridge or stationary fuel sources that are stored 
or staged near the bridge). Thermal exposure from the design fire can define the thermal load in a 
performance-based structural-fire engineering evaluation of the bridge’s primary structural system. The 
following questions are addressed in this report. 

Are there any current specifications for bridge fire design? 

Fire is not explicitly addressed in the current American Association of State Highway and Transportation 
Officials (AASHTO) Bridge Design Specifications2 [2], nor is it addressed in most bridge design manuals 
that are maintained by state departments of transportation (DOTs). NFPA 5021 Chapter 6 [1] is applicable 
only for bridges more than 1000 ft. (300 m) in length even though most of the overpasses that have collapsed 
in the last 30 years have been shorter spans. Additionally, while long-span bridge projects often need an 
evaluation for fire hazards via a threat, vulnerability, and risk assessment (TVRA), short- and medium-span 
bridge projects such as the common highway overpasses impacted by the previously mentioned fire events 
typically include no such need. NFPA 5021 Section 6.3 states that “… the primary structural elements of 
bridges or elevated highways shall be protected to achieve the following functional requirements …”:  
 

a) support firefighter accessibility 
b) mitigate structural damage and prevent collapse 
c) minimize economic impact 

 
The document states that an “engineering analysis,” including the consideration of design fire scenarios and 
their proximity to the structure, is needed to determine whether the collapse of the bridge due to fire would 

 
 

1 Use of NFPA 502, Standard for Road Tunnels, Bridges, and Other Limited Access Highways, is not a Federal 
requirement. 

2 FHWA approves the use of the AASHTO LRFD Bridge Design Specifications 9th Edition, although the use is not 
required (see Memorandum dated April 11, 2022 at https://www.fhwa.dot.gov/bridge/structures/04112022.pdf). 

https://www.fhwa.dot.gov/bridge/structures/04112022.pdf
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have adverse impacts to life safety or other unacceptable impacts to functionality. NFPA 5021 Section 
A.6.3.2 suggests the following fire scenarios for consideration in the analysis:  
 

i. For bridges spanning moving traffic, the design fire scenario typically includes an HGV. 
ii. For bridges spanning a freeway or highway, the design fire scenario typically includes a flammable 

tanker. 
 

Beyond this information, little is provided regarding the available approaches and performance objectives 
for such an analysis. This report therefore addresses the development of structurally significant design fire 
exposures as input for the engineering analysis of a bridge based on its vulnerability to various fire scenarios.  

Why is it important to consider fire effects on bridge structures? 

Fires can cause significant damage to bridge structures, thus threatening user life safety as well as the 
functionality of the transportation network. Between 1980 and 2012, fire events caused bridge failure in the 
U.S. at an annualized rate that is consistent with other hazards such as earthquakes and construction defects 
[3–5]. Most of the fire-induced bridge failures in the United States (U.S.) from 1980 to 2023 have involved 
highway overpasses that are subjected to the effects of burning tanker trucks, heavy goods vehicles (HGVs), 
or a platooned combination of vehicles. These events include but are not limited to the near-collapse of an 
I-65 overpass near Birmingham, AL in 2002; the total collapse of a MacArthur Maze I-80/I-580/I-880 
interchange overpass in Oakland, CA in 2007; severe damage leading to demolition of a Route 22/322 
overpass at I-81 near Harrisburg, PA in 2013; and the collapse of an I-95 overpass just north of Philadelphia, 
PA in 2023. Fire hazards due to materials stored underneath bridges have also been highlighted by the total 
collapse of an I-85 overpass in Atlanta, GA in March 2017, where high-density polyethylene (HDPE) 
conduit stored under the overpass caught fire and caused the collapse of a 90-ft section of the overpass. A 
more comprehensive tabulation of fire-induced bridge failures in the U.S. from 1995 to 2023 is provided in 
this report. 

What input parameters are needed to characterize the fire? 

The following basic parameters are needed to characterize the intensity of the design fire: 
 

• Fuel types have different characteristics such as heat of combustion (i.e., calorific value per unit mass), 
mass loss rate, soot yield, etc. A fire fueled by a hydrocarbon fuel such as gasoline will generally be 
more intense and have a higher heat release rate (HRR) and flame height than a fire fueled by a 
cellulosic material such as wood. Fires from vehicle and other flammable solid materials involve an 
eclectic combination of fuels and is often approximated using a hydrocarbon fire equivalent based on 
the estimated peak HRR. 

• Total combustion energy represents the total amount of energy released via combustion of the fuels 
consumed by the fire and is typically expressed in units of megajoules. Most fires that threaten bridges 
are open air and are thus fuel controlled. The total combustion energy therefore is a contributing 
parameter to the duration of the fire hazard from ignition to burnout.  

• Footprint size refers to the area over which the fire has spread and is typically measured in square 
meters or square feet. A larger footprint offers more surface area for combustion of the available fuels, 
thus generating more intensity but with faster consumption of the fuel. 

What parameters characterize the intensity of fire effects on bridge structures? 
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Fire effects on structures can be characterized as a time history of either temperature exposure or heat flux 
exposure (typically in units of power per unit area or kW/m2). Temperature exposure is often used for 
enclosed spaces in buildings or tunnels due to the buildup of hot gases and the confinement of flames. Heat 
flux is more appropriate for the open-air fires that typically affect bridges unless the fire is significantly 
entrapped underneath the bridge, in which case the bridge would be evaluated more like a tunnel (per NFPA 
5021 Chapter 7). The following parameters are needed to calculate the heat flux imparted to a bridge’s 
structural elements from a nearby fire: 
 

• Heat release rate (HRR) is the rate at which energy is released by a fire and is typically expressed in 
units of megawatts. The peak HRR can characterize the intensity of the fire and is a function of the size 
and type of the fuel source. Details regarding the calculation of HRR are provided in Section 2.1 of this 
report. 

• Duration of the fire from ignition to burnout consists of three general stages: initial ramp up, peak 
HRR, and decay. Though the entire duration of the fire should be considered, the heat flux imparted to 
the structure during the time at peak HRR will have the most impact. Details regarding the development 
of the HRR time history are provided in Section 2.2.  

• Flame height is measured as the vertical distance from the fuel source to the top of the flames produced 
by the fire. Flame height will determine the location from which the fire emits radiative heat flux to the 
target structure. For fires underneath a bridge, flame heights that exceed the clearance from the fuel 
source to the structural elements will result in engulfment and high levels of directly applied heat flux. 
Details regarding the calculation of flame height are provided in Section 3.2. 

• Proximity and orientation of the fire to the bridge’s structural elements will determine the intensity 
and surface area of thermal exposure on those elements. Fires located directly underneath a bridge will 
generally impart more thermal exposure than fires located alongside the bridge elements. The distance 
and angle of orientation between the fire and the bridge, as well as any intervening barriers or structures, 
will influence the heat flux that is imparted to the structural elements.  

What tools can be used to calculate the thermal impact of fire hazards on bridge structures?  

Section 4 presents several common approaches that are used to model open-air fire hazards that impact 
bridges: (1) standard fire curves, (2) computational fluid dynamic (CFD) simulations, and (3) semi-
empirical models based on a combination of experimental data and first-principle calculations. Semi-
empirical models receive the most attention in this report since they are simpler to use than computationally 
intensive CFD models and provide significantly more detailed thermal exposure information than standard 
fire curves. 

How can the thermal exposure from a design fire be quantified as structurally significant? 

A structurally significant fire has sufficient intensity and proximity to the bridge such that the structural 
elements will be adversely impacted by the resulting thermal exposure. A risk-based method is proposed in 
this report via the following steps: (1) thermal-based damage assessment based on the type of primary 
structural elements; (2) development of structural damage influence zones based on the size of the fire; (3) 
quantification of fire frequency; and (4) calculation of thermal load (i.e., peak heat flux and fire duration) 
corresponding to a given reliability level.  The details of these steps are presented in Sections 5 and 6 of 
this report, which includes a case study for demonstration.  
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1 INTRODUCTION 

1.1 Recent history of bridge fire hazards 
As shown in Figure 1-1, several surveys of bridge failures in the U.S. between 1980 and 2012 [3–5] have 
indicated that, as expected, common hazards such as flooding, scour, collision, deterioration, and overload 
cause the majority of bridge failures.  Fire, however, causes failure at a rate comparable to or exceeding 
earthquakes and construction defects, both of which are addressed much more extensively in current 
practice via design, inspection, and mitigation. To date, fire exposure has typically received far less 
attention and fewer resources as a subject for bridge research and a hazard consideration for bridge design 
and retrofit than all other hazards shown in Figure 1-1.  

 

Figure 1-1: Chart. Percentages of bridge failures categorized by primary hazard per surveys of U.S. 
bridges. 

 

A list of major fire incidents that have affected both steel and concrete bridges in the U.S. from 1995 to 
2023 is tabulated in Table 1-1 through Table 1-4. The severity of bridge damage resulting from a fire hazard 
depends on the (1) fire intensity, (2) fire location relative to the bridge, and (3) bridge construction type. 
For instance, it is clear from Table 1-1 that the tanker fire or truck fire underneath the bridge is much more 
likely to cause severe bridge damage up to potential collapse. On the contrary, fire hazards on a bridge deck 
can cause relatively minor damage even when the tanker trunk is involved. Hence, these factors should be 
considered in a performance-based bridge fire analysis.    
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Table 1-1: Summary of major fire incidents for bridges in the U.S. from 1995-2005 [6–11]. 

Bridge/location 
Date of 

fire 
incident 

Fire source 
Relative 
Location 

Material type 
used in structural 

members 
Damage description 

Damage 
level 

I-80W/I-580E 
ramp in 
Emeryville, CA 

02/05/95 A gasoline tanker Over 
 Steel girders + 

reinforced 
concrete slab 

Deck, guard rail and 
some ancillary 
facilities were 

damaged 

Minor 

I-95 Chester 
Creek, PA 05/24/98 

A gasoline tanker 
truck carrying 
8,000 gallons 

crashed 

Underneath 
Steel girders + 

reinforced 
concrete slab 

Steel girders were 
severely damaged 
and twisted due to 

fire 

Heavy 

37 Expressway 
near I-95, RI 

07/20/00 

A gasoline tanker 
truck carrying 
1,000 gallons 
turned over 

Over 
Concrete girders+ 

reinforced 
concrete slab 

The bridge girders 
severely damaged 

and eventually 
replaced 

Heavy 

I-80, Denville, 
NJ 

06/24/01 A truck crashed Underneath 
Concrete girders+ 

reinforced 
concrete slab 

Bridge girders were 
severely damaged 
and the bridge was 

replaced 

Heavy 

I-20/I-59/I-65 
interchange in 
Birmingham, 
AL 

01/05/02 A loaded gasoline 
tanker crashed 

Underneath 
Steel girders+ 

reinforced 
concrete slab 

Main span of girders 
sagged about 3 
meters (10 feet) 

Collapse 

Puyallup River 
Bridge, 
Olympic, WA 

12/11/02 
A tanker carrying 
30,000 gallons of 
methanol crashed  

Underneath 

 Precast 
prestressed I 

girders + cast in 
place reinforced 

concrete slab 

Two columns and 15 
girders were 
damaged and 

replaced 

Heavy 

I-95 Howard 
Avenue 
Overpass in 
Bridgeport, CT 

03/26/03 

A car struck a 
truck carrying 

8,000 gallons of 
heating oil 

Underneath 
 Steel girders + 

reinforced 
concrete slab 

Collapse of the 
girders of southbound 

lanes and partial 
collapse of the 

northbound lanes 

Collapse 

I-95, Baltimore, 
MD 01/13/04 

A truck crashed on 
the bridge and 
caught on fire 

Over 
Concrete girders+ 

reinforced 
concrete slab 

Minor damage Minor 

I-75 Big Slough 
Canal, FL 02/03/04 

A truck crashed 
underneath the 

bridge 
Underneath 

Steel girders + 
reinforced 

concrete slab 

Minor structural 
damage Minor 

Bridge over the 
Norwalk River 
near Ridgefield, 
CT 

07/12/05 
A tanker truck 

carrying 33,000 
gallons of gasoline 

Underneath 

 Precast pre-
stressed box 

girders + cast in 
place reinforced 

concrete slab 

The deck was 
replaced, and its 

beams were tested by 
the FHWA 

Heavy 
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Table 1-2: Summary of major fire incidents for bridges in the U.S. from 2006-2008 [6–11]. 

Bridge/location 
Date of 

fire 
incident 

Fire source 
Relative 
location 

Primary structural 
members 

Damage description 
Damage 

level 

Belle Isle 
Bridge in NW 
Expressway, 
Oklahoma City, 
OK 

01/28/06 A truck crashed 
into the bridge 

Beside 

Precast pre-
stressed I girders 

+ cast in place 
reinforced 

concrete slab 

Concrete girders 
were slightly 

damaged by the fire. 
The safety of the 

bridge was assessed, 
and the bridge was 
reopened to traffic  

Minor 

Williams River 
bridge in Bill 
Williams, AZ 

07/28/06 

A tanker carrying 
7,600 gallons 

diesel crashed on 
the bridge (fuel 

spilled) 

Underneath 

Precast pre-
stressed I girders 

+ cast in place 
reinforced 

concrete slab 

Three concrete 
girders were 

damaged 
Heavy 

I-80/I-580/I-880 
interchange in 
Oakland, CA 

04/29/07 
A gasoline tanker 

crashed 
Underneath 

Steel girders + 
reinforced 

concrete slab  

Two spans of I-580 
bridge girders 

collapsed 
Collapse 

Longfellow 
Bridge, Boston, 
MA 

05/02/07 Debris Underneath Steel arch 
No damage was 

reported Superficial  

Stop Thirty 
Road, State 
Route 386 
Nashville, TN 

06/20/07 
A fuel tanker truck 

rear-ended a 
loaded dump truck 

Underneath 
Concrete hollow 
box girder bridge 

The bridge sustained 
very little damage 

and traffic was 
reopened after minor 

repairs 

Minor 

Bill Williams 
River Bridge, 
AZ 

06/20/07 
A gasoline tanker 

over-turned Underneath 

Precast pre-
stressed I girders 

+ cast in place 
reinforced 

concrete slab 

Concrete girders 
were damaged by the 
fire and subsequently 
repaired, but it was 

not necessary to 
replace any of the 

girders 

Moderate 

Tappan Zee 
Bridge, over 
Hudson River, 
NY 

07/02/07 A car struck a 
tractor-trailer 

Beside 
Steel truss, 

cantilever type 
bridge 

Minor structural 
damage 

Minor 

Big Four 
Bridge, 
Louisville, KY 

05/07/08 
Electrical problem 

of the lighting 
system 

Beside Steel truss bridge 

Minor structural 
damage resulting in 

large amount of 
debris on the bridge 

Minor 
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Table 1-3: Summary of major fire incidents for bridges in the U.S. from 2009-2017 [6–11]. 

Bridge/location 
Date of 

fire 
incident 

Fire source 
Relative 
location 

Primary structural 
members 

Damage description 
Damage 

level 

I-10 Escambia 
Bay, FL 06/04/09 

A truck crashed on 
the bridge Over 

Concrete girders 
+ reinforced 
concrete slab 

Minor damaged of 
the concrete deck Minor 

Manhattan 
Bridge, NYC, 
NY 

07/08/09 A truck crashed on 
the bridge 

Over Suspension No damage was 
reported 

Minor 

Bridge over I-75 
near Hazel Park, 
MI 

07/15/09 A gasoline tanker Underneath 
 Steel girders + 

reinforced 
concrete slab 

Complete collapse of 
the bridge to the 
freeway below 

Collapse 

Throgs Neck 
Bridge, NYC, 
NY 

07/21/09 Construction fire Underneath 
Steel girders + 

reinforced 
concrete slab 

Some steel girders 
were damaged 

Heavy 

I-10 Bayway in 
Mobile, AL 

09/02/09 
A truck crashed on 

the bridge and 
caught into fire 

Over Concrete girders Minor damage of the 
concrete deck 

Minor 

Metro-North 
railroad bridge 
over Harlem 
River, NY 

09/20/10 

Explosion in 
power transformer 
caused burning of 

wood pilings 

Underneath Steel truss bridge 
Minor structural 
damage of truss 

members 
Minor 

Bridge over 
State Route 60, 
Los Angeles, 
CA 

12/14/11 
A tanker truck 
carrying 8,000 

gallons of gasoline 
Underneath 

 Precast pre-
stressed I girders 

+ cast in place 
reinforced 

concrete slab 

Concrete girders 
were damaged 

significantly by the 
fire. The bridge was 

demolished and 
replaced 

Heavy 

I-375 bridge 
over I-75 in 
Detroit, MI 

05/24/15 

A gasoline tanker 
carrying 9,000 
gallons crashed 
over the bridge 

Over 
 Steel girders + 

reinforced 
concrete slab 

Concrete deck was 
damaged 

significantly by the 
fire. Also, the steel 
girders experienced 

some damage 

Moderate 

Liberty Bridge, 
Pittsburgh, PA 

09/02/16 Burning of plastic 
piping 

Underneath Steel cantilever 
bridge 

Intense heat had 
caused a 30-foot 
(9 m) steel beam 

(compression chord) 
to buckle 

Heavy 

Highway 
overpass on I-85 
in Atlanta, GA 

03/30/17 

Combustion of 76 
reels of high-

density 
polyethylene 

conduit and nine 
racks of fiberglass 

conduit 

Underneath 
Pre-stressed bulb-

T girder 

Span 30 NB 
collapsed. Two 

adjacent spans were 
replaced 

Collapse 
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Table 1-4: Summary of major fire incidents for bridges in the U.S. from 2018-2023 [6–11]. 

Bridge/location 
Date of 

fire 
incident 

Fire source 
Relative 
location 

Primary structural 
members 

Damage 
description 

Damage 
level 

Brent Spence 
Bridge, I-71/75 
over the Ohio 
River, 
Cincinnati, OH 

11/11/20 
Two semi-trucks 

caught collided and 
caught on fire 

Underneath 
(Lower 
deck of 
double-

deck truss) 

Through truss with 
a suspended center 

span 

Two spans of 
upper deck 

stringers and deck 
had to be 
replaced 

Minor 

I-95 highway 
overpass, 
Philadelphia, 
PA 

06/11/23 

A gasoline tanker 
carrying 8,500 

gallons crashed over 
the bridge 

Underneath 
Steel girders + 

reinforced concrete 
slab 

North bound 
bridge span 

collapse, adjacent 
south bound span 

replaced 

Collapse 

 

1.2 Existing specifications and research development 

Fire is not explicitly addressed in the AASHTO Load Resistance Factor Design (LRFD) Bridge Design 
Specifications, 9th Edition2 [2], nor is it in most bridge design manuals curated by state departments of 
transportation (DOTs) or other authorities having jurisdiction (AHJ). The most significant national 
reference addressing the design of bridges exposed to fire is provided by NFPA 5021 Chapter 6 [1], which 
applies only to bridges more than 1,000 ft. (300 m) in length. However, most of the overpasses that have 
collapsed from 1995 through 2023 were shorter than 1,000 ft. (300 m) (as shown in Table 1-1). NFPA 5021 
Section 6.3 states that the primary structural elements of bridges or elevated highways shall be protected to 
achieve the following functional requirements: (1) support firefighter accessibility; (2) mitigate structural 
damage and prevent collapse; and (3) minimize the economic impact. The document states that an 
“engineering analysis,” including the consideration of design fire scenarios and their proximity to the 
structure, is needed to determine whether the collapse of the bridge due to fire would have adverse impacts 
to life safety or other unacceptable implications. However, little information is provided regarding the 
available approaches and performance objectives for such an analysis. 

1.3 Proposed framework 
When fire events occur, local transportation authorities and national agencies become increasingly aware 
of the impact of fire on their bridge inventories. Complementing NFPA 5021 Chapter 6 [1] with this report 
can help bridge designers and owners to make informed decisions about assessing the risk of the 
consequences from fire events based on the calculated response of the structural system to likely hazards. 
Though a wider range of methods are introduced, this study focuses on simpler design-basis tools that are 
computationally efficient and provide conservative evaluations of fire-induced behavior. The size and 
likelihood of the fire, its proximity to a given bridge, and the thermo-structural response of the bridge are 
considered in the approach. Fire hazards primarily focus on vehicle fires, though nearby material storage 
or other structures are also considered. The relative likelihood of vehicle fire hazards will consider 
proximity of the bridge to these hazards as well as the frequency or probability of their associated fires.  
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2 FIRE INTENSITY 
Fire hazards that affect bridges are typically considered open-air, meaning that they are fuel-controlled and 
are assumed to have unlimited amounts of oxygen available for combustion (i.e., these fires are not 
ventilation controlled). Fires that are located underneath a bridge and are partially confined by the bridge 
superstructure overhead would still classify as an open-air fire since plenty of oxygen is available for 
combustion; although the fire and associated hot gases and smoke may directly impinge on the structural 
members. In this section, the intensity of design basis of open-air fire hazards is described in terms of peak 
heat release rate (HRR) (i.e., peak magnitude of the fire) and HRR time history (i.e., fire duration).  

The fuel sources for fire potential design basis scenarios can include vehicles, hydrocarbon fuels 
(transported or stationary in storage), and other combustible solid fuels (also transported or stationary). 
NFPA 5021 Chapter 6 (through the 2023 edition) [1] does not explicitly define any design fire scenarios for 
bridges. NFPA 5021 Section A.6.3.2 suggests the following: (1) for bridges spanning moving traffic, the 
design fire scenario typically includes an HGV; and (2) for bridges spanning a freeway or interstate 
highway, the design fire scenario typically includes a flammable liquid tanker. No information is provided 
regarding the proximity of the bridge to the potential fire source or the intensity of fire exposure from that 
fire. This section directly addresses this need by developing a design basis for open-air fire scenarios. Note 
that per NFPA 5021 Section 6.1.2, bridges or spaces under bridges that are fully enclosed and meet the 
definition of a tunnel per NFPA 5021 Section 7.2 would instead be evaluated as a tunnel structure per NFPA 
5021 Chapter 7. The design basis provided in this report is not intended for bridge-like structural enclosures 
governed by NFPA 5021 Chapter 7.  

2.1 Peak heat release rate (HRR) 
Determining the HRR of a design basis fire primarily depends on the combustion properties of the materials 
that are involved. For some widely studied fuels, such as liquid hydrocarbons, semi-empirical calculations 
can determine the HRR reliably using well characterized material properties. Fires that include vehicles or 
a combination of materials (such as tires, fabrics, plastics, computerized components, batteries, solid cargo, 
cellulosic material, or other combustible material) are more challenging to quantify due to uncertainties 
regarding actual quantity, combustion properties, and the ratio of fuel volume to exposed surface area. HRR 
calculations for these types of fires will rely more on an inventory method approach or the results of fire 
tests that examine the combustion of whole vehicles or a realistic combination of solid fuels.  

2.1.1 Vehicle fires 
Table A.11.4.1 in NFPA 5021 Annex A [1] lists HRR values for several classes of vehicle fires, which are 
reproduced here in Table 2-1. These vehicle classes range from single passenger cars up to heavy goods 
vehicles (HGVs, which can carry a wide assortment of potential fuels) and tanker trucks carrying flammable 
liquids. Note that the design fire HRRs in the 2017 edition of NFPA 5021 [12] increased compared to 
previous editions based on the inclusion of new experimental data. The specified HRRs in Table 2-1 apply 
to bridges as a starting point for developing a design basis fire intensity for vehicles on nearby roadways 
(especially for roads that pass underneath a bridge). Note that the data used to develop the HRRs in Table 
2-1 were obtained from large-scale fire tests in laboratories and tunnels. Pending the availability of a similar 
compilation of open-air fire test results, the HRRs in Table 2-1 can provide an appropriate representation 
of design basis HRRs for vehicle fires that impact bridges. 
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Table 2-1: Peak heat release rates (HRR) for vehicle fires per NFPA 5021 [1]. 

Vehicles 
Experimental  

Peak HRR 
(MW) 

Experimental  
Time to Peak HRR 

(min) 

Representative  
Peak HRR 

(MW) 

Representative 
Time to Peak HRR 

(min) 
Passenger car3 5-10 0-54 8 10 

Multiple passenger car 10-20 10-55 15 20 
Bus 25-34 7-14 30 15 

Heavy goods truck 20-200 7-18 150 15 
Flammable tanker 200-300 - 300 - 

 

As an alternative to Table 2-1, semi-empirical correlations between vehicle weight and associated fire HRR 
can be developed using the results of fire testing. For example, Guo et al. [15] developed a fit equation to 
correlate vehicle combustible mass, m (kg), with the fire’s peak HRR, 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 (MW), based on the results 
of fire tests summarized in Table 2-2 and Table 2-3:  

𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎∙𝑚𝑚
𝑏𝑏+𝑚𝑚

               (2-1) 

where the constants a and b have the values of 441.3 and 14,380, respectively [13]. The combustible mass 
for each vehicle type is assumed to vary from 30% of the vehicle tare weight to a maximum of the full 
payload capacity of the vehicle plus 30% of the tare weight. The combustible mass and corresponding 𝑄̇𝑄𝑚𝑚𝑚𝑚𝑚𝑚 
for each generic type of vehicle per Guo et al. [13] are summarized in Table 2-4. 

The total combustion energy 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡  (GJ) for vehicle fires could be calculated as a function of the peak HRR 
given the data in Table 2-3 and Table 2-4. The data used by Ingason [16] to develop the aforementioned 
tunnel fire design curves also utilized a different set of large-scale vehicle fire experiments and is used to 
generate an “upper bound” regression (𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡

𝑢𝑢𝑢𝑢 , plotted with dashed line in Figure 2-1), while experimental 
data collated by Guo et al. [13] was used to develop a “lower bound” regression (𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙, plotted with solid 
line in Figure 2-1): 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝑢𝑢𝑢𝑢 = 3.31 ∙ 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

1.066                (2-2a) 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙 = 16.47 ∙ 𝑒𝑒0.01257∙𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚             (2-2b) 

  

 
 

3 Fire tests on passenger cars have historically been conducted on those with conventional internal combustion 
(gasoline or diesel) engines [13]. Recent fire tests by Sturm et al. [14] on electric vehicles powered by lithium ion 
batteries produced peak heat release rates that did not exceed the 10 MW upper bound per NFPA 502 [1]. 
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Table 2-2: Summary of published data from vehicle fire tests for lower bound for total combustion 
energy estimation. 

Combustible content involved 
Estimated 

combustible 
weight (kg) 

Theoretical 
calorimetric 
energy (GJ) 

Peak HRR 
(MW) 

Source 

Car: Trabant Limousine 209 3.1 3.7 [17] 
Car: Rover-Austin Metro LS 268 3.2 1.7 [17] 

Car: Citroen BX 16RE 320 8 4.6 [17] 
Pickup Truck: Wood Pallets 1937 26 24 [18] 
Pickup Truck: Wood Pallets 1937 26 21 [18] 
Pickup Truck: Plastic Barrels 1499 25 47 [18] 

School bus with 40 seats 1565 41 29 [19] 
HGV: Trailer + Furniture 3565 87 128 [19] 
HGV: Trailer + Margarine 1965 35 23 [20] 

Wood Pallets + Plastic Pallets 5460 99.2 150 [21] 
Diesel 166.4 6.7 6 [22] 

HGV: Wood Pallets + PE plastic pallets + 
Polyester Tarpaulin 

11010 244 202 [22] 

HGV: Wood Pallets + PUR Mattresses + 
Polyester Tarpaulin 

6853 135 157 [22] 

HGV: Furniture and fixtures + Rubber tires + 
Polyester Tarpaulin 

8506 179 119 [22] 

HGV: Wood Pallets + Corrugated paper 
cartons with interiors + Unexpanded 

polystyrene cups+ Polyester Tarpaulin 
2849 62 66 [22] 

10 HGV 71630 1500 370 [23] 
14 HGV, 9 cars 102431 2145 380 [23] 

 

 

Table 2-3: Summary of published data from vehicle fire tests for upper bound for total combustion 
energy estimation [16]. 

Combustible content involved 
Theoretical 
calorimetric 
energy (GJ) 

Estimated 
peak HRR 

(MW) 
2-3 cars 17 8 

Van 38 15 
HGV: no "hazardous goods" 144 30 

HGV: with high calorific potential 450 100 
Tanker 960 200 
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Table 2-4: Representative combustible mass and peak HRR for common vehicle fires [13]. 

Vehicle types 
Combustible 
Mass: Mean 

(kg) 

Combustible 
Mass: Std. 
Dev. (kg) 

Peak HRR: 
Mean 
(MW) 

Peak HRR: 
Std. Dev. 

(MW) 
Motorcycle 145 30 4 1 

Car 1143 272 32 7 
Pick-up Truck/Van 1977 514 52 11 

Bus 9283 2748 170 23 
HGV (2 Axle) 7923 2294 154 22 
HGV (3 Axle) 12200 3545 199 23 
HGV (4 Axle) 14803 4027 220 21 
HGV (5 Axle) 16327 4535 231 21 
HGV (6 Axle) 16327 4535 231 21 
HGV (7 Axle) 16327 4535 231 21 

 

 
Figure 2-1: Graph. Estimated total combustion energy of vehicle fires with respect to HRR (upper 

bound, UB, per Ingason [16]; lower bound, LB, per Guo et al. [13]). 

 

2.1.2 Hydrocarbon pool fires 
As shown in Section 1, most of the severe bridge fire incidents from 1993 to 2023 have involved tanker 
trucks carrying large volumes of hydrocarbon fuel. Section 2.1.1 presents a representative HRR for a tanker 
truck, but methods exist to directly calculate the HRR of a hydrocarbon pool fire based on the fuel type, 
volume, and footprint. The pool footprint area and shape are associated with the fuel that is either contained 
within the tanker or spills onto the ground. Variables that affect the footprint area and shape include the 
assumed spill rate, the slope of the roadway, the presence of drainage, etc. For many fuel spills, a rectangular 
or trapezoidal footprint can account for sloping pavement in either one or two directions, respectively. The 
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footprint shape discussed here will focus on a rectangular shape for simplification. Note that the methods 
discussed here could also directly calculate the HRR of stationary storage tanks that contain liquid fuel. 

Most of the available calculations for hydrocarbon pool fire characteristics are based on a circular pool 
footprint shape, which was used to generate the majority of pool fire test data in the published literature 
[24]. Similar expressions for non-circular pool fires are not widely available. Since the pool fire diameter, 
𝐷𝐷𝑓𝑓 (m), is a needed variable for most semi-empirical calculations, an effective diameter 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 (m) based 
on the equivalent area of the rectangular footprint can be obtained as follows: 

𝑖𝑖𝑖𝑖 𝐿𝐿𝑓𝑓/𝑊𝑊𝑓𝑓 ≤ 2.5,𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 = (4 ∙ 𝐴𝐴𝑓𝑓/𝜋𝜋)0.5          (2-3a) 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 = (4 ∙ 2.5 ∙ 𝑊𝑊𝑓𝑓
2/𝜋𝜋)0.5                (2-3b) 

where 𝐴𝐴𝑓𝑓  (m2), 𝐿𝐿𝑓𝑓  (m), and 𝑊𝑊𝑓𝑓 (m) are the area, length (long edge dimension), and width (short edge 
dimension) of the rectangular pool fire footprint, respectively. These parameters are illustrated in Figure 
2-2. Previous studies have indicated that using 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 for areas with aspect ratios greater than 2.5 may lead 
to inaccuracy when using the semi-empirical equations based on circular pools [25]. For rectangular fire 
footprints with an approximate aspect ratio (long edge to short edge) greater than 2.5, 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 is calculated 
by limiting the length to 2.5 times the width.  

 

Figure 2-2: Illustration. Equivalent pool fire footprint. 
 

The peak HRR 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 of a hydrocarbon pool fire can be calculated as follows [26]: 

𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚̇𝑚∞
" ∙ ∆𝐻𝐻𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐴𝐴𝑓𝑓 ∙ (1 − 𝑒𝑒−𝜅𝜅𝜅𝜅∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒)           (2-4) 

where 𝑚̇𝑚∞
"  is the maximum mass loss rate per unit area (kg/m2-sec), ∆𝐻𝐻𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒  is the effective heat of 

combustion (kJ/kg), and 𝜅𝜅𝜅𝜅 is an empirical coefficient (m-1). The value of  𝐴𝐴𝑓𝑓 for Eq. (2-4) is calculated as 
𝜋𝜋(𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒/2)2, from the appropriate equation from Eq. (2-3). The values of these parameter are determined 
by the fuel type can be found in various reference manuals [26,27]. For example, gasoline has the following 
values: 𝑚̇𝑚∞

"  = 0.055±0.002 kg/m2-sec; ∆𝐻𝐻𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒 = 43,700 kJ/kg, and 𝜅𝜅𝜅𝜅 = 2.1±0.3 m-1. 

Lf

Wf
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2.1.3 Solid material fires: Inventory method 
Beyond vehicle-based or hydrocarbon fuel fires, fire hazards for bridges can also include materials that are 
stored near, under, or on the bridge. For example, numerous reels of high-density polyethylene conduit that 
was stored underneath an I-85 overpass in Atlanta, GA caught fire in March 2017, causing the total collapse 
of the bridge span overhead [28]. A similar incident in November 2023 damaged overpasses on I-10 in Los 
Angeles, CA. As a result, the National Transportation Safety Board (NTSB) [29] and FHWA [30] both 
issued bulletins to raise awareness among bridge owners and designers regarding the concern of storing 
flammable materials underneath a bridge. As indicated in Table 1-1, the relative location of the potential 
fire hazard to the bridge is critical when identifying design basis fire scenarios. The summary in Section 1 
identified that fire hazards underneath the bridge cause much more severe structural damage compared to 
fires located on the bridge deck.  

The inventory method can calculate the total combustion energy of stored or stationary fuel sources. The 
total combustion energy is calculated by tabulating and summing the contributions of each material quantity 
to the combustion process. Inventory methods are widely accepted for estimating the fuel load for fire safety 
assessment of buildings [31,32]. This method was also applied for a study of a multi-span straight steel 
girder overpass bridge subjected to fire from a construction trailer underneath [33]. In that study, the total 
combustion energy was calculated as the summation of calorimetric energy for the quantity and type of 
combustion materials associated with a typical construction trailer, including the office housed inside. Table 
2-5 provides a summary of the fuel constituents for the construction trailer from that study [33].  

Due to natural combustion inefficiencies, not all the fuel load energy is converted into heat release.  The 
peak HRR therefore is calculated using empirical expressions.  For example, Ingason and Lonnermark [34] 
performed four large-scale fire tests in a tunnel on fuels ranging from wood pallets to furniture to corrugated 
paper cartons, with total fuel load ranging from 62 GJ to 247 GJ.  These tests showed a range of peak HRR 
(𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ) per unit of fuel combustion energy from 0.85 MW/GJ to 1.15 MW/GJ. Another study by 
Lonnermark and Ingason [35] produced values of 0.5 MW/GJ to 1.2 MW/GJ for various types of burning 
vehicles including passenger cars and buses. For the study of the construction trailer fire scenario, an 
average value of 0.7 MW/GJ was used to represent the trailer and its contents. A similar approach could 
empirically convert total calorimetric energy of combustion materials to peak HRR when implementing an 
inventory method approach for other fuels whose fires may impact bridges. 
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Table 2-5: Example fuel load estimation for a typical construction trailer (adapted from [33]). 

Component Material Length 
(m) 

Width 
(m) 

Thick. 
(mm) 

Mass  
(kg) 

Heat of 
Combustion 

(MJ/kg) 

Fuel Load 
Energy  
(MJ) 

Floor OSB plywood  3.66 17.1 31.8 1,784 20.0 35,679 

Floor R20 fiberglass 
insulation --  -- -- -- -- none 

Floor 
15.8-mm 
plywood 
decking 

3.66 17.1 15.9 892 20.0 17,840 

Walls 
30G 

galvanized 
steel siding 

--  -- -- -- -- none 

Walls 
9.5-mm 
plywood 
sheathing 

41.5 4.11 9.50 1,462 20.0 29,244 

Walls R12 fiberglass 
insulation -- -- -- -- -- none 

Walls Poly vapor 
barrier -- -- -- -- -- none 

Walls Prefinished 
wood paneling 41.5 4.11 19.1 2,924 20.0 58,488 

Roof White PVC 
membrane 3.66 17.1 72.0 158 17.0 2,679 

Roof 
12.7-mm 
plywood 
sheathing 

3.66 17.1 12.7 714 20.0 14,272 

Roof R20 fiberglass 
insulation -- -- -- -- -- none 

Roof Poly vapor 
barrier -- -- -- -- -- none 

Roof 
12.7-mm 

prefinished 
fiberboard 

3.66 17.1 12.7 793 20.0 15,857 

 TOTAL       8,727 kg  174,059 MJ 
 

2.2 HRR time history  

The total amount of heat energy exposure for a bridge under fire is a function of the fire duration, including 
its growth, peak, and decay phases. The peak HRR addressed in Section 2.1 can be used to develop an HRR 
time history and calculate the total fire exposure and resulting temperature increase in the structural 
elements of a bridge. Most of the published approaches for developing HRR time histories focus on tunnel 
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fires and were developed using large-scale tests in tunnels and laboratories. The tunnel-focused expressions 
presented below can provide a generally conservative approximation of an open-air fire duration, which 
would not be expected to exceed a comparable tunnel fire duration due to increased availability of oxygen 
and a lack of confinement.  

2.2.1 Linear curve for vehicle fires 
Based on French tunnel design standards [16,36,37], the fire HRR can be assumed to have a linear growth 
rate, 𝛼𝛼𝑔𝑔,𝐿𝐿 (kW/s), from time zero to 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 (sec), followed by a constant peak HRR (𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚) value up to the 
time 𝑡𝑡𝐷𝐷  (sec), after which the HRR begins a linear decay rate, 𝛼𝛼𝐷𝐷,𝐿𝐿  (kW/s), to zero at 𝑡𝑡𝑑𝑑  (sec), which 
represents the total duration: 

𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝑡𝑡 ≤ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,              𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝛼𝛼𝑔𝑔,𝐿𝐿 ∙ 𝑡𝑡         (2-5a) 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 < 𝑡𝑡 ≤ 𝑡𝑡𝐷𝐷 ,  𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚         

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝐷𝐷 < 𝑡𝑡 ≤ 𝑡𝑡𝑑𝑑 ,       𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛼𝛼𝐷𝐷,𝐿𝐿 ∙ (𝑡𝑡 − 𝑡𝑡𝐷𝐷) 

𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

𝛼𝛼𝑔𝑔,𝐿𝐿
              (2-5b) 

𝑡𝑡𝐷𝐷 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 −
𝛼𝛼𝑔𝑔,𝐿𝐿∙𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚

2

2∙𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚
− 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

2∙𝛼𝛼𝐷𝐷,𝐿𝐿
          (2-5c) 

𝑡𝑡𝑑𝑑 = 𝑡𝑡𝐷𝐷 + 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

𝛼𝛼𝐷𝐷,𝐿𝐿
            (2-5d) 

where 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 (kJ) is the total combustion energy. The parameters used in these equations are illustrated in 
Figure 2-3a.  The rates of growth rate and decay differ according to the vehicle types, as summarized in 
Table 2-6. The example linear HRR time history curve for vehicle fire with peak HRR 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 = 30 MW 
and total combustion energy 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡  = 144 GJ is shown in Figure 2-3a. The values of the linear growth and 
decay rates are chosen to be 𝛼𝛼𝑔𝑔,𝐿𝐿 = 50 kW/s and 𝛼𝛼𝐷𝐷,𝐿𝐿 = 16.7 kW/s, respectively. 

Table 2-6: Vehicle input data for linear HRR time [16]. 

Type of vehicle 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 
(GJ) 

𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚  
(MW) 

𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 
(min) 

𝑡𝑡𝐷𝐷 
(min) 

𝑡𝑡𝑑𝑑 
(min) 

𝛼𝛼𝑔𝑔,𝐿𝐿 
(kW/s) 

𝛼𝛼𝐷𝐷,𝐿𝐿 
(kW/s) 

2-3 cars 17 8 5 25 45 27 6.7 

1 van  38 15 5 35 55 50 12.5 

1 HGV  
(no hazardous material) 

144 30 10 70 100 50 16.7 

1 HGV with high calorific potential 
(no hazardous material) 

450 100 10 70 90 167 83 

1 tanker 
(with hazardous material) 

960 200 10 70 100 333 112 

 



  

 
ATLSS Report 24-02          Characterizing Design-Basis Fire Exposure for Highway Bridges 14 

            

(a) Linear curve      (b) Quadratic curve 

   

(c) Exponential curve      (d) Exponential curve with peak HRR plateau 

Figure 2-3: Graphs. Example plots of HRR time history for a light HGV fire with Q̇f,max = 30 MW 
and Etot = 144 GJ. 

 

2.2.2 Quadratic curve for vehicle fires  
Ingason [16] proposed a time-dependent design fire curve for different types of vehicles with a quadratic 
growth from time zero to 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚  (sec), a constant peak HRR ( 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ) value to the 𝑡𝑡𝐷𝐷  (sec), and an 
exponential decrease from the peak HRR value to zero. If  𝑡𝑡𝐷𝐷 ≤ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 , then no constant peak HRR period 
is obtained.  

𝑓𝑓𝑓𝑓𝑓𝑓 0 ≤ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚:                       𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝛼𝛼𝑔𝑔,𝑞𝑞 ∙ 𝑡𝑡2         (2-6a) 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 < 𝑡𝑡 < 𝑡𝑡𝐷𝐷:    𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚         

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡 ≥ 𝑡𝑡𝐷𝐷:                   𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑒𝑒−𝛼𝛼𝐷𝐷,𝑞𝑞∙(𝑡𝑡−𝑡𝑡𝐷𝐷) 
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𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 = (𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚/𝛼𝛼𝑔𝑔,𝑞𝑞)0.5              (2-6b) 

𝑡𝑡𝐷𝐷 = 𝜒𝜒∙𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

+ 2
3
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 −

1
𝛼𝛼𝐷𝐷,𝑞𝑞

           (2-6c) 

where χ is the combustion efficiency (conservatively taken as unity). The parameters used in the equations 
are illustrated in Figure 2-3b. The values of the growth rate (𝛼𝛼𝑔𝑔,𝑞𝑞 in kW/s2) and decay rate (𝛼𝛼𝐷𝐷,𝑞𝑞 in s-1) varies 
according to vehicle types (see Table 2-7). An example quadratic HRR time history curve for a light HGV 
fire per Table 2-6 with peak HRR 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚= 30 MW and total combustion energy 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡=144 GJ is plotted in 
Figure 2-3b. Values for the growth rate 𝛼𝛼𝑔𝑔,𝑞𝑞 and decay rate 𝛼𝛼𝐷𝐷,𝑞𝑞 in this case taken as 0.1 kW/s2 and 0.0007 
s-1, respectively, for a vehicle fire with 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚= 30 MW in Table 2-7.  

Table 2-7: Design parameters for creation of design fire for traffic vehicles [16]. 

Type of vehicle 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚  (MW) 𝛼𝛼𝑔𝑔,𝑞𝑞 (kW/s2) 𝛼𝛼𝐷𝐷,𝑞𝑞 (s-1)  

Car 4 0.01 0.001 
Bus 30 0.1 0.0007 
Truck* 15-130 - - 
Train 15 0.01 0.001 
Subway car 35 0.3 0.001 

 *Since the fire load of a truck may vary greatly, no attempt was made to determine 𝛼𝛼𝑔𝑔,𝑞𝑞 and 𝛼𝛼𝐷𝐷,𝑞𝑞 
 

2.2.3 Exponential curve for vehicle fires  

Ingason [16] also proposed a method to estimate the HRR given as a single exponential function of time 
instead of three functions with sequential time intervals. This approach is only applicable to fuel-controlled 
fires and fires with a small or negligible constant peak HRR period. The inputs for this expression include 
the peak HRR (𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚) and the total calorific value (𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡): 

𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑛𝑛 ∙ 𝑟𝑟 ∙ (1 − 𝑒𝑒−𝑘𝑘∙𝑡𝑡)(𝑛𝑛−1) ∙ 𝑒𝑒−𝑘𝑘∙𝑡𝑡         (2-7a) 

𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 = ln(𝑛𝑛) /𝑘𝑘            (2-7b) 

𝑡𝑡𝑑𝑑 = −ln (1 − 𝛽𝛽𝑑𝑑
1/𝑛𝑛)/𝑘𝑘           (2-7c) 

where 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚  (sec) and 𝑡𝑡𝑑𝑑  (sec) are the time to reach the peak HRR and time to total fire duration 
respectively; the time width coefficient 𝑘𝑘 = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚/𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡; amplification coefficient 𝑟𝑟 = (1 − 1/𝑛𝑛)1−𝑛𝑛; the 
ratio between the integrated energy and the total energy 𝛽𝛽𝑑𝑑 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑑𝑑/𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 could arbitrarily vary between 
0.95 and 1.00. The value of retard index n is estimated as follows: 

𝑛𝑛 ≈ 0.743 ∙ 𝑒𝑒2.9∙𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚∙𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚∙𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡            (2-7d) 

The example exponential HRR time history curve for vehicle fire with 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 = 30 MW and 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = 144 GJ 
is shown in Figure 2-3c. The value of essential parameter n is chosen as 2.15. 
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0To represent the constant HRR period for steady-state liquid or wood crib fires, Ingason [16] derived an 
exponential curve with a plateau-shaped maximum period. Mathematically, it is a sum of two exponential 
curves: 

𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ (𝑛𝑛1 ∙ 𝑟𝑟1 ∙ (1 − 𝑒𝑒−𝑘𝑘1∙𝑡𝑡)(𝑛𝑛1−1) ∙ 𝑒𝑒−𝑘𝑘1∙𝑡𝑡 + 𝑛𝑛2 ∙ 𝑟𝑟2 ∙ (1 − 𝑒𝑒−𝑘𝑘2∙𝑡𝑡)(𝑛𝑛2−1) ∙ 𝑒𝑒−𝑘𝑘2∙𝑡𝑡)     (2-8a) 

𝑘𝑘1 = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ (𝑟𝑟1 + 𝜂𝜂 ∙ 𝑟𝑟2)/𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡           (2-8b) 

𝑘𝑘2 = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ (𝑟𝑟1/𝜂𝜂 + 𝑟𝑟2)/𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡  

𝑛𝑛2 = 7.17 ∙ 𝑛𝑛10.61 − 4.4            (2-8c) 
𝑟𝑟1 = 0.63 ∙ 𝑟𝑟22.28          
𝑟𝑟2 = (5.9 ∙ (𝑛𝑛1 ∙ 𝑟𝑟1)0.66 − 3.54)/𝑛𝑛2   

The value of 𝑛𝑛1 arbitrarily varies between 2 and 10;  𝑟𝑟2 is then solved by iteration, and 𝑛𝑛2 and 𝑟𝑟1are then 
calculated. The example exponential HRR time history curve with plateau-shaped maximum period for 
vehicle fire with 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 = 30 MW and 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = 144 GJ is shown in Figure 2-3d. The essential value 𝑛𝑛1 was 
chosen as 3, and the value of 𝜂𝜂 was estimated as 1.43 to obtain the constant plateau for the HRR curve. 

2.2.4 Quadratic curve for hydrocarbon pool fire 

Previously used in bridge fire studies by Quiel et al. [38], the HRR time-history curve for a hydrocarbon 
pool fire associated with a tanker truck spill can be expressed as a quadratic curve similar to that shown 
above in Section 2.2.2. The duration of the peak HRR (𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚) is calculated as the time 𝑡𝑡𝑏𝑏 (sec) needed to 
consume fuel for combustion over the pool area (i.e., the “burn” time), 𝐴𝐴𝑓𝑓 (m2). The total time history of 
peak HRR is expressed as follows:  

𝑓𝑓𝑓𝑓𝑓𝑓 0 < 𝑡𝑡 ≤ 𝑡𝑡𝑔𝑔, 𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ (𝑡𝑡/𝑡𝑡𝑔𝑔)2         (2-9a) 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑔𝑔 < 𝑡𝑡 ≤ (𝑡𝑡𝑔𝑔 + 𝑡𝑡𝑏𝑏), 𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚         

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓 (𝑡𝑡𝑔𝑔 + 𝑡𝑡𝑏𝑏) < 𝑡𝑡 ≤, (𝑡𝑡𝑔𝑔 + 𝑡𝑡𝑏𝑏 + 𝑡𝑡𝑑𝑑), 𝑄̇𝑄𝑓𝑓(𝑡𝑡) = 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑒𝑒−4∙(𝑡𝑡−𝑡𝑡𝑔𝑔−𝑡𝑡𝑏𝑏)/𝑡𝑡𝑑𝑑 

𝑡𝑡𝑏𝑏 = 𝜌𝜌∙𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑚̇𝑚"∙𝐴𝐴𝑓𝑓

             (2-9b)  

where 𝑡𝑡𝑔𝑔 (sec) is the time of fire growth (taken as the minimum of 𝑡𝑡𝑏𝑏/5 or 600 sec), 𝑡𝑡𝑑𝑑 (sec) is the time of 
decay (taken as the minimum of 𝑡𝑡𝑏𝑏/2.5 or 1,200 sec); 𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (m3) is the combusted fuel volume; 𝜌𝜌 (kg/m3) 
is the density of specific fuel; and 𝑚̇𝑚" (kg/m2-sec) is mass loss rate per unit area related to both the fuel type 
and the equivalent diameter the footprint (𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒). The mass loss rate per unit area, 𝑚̇𝑚" was introduced in 
Section 2.1.2, and is expressed as follows: 

𝑚̇𝑚" = 𝑚̇𝑚∞
" ∙ (1 − 𝑒𝑒−𝜅𝜅𝜅𝜅∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒)           (2-10) 

Again, the values of these two parameters for common hydrocarbon fuels are readily available in the 
published literature [26,27]. Note that reducing 𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  can account for fuel lost due to drainage, runoff, 
absorption, evaporation, etc. during a fuel spill that leads to a subsequent fire. Figure 2-4a illustrates the 
HRR time history for gasoline pool fire with the footprint area of 20 m2 (diameter = 5 m) and the volume 
of fuel for combustions of 3.78 m3 (1,000 gallons).  
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(a) Quadratic Curve     (b) Simplified curve 

Figure 2-4: Graphs. Example HRR time histories for a circular gasoline pool fire with Af = 20 m2 
and Vfuel = 3.78 m3. 

 

2.2.5 Simplified approach 
For simplification, the HRR time history can be expressed as having the peak HRR over a calculated 
duration time, thus neglecting the growth and decay phases. Though this approach does not represent the 
realistic ignition and decay of an actual open-air fire, it is straightforward and can provide an adequate 
estimation of total exposure for large fires, for which the growth and decay phases are typically much 
shorter than the duration of peak HRR. The duration of the fire depends on the type, volume, and exposed 
surface area of the fuel. The duration of the fire 𝑡𝑡𝐷𝐷 can be calculated for the linear or quadratic vehicle fires 
(per Sections 2.2.1 or 2.2.2); or 𝑡𝑡𝑏𝑏 can be calculated from the quadratic hydrocarbon pool fire equation (per 
Section 2.2.4). An illustration of the simplified HRR curve for a hydrocarbon pool fire (using the same 
example as in Section 2.2.4) is shown in Figure 2-4b.  Alternatively, relevant fire test data in the published 
literature for a fuel source and quantity of interest could also be used to approximate the fire duration.  
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3 FIRE MODELING  
To quantify fire exposure to structural elements, the analyst considers the proximity and orientation of an 
affected bridge to the fire resulting from a given fuel source. The HRR magnitude and time history of a 
design basis fire can provide input for calculating the resulting heat energy exposure to a nearby bridge. 
Flames and smoke are generated from the localized source of fuel (one or more vehicles, or a specified 
quantity of liquid or solid fuels with a given area footprint) and can subject the bridge elements to heat 
exposure via radiative emission from the flames and smoke, convection from hot gas and smoke, and direct 
flame impingement. The magnitude of this heat exposure is a function of the fire geometry (particularly the 
flame height and footprint area and shape), its HRR, and fuel type as well as the standoff and orientation of 
the heated target to the fire. Methods for calculating heat exposure from large fire hazards generally include 
computational fluid dynamics (CFD) modeling [39–43] and semi-empirical fire models [33,38,44,45]. Each 
of the methods is introduced in the following sections. The temperature increases of a bridge’s primary 
structural elements due to the total calculated fire exposure will then determine its resulting structural 
response.  

3.1 CFD modeling 

CFD software packages, such as the Fire Dynamics Simulator (FDS) developed at the National Institute of 
Standards and Technology (NIST) [46], are often used to model tunnel fires [47–50] and were used in 
several studies to examine fire effects on bridges [39,41]. CFD models numerically solve a form of the 
Navier-Stokes equations appropriate for low-speed, thermally-driven flow with an emphasis on smoke and 
heat transport from fires. The model needs a sufficiently large volume and is discretized for a given fire 
size. “Open” boundaries are specified at the edges of the computational domain (except for the ground) 
with adequate distance from the fire so that its behavior is not artificially influenced by fluid flow that exits 
the domain. CFD models can account for both convective and radiative heat transfer from open-air fires, 
which is represented using either a specified HRR over a footprint (or “burner vent”) area or by explicitly 
modeling the combustion reaction of the fuel. Measurements of radiative and convective heat flux from the 
fire and the temperature at the location of the structural member need the placement of appropriate devices 
within the model. CFD models can accommodate a wide range of standoffs. However, the volume of the 
model (and the computational size via volumetric discretization) will markedly increase with larger standoff 
distance between the fire and the target structure.  

Some of the significant parameters to consider for the open-air bridge fire simulation in NIST’s FDS 
software package are summarized in Table 3-1. For example, the “gray gas” assumption (i.e., the gas has 
an average absorption coefficient over the whole spectrum of radiation [51]) is more applicable in the Finite 
Volume Method (FVM) for radiative heat transfer in FDS over the “wide band” model for large fires that 
produces significant soot production. FDS solves the radiation transport equation by calculating radiation 
intensity over a discrete number of solid angles. The default value of 100 solid angles can provide adequate 
resolution for targets near a localized source of thermal radiation but can produce a sparse or non-uniform 
distribution of radiation energy on targets at further standoff (called the “ray effect” [52]). This issue can 
be mitigated by increasing the number of solid angles, but computing times will correspondingly increase. 
Several turbulence parameters will influence the behavior of the fire if wind is considered. For example, a 
large Smagorinsky constant adds an artificial viscosity to the flow, which mitigates the flow of hot gases 
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around solid objects. Within the turbulence model, the Prandtl and Schmidt numbers determine the thermal 
conductivity of the turbulent flow and the diffusivity of the airborne materials within that flow, respectively.   

Table 3-1: Generalized summary of major input parameters for CFD simulation. 

Categories Parameters 

Fuel Characteristics 

Fuel type 
Chemical formula 
CO yield (g/g) 
Soot yield (g/g) 
Footprint dimension 

Volumetric Meshing Mesh grid dimensions (m) 

Radiation Parameters 

Radiation model 
Solid angle 
Polar angles 
Radiative source temperature (℃) 
Angle increment, fn 

Turbulence Parameters 
Smagorinsky constant 
Prandtl number 
Schmidt number  

Simulation Parameters 
Total time period (sec) 
Time step increment, ft 
FDS version 

 

In summary, CFD analyses are robust and generate significant levels of numerical resolution. However, 
CFD analyses are also computationally expensive and are not necessarily practical in many applications for 
limited budgets and critical schedules. CFD modeling approaches used to analyze fire exposure for bridges 
become increasingly useful implementing experimental validation, where possible, or by engaging the 
relevant expertise needed to set up, execute, and post-process this type of model. Performing sensitivity 
studies that examine modeling parameters such as those listed in Table 3-1 help establish confidence in the 
resulting heat transfer predictions from open-air fires affecting bridge structures. 

3.2 Semi-empirical fire models 

Previous studies have also modeled open-air fires that affect bridges using semi-empirical analytical 
calculations of the fire characteristics (e.g., height, heat release rate, duration, and radiative intensity) 
[33,38,44]. The results of these models can estimate heat transfer (primarily in the form of radiation) from 
the fire to the structural elements. These approaches are less computationally intensive than CFD solutions 
and allow for using the fire intensity from Section 2 (HRR magnitude and time history) as input for 
calculating fire exposure to a nearby bridge. Due to their efficiency, these approaches offer the potential for 
conducting a parametric study of the many uncertainties in the fire scenario, which include the footprint 
shape and area (which will depend on the vehicle size, spill characteristics of a hydrocarbon fuel, or the 
layout of other stationary fuel sources) and the location of the fire relative to the bridge.  
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Figure 3-1 illustrates several common semi-empirical models for open-air fires: (a) point source (PS) [53], 
(b) modified point source (MPS) [24], (c) solid flame (SF) [53–55], (d) modified solid flame (MSF), and 
(e) modified discretized solid flame (MDSF) [24,33,56].  A point, a cylinder, or other geometric shapes can 
represent the fire footprint and height. By assigning the emissive power to the object and calculating the 
view factor (how the target could “see” the fire hazard), the radiative heat flux emission is calculated. The 
existing fire models with the scope of their applications for bridge fire analysis are summarized in Table 
3-2. Generally, for a fire scenario located alongside the bridge, the calculation of radiative heat flux is 
sufficient since the structure will not trap or block the rising smoke and hot gas. When the fire is underneath 
the bridge, convection from engulfment of smoke and hot gas, and potential flame impingement is 
considered. The MDSF model is capable of accounting for both radiative impact and convection results 
from smoke and hot gases impinging the bridge superstructure.  

 
Figure 3-1: Illustrations. Analytical semi-empirical models for calculating heat flux from 

hydrocarbon pool fires. 
 

Semi-empirical models and corresponding expressions are generally developed based on experiments on 
hydrocarbon pool fires with circular footprints. Hydrocarbon pool fires with equivalent HRR can represent 
more simplistically the fire scenarios with vehicles and other fuels rather than explicitly modeling the 
aggregate combustion of the various materials. Semi-empirical predictions of the intensity and geometry of 
hydrocarbon pool fires are well established from decades of previous research, and combustion properties 
for these fuels are readily available in the published literature. For example, a previous study by Guo et al. 
[47] used the equivalent footprint of a diesel pool fire to provide the same HRR as an actual vehicle and/or 
cargo fire. The rectangular footprint of the equivalent diesel pool fire was scaled from the vehicle footprint 
to obtain the same HRR as the pre-defined vehicle fire scenario. This equivalency to a hydrocarbon pool 
fire with a circular footprint is often needed when using most of the currently available semi-empirical 
models, which explicitly rely on input parameters associated with hydrocarbon fuel combustion 
characteristics. More experimental research is needed to enable a direct calculation of fire behavior from 
the combustion of other flammable materials or a combination of flammable materials. 
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Table 3-2: Generalized summary of semi-empirical and CFD fire modeling methods. 

Fire modeling methods Heat transfer modes Fire Source Comments 

Point Source (PS) Radiative heat flux 
Any combustion 
materials 

Generally suitable for larger 
standoff distances; used at any 
orientation to targets 

Modified Point Source 
(MPS) 

Radiative heat flux 
Hydrocarbon pool 
fire* 

Can accommodate closer standoff 
distances versus PS; used at any 
orientation to targets 

Solid Flame Model 
(SFM) 

Radiative heat flux 
Hydrocarbon pool 
fire* 

Generally suitable for larger 
standoff distances; only used for 
horizontal standoffs 

Modified Discretized 
Solid Flame (MDSF) 

Radiative and 
convective heat flux 

Hydrocarbon pool 
fire* 

Can accommodate any standoff 
distance, including direct 
engulfment; used at any 
orientation to targets 

Computational Fluid 
Dynamics (CFD) 
Models 

Radiative and 
convective heat flux 

Any combustion 
materials 

Can accommodate any standoff 
distance, including direct 
engulfment; used at any 
orientation to targets 

*Note: Fire modeling for other flammable materials can be performed using a hydrocarbon pool fire with an equivalent 
HRR and footprint area. 

 

3.2.1 Point source models 

The PS model is among the simplest analytical methods for calculating radiation heat transfer from 
hydrocarbon pool fires to targets located outside the fire. Implementing the PS model involves the following 
steps: (1) determine the type of hydrocarbon fuel, and pool fire footprint size; (2) calculate the flame height, 
𝐻𝐻𝑓𝑓, and select a vertical location for the point source emitter; (3) assign radiative power to the point source; 
and (4) calculate the radiation heat transfer via a closed-form expression that accounts for the distance and 
angle of orientation to the target. Following the calculation of the HRR and equivalent footprint of the pool 
fire, the flame height 𝐻𝐻𝑓𝑓 can be calculated using one of several semi-empirical expressions that are available 
in the current literature, such as Heskestad’s correlation [57]:  

𝐻𝐻𝑓𝑓 = 0.235 ∙ 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚
0.4 − 1.02 ∙ 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒            (3-1) 

where 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 (kW) is the peak HRR per Eq. (2-4), and 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 (m) is the effective fire diameter per Eq. (2-
3a).  

In conventional PS model approaches, the point source is typically located at the geometric center of the 
three-dimensional fire shape. For a circular pool fire the PS is located at 𝐻𝐻𝑓𝑓 /2 directly above the center of 
the circular footprint as presented in Figure 3-2a. The incident radiative heat flux experienced by a target 
located outside the pool fire footprint, 𝑞̇𝑞"(kW/m2), is calculated as follows: 

𝑞̇𝑞" = 𝜒𝜒𝑟𝑟,𝑝𝑝𝑝𝑝∙𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚∙cos𝜃𝜃
4∙𝜋𝜋∙𝑅𝑅2

                   (3-2) 
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where 𝜃𝜃 indicates the angle between the normal vector of the exposed target surface and the line of sight 
from the target to the point source location; 𝑅𝑅 (m) is the length or “radius” of the line of sight from the point 
source to the center of the target surface, these geometrical parameters are explained with Figure 3-2a; and 
𝜒𝜒𝑟𝑟,𝑝𝑝𝑝𝑝  is the point source radiative fraction. SFPE Handbook Chapter 66 [53] provides the following 
expression for 𝜒𝜒𝑟𝑟,𝑝𝑝𝑝𝑝:  

𝜒𝜒𝑟𝑟,𝑝𝑝𝑝𝑝 = 0.21 − 0.0034∙ 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒             (3-3) 

The radiative fraction is a semi-empirical value was previously studied [53,58] based on a fit with 
experimental measurements of radiant heat flux from a wide range of hydrocarbon pool fires. Depending 
on the application, alternate expressions for 𝜒𝜒𝑟𝑟 as a function of pool diameter can also represent a single 
emissive power value for the entire fire for PS calculations. One prominent example is the expression for 
𝜒𝜒𝑟𝑟 proposed by McGrattan et al. [58]: 

𝜒𝜒𝑟𝑟 = 0.35 ∙ 𝑒𝑒−0.05∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒              (3-4) 

              

(a) Conventional point source          (b) Modified point source 

Figure 3-2: Illustrations. Heat transfer for (a) conventional point source model and (b) modified 
point source model. 

 

3.2.2 Modified point source model 
Placing the vertical location of the point source emitter at the half-height of the luminous zone, as shown 
in Figure 3-2b, can better capture the effects of smoke obscuration and the presence of the luminous zone 
in the lower portion of the fire. This location is calculated for gasoline and diesel pool fires as (𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 ∙ 𝐻𝐻𝑓𝑓)/2 
above the ground. The value of 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 is obtained from Table 3-3 [59]. The radiative heat flux, 𝑞̇𝑞"(kW/m2), 
from the point source to a target surface is then calculated as follows: 

𝑞̇𝑞" = 𝜒𝜒𝑟𝑟,𝑚𝑚𝑚𝑚𝑚𝑚∙𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 ∙cos𝜃𝜃
4∙𝜋𝜋∙𝑅𝑅𝑛𝑛

                 (3-5) 
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where 𝜒𝜒𝑟𝑟,𝑚𝑚𝑚𝑚𝑚𝑚 is the radiative fraction for this modified point source (MPS) model. The MPS radiant heat 
flux predictions that utilize the radiative fraction proposed by McGrattan et al. [58] (𝜒𝜒𝑟𝑟,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜒𝜒𝑟𝑟 from 
Eq.(3-4)) generally compare well with experimental data and CFD simulations [24]. The exponent n applied 
to radius R in Eq. (3-5) is assigned a value of 2.2 based on calibration with the CFD results and experimental 
data to slightly reduce the calculated thermal radiation on targets at most standoffs while increasing it at 
very small standoffs. Again, using a value of n = 2 (thus reverting to Eq. (3-2)) would provide a conservative 
prediction for most standoffs (i.e., for R > 1 m). Also, note that the distance R from the point source to the 
target is different between the PS and MPS models for the same horizontal standoff distance X (measured 
from the center of the pool) due to the revised height of the point source location. 

3.2.3 Conventional solid flame models 
SFPE Handbook Chapter 66 [53] outlines two conventional solid flame (SF) models for calculating radiant 
heat flux from pool fires: Shokri and Beyler’s Detailed Method (SBDM) and the Mudan and Croce Method 
(MCM). Both methods are implemented with the following steps: (1) determine the hydrocarbon fuel type 
and pool fire footprint size; (2) calculate the flame height, 𝐻𝐻𝑓𝑓; (3) calculate the view factor of the three-
dimensional SF shape to the target via closed-form expression; (4) calculate emissive power of the SF 
shape; and (5) calculate the radiation heat transfer by multiplying emissive power with the view factor. The 
SBDM calculates 𝐻𝐻𝑓𝑓  using Heskestad’s correlation as presented in Eq. (3-1). For the MCM, 𝐻𝐻𝑓𝑓  is 
calculated using the semi-empirical expression proposed by Thomas [60] (shown here for no wind tilt):  

𝐻𝐻𝑓𝑓,𝑀𝑀𝑀𝑀𝑀𝑀 = 42 ∙ [𝑚̇𝑚∞
" /(𝜌𝜌𝑎𝑎 ∙ (𝑔𝑔 ∙ 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒)0.5)]0.61           (3-6) 

where 𝜌𝜌𝑎𝑎 (kg/m3) is the ambient air density, and 𝑔𝑔 (m/s2) is the gravitational acceleration.  

Both the SBDM and MCM are formulated for cylindrical shapes with constant emissive power over their 
surfaces. The radiant heat flux experienced by a target located outside the pool fire is calculated as follows:  

𝑞̇𝑞" = 𝐸𝐸 ∙ 𝐹𝐹12               (3-7) 

where 𝐸𝐸 (kW/m2) is the effective emissive power of the SF shape and 𝐹𝐹12 is the view factor from the fire 
to the target. Depending on the orientation of the target, the view factor can be 𝐹𝐹12,𝑉𝑉 for vertically oriented 
targets and 𝐹𝐹12,𝐻𝐻  for horizontally oriented targets as illustrated in Figure 3-3. These view factors are 
calculated as a function of the target location, orientation, and the SF geometry. As the target moves closer 
to the flame, the view factor approaches unity. The equations for 𝐹𝐹12,𝑉𝑉 and 𝐹𝐹12,𝐻𝐻 can be found in SFPE 
Handbook Chapter 66 [53] and are not reproduced here for brevity. 

The derivation of 𝐹𝐹12 assumes that the target is horizontally aligned with the bottom or top of the cylinder 
(i.e., target locates at the bottom for the upper cylinder and locates at the top for the lower cylinder as in 
Figure 3-3). For targets at ground level or at a height equal to 𝐻𝐻𝑓𝑓, only one cylinder with the full flame 
height is needed and 𝐹𝐹12 will equal 𝐹𝐹12,𝑉𝑉 or  𝐹𝐹12,𝐻𝐻 with 𝐻𝐻 = 𝐻𝐻𝑓𝑓. If the target’s vertical location is between 
ground level and 𝐻𝐻𝑓𝑓, the overall SF cylinder is divided into two sub-cylinders at the target height, and the 
overall view factor 𝐹𝐹12  is the sum of their view factors (i.e., 𝐹𝐹12,𝐻𝐻1  + 𝐹𝐹12,𝐻𝐻2  or 𝐹𝐹12,𝑉𝑉1  + 𝐹𝐹12,𝑉𝑉2 ) when 
calculated with 𝐻𝐻𝑓𝑓1 and 𝐻𝐻𝑓𝑓2 = 𝐻𝐻𝑓𝑓 – 𝐻𝐻𝑓𝑓1 as illustrated in Figure 3-3.  
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The effective emissive power of the SBDM model, 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (kW/m2), is calculated using a fit equation of 
experimentally measured radiant heat fluxes from pool fires to external targets [55]: 

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 58 ∙ (10−0.00823∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒)             (3-8) 

The effective emissive power of the MCM model, 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀 (kW/m2), is calculated as a weighted average of 
the luminous and smoke zone emissive power [54]:  

𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑒𝑒−𝑆𝑆∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐸𝐸𝑠𝑠 ∙ (1 − 𝑒𝑒−𝑆𝑆∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒)         (3-9) 

where 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 is the flame emissive power (taken as 140 kW/m2); 𝐸𝐸𝑠𝑠 is the emissive power of smoke (taken 
as 20 kW/m2); and S is the extinction coefficient (0.12 m-1) [53]. 

               

(a) Vertical target orientation    (b) Horizontal target orientation 

Figure 3-3: Illustrations. Heat transfer for conventional solid flame models. 
 

3.2.4 Modified discretized solid flame (MDSF) model 
Calculating radiation heat transfer via the MDSF model also involves five steps: (1) determine the 
hydrocarbon fuel type and pool fire footprint size; (2) calculate fire geometry, particularly the overall flame 
height and the layering of luminous flame and smoke zones; (3) assign emissive powers that correspond to 
each zone; (4) apply an appropriately small mesh discretization to the flame and smoke surfaces (which 
will need an initial sensitivity analysis); and (5) calculate the radiation heat transfer as a summation of 
contributions from each discretized surface per its individual emissive power and view factor to the target. 
Quiel et al. [38] previously utilized a conservative formulation of the MDSF model in which the total height 
of the fire was vertically halved into the luminous and smoke zones, each of which was assigned a constant 
emissive power. The sections that follow present a brief review of this “first generation” MDSF model, 
followed by improvements in solid flame geometry and emissive power distribution for the “second 
generation” MDSF2 model.  

The flame height 𝐻𝐻𝑓𝑓 for all MDSF models is calculated using Heskestad’s correlation [57] per Eq. (3-1), 
and the surfaces of the extruded three-dimensional solid flame shape is discretized into radiation-emitting 
elements. Sizing of the surface element mesh should be determined via preliminary convergence analyses 
for the target standoffs of interest. Generally, the maximum discretized edge dimension is generally taken 
as 1% of the footprint perimeter, resulting in approximately square elements with 0.3 m maximum 
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dimension for a 10-m diameter circular fire. Each surface element i is assigned an emissive power, Ei 

(kW/m2), based on its vertical location. As shown in Figure 3-4, the first generation MDSF represents a 
gasoline or diesel pool fire (which, like most hydrocarbon fuels, have significant soot yield when burning 
[61]) as vertically halved into a luminous visible flame lower zone and a smoke obscured upper zone. The 
shape of the footprint is either rectangular or circular as needed. This approach is a conservative 
simplification from previous experimental observations [54,62], which indicated that the luminous zone 
thickness for these fuels is typically less than half the total flame height.  

  

(a) Rectangular footprint    (b) Circular footprint 

Figure 3-4: Illustrations. Heat transfer from the first generation MDSF model [63] of an open-air 
hydrocarbon pool fire to a discretized target. 

 

The emissive power of the visible flame zone, Eflame, and smoke obscured zone, Esmoke, are obtained directly 
from experimental literature or calculated based on semi-empirical expressions [53]. From experimental 
observations [62,64], values of Eflame approximately range from 80 to 140 kW/m2 and values of Esmoke 
approximately range from 10 to 40 kW/m2 are generally used depending on the fuel type and pool size. In 
a previous study of gasoline pool fires, Quiel et al. [38] used constant values of 100 kW/m2

 and 40 kW/m2
  

for Eflame and Esmoke, respectively, as conservative approximations. The radiant heat flux from the MDSF 
model to a target j, 𝑞̇𝑞𝑗𝑗" (kW/m2), located outside the pool fire is calculated as the summation of each 
discretized fire surface emissive power times the dimensionless view factor, 𝐹𝐹𝑖𝑖→𝑗𝑗, from that surface to the 
target:  

𝑞̇𝑞𝑗𝑗" = Σ𝑖𝑖=1𝑛𝑛 𝐸𝐸𝑖𝑖 ∙ 𝐹𝐹𝑖𝑖→𝑗𝑗          (3-10a) 

𝐹𝐹𝑖𝑖→𝑗𝑗 = 𝐴𝐴𝑖𝑖∙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖∙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑗𝑗
𝜋𝜋∙𝑟𝑟𝑖𝑖→𝑗𝑗

2            (3-10b) 

where 𝐸𝐸𝑖𝑖 (kW/m2) and 𝐴𝐴𝑖𝑖 (m2) are the emissive power and the area of the ith element on the fire surface, 
respectively; 𝑟𝑟𝑖𝑖→𝑗𝑗  is the distance or “radius” from the center of fire surface element i to target j; 𝜃𝜃𝑖𝑖 
represents the absolute angle between the radius vector and the fire element’s normal vector; and 𝜃𝜃𝑗𝑗 is the 
absolute angle between the radius vector and the normal vector of the target surface. Fire surfaces with no 
view of the target impart no radiant heat flux. Targets that fall within the extruded fire shape (i.e., “engulfed” 
by the flames and smoke) are assigned a direct heat flux value based on experimental observation [33,38]. 



  

 
ATLSS Report 24-02          Characterizing Design-Basis Fire Exposure for Highway Bridges 26 

Choosing a value of 170 kW/m2 in the luminous zone is in accordance with the value provided in SFPE 
handbook [65] as well as an experimental study of heat flux on objects engulfed in large hydrocarbon pool 
fires by Russell and Canfield [66]. The heat flux for targets engulfed in the smoke-obscured zone is modeled 
as decreasing linearly from 170 kW/m2 at the top edge of the luminous zone to Esmoke at the top of the smoke 
layer. This approach is conservative since it assumes a high intensity of direct heat flux to engulfed elements 
over the full footprint and height of the fire.  

To improve the spatial distribution and intensity of predicted radiant heat flux based on experimental 
observations, the “second generation” MDSF2 model (Figure 3-5a) consists of two three-dimensional 
objects that together are more representative of realistic pool fires [67–71]: a flame cylinder-plus-cone 
(which is assigned a constant emissive power over its surface), and a smoke cylinder plus cone “hat” which 
obscures the top portions of the flame shape.  

 

          (a) Proposed MDSF2 model (b) Solid Flame Shape           (c) Smoke Hat 

Figure 3-5: Illustrations. Flat elevation of the proposed MDSF2 model with a circular footprint 
(shown without mesh discretization for clarity) [24]. 

 

Based on previous work by Zhou et al. [72] and Shen et al. [73], the geometry of the flame shape in Figure 
3-5b has a total height 𝐻𝐻𝑓𝑓 per Eq. (3-1). Zhou et al. [72] proposed a constant value of 0.4𝐻𝐻𝑓𝑓 for the height 
of the cylinder based on the results laboratory-scale pool fire tests with heptane [74]. Shen et al. [73] utilized 
a semi-empirical expression that calculates the cylinder height relative to the pool fire diameter based on 
laboratory-scale tests with natural gas flames [75]. In this study, the height of the cylinder is set equal to 
the maximum luminous zone height based on experimental observations for the selected fuel. For example, 
previous experiments by Munoz et al. [62] indicated that for pool diameters less than 5 m, the luminous 
zone is located below 0.45𝐻𝐻𝑓𝑓  for gasoline pool fires and 0.30𝐻𝐻𝑓𝑓  for diesel pool fires. Based on these 
observations, the assigned values of 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐  in Figure 3-5b for gasoline and diesel are 0.45 and 0.30, 
respectively, for all pool diameters. More experiments are needed to determine 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐 values for other types 
of hydrocarbon fuel. In the absence of experimental data, the cylinder heights proposed by Zhou et al. [72] 
or Shen et al. [73] could provide alternatives.  



  

 
ATLSS Report 24-02          Characterizing Design-Basis Fire Exposure for Highway Bridges 27 

The smoke hat is positioned such that the base of its cone aligns with the base of the flame cone (at 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐 ·
𝐻𝐻𝑓𝑓 ) as shown in Figure 3-5a. The height of the smoke hat’s cone equals 𝐻𝐻𝑓𝑓 , which correlates with 
experimental data and FDS results. The smoke hat’s cylinder extends downward from the base of its cone 
to obscure a portion of the flame cylinder according to experimental observations. In Figure 3-5a, the ratio 
of luminous height to the total flame height is denoted as 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙, the value of which is a function of fuel type 
and pool diameter. In this study, the value of 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 is calculated using semi-empirical expressions per 
Munoz et al. [59], which are summarized in Table 3-3. 

Table 3-3: Luminous ratio (φlum) of the MDSF2 model per [59] 
Variable Name Parameters Gasoline Diesel 

𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 5 m 0.45 0.30 
 5 m < 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 20 m 𝑎𝑎𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒

𝑏𝑏 − 𝑐𝑐 𝑎𝑎𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒
𝑏𝑏 − 𝑐𝑐 

 𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒 > 20 m 0.05 0.05 
Constants 𝑎𝑎 1.80 1.26 

 𝑏𝑏 -0.377 -0.257 
 𝑐𝑐 0.533 0.533 

 

For pool fires with diameters less than 5 m, 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 = 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐 and the smoke cylinder’s downward “extension” 
is negligible. As the pool diameter increases from 5 m to 20 m, the value of 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 decreases and the smoke 
extends downward to obscure more of the flame cylinder [58,62]. For pool fire diameters greater than 20 m, 
most of the flame shape is covered by smoke and 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙 = 0.05. More experimental testing is needed to 
develop these luminous height relationships for a wider range of hydrocarbon fuels. 

Separate emissive powers are assigned to the flame and smoke portions of the MDSF2 model to represent 
the realistic distribution of radiative emission from hydrocarbon pool fires. Flame emissive power, 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
(kW/m2), is calculated as an emitted fraction of peak HRR and is uniformly applied to all discretized 
surfaces of the flame shape in Figure 3-5b: 

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜒𝜒𝑟𝑟,𝑓𝑓∙𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

𝐴𝐴𝑓𝑓,𝑀𝑀
               (3-11) 

where 𝑄̇𝑄𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 (kW) is the peak HRR per Eq. (2-4); 𝐴𝐴𝑓𝑓,𝑀𝑀 (m2) is the total surface area of the flame shape; 
and 𝜒𝜒𝑟𝑟,𝑓𝑓 is the radiative fraction of the flames. Semi-empirical expressions for the radiative fraction of the 
entire fire, 𝜒𝜒𝑟𝑟, were previously proposed by others [53,58] based on fit with experimental measurements of 
radiant heat flux from a wide range of hydrocarbon pool fires. These 𝜒𝜒𝑟𝑟  expressions, similar to what  
McGrattan et al. [58] proposed in Eq. 

 (3-4), are typically a function of pool diameter and are often used for PS or SF calculations that assume a 
single emissive power value for the entire fire. To calculate 𝜒𝜒𝑟𝑟,𝑓𝑓 , the McGrattan et al. expression is 
generalized to account for the radiative emissions from only the flame portion of the MDSF2 model:  

𝜒𝜒𝑟𝑟,𝑓𝑓 = 𝜒𝜒𝑟𝑟,𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
∙ 𝑒𝑒−𝑘𝑘∙𝐷𝐷𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒           (3-12) 
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values of 𝜒𝜒𝑟𝑟,𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
and 𝑘𝑘 were selected as 0.37 and 0.025 m-1, respectively, by Zhu and Quiel [24] for open-

air gasoline and diesel pool fires. The values of  𝜒𝜒𝑟𝑟,𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
and 𝑘𝑘 were calibrated using experimental data and 

FDS results. The proposed 𝜒𝜒𝑟𝑟,𝑓𝑓 expression produces consistently larger values for the flames compared to 
those predicted for the entire fire in either Eq. (3-3) and (3-4). Note that 𝜒𝜒𝑟𝑟,𝑓𝑓 in this study is only proposed 
for gasoline and diesel pool fires – application to other fuel types will need further investigation.  

As shown in Figure 3-5, the smoke hat will obscure the upper portions of the MDSF2 model’s flame shape 
above 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙·𝐻𝐻𝑓𝑓 and provide a lower emissive power. Figure 3-6 shows that the emissive power of the 
visible surfaces of the MDSF2 model is vertically divided into three regions:  

1. At 0 < 𝐻𝐻 < 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙·𝐻𝐻𝑓𝑓, the emissive power of the unobscured luminous zone equals Eflame per Eqs. (3-
11) and (3-12). 

2. At 𝜑𝜑𝑙𝑙𝑙𝑙𝑙𝑙·𝐻𝐻𝑓𝑓 < 𝐻𝐻 < 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐·𝐻𝐻𝑓𝑓, the emissive power in the smoke cylinder extension linearly transitions 
in the upward direction from Eflame to a maximum value of Esmoke. If Eflame > Esmoke, then Esmoke = 40 
kW/m2 per Munoz et al. [62]. If Eflame < Esmoke, then Esmoke = Eflame as a limiting value and the emissive 
power in this region is therefore constant. 

3. At 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐·𝐻𝐻𝑓𝑓 < 𝐻𝐻 < (1+𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐)·𝐻𝐻𝑓𝑓, the emissive power in the smoke cone linearly decreases from Esmoke 
to zero as the smoke whirl cools with increasing vertical distance from the flames.  

 
Figure 3-6: Illustration. Emissive power distribution for the MDSF2 model (shown without mesh 

discretization for clarity) [24]. 
 

Like the first generation MDSF model, the total thermal radiation delivered to a target located outside the 
three-dimensional fire shape is a summation of the contributions from all discretized surfaces that have a 
view of the target. The radiant heat flux from the MDSF2 model to target surface j is calculated via a slightly 
revised form of 𝐹𝐹𝑖𝑖→𝑗𝑗 in Eq. (3-10b): 

𝐹𝐹𝑖𝑖→𝑗𝑗 = 𝐴𝐴𝑖𝑖∙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖∙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑗𝑗
𝜋𝜋∙𝑟𝑟𝑖𝑖→𝑗𝑗

𝑚𝑚             (3-13) 

The revision pertains to the view factor 𝐹𝐹𝑖𝑖→𝑗𝑗, in which the exponent applied to the radial standoff distance 
is now denoted as variable m. In this study, a value of 2.3 was assigned to m based on calibration against 
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experimental data and CFD results per Zhu and Quiel [24]. Compared to Eq. (3-10b), the revised view 
factor in Eq. (3-13) slightly reduces the calculated thermal radiation on targets at most standoffs while 
increasing it at very small standoffs. Note that assigning a value of 2 for m (thus reverting to Eq. (3-10b)) 
would provide a conservative prediction for most standoffs (i.e., for 𝑟𝑟𝑖𝑖→𝑗𝑗 > 1 m). 

Based on a preliminary convergence study, the MDSF2 models used in this study are meshed to have 100 
elements around their circumference and 200 elements over the full height [(1+𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐) ·𝐻𝐻𝑓𝑓] of the flame- 
plus-smoke shape shown in Figure 3-6. The spacing of the vertical mesh is tailored to accommodate the 
transitions from the visible flame to the smoke zone and from the cylinder to the cone. For this study, the 
MDSF2 model was programmed in MATLAB4 [76] to calculate the summation of heat flux contributions 
from all discretized surfaces that have a view of the target.  

For the case that fire occurs directly beneath a bridge with a low clearance or considering an intense fire 
with large 𝐻𝐻𝑓𝑓 may cause the bridge overhead to interrupt and partially engulf the MDSF2 geometry. A 
conservative adaption to the MDSF2 model to this scenario is shown in Figure 3-7. When the smoke cone 
is interrupted by the bridge deck, its shape is warped into an inverted truncated cone which spans vertically 
from the lower edge of the smoke layer up to the bridge deck. The new interrupted shape has the same 
volume as the original cone, thus ensuring conservation of mass via soot production and setting a radius for 
smoke spread underneath the bridge deck.  Esmoke is still set to 40 kW/m2 at the base of the inverted truncated 
cone. The linear decrease of Esmoke in the upward direction has the same function as for the unconfined 
smoke cone shown previously in Figure 3-6. Esmoke at the top of the new truncated shape in Figure 3-7 
therefore has the same value as the original unconfined smoke cone at that same height. The emissive power 
for the flame surfaces is calculated using Eq. (3-11). Since the flame is interrupted as shown in Figure 3-7, 
the flame surface area (𝐴𝐴𝑓𝑓) decreases versus that shown previously in Figure 3-6, thus increasing Eflame for 
the flame shape in Figure 3-7.  

 
Figure 3-7: Illustration. MDSF2 model (shown without mesh discretization for clarity) with the 

smoke zone interrupted by a bridge deck overhead [33]. 

 
 

4 The U.S. Government does not endorse products or manufacturers. They are included for informational purposes 
only and are not intended to reflect a preference, approval, or endorsement of any one product or entity. 
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Targets located outside the smoke layer (Region 1 in Figure 3-7) receive heat flux from the smoke and 
flame surfaces using Eqs. (3-10a), (3-11), (3-12), and (3-13) in the same way as used in the original MDSF2 
model, which assumes that the smoke obscures the flame surfaces underneath. Targets that are engulfed by 
the new smoke shape (Region 2) receive a direct flux (accounting for convective effects) from the smoke 
as Esmoke.  Since they are within the turbulent smoke layer, these targets can also see the flame surfaces on 
the flame cone and receive their associated radiation heat flux.  

For targets engulfed by the flame cone (Region 3), 𝑞̇𝑞𝑗𝑗" is set equal to the lesser of 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 per Eq. (3-11) and 
an empirical engulfed-in-flame direct heat flux of 170 kW/m2. The engulfed value conservatively combines 
direct flame radiation and convective heat transfer into a single heat flux that is based on experimental 
measurements on objects engulfed in a hydrocarbon fire. If the girders are engulfed by the flame cylinder 
at a location below the smoke layer, then smoke effects are neglected and all girders within the flame 
cylinder receive the full engulfed-in-flame heat flux. Note that the flame shapes are not warped in a similar 
way as the smoke shape – for simplification, they are conservatively assumed to engulf the elements with 
which they intersect [77]. A more refined model for flame impingement at the underside of the bridge, such 
as that proposed by Franchini et al. [78], could be utilized as an alternative for greater precision.  

3.3 Standard fire curves 
Standard fire curves are widely used by the construction industry to quantify the fire resistance of structural 
and non-structural assemblies and components. These temperature time histories consist of a rapid initial 
increase followed by a steady period at high temperature with no decay phase. When applied to a structural 
assembly, the standard fire curve is intended to heat the specimen until a “failure” condition is eventually 
reached. The equations for the temperature-time curve for ISO 8345 [79] and ASTM E1196 [80], which are 
commonly used for fire resistance evaluations for building assemblies, are provided below:  

𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼834 = 345 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10(8𝑡𝑡 + 1) + 𝑇𝑇0          (3-14) 

𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸119 = 750 ∙ (1 − 𝑒𝑒−3.8∙𝑡𝑡ℎ
0.5

) + 170.41 ∙ 𝑡𝑡ℎ0.5 + 𝑇𝑇0        (3-15) 

where 𝑇𝑇0 (°C) is the ambient temperature (typically assumed to be 20 °C). For the ISO 8345 fire curve, t 
(min) is the time in minutes; for the ASTM E1196 fire curve, 𝑡𝑡ℎ (hr) is the time in hours. Open-air fire 
hazards for bridges (which are usually fuel controlled and have unlimited oxygen supply) are expected to 
ramp-up more rapidly than a building compartment fire (which is predominantly ventilation controlled). 
The ASTM E15297 standard hydrocarbon fire curve [81] could apply more relevantly for evaluating the 
fire resistance of bridge components and assemblies. ASTM E15297 stipulates that either of the following 
equivalent heat exposures be applied to a specimen after 5 min following ignition: steady state heat flux 
exposure of 158 kW/m2 ± 8 kW/m2, or steady state temperature exposure of 1095 °C ± 85 °C. Other 

 
 

5 Use of ISO 834, Fire resistance tests, is not a Federal requirement. 
6 Use of ASTM E119, Standard Test Methods for Fire Tests of Building Construction and Materials, is not a Federal 
requirement. 

7 Use of ASTM E1529, Standard Test Methods for Determining Effects of Large Hydrocarbon Pool Fires on 
Structural Members and Assemblies, is not a Federal requirement. 
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applicable standard fire curves may include the hydrocarbon fire or external fire per Eurocode 18, Part 1-2 
[82] depending on the estimated intensity of the fire event: 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1080 ∙ (1 − 0.325 ∙ 𝑒𝑒−0.167∙𝑡𝑡 − 0.675 ∙ 𝑒𝑒−2.5∙𝑡𝑡) + 𝑇𝑇0     (3-16) 

𝑇𝑇𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 660 ∙ (1 − 0.687 ∙ 𝑒𝑒−0.32∙𝑡𝑡 − 0.313 ∙ 𝑒𝑒−3.8∙𝑡𝑡) + 𝑇𝑇0      (3-17) 

where t (min) is the time in minutes. The standard fire curves introduced above are plotted for comparison 
in Figure 3-8. These curves are very useful as a comparative platform for developing relative fire resistance 
ratings of structural and non-structural components and assemblies. However, these curves are prescribed 
as approximations of the ramp-up and peak thermal demand from an assumed fire type (building enclosure 
fire, hydrocarbon fire, external fire, etc.), and they therefore have no direct correlation to the HRR 
magnitudes and durations that were discussed in Section 2. These curves also do not consider spatial 
orientation or standoff to a given fire hazard and therefore are not compatible with the fire modeling 
approaches discussed in Section 3.2. The implementation of a standard fire curve as a tool for bridge fire 
evaluation would need significant assumptions about implementing a burnout or decay phase as well as the 
spatial contour of application over the length of the bridge element relative to the localized fire hazard. 
Standard fire curves are therefore not suggested as a representation of a design basis fire. However, hourly 
ratings based on standard fire testing or analysis can help an analyst compare the relative effectiveness of 
fire resistance mitigation solutions based on the thermal demand obtained from a design basis fire scenario. 
This approach is somewhat similar to the complementary use of the Rijkswaterstaat (RWS) standard fire 
curve in NFPA 5021 Chapter 7 [1] to develop hourly ratings for assemblies in tunnels while also considering 
design basis fire scenarios with prescribed HRR (see Table 2-1). 

  
Figure 3-8: Graph. Temperature time histories of select standard fire curves. 

 
 

8 Use of Eurocode 1, Part 1-2: Actions on structures is not a Federal requirement. 
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4 BRIDGE FIRE FREQUENCY 
NFPA 5021 Chapter 6 [1] states that an “engineering analysis” is needed to determine whether the collapse 
of the bridge due to fire would have an adverse impact on life safety or other unacceptable implications.  For 
a localized open-air fire hazard, the need for an “engineering analysis” and potential bridge fire mitigation 
depends on the relative influence of the intensity of the fire and its proximity to the bridge, as well as the 
geometry and construction of the bridge itself.  

To identify the critical bridges that warrant analysis against fire hazards, Kodur and Naser [83] previously 
proposed an approach to calculating an importance factor that accounts for the bridge vulnerability, fire 
hazard likelihood, traffic demand, and loss consequences. Though straightforward and efficient, the values 
of the weighted factors used in that framework are somewhat qualitative and do not directly evaluate the 
likelihood or severity of specific fire hazards for specific bridges. More research is needed to quantify the 
likelihood of a fire hazard with a given intensity as a function of bridge location and the surrounding 
infrastructure. For example, previous work by Zhu et al. [44] used a fire model and bridge-to-fire orientation 
geometry to rank the criticality of vulnerability to a tanker truck fire for all steel girder overpasses in the 
MacArthur Maze complex interchange in Oakland, CA. The study identified that the overpasses that 
collapsed due to a 2007 tanker truck fire event were the two most fire-critical spans in the entire interchange.  

This section extends the previous work by Zhu et al. [44] to develop a methodology that quantifies the 
vulnerability of highway bridges to structurally significant fires (i.e. fires that have the potential to cause 
structural damage) based on their intensity, the structure type of the bridge (i.e., steel girder, concrete bulb-
tee girder, concrete box beam, etc.), and traffic presence on and around the bridge. Developing zones of 
influence for structurally significant fire sizes can help preliminarily judge what warrants a more detailed 
fire hazard assessment (and potential mitigation actions) for a particular bridge or among an inventory of 
bridges. Also, using traffic information on nearby roadways or the presence of stationary fuel sources can 
help quantify the frequency of structurally significant fires within the zone of influence.  

4.1 Proposed framework 
The proposed framework for quantifying fire frequency utilizes the following three steps:  

(1) Develop fire-induced damage isotherms based on thermal analysis of typical structural elements 
(2) Delineate zones of influence for vehicle fires of various intensities 
(3) Calculate the frequency of structurally significant bridge fires within the zone of influence 

In the first step, rather than assessing the damage for various bridge types with complex thermo-structural 
analyses, thermal analyses are performed for typical structural bridge elements to determine whether a given 
fire intensity reaches a critical temperature. The critical temperature implicitly indicates a degree of fire-
induced damage based on published standards and testing. In the second step, the thermal impact on the 
bridge element from a vehicle fire hazard is calculated via the Modified Point Source Model (MPS) 
(presented previously in Section 3.2.2). By combining the structural-fire vulnerability curves with MPS 
heat exposure results, a “structurally critical” zone of influence can be drawn as a three-dimensional volume 
around the bridge structure. Essentially, a fire hazard with a given intensity could cause a given degree of 
damage to the bridge if it were to occur within that three-dimensional shape. The third step involves 
assessing the likelihood of that fire hazard occurring within its three-dimensional zone of influence. For 
vehicle-based fire hazards, the likelihood of the fire hazard is estimated by considering traffic data over 
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roadways that pass through the zone of influence and the rate of traffic accidents that result in fire. For 
stationary fire hazards, the likelihood of fire occurrence is estimated by quantifying the amount, spatial 
distribution, and flammability of the potential fuel sources as well as their proximity to an ignition source. 
In this report, the primary focus considers vehicle-based fire hazards. This proposed methodology is 
demonstrated with the MacArthur Maze interchange later in this report.  

4.2 Fire damage vulnerability (FDV) assessment 

This section demonstrates the development of a fire damage vulnerability (FDV) diagram for typical 
highway overpass bridges (supported by either steel girders or precast/prestressed concrete bulb-tee 
girders). Bridges with other girder types (such as precast/prestressed concrete tub girders) or supported with 
other primary elements (such as cables or trusses) could use the general methods outlined in this report to 
evaluate the FDV. However, analysis of those other structural types (particularly long-span bridges) is more 
complicated to evaluate and are therefore outside the scope of this baseline illustration.  

A fragility curve is a convenient tool for quantifying FDV of a given hazard intensity. Specifically, fragility 
𝐹𝐹𝑙𝑙𝑙𝑙 as a function of a given intensity measure IM can evaluate the probability of reaching or exceeding 
specific damage measures DM under a certain level of hazard intensity:  

𝐹𝐹𝑙𝑙𝑙𝑙(𝐼𝐼𝐼𝐼) = 𝑝𝑝[𝐷𝐷𝐷𝐷|𝐼𝐼𝐼𝐼] = 𝑝𝑝[𝐷𝐷 ≥ 𝐶𝐶𝑙𝑙𝑙𝑙|𝐼𝐼𝐼𝐼]                  (4-1) 

where 𝐷𝐷 (demand) represents the statistical characteristics of the response of the structural system to the 
event with intensity IM, and 𝐶𝐶𝑙𝑙𝑙𝑙 describes the capacity of the structure with respect to a pre-defined limit 
state 𝑙𝑙𝑙𝑙. Fragility curves can be developed for successive levels of damage by considering escalating DM 
thresholds. If successive DM states exhibit clear delineations as the IM increases, then the fragility-based 
approach is simplified as a deterministic diagram that maps the expected damage level in response to a 
given intensity measure.  

The thermo-structural response of a bridge to fire hazards depends on its span length, span arrangement 
(i.e., simply supported versus continuous), structural geometry, structural materials, and applied loading 
(including gravity and live loads as well as restraint of thermal expansion). Also, the thermo-mechanical 
failure modes and thresholds (including flexural or shear failure, concrete cracking, loss of prestressing 
forces, etc.) are not yet fully quantified in the existing experimental literature, especially for prestressed 
concrete bridge structures [5]. Previous studies such as those by Wright et al. [41] and Quiel and Zhu [33] 
have considered the thermo-structural impact of a select number of fire scenarios on composite steel girder 
overpass bridges. These studies used detailed numerical models to quantify fire-induced damage – though 
effective, the computational cost associated with these thermo-structural analyses may not be conducive to 
rapid evaluation of bridge-fire vulnerability by practicing engineers. Hence, this study develops FDV 
diagrams for bridges under fire using thermal analyses of the structural elements, which significantly 
reduces the numerical complexity of the evaluation approach. Critical temperature limits, which are well-
defined for both steel and concrete structural elements in references such as NFPA 5021 [1] and ASTM 
E15297 [81], can provide an implicit means of quantifying structural damage in terms of temperature 
increase [44]. Specifically, critical temperatures represent a threshold beyond which a structural element is 
at increased risk of permanent damage [84].  
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4.2.1 Typical highway bridge cross-section for thermal analysis 
For this study, thermal analysis was performed for the following typical bridge girders: a straight steel I-
shape plate girder and a precast/prestressed concrete bulb-tee girder. As an advantage, the temperature 
threshold provided in the specifications measures the maximum value of the specimen, which is not 
sensitive to the sizes. For the steel girder, variations in the thickness of the steel plates will not sufficiently 
change their resistance to fire-induced temperature increase because they are still relatively thin versus their 
large amount of exposure surface. For the concrete girder, the concrete cover to the outermost layers of 
reinforcement would remain the same regardless of other dimensions, and this layer is the focus of the 
temperature change criteria used to quantify damage in this study implicitly. Hence, a generic cross-section 
(see Figure 4-1) was selected for both a steel and concrete girder based on those used in current practice for 
a simply supported bridge with a span of 30.5 m (100 ft).  

The steel girder dimensions are obtained using eSPAN 1404 [85], a free web-based tool developed by the 
Short Span Steel Bridge Alliance for the preliminary design of simple-span and modular steel girder bridge 
spans up to 42.7 m (140 ft) in compliance with the AASHTO LRFD Bridge Design Specifications, 7th 
Edition9 [86]. The I-shaped cross-section has the following dimensions: 1016 mm × 12.7 mm (40 inch × ½ 
inch) web, 457 mm × 25.4 mm (18 in. × 1 in.) top flange, and 457 mm × 50.8 mm (18 in. × 2 in.) bottom flange. 
The girder steel is assumed to be ASTM A70910, Grade 50 [87], with a density of 7850 kg/m3 (490 pcf). 
The steel girder is assumed to be composite with a 229-mm (9-inch) thick normal-weight concrete (NWC) 
deck slab.  

   

          (a) Steel plate girder          (b) Precast concrete bulb-tee girder 

Figure 4-1: Illustrations. Representative bridge girder sections for thermal analysis. 
 

 
 

9 Use of AASHTO LRFD Bridge Design Specifications, 7th Edition, is no longer a Federal requirement. 
10 Use of ASTM A709, Standard Specification for Structural Steel for Bridges, is not a Federal requirement. 
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The precast concrete bulb-tee girder cross-section is based on the design example of BT-72 provided by the 
PCI Bridge Design Manual, 4th Edition11 [88]. The section has a depth of 1828 mm (72 in.) below the deck 
(again assumed to be composite NWC with 229 mm [9-in.] thickness) and is prestressed with a total of 46 
seven-wire, low-relaxation stands with 12.7-mm (½-in.) diameter. The nominal compressive strength for 
the NWC in this girder is taken as 44.8 MPa (6.5 ksi). The minimum thickness of the concrete cover to the 
outermost layer of strands is 50.8 mm (2 inches). 

4.2.2 Damage state definitions 

The damage to the bridge girder is implicitly assessed using temperature increase as the primary metric. 
Note that the critical temperature criteria applied in this study demonstrate using the proposed approach. 
Other alternative metrics could be used in future applications. ASTM E15297 [81], ”Standard Test Methods 
for Determining the Effects of Large Hydrocarbon Pool Fires on Structural Members and Assemblies”, 
states that a structural steel member under fire evaluation is regarded to have “failed” once its average 
temperature exceeds 538 °C (1,000 °F) or its maximum temperature exceeds 649 °C (1,200 °F). ASTM 
E1196 [80], “Standard Test Methods for Fire Tests of Building Construction and Materials”, cites similar 
“failure” temperature limits for flexural elements at 593 °C (1,100 °F) for average temperature and 704 °C 
(1,300 °F) for the maximum temperature. From a material performance standpoint, both Eurocode 312, Part 
1-2 [89] and Appendix 4 of American Institute of Steel Construction (AISC) 360-2213 [90] stipulate that 
the yield strength of mild structural steel will begin to decrease once its temperature exceeds 400 °C (752 
°F). Based on these references, this study utilizes the critical temperature limits in Table 4-1 for fire-induced 
damage, though others could be used depending on the objectives of the assessment. 

Critical temperature thresholds regarding fire-induced damage to concrete bridge girders are more limited. 
For example, NFPA 5021 Chapter 6 [1] contains little information regarding critical temperatures for fire 
evaluation of bridges and elevated highways. However, the following information for thermal protection of 
tunnel structures is provided for road tunnels in NFPA 5021 Chapter 7 [1]: (1) prevent concrete spalling; 
(2) prevent the concrete surface temperature from exceeding 380 °C (716 °F); and (3) prevent the 
temperature of the reinforcement (assuming minimal cover of 25 mm) from reaching 250 °C (482 °F). 
There is currently no consensus approach for a temperature-based prediction of fire-induced spalling in 
structural concrete [91]. According to ASTM E1196 [80] for loaded restrained concrete beams in building 
construction, the tension steel at any section is not to exceed 427 °C (800 °F) for cold-drawn prestressing 
steel or exceed 593 °C (1,100 °F) for mild reinforcing steel. Based on these references, this study utilizes 
the critical temperature limits in Table 4-1 for fire-induced damage for concrete bridge girders. 

More research is needed via testing and thermo-structural numerical analysis to further establish appropriate 
threshold damage levels for concrete girders. Note that these criteria are not applied to the concrete deck in 
either cross-section.  Rather, the focus of this evaluation is on the girders as the primary load-bearing 

 
 

11 Use of the PCI Bridge Design Manual, 4th Edition, is not a Federal requirement. 
12 Use of Eurocode 3, Part 1-2: Design of steel structures is not a Federal requirement. 
13 Use of AISC 360, Specification for Structural Steel Buildings, is not a Federal requirement. 
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element. Similar criteria could apply to different types of bridge structures such as concrete box beams, 
steel tub girders, steel trusses, or cable-supported bridges. 

Table 4-1: Summary of critical temperature limits used for the representative girder cross-sections. 

Representative Cross-
Section Type 

Damage 
Severity 

Critical Temperature Description Source Reference 

Steel Plate I-Girder 
with Composite Deck 

Structurally 
critical 
damage 

Maximum temperature exceeds 649 °C 
(1,200 °F) at any location of the steel girder 
cross-section  

ASTM E1196 [80] 

Steel Plate I-Girder 
with Composite Deck 

Potential 
structural 
damage 

Maximum temperature exceeds 400 °C (752 °F) 
at any location of the steel girder cross-section  

AISC 360-2213 
Appendix 4 [90] 

Prestressed Concrete 
Bulb-Tee Girder with 
Composite Deck 

Structurally 
critical 
damage 

Maximum temperature exceeds 427 °C (800 °F) 
at any prestressing strand or 593 °C (1,100 °F) 
at any mild steel reinforcement 

ASTM E1196 [80] 

Prestressed Concrete 
Bulb-Tee Girder with 
Composite Deck 

Potential 
structural 
damage 

Maximum temperature exceeds 380 °C (716 °F) 
at any concrete surface or 250 °C (482 °F) at 
any steel reinforcement 

NFPA 5021 
Chapter 7 [1]  

 

4.2.3 Damage classification development 
Note again that the cross-sections in Figure 4-1 are used here as representative examples to demonstrate 
how to develop the thermal analysis and FDV diagram. The depth and dimensions of both the steel plate 
girder and concrete bulb-tee girder will vary based on loading, span, boundary conditions, and support 
conditions. However, the degree of heat transfer into these cross-sections due to fire exposure will be very 
similar regardless of these variations over the same time duration. For the steel girder, variations in the 
thickness of the steel plates will not sufficiently change their resistance to fire-induced temperature increase 
because they would still be relatively thin versus their large amount of exposure surface. For the concrete 
girder, the concrete cover to the outermost layers of reinforcement would remain the same regardless of 
other dimensions, and this layer is the focus of the temperature change criteria used to quantify damage in 
this study implicitly. In future research, implementing structural analysis with the results of the thermal 
analysis as input would indeed need to consider changes in girder cross-section, loading, span, and 
boundary conditions. For this study, the simplified approach of using temperature increase as an implicit 
measure of damage enables the use of representative sections to adequately represent the response of a 
much wider inventory of bridges that use these types of girders. 

A two-dimensional thermal analysis of the representative girder cross-sections was performed using the 
finite element (FE) software SAFIR4 [92] to calculate temperature increase due to fire exposure. The cross-
section is discretized into two-dimensional solid elements (or fibers), and thermal exposure “frontiers” are 
applied to the fire-exposed surfaces. The web and flanges of the steel plate girder prototype were discretized 
to have ten fibers over their width and one fiber through their thickness. This relatively coarse discretization 
pattern is possible due to the relatively high thermal conductivity of the steel material [93]. Discretization 
of the concrete cross-section was performed with GiD4 [94], an interactive graphical user interface used to 
mesh geometric shapes for numerical simulation. The mesh of the concrete cross-section used quadrilateral 
elements with maximum edge dimensions of 5 mm (0.2 inch), which is adequate for developing thermal 
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gradients due to lower thermal conductivity [95]. The slabs for both the steel and concrete cross-sections 
also used quadrilateral elements with maximum edge dimensions of 5 mm (0.2 inch). 

Temperature-dependent thermal properties of the steel girder (including the thermal conductivity and 
specific heat) are modeled in accordance with Eurocode 312, Part 1-2 [89], while those for NWC (assumed 
with calcareous aggregate) and steel reinforcement are modeled in accordance with Eurocode 214, Part 1-2 
[96]. Convective coefficients for the fire-exposed and unexposed surfaces are 25 kW/m2 and 9 kW/m2 per 
Eurocode 18, Part 1-2 [82]. The emissivity of fire-exposed steel and concrete surfaces is taken as 0.7 per 
the Eurocode, and the emissivity of hot gases from fire exposure is taken as 0.67 per Buchanan [31].  

As a conservative approximation, the entire perimeter of each cross-section is assumed simultaneously 
exposed to the thermal impact (as shown with the exposure frontier in Figure 4-1 on the underside of the 
deck), which represents full engulfment by the fire plume. Note that realistic fires might only “see” a portion 
of the girder cross-section; however, the change in heated perimeter will have an insignificant impact on 
the maximum temperature developed in the heated cross-section (which is used as the benchmark for this 
assessment). The fire intensity is quantified as incident heat flux onto the heated surface over an exposure 
duration. To generate the map for damage classification, a Monte Carlo Simulation (MCS) was performed 
with the thermal FE models, in which the magnitude of the heat flux 𝑞̇𝑞" was randomly chosen from 1 to 300 
kW/m2, while the exposure duration was randomly selected from 1 to 90 min. A stochastic analysis with a 
sample size of 1,000, developed using the Latin Hypercube Sampling (LHS) [97], is adequate to develop a 
well-populated field of cases for damage classification [33].  

The results of the thermal analysis are sorted into their respective damage levels according to the 
aforementioned temperature criteria limits for each girder type. These points are then marked according to 
each damage level and plotted on axes of heat flux versus exposure time, as shown in Figure 4-2a and 
Figure 4-3a. These plots show clear but nonlinear boundaries between the damage states, the equations for 
which would be difficult to determine. By replotting the data in ln-ln scale in Figure 4-2b and Figure 4-3b, 
the boundaries between damage states become linearized and can be detected using the Support Vector 
Machine (SVM) algorithm, a supervised machine learning approach [98]. This algorithm draws a 
hyperplane that minimizes overlap between two regions of data points. A linear kernel is utilized as the 
basis for SVM analysis in the ln-ln plots of Figure 4-2b and Figure 4-3b:  

𝑤𝑤1 ∙ ln(𝑞̇𝑞) + 𝑤𝑤2 ∙ ln(𝑡𝑡) + 𝑏𝑏 = 0             (4-2) 

where 𝑤𝑤1 and 𝑤𝑤2 are weighting factors, and b is the bias term. The resulting linear boundaries between 
each damage level are plotted with dashed lines in Figure 4-2b and Figure 4-3b, and the value of the 
coefficients associated with each boundary are summarized in Table 4-2. These boundaries ensure that at 
least 98% of all data points corresponding to a given damage level will fall into the correct region on these 
plots. These boundaries per Eq. (4-2) are then replotted, as shown in Figure 4-2a and Figure 4-3a, as a 
nonlinear function. These isotherms represent deterministic FDV curves, which represent fragility limits, 

 
 

14 Use of Eurocode 2, Part 1-2: Design of concrete structures is not a Federal requirement. 
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for each damage state and provide a high degree of accuracy for separating damage states as a function of 
fire intensity. 

    
        (a) linear scale         (b) ln-ln scale 

 
Figure 4-2: Graphs. Damage classification of the representative steel girder based on thermal 

analysis, including boundaries between damage levels per Support Vector Machine (SVM) analysis. 
 

    
        (a) linear scale         (b) ln-ln scale 

 
Figure 4-3: Graphs. Damage classification of the representative concrete girder based on thermal 

analysis, including boundaries between damage levels per Support Vector Machine (SVM) analysis. 
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Table 4-2: Linear SVM coefficients for damage state boundaries in ln-ln space. 

Bridge type Boundary 𝑤𝑤1 𝑤𝑤2 𝑏𝑏 Slope (−𝑤𝑤1/𝑤𝑤2) 
Steel girder Potential damage 2.46 4.16 -22.09 -0.591 

 Critical damage 2.70 5.34 -30.58 -0.506 
Concrete girder Potential damage 2.01 4.86 -23.80 -0.413 

 Critical damage 5.34 5.06 -48.25 -1.055 
 

Note that the thermal analysis performed for the concrete bulb-tee girder cross-section does not account for 
loss of concrete cover due to thermally induced spalling, which can accelerate the temperature increase of 
the embedded reinforcement. Experimental testing by Carlton et al. [99] on normal weight concrete panels 
under one-sided high intensity thermal exposure indicated that fire-induced spalling is likely to occur once 
the concrete surface temperature reaches approximately 450 °C. The potential damage temperature 
thresholds for the concrete girder would therefore not be influenced by spalling and are therefore utilized 
in later sections of this paper for comparison with the potential damage thresholds of the steel girder. The 
critical damage thresholds for reinforcement temperature in the concrete girder, however, are likely to be 
reached after the concrete surface temperature has exceeded 450 °C, and it is therefore likely that the 
concrete may spall before those thresholds are reached. The critical damage metrics for the concrete girder 
shown in Figure 4-3 and Table 4-2 are therefore not suggested for general application unless spalling is 
prevented and the concrete cover is preserved throughout fire exposure. More research is needed to 
incorporate the potential onset of spalling and develop reduced thresholds for “critical” structural damage 
of these concrete elements. 

4.3 Influence zones for structurally significant fires 

The exposure from a given fire hazard can correspond to a thermally induced damage state for the 
representative girders by calculating the magnitude and duration of heat flux exposure to the girder and 
then plotting that point within the damage maps in Figure 4-2a and Figure 4-3a. For this study, the 
computationally efficient MPS model is implemented to obtain the heat flux intensity on a given target 
based on a fire’s size (quantified in terms of heat release rate or HRR, in MW) as well as its standoff 
distance and orientation (i.e., angle of exposure) to that target. The standoff radius (or zone of influence) at 
which a given fire intensity is located to cause a particular level of damage to a bridge girder is developed 
by coupling the damage classification maps in Figure 4-2a and Figure 4-3a with the calculated heat flux 
and duration from the MPS model of that fire at a range of locations. These influence zones, corresponding 
to “potential” or “critical” structural damage, can form a three-dimensional shape around the bridge within 
which any fire with the corresponding fire size would cause that specified level of damage. 

It should be noted that the MDSF model per Section 3.2.4 could have been used in this assessment as an 
alternative to the MPS model but at significantly more computational effort. The MDSF model is more 
conducive when examining a smaller set of fire scenarios in greater detail, since it provides a more precise 
contour of heat flux exposure to the bridge elements as a three-dimensional fire object [24]. The MPS model 
per Section 3.2.2, however, can provide conservative predictions of peak fire exposure with very minimal 
computational effort [24]. This assessment focuses on the peak heat flux experienced by the bridge element 
for a large suite of fire locations and sizes; therefore, the MPS model is therefore appropriate. 
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4.3.1 Thermal impact quantification via the MPS model 
To apply the MPS model to bridge fire scenarios, the user accounts for the relative orientation of the fire to 
targets that it can “see” and the heat. For example, a vehicle fire located on the bridge deck will heat the 
top of the deck, but the girders are shielded from direct fire exposure and are therefore considered to be 
minimally heated by the fire. The fire needs a direct line of sight to the structural targets to apply heat flux 
to their exposed surfaces. For the evaluation in this study, the fire is located underneath or alongside the 
bridge so that the girders are always directly heated for each scenario. Generally, the following scenarios 
are listed to further clarify the MPS model application.  

a) Vehicle fire above the bridge deck: point source emitter location following the description in this 
section, but the radiation to the bridge girder is blocked by the bridge deck.  

b) Vehicle fire alongside the bridge: point source emitter location and radiative heat flux calculation 
following the description in this section.  

c) Vehicle fire and the MPS point emitter underneath the bridge deck: the same as (b).  

For many long-span bridges, which is beyond the scope of this study, fires on the deck of the bridge will 
have a direct view of primary structures such as trussing or cables, and the same methods proposed for this 
study could apply to those elements. For example, a previous study by Mueller et al. [100] examined the 
effects of a fire (modeled using the aforementioned PS model) on the deck of a cable-stayed bridge.  

The maximum heat flux that the bridge girder can receive is capped at 170 kW/m2, which was demonstrated 
by experimental measurements as a practical upper bound for objects engulfed in a hydrocarbon fire [53]. 
The girders underneath the bridge deck are represented as line elements that run through their geometric 
centroid for thermal impact calculation, and each girder is discretized into 0.6-m (2-ft) segments along its 
length. The distributions of the peak heat flux on the bridge girders subjected to a 100 MW fire underneath 
and alongside the bridge is illustrated in Figure 4-4a and b, respectively. The enlarged dot on each figure 
represents the location of the emitter for the MPS model.  

The total combustion energy 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡  (GJ) of the fire is calculated as a function of peak HRR and is based on 
the experimental data for vehicle combustion. This study adopts the upper bound value via Eq. (2-2a) in 
Section 2.1.1. The full HRR time history of the fire adopts the quadratic curve from Section 2.2.4.  

4.3.2 Locations of structurally significant fires 
The trial locations of the fire hazard of given intensity are systematically arranged in a three-dimensional 
grid over a quarter area underneath and alongside the prototype bridge, which is assumed with a 36-m (120-
ft) span, as presented in Figure 4-5. Note that the span is merely representative, and the results of this 
evaluation could be applied to a straight girder overpass bridge of any span since the results of the thermal 
analysis are for the cross-sectional location with maximum exposure. The first point of the three-
dimensional grid is at the plan center of the bridge, at a clearance of 1.52 m (5 ft) from the bottom of the 
bridge girder. Increments of 1.52 m (5 ft) are then applied in the plane's length and width directions (pictured 
in Figure 4-5) and downward as additional layers with increased clearance. Note that the locations shown 
in Figure 4-5 do not account for potential obstruction by the abutments, bracing, etc. to the fire’s view of 
the girders. When applying these methods, the analyst should account for realistic obstructions of heat 
transmission from the fire to the target girders. 
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      (a) Fire located directly underneath the bridge  (b) Heat flux of critical girder in (a) 

  
      (c) Fire located alongside and underneath the bridge  (d) Heat flux of critical girder in (c) 

Figure 4-4: Illustrations. Heat flux distribution from the MPS model for a 100 MW fire source. 

 

 
Figure 4-5: Graph. Plan of trial locations for a vehicle fire relative to the bridge footprint (with 

each location evaluated at varying clearance underneath the bridge). 
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At each fire location, the MPS model is then used to obtain the heat flux distribution at all discretized targets 
on each girder. As shown in Figure 4-6, the bridge segment receiving the highest peak heat flux (𝑞̇𝑞𝑗𝑗") is then 
selected for bridge thermal damage assessment. The exposure time ( 𝑡𝑡𝑗𝑗 ) is calculated using energy 
equivalency (i.e., the area under the heat flux time history curve) between the quadratic exposure curve per 
Ingason [16] and the simplified “pulse” duration approach (with no ramp-up or ramp-down), as illustrated 
in Figure 4-6. The peak heat flux and exposure time are then used to enter the damage classification maps 
for the girder type of interest to determine the corresponding damage state. As illustrated in Figure 4-6, a 
150 MW fire with 4.56-m (15-ft) clearance underneath the plan center of the bridge span with the 
representative steel girder will cause a structural “critical” damage state in the worst-case girder.   

 
Figure 4-6: Illustration. Fire damage assessment procedure for a steel girder bridge. 

 

This damage assessment process can be repeated at all trial fire locations, and the furthest points that cause 
a particular damage state for a given fire hazard and girder type can be used to develop a corresponding 
three-dimensional influence zone. Illustrated in Figure 4-7a, the locations of the fire hazard of 150 MW that 
cause structurally “critical” damage to any point on any steel girder in the prototype bridge are circled and 
are wrapped with a three-dimensional convex hull shape. Inside this hull, a fire hazard over 150 MW would 
raise the maximum temperature of the girder to 649 °C. To simplify the derivation of the three-dimensional 
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shape, the convex hull can be replaced by a rectangular prism, as shown in Figure 4-7b, whose plan 
dimensions and vertical clearance are the same as the hull. The dimensions of the prism can be described 
with three key geometric parameters: 

• X standoff is measured as the furthest distance from the longitudinal ends of the bridge at which a 
fire hazard of a particular magnitude would cause the damage state of interest to any girder at the 
minimum 1.52-m (5-ft) clearance. 

• Y standoff is measured as the furthest transverse distance from the edge of the bridge deck at which 
a fire hazard of a particular magnitude would cause the damage state of interest to any girder at the 
minimum 1.52-m (5-ft) clearance.  

• Clearance is measured as the maximum vertical distance from the bottom of the bridge girder at 
which a fire hazard of a particular magnitude would cause the damage state of interest to any girder.  

The influence zones for “potential” and “critical” damage to the representative steel girder bridge when 
subjected to a 150 MW fire are illustrated in Figure 4-7b, with corresponding parameters listed in Table 
4-3 and Table 4-4, respectively. Note that the “potential” damage region indicates that the bridge girders 
would experience at least this level of damage for a 150 MW fire that was located inside the corresponding 
rectangular prism. Within the smaller subregion, the damage due to the 150 MW fire would be upgraded to 
structurally “critical.” Similar influence zone parameters for “potential” damage to the representative 
concrete bulb-tee girder bridge are provided in Table 4-5. 

  

(a) Convex hull (cut-away for two-thirds of the span only)    (b) Rectangular prism (shown for the full span) 

Figure 4-7: Illustrations. Derivation of fire-induced damage influence zones for the representative 
steel girder bridge subjected to a 150 MW vehicle fire hazard. 
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Table 4-3: Dimensions of rectangular prismatic influence zones corresponding to “critical” 
structural damage for the representative steel girder bridge. 

HRR (MW) X standoff (m) Y standoff (m) Clearance (m) 
10 0.00 0.38 3.05 
20 1.52 1.14 3.05 
30 1.52 2.67 4.57 
40 1.52 2.67 6.10 
50 1.52 2.67 6.10 
60 1.52 2.67 6.10 
70 3.05 4.19 6.10 
80 3.05 4.19 7.62 
90 3.05 4.19 7.62 

100 3.05 4.19 7.62 
110 3.05 4.19 7.62 
120 3.05 5.72 7.62 
130 3.05 5.72 7.62 
140 3.05 5.72 7.62 
150 3.05 5.72 7.62 
160 3.05 5.72 9.14 
170 3.05 5.72 9.14 
180 4.57 5.72 9.14 
190 4.57 5.72 9.14 
200 4.57 5.72 9.14 
210 4.57 5.72 9.14 
220 4.57 7.24 9.14 
230 4.57 7.24 9.14 
240 4.57 7.24 9.14 
250 4.57 7.24 9.14 
260 4.57 7.24 9.14 
270 4.57 7.24 9.14 
280 4.57 7.24 9.14 
290 4.57 7.24 9.14 
300 4.57 7.24 9.14 
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Table 4-4: Dimensions of rectangular prismatic influence zones corresponding to “potential” 
structural damage for the representative steel girder bridge. 

HRR (MW) X standoff (m) Y standoff (m) Clearance (m) 
10 1.52 1.14 3.05 
20 1.52 2.67 4.57 
30 3.05 4.19 6.10 
40 3.05 4.19 7.62 
50 3.05 5.72 7.62 
60 3.05 5.72 9.14 
70 4.57 5.72 9.14 
80 4.57 5.72 9.14 
90 4.57 7.24 9.14 

100 4.57 7.24 10.67 
110 4.57 7.24 10.67 
120 4.57 7.24 10.67 
130 4.57 8.76 10.67 
140 6.10 8.76 10.67 
150 6.10 8.76 10.67 
160 6.10 8.76 12.19 
170 6.10 8.76 12.19 
180 6.10 8.76 12.19 
190 6.10 8.76 12.19 
200 6.10 8.76 12.19 
210 6.10 8.76 12.19 
220 6.10 8.76 12.19 
230 6.10 8.76 12.19 
240 6.10 8.76 13.72 
250 7.62 8.76 13.72 
260 7.62 8.76 13.72 
270 7.62 8.76 13.72 
280 7.62 8.76 13.72 
290 7.62 8.76 13.72 
300 7.62 8.76 13.72 
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Table 4-5: Dimensions of rectangular prismatic influence zones corresponding to “potential” 
structural damage for the representative concrete girder bridge. 

HRR (MW) X standoff (m) Y standoff (m) Clearance (m) 
10 0.00 1.14 4.34 
20 1.52 2.67 5.87 
30 1.52 2.67 7.39 
40 1.52 4.19 7.39 
50 3.05 4.19 8.92 
60 3.05 4.19 8.92 
70 3.05 4.19 8.92 
80 3.05 5.72 8.92 
90 3.05 5.72 10.44 

100 3.05 5.72 10.44 
110 4.57 5.72 10.44 
120 4.57 5.72 10.44 
130 4.57 7.24 10.44 
140 4.57 7.24 10.44 
150 4.57 7.24 10.44 
160 4.57 7.24 11.96 
170 4.57 7.24 11.96 
180 4.57 7.24 11.96 
190 4.57 7.24 11.96 
200 4.57 8.76 11.96 
210 4.57 8.76 11.96 
220 6.10 8.76 11.96 
230 6.10 8.76 11.96 
240 6.10 8.76 11.96 
250 6.10 8.76 11.96 
260 6.10 8.76 11.96 
270 6.10 8.76 11.96 
280 6.10 8.76 13.49 
290 6.10 8.76 13.49 
300 6.10 8.76 13.49 

 

4.4 Fire frequency and lower bound design-basis fire intensity 
The influence zones for fires with varying intensities can be used to determine the lower bound fire intensity 
that should be considered in the design process for a target bridge span and to calculate the fire frequency 
corresponding to the given damage state (i.e., “potential” or “critical”). As illustrated in Figure 4-8, the 
influence zones are applied to an overpass bridge span, with thick lines representing the girders underneath 
the bridge deck. The lowest fire intensity influence zone that touches any roadway passing underneath 
would represent the lower bound fire intensity that should be considered design or evaluation or the target 
overpass. For example, gradually increasing the fire intensities will enlarge the influence zone (i.e., from 
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the innermost rectangular prism for 𝐻𝐻𝐻𝐻𝐻𝐻𝑎𝑎 to the middle rectangular prism for 𝐻𝐻𝐻𝐻𝐻𝐻𝑏𝑏 in Figure 4-8), thus 
capturing a large potential area through which associated vehicles could pass. 

   
(a) Detect lower bound fire intensity prism intersections       (b) Outline distances for fire frequency 

Figure 4-8: Illustrations. Influence zone application to calculate fire frequency for an overpass 
crossing two roadways below. 

 

The frequency of having a structurally significant vehicle fire (i.e., causing either “potential” or “critical” 
structural, damage) within the corresponding influence zones can be quantified by accounting for the length 
and associated traffic volume of the roadway that passes through the rectangular prism for a specific fire 
intensity. Referring to the plan view of the interchange in Figure 4-8b, the region framed with dashed lines 
on Roadway 1 indicates the length of roadway where a vehicle fire at intensity 𝐻𝐻𝐻𝐻𝐻𝐻𝑏𝑏 would damage the 
target overpass. Enlarging the influence zone to the outer rectangular prism for higher intensity 𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐 
would then intersect a larger dash-dot enclosed region on Roadway 1 as well as on Roadway 2 where a 
vehicle fire at that intensity would damage the target overpass. Using these dashed intersected regions, the 
number of structurally significant fires at fire intensity 𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖 within a year, 𝑓𝑓𝑠𝑠𝑠𝑠,𝑖𝑖, can be calculated:  

𝑓𝑓𝑠𝑠𝑠𝑠,𝑖𝑖 = Σ(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∙ 𝐿𝐿(𝐴𝐴𝑖𝑖−𝐴𝐴𝑖𝑖−1) ∙ 𝑇𝑇𝑇𝑇𝑇𝑇 ∙ 𝑃𝑃(𝐻𝐻𝐻𝐻𝐻𝐻 ≥ 𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖) ∙ 365)          (4-3) 

where 𝐴𝐴𝑖𝑖 represents the area of the intersected regions of the roadway underneath the target bridge for fire 
intensity 𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖 ; 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  (vehicles/day) is the annual average daily traffic; 𝐿𝐿(𝐴𝐴𝑖𝑖−𝐴𝐴𝑖𝑖−1) (miles) is the 
incremental length of the region from 𝐴𝐴𝑖𝑖−1 to 𝐴𝐴𝑖𝑖 between successive fire intensities; TFR is the traffic fire 
rate (fires per million vehicle-miles); and 𝑃𝑃(𝐻𝐻𝐻𝐻𝐻𝐻 ≥ 𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖) is the probability that the fire intensity will 
exceed 𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖, which can be calculated via the cumulative density function CDF(𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖): 

𝑃𝑃(𝐻𝐻𝐻𝐻𝐻𝐻 ≥ 𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖) = 1 − 𝐶𝐶𝐶𝐶𝐶𝐶(𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖)            (4-4) 

The annual number of structurally significant fires, 𝑓𝑓𝑠𝑠𝑠𝑠 , can then be calculated as the summation of 
contributions from the fire of various intensities:  

𝑓𝑓𝑠𝑠𝑠𝑠 = Σ𝑖𝑖=1𝑛𝑛 𝑓𝑓𝑠𝑠𝑠𝑠,𝑖𝑖               (4-5) 

A detailed demonstration of this calculation is provided in the Section 5 via case study.  
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5 DESIGN FIRE LOAD QUANTIFICATION 

5.1 Case study: MacArthur Maze highway interchange 

The MacArthur Maze complex highway interchange (as shown in the aerial snapshot in Figure 5-1a) is used 
as a case study to demonstrate the application of the influence zones, the calculation process of the fire 
frequency corresponding to a given damage level, and the calculation of a design fire load. Figure 5-1b 
illustrates the model extraction of the interchange (with all bridge spans marked as shaded panels). Note 
that all relative vertical locations of the roadways are included in this model, as detailed in the previous 
study by Zhu et al. [44]. The overpass spans on roadway R1 that collapsed in 2007 were supported by steel 
girders very similar to the representative cross-section shown earlier in Section 4.2.1. The collapse was 
caused by a severe fire (with an estimated HRR of 300 MW [38], shown on the cover photo of this report) 
from a tanker truck crash on roadway R6, just below the R1 overpasses as shown in Figure 5-1. 

  
  (a) Aerial image (background from [101])   (b) Model extraction 

 
Figure 5-1: Illustrations. Snapshots of the MacArthur Maze complex interchange, with each 

roadway labelled for the purposes of this study. 
 

5.2 Structurally significant fire intensity 
Figure 5-2a highlights a portion of the interchange, with prismatic influence zones corresponding to 
“critical” structural damage for fire hazard sizes ranging from 10 to 300 MW (nested from smallest to 
largest) placed underneath the two R1 spans that collapsed during the 2007 fire event. The rectangular prism 

for the 80 MW fire is the smallest shape that intersects the R6 roadway underneath the R1 overpasses. 
Therefore, the conclusion could be made that fire hazards over 80 MW on the R6 roadway within this 
prismatic influence zone could severely damage the target bridge spans. Larger fires (for example, at 250 
MW with the prismatic influence zone shown in red) can induce “critical” structural damage at a further 
standoff distance, as shown in Figure 5-2b. This figure indicates the minimum fire intensity that could lead 
to “critical” structural damage with respect to its location on the R6.  
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(a) “Critical” structural damage prisms per Table 4-3 for the R1 steel girder overpasses 

 

 
(b) Minimum fire intensity locations that would cause “critical” structural damage 

Figure 5-2: Illustrations. Application of the “critical” structural influence zones for the MacArthur 
Maze R1 spans that collapsed during the 2007 fire event. 

 

By applying the same approach for all the bridge spans in the MacArthur Maze highway interchange, the 
distribution of the minimum fire intensities that could cause “critical” structural damage is presented in 
Figure 5-3a. The results show that only a 40 MW fire is needed to cause structural “critical” damage for 
some overpass spans (i.e., the spans of R9 crossing over R10 and spans of R3 crossing over R2 and R6) 
due to their lower clearance. Other overpass spans are affected by roadways that are close by but do not 
cross directly underneath. For example, some overpasses on R5 will be damaged by fire intensities ranging 
from 100 to 170 MW that occur on R11, which runs below and alongside. Alternatively, the fire intensities 
in Figure 5-3a can be correlated to the vehicle fire intensities in NFPA 5021 Chapter 6 [1] to provide a more 
intuitive map of fire-induced damage for each overpass span according to vehicle type. For example, the 
10–20 MW fire size typically represents a fire for multiple passenger cars, while HGV fires range from 40 
MW to 200 MW. The resulting map of the MacArthur Maze is shown in Figure 5-3b. This contour figure 
indicates that an HGV fire is needed to threaten the structural safety (structurally “critical” damage) of the 
spans collapsed 2007 fire hazard.  
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(a) By fire intensity (MW) 

 

 
(b) By vehicle type (per NFPA 5021) 

 
Figure 5-3: Illustrations. Map of minimum fire intensity that would cause “critical” structural 

damage to the MacArthur Maze highway interchange (all overpass bridges use steel plate girders). 
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(a) By fire intensity (MW) 

 

 
(b) By vehicle type (per NFPA 5021) 

 
Figure 5-4: Illustrations. Map of minimum fire intensity that would cause “potential” structural 

damage to the MacArthur Maze highway interchange (all overpass bridges use steel plate girders). 
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Depending on the damage tolerance or design objectives of the analyst, the influence zones for “potential” 
structural damage levels from Table 4-4 could also be applied. Since the influence zones for “potential” 
damage are larger, Figure 5-4 shows that more overpass spans are susceptible to fire, and the minimum fire 
size that would cause potential damage is smaller than that shown in Figure 5-3 for critical damage. Note 
that Figure 5-3 and Figure 5-4 are based on the steel girder influence zones since all overpasses in the 
MacArthur Maze utilized that type of bridge construction. If prestressed concrete bulb-tees had been used 
for these overpasses, the influence zones for “potential” structural damage levels from Table 4-5 could be 
applied to obtain a similar map, as shown in Figure 5-5.  

5.3 Fire frequency calculation 
Per Section 4.4, the calculation of structurally significant fire frequency relies on the traffic information as 
an input. For this study, the annual average daily traffic (AADT) of R1 to R14 in the MacArthur Maze 
interchange was obtained from the publicly available Caltrans database for the period between July 2006 
and July 2007 (just before the 2007 fire event that caused the R1 collapse) [44]. Using the same approach 
as in Zhu et al. [44], the traffic volume reported at the inflow and outflow of all roadways in the interchange 
is correlated to their number of lanes and traffic directions. Traffic volumes at transitions between roadways 
that merge or fork are estimated by ensuring a conservation of traffic volume that enters or exits the 
transition. The resulting estimates for AADT on each roadway are summarized in Table 5-1.  

The value of the traffic fire rate, 𝑅𝑅𝑓𝑓 , can vary according to region, time period, vehicle type density, 
roadway geometry, road conditions, etc. [13]. For example, 0.056 fires per million vehicle-km is indicated 
by the Fatal Accident Reporting System (FARS) database for the period of 2003 to 2008 [102]. Similarly, 
a value of 0.03 fires per million vehicle-km (i.e. one fire per 19 million vehicle miles) is reported by NFPA 
[103]. For tunnel roadways, the fire rate can be estimated as 0.01 fires per million vehicle-km per PIARC 
data for tunnels in eight countries in 2016 [104]. This study uses 0.056 fires per million vehicle-km as a 
conservative upper-bound estimation for all calculations herein.  

The traffic composition for each roadway, which is used to calculate the probability of exceeding a specific 
fire intensity, is also summarized in Table 5-1. The total truck volume and truck percentage are first 
calculated using the same strategy for the AADT, again based on the Caltrans database for the period 
between July 2006 and July 2007. A generic breakdown by vehicle type (based on data provided by 
PennDOT [13] for typical highways) is applied to the total traffic as follows: 0.35% motorcycles, 79.05% 
cars, 13.99% pick-up trucks and vans, 0.99% buses, 2.73% 2-axle trucks, 0.91% 3-axle trucks, 0.21% 4-
axle trucks, 1.73% 5-axle trucks, 0.041% 6-axle truck and 0.003% 7-axle trucks. It should be noted that 
vehicle breakdown percentages specific to this site (and specific to each roadway within the site) could be 
substituted in future assessments; however, the generic breakdown applied to all roadways in this example 
is suitable for demonstrating this approach. The truck percentages for R1 through R14 are proportionally 
distributed according to the per-axle truck percentages. The percentages of motorcycles, passenger cars, 
pick-up trucks, and buses are then redistributed according to the corresponding categories of the PennDOT 
traffic breakdown, with the summation equal to the total percentage excluding trucks. The combustion 
weight of each type of vehicle is used to estimate the peak HRR and can range from 30% of the vehicle tare 
weight up to the full payload capacity of the vehicle plus 30% of the tare weight [13]. For this study, the 
mean values and standard deviations of combustion weight are calculated as one-third of the difference 
between the mean value and upper/lower bound, as presented in Table 5-1.  
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(a) By fire intensity (MW) 

 

 
(b) By vehicle type (per NFPA 5021) 

 
Figure 5-5: Illustrations. Map of minimum fire intensity that would cause “potential” damage to 
the MacArthur Maze highway interchange if all overpass bridges used concrete bulb-tee girders. 
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The breakdowns of AADT (Table 5-1) and HRR (Table 5-2) by vehicle type are used to develop a 
continuous cumulative density function relative to peak HRR for each roadway, which can be generated 
via one million stochastic HRR samples by using a Monte Carlo Simulation (MCS). The cumulative 
probability of a specific HRR value is calculated by dividing the number of samples below a given HRR 
by the total number of samples. For example, Figure 5-6 illustrates the probability density distribution and 
cumulative probability distribution of roadways R1 and R6. Note that the probability of fire intensity 
exceeding 80 MW (i.e., the lower bound fire intensity that could cause “critical” structural damage for the 
collapsed R1 spans in the MacArthur Maze interchange) is 10% given the traffic composition of R6, where 
the 2007 fire event was located. 

The resulting frequency of structural significant fires for each overpass bridge span in MacArthur Maze 
interchange is plotted in Figure 5-7 according to damage level. Higher frequencies indicate greater 
vulnerability to fire, thus needing more attention for fire resistant design or evaluation. For example, the 
structurally “critical” fire frequency for the R1 spans that collapsed due to the 2007 fire event is 0.0029/year, 
while the “potential” damage frequency is 0.0092/year. Other overpasses that may need attention include 
the spans of R3 crossing over R6 and R2, for which the “critical” and “potential” damage frequencies are 
0.0163/year and 0.026/year (i.e., return periods of 61.3 years and 38.5 years) respectively. These maps 
indicate that the relative probability of bridge fire damage could be combined with the loss function to 
enable risk assessment for performance-based decision making. As shown in Figure 5-8, similar maps of 
fire frequency can be developed is the overpasses instead utilized concrete bulb-tee girders. 

 
Figure 5-6: Graph. Probability density and cumulative probability distribution of vehicle fire HRR 

for roadways R1 and R6 in the MacArthur Maze interchange. 
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Table 5-1: AADT breakdown by vehicle type for the case study of the MacArthur Maze highway 
interchange. 

Roadway 
Label AADT Motorcycle 

% Car % 

Pickup 
Truck 
or Van 

% 

Bus 
% 

2-axle 
Truck 

% 

3-axle 
Truck 

% 

4-axle 
Truck 

% 

5-axle 
Truck 

% 

6-axle 
Truck 

% 

7-axle 
Truck 

% 

R1 51,650 0.360 82.190 14.550 1.030 0.907 0.303 0.070 0.576 0.014 0.001 

R2 33,234 0.360 81.870 14.490 1.020 1.094 0.365 0.084 0.694 0.016 0.001 

R3 50,938 0.360 82.040 14.520 1.030 0.992 0.331 0.076 0.630 0.015 0.001 

R4 32,729 0.360 81.580 14.440 1.020 1.261 0.421 0.097 0.800 0.019 0.001 

R5 29,865 0.340 77.160 13.660 0.970 3.823 1.275 0.293 2.427 0.057 0.004 

R6 26,508 0.340 76.420 13.530 0.960 4.247 1.417 0.326 2.696 0.063 0.005 

R7 96,875 0.350 79.840 14.130 1.000 2.267 0.756 0.174 1.439 0.034 0.002 

R8 37,132 0.360 80.470 14.240 1.010 1.903 0.635 0.146 1.208 0.028 0.002 

R9 59,742 0.350 79.450 14.060 0.990 2.493 0.832 0.191 1.583 0.037 0.003 

R10 21,814 0.360 80.370 14.230 1.010 1.962 0.654 0.150 1.245 0.029 0.002 

R11 54,543 0.360 81.090 14.350 1.020 1.541 0.514 0.118 0.978 0.023 0.002 

R12 45,408 0.360 82.080 14.530 1.030 0.970 0.324 0.074 0.616 0.014 0.001 

R13 14,904 0.360 82.080 14.530 1.030 0.970 0.324 0.074 0.616 0.014 0.001 

R14 14,904 0.360 82.080 14.530 1.030 0.970 0.324 0.074 0.616 0.014 0.001 

 

Table 5-2: HRR breakdown by vehicle type for the case study of the MacArthur Maze highway 
interchange. 

HRR (MW) Motorcycle Car 
Pickup 
Truck 
or Van 

Bus 2-axle 
Truck 

3-axle 
Truck 

4-axle 
Truck 

5-axle 
Truck 

6-axle 
Truck 

7-axle 
Truck 

Mean Peak Value 4 32 52 170 154 199 220 231 231 231 

Standard Deviation 1 7 11 23 22 23 21 21 21 21 
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(a) Critical Damage 

 

 
(b) Potential Damage 

Figure 5-7: Illustrations. Map of frequency for structurally significant fires for the MacArthur 
Maze interchange (all overpass bridges use steel plate girders). 
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Figure 5-8: Illustration. Map of frequency for fires that would cause “potential” structural damage 

to the MacArthur Maze interchange if all overpass bridges used concrete bulb-tee girders. 
 

5.4 Risk-based design fire load 

For building compartments, the design fire load calculation per NFPA 55715 [105] consists of two steps: 
(1) quantify the mean and standard deviation of the fire load through either occupancy-based methods or 
survey-based methods; and (2) apply a risk objective to estimate a conservative fire load value based on the 
resulting cumulative probability function. The risk objective, F, is calculated as follows: 

𝐹𝐹 = 1 − 𝑅𝑅𝑠𝑠/𝑓𝑓𝑠𝑠𝑠𝑠                (5-1) 

where 𝑅𝑅𝑠𝑠 is the risk performance criteria for hazardous structural events; and 𝑓𝑓𝑠𝑠𝑠𝑠 is the annual frequency of 
structurally significant fires.  For the case of a compartment fire in a building, the value of 𝑅𝑅𝑠𝑠 would be 
taken as no greater than 10-6/year and corresponds to a “collapse” limit state, while 𝑓𝑓𝑠𝑠𝑠𝑠 would be calculated 
as the product of fire frequency per fuel unit area and floor area. For a bridge, the value of 𝑓𝑓𝑠𝑠𝑠𝑠 can be taken 
as the structurally “critical” fire frequency per Section 4.4, while 𝑅𝑅𝑠𝑠 is the failure probability indicated by 
the reliability index. The AASHTO LRFD Bridge Design Specification, 9th Edition2 [2] cites the target 
reliability index for bridge structural components as 3.5 for a strength limit during a service life of 75 years. 
For example, this approach is consistent with that used in the HL-93 design live load rating calculation. 

 
 

15 NFPA 557, Standard for Determination of Fire Loads for Use in Structural Fire Protection Design, is not a Federal 
requirement. 
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The 3.5 reliability index is therefore suggested for this case study, and the fire load is assumed to follow a 
normal distribution for simplification. The resulting risk performance criteria 𝑅𝑅𝑠𝑠 is 3.0610-6 per year.  

The challenge of determining the representative design fire load for bridge evaluation includes selecting 
the fire intensity thresholds, determining the governing fire locations, and applying the associated risk 
criteria. To avoid these decisions, the metric of design fire load can instead be reformulated as the maximum 
heat flux that results from possible fire hazards and their corresponding exposure duration. To arrive at this 
metric for a given bridge, the following procedure is used:  

1. Using NFPA 502, the largest listed fire hazard size for bridges is 300 MW (i.e., a flammable tanker 
truck fire). The influence zone for a considered damage level at the 300 MW fire size is therefore fitted 
to the underside of the given bridge as the upper bound (i.e., representing the largest possible prism). 
For illustration, Figure 5-9 shows the 300 MW influence zones for “critical” structural damage as 
rectangular prisms for a target span on (a) R1 and (b) R3 in the MacArthur Maze.  
 

2. All roadways below that intersect the 300 MW influence zone of the given bridge provide potential 
locations where vehicle fire hazards can be located. Figure 5-9 outlines these intersected roadways with 
yellow dashed lines. Potential fire locations, plotted as gray dots, can be distributed over the surface of 
these intersected areas. In this case, the locations are evenly distributed at a uniform 5-ft spacing both 
longitudinally and transversely.  
 

3. Gray-dotted fire locations from all intersected roadways are then stochastically sampled. For this study, 
each gray-dotted location in the intersected roadway areas is assumed to have an equal likelihood of 
vehicle fire (though particular locations could be weighted according to available information about the 
intersected roadway geometry, traffic accident frequency, or other user objectives). The fire intensity 
for each location is simultaneously sampled from the HRR distribution for the intersected roadway 
based on its traffic composition (e.g., see Figure 5-6 for R6). When multiple roadways are intersected 
the influence zone as shown in Figure 5-9b, one of the intersected roadways is selected first based on 
the relative vehicle fire rate. For example, the fire rates (per day) of the engulfed region on R2, 𝑓𝑓𝑅𝑅2, is 
calculated as 𝐿𝐿𝑅𝑅2 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅2 ∙ 𝑇𝑇𝑇𝑇𝑇𝑇, where 𝑇𝑇𝑇𝑇𝑇𝑇 is the traffic fire rate (fires per million vehicle-miles 
from Eq (5-3)). Then, the roadway is randomly selected using the weights of 𝑓𝑓𝑅𝑅2 𝑓𝑓𝑅𝑅6⁄ , after which a 
gray-dotted location is randomly selected on that roadway.  
 

4. A large number of fire scenarios (approximately 1,000) are generated for the target bridge span with 
Latin Hypercube Sampling (LHS) and MCS [97]. The maximum heat flux on the target bridge (per 
Section 3.2) and the fire exposure durations (per Section 2.2) can be calculated for each fire scenario 
based on their location and intensity. A design fire load for the damage level under consideration can 
thereby be selected as a statistical threshold per risk objective F across the aggregated dataset for all 
fire scenarios. Due to its computational simplicity versus other methods, the Modified Point Source 
(MPS) model per Section 3.2.2 is used in this study to efficiently calculate the heat flux on the target 
bridge from each fire scenario based on its HRR and the minimum standoff from the fire’s point source 
location to any point on the girders of the target bridge. The fire duration is calculated for this study 
using Ingason’s quadratic curve for vehicle fires per Section 2.2.2. Note that different methods could 
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be chosen based on the fire type, computational demands for the large number of fire scenarios, or 
based on project-specific information available to the user. 

      
(a) Target bridge span on R1   (b) Target bridge span on R3 

Figure 5-9: Illustrations. Potential fire locations selected for bridge design fire load quantification. 
(the plotted influence zone prism corresponds to a 300 MW tanker truck fire hazard). 

 

As shown in Figure 5-10, the maximum heat flux experienced by the target span on R1 for fires on R6 as 
shown in Figure 5-9a is primarily concentrated in the interval of 0 to 50 kW/m2 (due to the large frequency 
of passenger cars and buses), with a smaller concentration between 120 and 150 kW/m2 (due to the 
frequency of larger truck fires). The risk objective F can then calculated as 0.9989 via Eq. (5-1), in which 
𝑅𝑅𝑠𝑠= 3.0610-6/year and 𝑓𝑓𝑠𝑠𝑠𝑠= 0.0029/year, and plotted as a horizontal line at the top of the y-axes in Figure 
5-10. The intersection of that line with the cumulative probability curve for maximum heat flux indicates 
the design heat flux for that risk objective at “critical” structural damage for the steel girder overpass bridge. 
For this example, the intersection indicates a design heat flux value of 150 kW/m2. As shown in Figure 
5-11, the maximum heat flux experienced by the target span on R3 for fires on R2 and R6 as shown in 
Figure 5-9b has a significant concentration at the maximum “engulfed” heat flux of 170 kW/m2, with a 
smaller concentration at the 10 to 50 kW/m2 range. The shape of this histogram indicates that this bridge 
span has a high potential of being engulfed by fire end experiencing “critical” structural damage due to its 
low clearance to roadways below which have a relatively large area and traffic volume. The risk objective 
for this R3 span is calculated as 0.9998, where 𝑅𝑅𝑠𝑠 is unchanged but with 𝑓𝑓𝑠𝑠𝑠𝑠= 0.0163/year. The design heat 
flux would thereby be taken as 170 kW/m2.  

It should be noted that the value of the risk performance criteria 𝑅𝑅𝑠𝑠 = 3.0610-6/year is conservative and 
will tend to push the design heat flux to the maximum possible value for the target span. Moreover, the 
“critical” structural frequency (𝑓𝑓𝑠𝑠𝑠𝑠) calculation is also based on the thermal criterion for the bridge girder 
cross-sections per Section 4.2, which uses the maximum temperature at single location of one girder as the 
benchmark. In this case, the performance of the entire structure is not analyzed and can offer redundancy, 
but such an evaluation needs a significant amount of additional analysis and computational effort.  
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The histogram and cumulative density function (CDF) of fire exposure duration for the R1 and R3 target 
spans are also plotted in Figure 5-10b and Figure 5-11b, respectively. Based on the selected quadratic time 
history model, the fire duration shows much less variability based on the fire size and vehicle type, thus 
generally ranging from 60 to 80 min. For design purposes, the design value could be conservatively and 
consistently taken as 90 min to simplify the design fire quantification process. Again, the selection of a 
different fire type or time history calculation approach would impact this selection. 

     
(a) Maximum heat flux       (b) Exposure time 

Figure 5-10: Graphs. Histogram and cumulative probability for design fire quantification for 
bridge span on R1. 

 

    
(a) Maximum heat flux       (b) Exposure time 

Figure 5-11: Graphs. Histogram and cumulative probability for design fire quantification for 
bridge span on R3. 

 

This quantification process can be applied to every bridge span in the MacArthur Maze highway 
interchange, and the resulting map of the design fire load in terms of maximum heat flux is plotted in Figure 
5-12. The spans of R3 crossing over R2, R6, and R10, as well as multiple spans of R9 crossing over R10, 
should be designed for the thermal impact of 170 kW/m2 from potential fire hazards over their lifecycle. 
Likewise, the spans of R5 that are above and alongside R11 could be designed using a smaller design load 
ranging from 20 to 60 kW/m2. These results indicate not only a design fire load in terms of heat flux but 
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also suggest relative vulnerability to vehicle fire hazards. A similar evaluation could be performed for fire 
hazards from stationary fuels, for which an associated fire frequency would need to be determined and 
applicable fire models would need to be selected. A similar evaluation could also be conducted for other 
types of bridge structures, such as those supported by cables or trusses, by developing a different set of fire 
damage classifications and influence zones for the elements of interest. 

 
Figure 5-12: Illustration. Map of design heat flux for steel girder overpass bridges in the 

MacArthur Maze highway interchange. 
 

5.5 Simplified design fire calculation 
The approach for quantifying design fire load, as illustrated for MacArthur Maze interchange, needs large 
suites (i.e. thousands) of stochastic analyses and may not be conducive for practicing engineers to determine 
fire vulnerability for common overpass girder bridges, particularly during the early stages of an evaluation 
or design process. In this section, large sets of pre-calculated data are therefore used to provide a 
conservative closed-form expression of design fire load for overpass girder bridges based on the 
fundamental characteristics of the overpass, the relative standoff to potential vehicle fire locations, and the 
traffic of the nearby roadways below. 

Spatial parameters that influence the design heat flux include the bridge clearance, relative location of the 
fire in the longitudinal and transverse directions, and the relative angle of roadway orientations. In terms of 
the traffic, the AADT and truck percentage on the roadways with potential fire locations are the primary 
variables. To streamline the development of the closed-form expression, a preliminary sensitivity analysis 
was performed to investigate the relative importance of these parameters and identify those that would carry 
the most weight in the resulting calculation of design fire load. The preliminary data set was obtained via 
MCS considering the five independent variables as illustrated in Figure 5-13a: ∆𝑦𝑦, θ, ∆𝑧𝑧, AADT, and truck 
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percentage (TP). Note that ∆𝑥𝑥 is omitted since the roadway underneath is assumed to be unlimited in length.  
The value of ∆𝑦𝑦, θ, and ∆𝑧𝑧, which describe the relative position of the fire locations to the target bridge 
span, are randomly and uniformly selected from the intervals of 0–100 ft, 0–90°, and 5–30 ft, respectively. 
The AADT and truck percentage are similar selected from ranges of 10,000 to 200,000 and 0% to 20%, 
respectively.  

A total of 1,000 cases are generated via LHS with MCS with these five inputs and then used to determine 
the design fire load per the process introduced in Section 4.4. Available methods for conducting such a 
sensitivity analysis include the sample-based method of the standard regression coefficient, the linearization 
method of the Perturbation method, the Cotter method and global methods of Sobol’s indices, Borgonovo 
indices, or ANCOVA indices [106], as well as machine learning method such as the random forest [107]. 
In this study, the method of Borgonovo indices is applied due to the relative simplicity of its output 
compared to other methods. Borgonovo indices of the input parameters measure the expected shift in the 
probability distribution of the output when the input is set to a fixed value. This method is suitable for 
evaluating nonlinear problems and can accommodate both dependent and independent variables, which is 
well suited for the consideration of bridge fire hazards in this study.  

 
(a) For sensitivity analysis 

 
(b) For closed-form expression development 

Figure 5-13: Illustrations. Plan view of the relative position of an overpass bridge span to roadways 
underneath. 



  

 
ATLSS Report 24-02          Characterizing Design-Basis Fire Exposure for Highway Bridges 63 

The Borgonovo indices of the five aforementioned inputs are plotted in Figure 5-14, which shows that 
clearance ∆𝑧𝑧 has the greatest impact on the design fire load, with ∆𝑦𝑦 ranking second. The effects of the 
rotation angle θ, AADT, and TP on the design fire load are comparable but lesser. The rotation angle 
combined with the ∆y determines the closest plane distance from the bridge to the roadways underneath 
(i.e., to the area of the roadways engulfed by the influence zone of interest). The truck percentage influences 
the maximum HRR value to select in the stochastic analysis for the design fire load quantification. The 
AADT affects the “critical” structural fire frequency, which is calculated via Eq. (4-5). Hence, the closed-
form expression could initially select upper-bound values for the truck percentage and AADT of 20% and 
200,000/year, respectively, as a conservative estimation. The rotation angle is also conservatively 
neglected, and the bridge is therefore considered parallel to the roadway underneath. Correspondingly, the 
relative plane location is described with a single parameter s, which represents the horizontal standoff in 
plan from the bridge to the roadway below as illustrated in Figure 5-13b. For example, when the target 
bridge span overlaps the roadway underneath (as shown in Figure 5-13a and Case 2 of Figure 5-13b), the 
lateral standoff s is considered to be zero. When the target bridge span has a standoff s to the roadway, the 
parallel Case 1(a) would be more critical than the rotated bridge span in Case 1(b) because the overlapped 
area would be the larger with zero angle of relative rotation.  

 
Figure 5-14: Chart. Histogram of Borgonovo indices of major parameters for design fire heat flux 

quantification. 
 

From the sensitivity analysis above, the design-basis fire load, 𝑞̇𝑞𝐷𝐷"  (kW/m2), can be determined as a function 
of the horizontal standoff distance, 𝑠𝑠 (m), from the fire footprint to the nearest bridge element and the 
vertical clearance from the bridge element to the fuel source at the base of the fire, ∆𝑧𝑧 (m). The value of 
standoff 𝑠𝑠 is systematically varied from 0 (i.e., directly underneath the bridge) to 27.43 m (90 ft), and the 
value of clearance ∆𝑧𝑧 is systematically varied from 1.52 m (5 ft) to 12.2 m (40 ft). The resulting value of  
𝑞̇𝑞𝐷𝐷"  for each pairing of ∆𝑧𝑧 and 𝑠𝑠 is calculated following the process introduced in Sections 3 and 4, then 
plotted as dots in Figure 5-15. The results indicate that the design load stays at its maximum “engulfed” 
value (170 kW/m2) when the standoff and clearance are small and then decreases as these two parameters 
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increase. These data points are then fitted with a polynomial equation, combined with a plateau at the 
engulfed value: 

for 𝑠𝑠 ≤ 2 m and ∆𝑧𝑧 ≤ 6.4 m:  𝑞̇𝑞𝐷𝐷" = 170            (5-2a) 

for 𝑠𝑠 > 2 m or ∆𝑧𝑧 > 6.4 m:  𝑞̇𝑞𝐷𝐷" = 170 + 𝑝𝑝1 ∙ 𝑠𝑠
𝑎𝑎 + 𝑝𝑝2 ∙ ∆𝑧𝑧

𝑏𝑏
+ 𝑝𝑝3 ∙ 𝑠𝑠

𝑎𝑎 ∙ ∆𝑧𝑧
𝑏𝑏
     (5-2b) 

normalized standoff:   𝑠𝑠 = 𝑠𝑠/7.16            (5-2c) 

 normalized clearance:   ∆𝑧𝑧 = (∆𝑧𝑧 − 1.52)/7.32        (5-2d) 
 
The values for the parameters in Eq. (5-2b) are based on a surface fit as shown below in in Figure 5-15 
(which has an R-squared value of 0.944 versus the data points): 𝑝𝑝1 = -148.7, 𝑝𝑝2 = -118.4, 𝑝𝑝3 = 108.3, 𝑎𝑎 = 
1.49, and 𝑏𝑏 = 3.42.  

 

Figure 5-15: Graph. Design fire load as a function of clearance and standoff beneath a bridge, with 
fitted surface plotted per Eq. (5-2). 

 

This closed-form expression is used to calculate the design fire load of each bridge span of the MacArthur 
Maze interchange, and the resulting map is presented in Figure 5-16. Compared to the stochastic analysis 
results in Figure 5-12, the closed-form expression is more conservative but shows good overall agreement. 
Hence, the closed-form expression can provide a conservative preliminary estimate of the design fire load 
in terms of maximum heat flux. For a more precise value, however, the stochastic method per Sections 5.1 
through 5.4 can be applied.  
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Figure 5-16: Illustration. Map of design heat flux for the MacArthur Maze highway interchange at 
a “critical” structural damage threshold per Eq. (5-2) (all overpass bridges use steel plate girders).  
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6 SUMMARY AND CONCLUSIONS 
This report provides information for evaluating the vulnerability of highway bridges to structurally 
significant fire hazards. Specifically, the results of this study address the selection of a design fire scenario 
which accounts for the types of vehicles passing under or near the bridge, as well as any other stationary 
fuel sources that are stored or staged near the bridge. Thermal exposure from the design fire can provide 
the thermal load in a performance-based structural-fire engineering evaluation of the bridge’s primary 
structural system (to satisfy the “engineering analysis” per NFPA 5021 Chapter 6 [1]).  

Available methods to calculate the fire intensity in terms of peak HRR and time history were presented in 
Section 2 for a variety of fire configurations and fuel types that can affect bridges. The fire’s HRR time 
history is then used to calculate the heat transfer to the bridge’s structural elements, as presented in Section 
3. The time history of heat flux (units: kW/m2) experienced by the exposed surfaces of the structural element 
on a direct line of sight to the fire is considered the thermal load. In this study, two typical bridge girder 
sections are evaluated for their response to heat exposure from typical fires: a steel I-section plate girder, 
and a prestressed concrete bulb-tee girder. The thermo-structural response of a bridge to fire hazards 
depends on its span length, supports (i.e., simply supported vs. continuous), section geometry, structural 
materials, applied loading, and boundary conditions. Critical temperature limits cited from available 
references [1,80,81,89,90,96] are used to indicate the onset of structural damage in terms of temperature 
increase [44]. This study implements two levels of damage severity based on thermal response as a method 
to rapidly screen bridges for vulnerability to a given fire hazard. The standoff radius (or zone of influence) 
at which a given fire intensity can be located to cause a particular level of damage to a bridge girder is 
determined by coupling these damage classifications with the calculated heat flux time history from fires 
at a range of locations. These influence zones, corresponding to a particular level of structural damage, are 
visually represented as a three-dimensional prism that surrounds the bridge’s structural elements.  

The exposure frequency of a highway bridge to fire-induced structural damage is used as a metric for risk 
assessment. Section 4 outlines a performance-based framework to develop this metric as a function of the 
bridge’s relative location to potential fire locations as well as the likelihood of having a fire with a given 
intensity at those locations. The frequency of having a structurally significant fire within the influence zones 
for a target bridge is quantified by examining the length and associated traffic volume of roadways that 
pass through the zone’s rectangular prism for a given fire intensity. A design fire load is then selected using 
a risk-based approach that couples the frequency of structurally significant fires with a risk objective 
consistent with the expected failure probability of bridge components in the service lifetime. Section 5 
presents a case study demonstrating this approach. A simplified closed-form expression is developed to 
calculate the maximum heat flux and exposure duration as the design fire load. The most critical parameters 
influencing the design fire load are the standoff and clearance from the closest roadways or other fuel 
locations to a given bridge span. 

The results of this study are applicable for estimating the vulnerability of highway bridge structures to 
potential fire hazards. The design-basis fire load provides the input for a thermo-structural evaluation of 
vulnerable bridges, by which the bridge’s structural response to that fire exposure can be calculated. Once 
the potential consequences of design-basis fire exposure are determined (in terms of collapse resistance 
and/or the residual post-fire condition), then decisions can be made regarding potential strategies for 
mitigating the risk of fire-induced damage.   
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