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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
t? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi® square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
b pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius “©
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi®
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

* Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

This report presents a practical, field-ready framework for the development of post-fire
triage of highway bridges. It combines (1) a structured literature review and historical summary
of bridge fires; (2) a discussion of common trends found among bridge fires; (3) a review of
critical temperatures for steel and concrete; (4) a review of factors that affect critical
temperatures for steel and concrete; (5) a summary of rapid, easily deployable nondestructive
testing (NDT) methods for fire-damaged elements; and (6) a proposed means to develop a simple
statistical model to translate measured changes in NDT readings into a residual capacity
percentage in concrete.

The report also synthesizes visible and measurable indicators for rapid triage following a
fire. It details how bridge inspection teams and maintenance personnel examine color change,
spalling, paint damage, distortion in steel elements, and other observable clues to assess a bridge
structure. Further, the report proposes basic inspection techniques to systematically review the
damaged bridge.

The proposed method of calculating residual compressive strength makes use of changes
in rebound hammer and ultrasonic pulse devices pre- and post-heating. These changes in
readings are statistically linked to the percentage of residual compressive strength. An ordinary
least squares two-factor model using these factors is presented as providing the strongest
performance in the test dataset. The model produced a standard error of approximately 8 percent,
making it suitable for further development.

The research further developed a three-factor model that added maximum crack width as
a third factor. This model was influenced the most by changes in the ultrasonic pulse device

readings, followed by crack width; the change in rebound hammer readings offered negligible



support. This method provided a better fit than the two-factor model, although there were
lingering questions about its efficacy. The authors concluded that more research is needed to
develop this model into a usable product.

Recommendations prioritize periodic training on post-fire triage inspections. This
includes the use of NDT devices to aid in this investigation. The authors further recommend that
Georgia Department of Transportation (GDOT) maintenance and bridge inspection personnel
have access to these devices should the need arise. Further investigation into the development of

a model to determine residual strength following a bridge fire is also recommended.



CHAPTER 1. INTRODUCTION AND BACKGROUND

American bridge owners face various difficulties due to fires that occur at bridge
structures. Fire often spreads rapidly across bridge elements [1], [2], [3], [4], [5], [6], [7], [8],
[9]. The elements experience extreme thermal loading that can lead to local or widespread
damage [1], [2], [3], [4], [5], [6], [7]. The damage associated with fire often includes the
yielding of steel elements [10], [11], [12], [13], [14]. Additionally, steel will frequently lose its
protective coating [15], [16], [17]. In concrete, inspectors often see cracking, delamination, and
spalling in response to extreme heat [11], [18], [19],[20],[21], [22]. Additionally, the relaxation
of prestressing strands or reduced bond strength between the mild steel reinforcement and
concrete is possible [23], [24], [25], [26], [27], [28]. Traditional degradation occurs throughout
the life of a bridge; however, fire can cause a bridge’s structural elements to lose capacity in a
matter of minutes [4], [29], [30], [31], [32], [33], [34], [35]. For this reason, there is an urgent
need for engineers and inspectors to make a strong initial assessment of a fire-damaged bridge.

The first, and most time-sensitive, part of post-fire bridge assessments occurs during the
initial assessment phase, or the post-fire triage inspection [36], [37]. This inspection should
begin as soon as the fire is out and the site is safe for inspection [16], [37], [38], [39], [40].
During the inspection, bridge inspectors work with structural engineers to determine the extent of
the damage [16], [37], [38], [39]. This initial assessment will guide the next course of action
[16], [37], [38], [39]. The information gathered during this phase will help transportation
officials answer a variety of questions [1], [11], [37]: What is the extent of the damage? Can this
bridge stay open? Does it need load restrictions? What sort of repair actions should be taken?

Should we simply replace the bridge? Accurately finding the information to answer these



questions will have a direct impact on public safety. The information gathered during the triage
inspection may also mandate a more in-depth investigation [1], [11], [37], [41].

Bridge inspectors can use a variety of inspection techniques to examine the structure. A
hands-on visual inspection is essential to identify telltale indicators of critical fire-related defects
and to focus subsequent nondestructive testing (NDT) on the location of greatest concern [16],
[37], [38]. Inspectors can also make use of NDT methods [1]. NDT methods include rebound
hammers (RHs), ultrasonic pulse velocity (UPV), ground penetrating radar (GPR), ultrasonic
testing (UT) for steel, and hardness tests [1], [42], [43], [44], [45], [46]. These tools allow
inspection teams to examine damage that is difficult to observe visually. In this way, the use of
NDT and visual inspection methods aids inspectors in quickly and accurately determining the
extent of damage to a bridge element [47], [48], [49].

Often, post-fire triage inspections are difficult because inspection teams lack important
information. The team may not have information about peak temperature, burn duration, fuel
source, or fuel quantity [41]. In these cases, the bridge inspection team functions as a group of
detectives searching for clues. These clues include changes in aggregate color, blistering of paint,
steel deformation, and spalling patterns [16], [50], [51], [52]. The team must also inspect
geometric alignment, joint displacement, and bearing conditions for additional telltale signs of
structural damage [53], [54], [55], [56], [57]. The clues gathered here provide valuable
information about the nature of the fire and the extent of the damage to the bridge. Inspectors and
engineers can use reference charts with their experience-based heuristics to understand these
visible clues [58]. The clues found during the inspection should be thoroughly documented in

inspection reports.



The main purpose of the triage inspection is to ensure structural and public safety.
Accurately completing the inspection of a bridge after a fire depends on a combination of
structural understanding, in-field experience, and engineering judgment. Inspection personnel
must work under public scrutiny with a limited amount of time. Nevertheless, the triage
inspection can help determine the scope of planned rehabilitation projects and/or emergency
repair activities [16], [37], [38], [39]. This ensures transportation networks remain safe for all
users.

America’s bridges are aging and degrading. An aging transportation network faces
additional risk from fire; therefore, in addition to understanding age-related degradation, bridge
inspectors should understand how fire affects and degrades bridge construction materials. This
additional knowledge serves as an add-on to the impact of efficient and repeatable inspection
procedures [1], [8], [35], [59]. In this way, bridge inspectors, armed with knowledge and
protocols, serve as the first line of defense for the recovery efforts following a bridge fire. This

text is offered as a primer to help develop bridge inspectors and post-fire inspection procedures.



CHAPTER 2. OBJECTIVES

The objectives of this report are as follows:

Conduct a historical review of bridge fires in the 20™ and 21 centuries to identify
common trends. A summary of the historical record is provided in chapter 3 of this report.
A discussion of common trends, including primary causes of bridge fires, factors that
influence the severity of bridge fires, and where bridge fires fit into the larger picture of
bridge failures is presented in chapter 4.

. Review the technical literature on post-fire materials testing to identify the commonly
used testing methods for common construction materials. These methods are summarized
in chapter 5 and chapter 6. They are further evaluated to determine the most appropriate
techniques for use following a bridge fire.

. Develop a proposed methodology for a universal calibration curve to estimate residual
compressive strength of concrete after fire exposure. The proposed procedure and
supporting analysis is presented in chapter 7.

. Recommend guidelines for initial post-fire bridge inspection. The recommended
guidelines and supporting rationale are provided in chapter 5 through chapter 8.

. Develop training materials for bridge inspection personnel based on the research
findings documented in this report. This training is a synthesis of the material presented

in this report as well as in existing inspection curricula and guidance.



CHAPTER 3. A BRIEF HISTORY OF BRIDGE FIRES IN THE UNITED STATES

Bridge fires occur infrequently. That said, they can cause significant damage to
transportation infrastructure when they occur [4], [60], [61]. Common bridge fire causes include
automobile accidents, arson, electrical faults, wildfires, and flammable material storage. In some
cases, a bridge may partially or completely fail, resulting in disruption of the local transportation
networks [1], [9], [60], [61], [62]. The recorded bridge fires in the 20" and 21 centuries
demonstrate the vulnerability of bridge structures to fire-related damage [4], [9], [60], [61], [62].
Studying these incidents can aid transportation officials in improving fire resilience, emergency
response, and future bridge design standards. The purpose of this chapter is not to present an
exhaustive history of bridge fires in the United States. Rather, the authors present a curated set of
case studies, drawn from the historical record, to illustrate recurring patterns in ignition sources,
contributing factors, damage severity, and community impact. The intent is to illustrate common

trends that inform contemporary assessment, response, and mitigation practices.

DEKALB STREET BRIDGE FIRE, BRIDGEPORT, PA (1924)

On April 14, 1924, at approximately 3:40 in the afternoon, a fire erupted on the DeKalb
Street Bridge, which spanned the Schuylkill River between Norristown and Bridgeport,
Pennsylvania. Originally constructed in 1830, photographic evidence suggests the structure
featured four wooden arches on stone piers [63]. More contemporaneous photographs show the
addition of intermediate timber supports for the structure [64].

The exact ignition source remains unclear; some accounts suggest a car backfire on the
wooden structure may have sparked the blaze [63], [64], [65]. Within 10 min, the fire had

consumed the entire length of the structure, turning its arches into a smoldering inferno [63],



[64]. Later sources indicate that the fire resulted from petroleum products from automobiles that
soaked into the timbers of the superstructure. Once the fire started, it was impossible to stop
[63], [64]. The fire completely destroyed the timber superstructure (see figure 1).

Because the structure was a vital connector for travelers between Norristown and
Bridgeport, the fire resulted in a major disruption of local traffic. To remedy this, local officials
opened a temporary structure a few months later [64]. Eventually, a concrete structure replaced

this temporary solution; the concrete structure is still in service today [63].

BELLBANK COVERED BRIDGE FIRE, LANCASTER COUNTY, PA (1979)

The Bellbank Covered Bridge, constructed in 1850 (reconstructed in 1861), was a timber
structure that carried Street Road across Octorara Creek, connecting Oxford Township to
Colerain Township in Pennsylvania [67], [68], [69]. The bridge was an example of 19"-century

timber-covered bridge construction that used a multiple kingpost truss system that was common



to the region (see figure 2). It measured approximately 112 ft in length and served as a functional
and cultural landmark during its lifetime [68], [69].

Prior to reconstruction, the structure sustained fire damage due to a lightning strike [67],
[69]. Despite its age, the structure remained in service into the late 20" century, surviving public
proposals for its demolition in the 1960s [67]. However, on March 19, 1979, the bridge was
destroyed by a deliberate act of arson. Early investigations by local fire officials confirmed that a
gasoline can was recovered amid the debris [70]. Efforts to rebuild the structure failed, and a
steel beam structure was built in its place [69], [70].

This case highlights the vulnerability of timber bridge structures to fires that occur both
naturally and by arson. Furthermore, the Bellbank incident also exemplifies the challenges of
preserving historic structures in the face of limited resources and evolving infrastructure

standards.

Figure 2. Photo. Bellbank Covered Bridge |[71]; Photographed by Mr. John H. Ramsey, Jr.



BIG FOUR BRIDGE FIRES, LOUISVILLE, KY (1987, 2008)

In December 1987, a significant fire broke out on Louisville’s Big Four Bridge after
Christmas lights short-circuited and ignited the timber deck [72], [73]. The blaze burned for
hours, with firefighters from both Louisville, Kentucky, and Jeffersonville, Indiana, battling the
flames [72], [73]. After the fire, the steel truss was largely undamaged. This fire provides an
example of the hazard electrical installations can provide to combustible bridge elements.

This point was underscored when another electrical fire struck the Big Four Bridge on
May 7, 2008 (see figure 3) [72], [73], [74]. An electrical fault in a lighting system sparked a fire
above the Ohio River [74]. Construction workers were attempting to replace the beacon lights
on the bridge [75]. Once again, the fire spread along timber elements of the span that eventually
fell into the Ohio River, causing a stop of all river traffic [73], [75]. Once again, only minor
structural damage was reported to the steel truss, but many of the timbers were burned away
according to photographic evidence [74].

The fact that no steel members needed replacement after either fire indicates that the Big
Four Bridge’s trusses had sufficient thermal mass and redundancy to avoid catastrophic failure in

these events. Both incidents point to a broader hazard of electrical failures causing bridge fires.
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Figure 3. Photo. Big Four Bridge 2008 fire [76].

PLEASURE BEACH BRIDGE FIRE, BRIDGEPORT, CT (1996)

The Pleasure Beach Bridge was a swing bridge in Bridgeport, Connecticut, constructed in
1927 to connect the city to Pleasure Beach [77], [78], [79]. At the time, Pleasure Beach was
home to a popular amusement park and summer cottages [79], [80]. The deck of the structure
was constructed of creosote-treated timbers that were intended to prevent rot [81]. Creosote-
treated timbers present an elevated fire hazard and can ignite from hot metal or sparks [82]. The
structure was frequently closed for repairs [81].

On June 16, 1996, the timber elements were set ablaze by a discarded lit cigarette landing
between the planks [79], [81]. Witnesses saw flames destroy approximately 150 ft of decking as

onlookers formed a bucket brigade to help combat the flames [80], [83]. Photographic evidence
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shows that the steel truss survived but the approach spans were destroyed and impassable (see
figure 4). By the time the fire was out, the connection between Pleasure Beach and the mainland
was severed, creating the “state’s largest ghost town” [77]. The Pleasure Beach Bridge

demonstrates that relatively inconsequential ignition sources can lead to devastating results.

il el R T T ey =

e Beach Bridge post-fire [78].

Figure 4. Photo. Pleasur

DUMBARTON RAIL BRIDGE FIRE, SAN FRANCISCO BAY (1998)

Constructed in 1910, the Dumbarton Rail Bridge was the first bridge structure to span
San Francisco Bay, shortening the route by 26 miles [84], [85]. At the time of its construction, it
was the costliest bridge in California [84]. It carried a single railroad track with timber trestle

approaches on both ends and a steel swing span in the middle to allow ship traffic [85], [86]. By
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1998, the bridge had been out of service for 16 years [84], [85]. The timber elements remained
in place, soaked in creosote [84].

At approximately 7 p.m. on January 3, 1998, locals in Menlo Park, California, reported
flames on the abandoned western trestle of the Dumbarton Rail Bridge [85], [87]. A fire crew
from Menlo Park responded in the middle of a rainstorm, arriving to discover a 1,750-ft section
of the western portion of the bridge engulfed in flames [84], [85], [87]. Winds carried the toxic
smoke from the fire, severely reducing visibility near the structure and closing a nearby highway
for approximately 6 h [84], [85], [87]. The intense blaze destroyed the creosote-soaked timber
structure despite the storm (see figure 5) [84], [85]. It took nearly 18 h before the fire
department declared the fire under control [85]. Even then, pockets of fire smoldered in the
collapsed piles and had to be removed later [85]. Large sections of the abandoned structure fell
into the bay during the fire, and charred railroad ties were seen floating on the water [87].
Although arson was suspected, an official cause of the fire was never determined [84], [87].

The Dumbarton Rail Bridge fire is a notable example of how vulnerable timber structures
are to fire. It also points to the impact that fires on decommissioned structures can have on

transportation infrastructure when not properly cared for.

13



Aoy

R
T
F'"\ ‘ALY

s
| e Pl
B g

B “‘¢

L

Figure 5. Photo. Dumbarton Rail Bridge fire [84].

FIRST MALFUNCTION JUNCTION FIRE, BIRMINGHAM, AL (2002)

Malfunction Junction is a notorious interchange of three interstates in Birmingham,
Alabama, connecting 1-65, 1-20, and I-59 [88], [89]. The ramps, opened in 1970, eventually saw
traffic far exceeding their design capacity [88]. It gained the name Malfunction Junction because
of its frequent accidents [90].

On January 5, 2002, a tanker truck carrying gasoline collided with a car at the
interchange [90], [91], [92]. The crash caused the tanker to overturn and burst into flames,
sparking an explosion and fire that led to a partial failure of an overpass at one of Alabama’s
busiest highway interchanges [90], [92]. The explosion resulted in the death of the truck driver,
and smoke was seen across the city [90], [92].

The burning fuel compromised the steel superstructure of the overpass, causing the

girders to experience up to 10 ft of deflection, threatening the stability of the whole structure (see
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figure 6) [34], [91]. Authorities immediately closed the interchange. In the days that followed,
crews demolished the ramp and hauled away about 5,000 yd* of debris, along with 200 tons of
steel [91]. Engineers fast-tracked a replacement bridge; the interchange was reopened to traffic
in only 37 days [93]. The swift reconstruction was hailed for its fast pace [92].

The 2002 fire at Malfunction Junction demonstrates the danger that tanker trucks and the
broader transportation of flammable and combustible materials present to bridge structures. It

further demonstrates the vulnerability of steel structures to elevated temperatures.

e e rl'.

Figure 6. Photo. Malfunction Junction 2002 post-fire [94].

SECOND MALFUNCTION JUNCTION FIRE, BIRMINGHAM, AL (2004)

On October 21, 2004, Malfunction Junction was once again the site of a tanker truck fire

[34], [89], [92], [93]. A Kenworth tanker, reported to be carrying 9,000 gallons (gal) of diesel
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fuel, crashed on the 1-65 North connector and ignited [95]. As the fuel burned, witnesses
reported a large column of black smoke rising from the interchange [95]. Unlike in 2002, city
officials allowed I-65 to remain open, but they closed 1-20/1-59 through the interchange [95]. An
aide to the mayor said the bridge was charred with large pieces of concrete falling from the
structure [95]. The ramp remained out of service for 6 weeks as the structure was once again
reconstructed [92], [93].

As a site of multiple bridge fires, Malfunction Junction provides an interesting data point.
Research in 2013 noted that these two recorded tanker truck fire events resulted in complete
collapse at this structure [89]. These incidents serve as examples of how bridge fires not only
pose a danger to public safety but also to local economies. Political and economic interests are

often involved in repair and recovery decisions, as the Malfunction Junction fires demonstrate.

PORTAL BRIDGE FIRE, KEARNY, NJ (2005)

The Portal Bridge was built in 1910 [96]. It was a 961-ft-long steel swing-span bridge
that spanned the Hackensack River between Kearny and Secaucus, New Jersey [96], [97]. The
bridge carried two tracks for Amtrak [96]. The bridge’s deck and fender system were
constructed of creosote-treated timber [98].

On May 12, 2005, an improperly installed circuit breaker sent more than 12,000 V of
electricity into the Portal Bridge [98], [99]. This sudden jolt of electricity caused the timber
elements to ignite. The fire snarled train traffic between New York and New Jersey for nearly
10 h [99], [100]. The fire burned for approximately 2 h, but the bridge did not collapse [99],
[100]. Repair costs were estimated to be about $5 million [101]. The incident underscores the
potential for electrical failures to ignite fires, particularly in the presence of highly combustible

materials.
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MACARTHUR MAZE COLLAPSE, OAKLAND, CA (2007)

On April 29, 2007, a tanker truck carrying gasoline was traveling on I-880 in Oakland,
California [102], [103]. The truck overturned at the MacArthur Maze interchange and started to
burn. Approximately 8,600 gal of gasoline leaked from the wrecked truck and caught fire [4],
[74], [102]. The fire spread along portions of [-880 and began to heat the steel girders of the
overpass above [102], [104]. After approximately 20 min of intense heat, the steel girders gave
way [4], [74], [105]. A 165-ft section of 1-580 fell onto I-880 [103] (see figure 7).

Investigators found that temperatures reached over 1,000°C [102]. The extreme heat
caused the girders to yield, which led to the failure of the structure [105]. Investigators found
bolted angle connectors pulled out of place by the intensity of the heat [105]. The failure of the
girders created a domino effect that damaged the bent caps [105]. In this case, the heat
weakened the steel, leading to the failure of the bridge itself.

The California Department of Transportation (CalTrans) worked quickly to close the
damaged structures [103]. Inspectors found that there was minimal damage to the lower I-880
structure, and they were able to reopen it relatively quickly [106]. However, the collapsed spans
of [-580 required full replacement [106]. Contractors worked around the clock, and the bridge
was rebuilt in 25 days [106]. Repair costs were estimated at $9 million; however, economic
losses were estimated to be approximately $156 million [107].

The MacArthur Maze fire clearly shows that bridges can suffer catastrophic
consequences of hydrocarbon fuel fires. It further demonstrates that in fires with multiple
structures involved, there can be uneven impact of the blaze on structures, leading to the need for

a varied response in recovery and rebuilding efforts.
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Figure 7. Photo. MacArthur Maze post-fire [108].

PARAMOUNT BOULEVARD BRIDGE, MONTEBELLO, CA (2011)

The Paramount Boulevard bridge in Montebello, California, was constructed in 1967 and
crossed over the Pomona Freeway [109]. The bridge was constructed using reinforced concrete
[110], [111].

On December 14, 2011, a double tanker truck carrying about 8,800 gal of gasoline was
traveling eastbound on State Route (SR) 60 [112]. While driving, the driver noticed that his
truck was on fire and stopped the vehicle under the Paramount Boulevard overpass [112]. While
stopped under the bridge, the cargo of the truck exploded [113]. The heat from the fire forced
the driver to abandon his truck for safety; the truck then burned for hours, damaging critical
members of the structure (see figure 8) [110]. Initial investigations indicated that the cause of
the fire was overheated brakes, but it was later discovered that the truck’s transmission snapped

and then punctured its fuel tank [109], [112], [113].
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After the fire was extinguished, inspectors found damage to the concrete girders and
deck, particularly significant spalling [110], [111]. One report indicated that the heat was
sufficient to burst the concrete deck [110]. In the aftermath of the fire, CalTrans restored
1,000 ft? of roadway; in contrast, the affected bridge was removed by demolition because the

damage was deemed irreparable [110], [111], [112].

Figure 8. Photo. Paramount Boulevard bridge fire [113].

I-85 BRIDGE FIRE AND COLLAPSE, ATLANTA, GA (2017)

On March 30, 2017, a fire was started under the I-85 overpass near Piedmont Road in

Atlanta, Georgia [4]. The fire resulted in a 92-ft span of the bridge failing [114], [115]. No one
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was injured in the fire, but the collapse created a transportation crisis because over 200,000
vehicles per day had to be rerouted to alternate routes [116].

Several years before the fire, the Georgia Department of Transportation (GDOT) placed
76 reels of high-density polyethylene conduit and 9 racks of fiberglass conduit under the
structure [114]. This material was highly flammable [4], [114], [117]. The police reported that
the fire was started when a man ignited a shopping cart chair under the bridge [117]. This fire
spread to the stored materials [117]. Once the conduit was ignited, the material melted, creating
an even larger flame [114]. The extreme heat caused the span to deflect and fail (see figure 9)
[4],[114], [115]. This was primarily caused by the loss of prestressing in the concrete girders
[114].

The fire also caused secondary damage. In addition to the span that failed, five additional
spans had significant fire-related defects [114], [115]. These spans had to be removed [114],
[115]. This meant that a significant portion of the overpass needed to be replaced [114].

As part of the emergency response, GDOT closed both northbound and southbound 1-85
[116], [117]. Days later, the state awarded contracts to rebuild the damaged portion of the
overpass. A bonus of $3.1 million would be given if the project was completed early [116]. In
43 days, the contractor completed the rebuild early, at a cost of $15 million [116].

The collapse of Atlanta’s [-85 overpass changed the way transportation officials think. In
the wake of the fire, GDOT enlisted the help of the state fire safety commissioner [117].
Together, they reviewed GDOT’s policy on storing materials under bridge structures [114],
[117]. Other states and the federal government also took notice. The Federal Highway
Administration (FHWA) issued guidance that said storing combustible materials under bridges

was not allowed [114], [118]. In 2023, FHWA reminded states of this rule following a similar
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fire that occurred in Los Angeles [118]. It was determined that space under bridge structures
should remain minimally used. This fire illustrates that human-caused ignitions can severely

disrupt public safety and mobility.

Figure 9. Photo. Atlanta Interstate bridge failure [119].

HONEY RUN COVERED BRIDGE, PARADISE, CA (2018)

The Honey Run Covered Bridge was constructed in the late 1880s in Butte County,
California [120], [121], [122]. The three-span Pratt truss spanned 238 ft across Butte Creek
[120], [122]. In 1988, the bridge was added to the National Register of Historic Places [120],
[122]. At the time of its destruction, the Honey Run Covered Bridge was considered the last of

its kind (see figure 10, right photo) [122].
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Early in the morning on November 8, 2018, a 911 call reported a fire beneath a Pacific
Gas & Electric Company (PG&E) transmission tower [123], [124], [125]. This fire encountered
a dry and windy California environment that allowed the fire to spread rapidly [125], [126]. In
just over an hour from initial reports, the fire, known as the Camp Fire, spread to the town of
Paradise and the Honey Run Covered Bridge [127]. The timber bridge was soon engulfed in
flames and destroyed (see figure 10, left photo) [120], [122].

The fire burned much more than the bridge; over 153,000 acres were burned, nearly
19,000 homes and buildings were destroyed, 85 people lost their lives, and 2 people are still
missing (as of 2025) [128]. The Honey Run Covered Bridge demonstrates that bridge structures,
especially timber structures, are vulnerable to wildfires, underscoring the need for targeted

prevention and response planning.
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Figure 10. Photos. Honey Run Covered Bridge post-fire (left) and pre-fire (right) [122].

MANNING-RYE COVERED BRIDGE, COLFAX, WA (2020)

In 1918, a unique timber bridge structure was erected over the Palouse River in Colfax,

Washington [129]. The structure was originally called the Harpole Bridge but was later renamed
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the Manning-Rye Bridge [130]. The bridge consisted of an encased timber Howe truss that left
the timber cross bracings and top exposed to the air [130]. The bridge was constructed to carry
rail lines [130], [131]. However, by the 1970s, the railroad abandoned the lines carried by the
through truss. Eventually, a property owner took ownership of the bridge and converted the rail
line and bridge into a driveway [130], [131].

On September 7, 2020, several wildfires broke out in Washington [132], [133], [134].
Similar to the Camp Fire discussed above, high winds and dry conditions allowed fires to spread
rapidly throughout Cascadia [132], [134]. These fires destroyed 181 homes and laid waste to
over 600,000 acres of land [135]. One child died in these fires [135], [136]. The fire also caused
the loss of the Manning-Rye Covered Bridge [129], [130], [131]. The Manning-Rye Covered
Bridge fire and the Honey Run Covered Bridge fire display the vulnerability of bridges,

especially timber structures, to wildfires. Wildfires will be addressed in more detail in chapter 4.

FAIRFIELD AVENUE OVERPASS —1-95, NORWALK, CT (2024)

On May 2, 2024, the Fairfield Avenue Overpass in Norwalk, Connecticut, was less than
10 years old [137]. At 5:30 a.m., a collision occurred between a tractor trailer, a tanker truck, and
a passenger car [137], [138]. The tanker truck, carrying 8,500 gal of gasoline, came to a stop
under the overpass [139]. The tanker split open as a result of the impact and spilled gasoline that
ignited [137], [138], [139]. One report said that the flames were hot enough to melt steel [138].
The girders deflected as they were heated [138]. Following the fire, Connecticut decided to
remove and replace the fire-damaged structure [137], [138], [139]. This fire further highlights

the vulnerability of steel structures to hydrocarbon pool fires.
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DANIEL CARTER BEARD “BIG MAC” BRIDGE, CINCINNATI, OH (2024)

The Big Mac Bridge consists of twin tied-arch structures that carry I-471 across the Ohio
River between Ohio and Kentucky [140]. The arches are 760 ft long and 160 ft tall [140].
Although the official name of the structure is the Daniel Carter Beard Bridge, locals chose to
name it after the hamburger from McDonald’s based on its appearance [141]. The total length of
the structure is 2,100 ft [142].

On November 1, 2024, a fire started under the southbound approach at the 1000 Hands
Playground [143], [144]. Early reports said the fire was caused by an encampment of unhoused
persons; however, these claims later proved to be unfounded [143], [144]. Instead, early that
morning, three individuals were riding around Cincinnati looking for scooters to steal [143],
[144]. At 2:28 a.m., they arrived at the playground, where two of the three individuals collected
brush and other debris and started a fire for pyromaniacal joy [143], [144].

Initial inspection of the bridge post-fire found significant damage to three of the beams
and the deck [145]. These elements needed to be removed, along with a damaged highway sign
[145], [146]. The repair efforts for this structure cost $10 million and took 100 days to complete
[144]. This incident, like the 2017 Atlanta fire, reinforces that human carelessness can have

wide-ranging consequences to the U.S. bridge inventory.
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CHAPTER 4. DISCUSSION OF BRIDGE FIRES

In chapter 3, this report reviewed a history of bridge fire events from across the United
States. Often, each of these events is treated as a random, stand-alone occurrence. However,
upon examination of the history, certain trends become apparent. The stories of these fires are
not only tales of destruction. Each bridge fire serves as a critical data point that aids in
understanding structural vulnerabilities, human error, material behavior under thermal stress, and
the evolving challenges of fire safety in transportation.

Chapter 3 did not provide an exhaustive history, but it did reflect a wide range of ignition
sources. Bridge fire history demonstrates how wildfires, tanker truck fires, arson, and electrical
faults can lead to a bridge fire. Within each of these stories, consistencies in the types of damage
were found. Certain bridge designs, construction materials, and locations appear repeatedly in
the stories of individual bridge fires. These commonalities provide a basis for further
exploration.

An analysis of these stories follows, which will identify and evaluate common trends
across the various bridge fires. This chapter examines (1) which fire scenarios are most
associated with severe structural loss, (2) how construction materials influence expected damage
severity, and (3) whether specific bridge types or locations exhibit elevated susceptibility. These
questions speak directly to the heart of risk mitigation, inspection planning, and design
resilience. The goal of this report is to make this knowledge actionable. Inspectors should be able
to employ this knowledge when they are called upon to perform a post-fire triage inspection on a
bridge structure. Additionally, such information may be used to help prevent future fires by
influencing design principles. This knowledge is vital as the American infrastructure network

ages, climate risks continue to increase, and fire hazards become more frequent.

25



Bridge fires are a major threat to bridge structures and other transportation infrastructure
because they can cause severe structural damage, economic loss, and loss of life [4], [6], [9],
[35], [38], [62], [69], [110]. However, bridge design codes often ignore this risk [4], [38], [110].
Bridge fires are often started by vehicular accidents (especially those that involve tanker trucks),
arson, accidental ignition, and wildfires [4], [62], [147], [148]. Various factors contribute to the
severity of bridge fires. The source of fuel, bridge construction materials, bridge design, fire
duration, and environmental conditions all affect the level of damage a bridge can suffer from a
fire [2], [6], [10], [149], [150], [151], [152], [153], [154], [155].

The literature has identified hydrocarbon fuels, such as gasoline or diesel, as the most
severe fuel source. Fires caused by hydrocarbon fuels often lead to failure of structural members.
This is particularly true among steel and composite bridge structures [2], [6], [10], [149], [150],
[151], [152], [153], [154], [155]. Smaller vehicle fires and fires from electrical sources tend to
cause less severe, localized damage [2], [6], [149], [151], [156], [157]. Compared to other
bridge failure modes, failures due to fire are less frequent but can be more severe in their
immediate impact and recovery requirements [9], [35], [38], [110], [158]. The next few sections
of this chapter will synthesize the historical context, primary causes, severity patterns, and

comparative risks of bridge fires.

HISTORICAL OVERVIEW AND FREQUENCY OF BRIDGE FIRES

Bridge fires are more rare than building fires, but they have caused notable failures in the
United States. A survey of over 1,000 bridge failures that occurred between 1980 and 2012
found that about 3.2 percent of failures due to external causes were from fire, exceeding bridge
failures caused by wind or earthquakes [4], [159]. Quiel and Pessiki reinforce this point by

noting that fire produced a failure rate comparable to, or exceeding, that of other hazards, such as
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earthquakes or construction defects [160]. Recent literature highlights the rising vulnerability of
bridges to fire [9].

Historically, fire was not explicitly considered in bridge design because of perceived low
probability. A series of high-profile incidents in the 21% century shifted that view. For example,
the 2007 MacArthur Maze collapse and the 2009 Hazel Park, Michigan, collapse show the
vulnerability of bridge structures to tanker truck fires [4], [74], [105], [161], [162]. Since 2000,
many bridge fires have been caused by tanker truck fires [4]. However, human-caused ignition
has become a growing concern, as highlighted by the 2017 Atlanta and the 2024 Big Mac fires.
Refer to chapter 3 for case studies from U.S. bridge fires.

In the United States, vehicle accidents are the primary driver of bridge fires, especially
automobile accidents that involve hydrocarbon fuels, which produce rapid heating and severe
damage even with a prompt response [4], [34], [102], [163]. Bridges with unprotected steel
girders are particularly susceptible to elevated temperatures [4], [163]. In addition to automobile
accidents, arson, wildfires, and electrical fires have been the cause of multiple bridge fires [62],
[114],[160], [164]. Compounding the fire are factors that affect the severity of the fire. These
factors are addressed later in this chapter (see Factors That Affect Damage Severity).

Unlike wind loading or earthquake loading, bridge design standards do not address fire
loading [4], [35], [165]. In 2017, National Fire Protection Association (NFPA) 502 became the
first major standard to address fire loading in bridge design by providing a standard to protect
primary structural elements from extreme thermal events [160], [166]. The goal of this design
policy was to allow easier firefighter access, reduce the fire’s ability to damage the structure, and
reduce economic loss caused by a bridge fire [166]. Overall, while the likelihood of a bridge fire

remains low, the consequences are high. These consequences are driving increased public
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awareness and a shift within the engineering community toward explicit consideration of fire in

assessment, response, and mitigation planning [1], [4], [34].

UNDERSTANDING FIRE

For post-fire triage inspections, fire intensity is characterized by heat release rate (HRR).
HRR can be defined in two ways. First, it can be defined by the rate of energy release from the
fire [167], [168], [169]. The units for this measure are typically expressed as kilowatts (kW) or
megawatts (MW). This method of quantifying HRR is preferred by the NFPA. The second way
to quantify HRR is as the rate of energy release normalized by burning area [4], [170]. The units
for this are typically expressed as kilowatts per square meter (kW/m?). For example, the United
Kingdom defines the maximum HRR for a building as 2,500 kW/m? [4], [170]. Regardless of
convention, HRR quantifies the energy output of the fire, which governs the demand on bridge
components [4], [170].

Flame spread refers to the propagation of burning across the fuel source [171], [172],
[173]. This is driven by the heating and subsequent ignition of unburned material ahead of the
flame front [171], [172], [173]. The flame front is the boundary between burning and unburning
regions [171], [172], [173]. The rate and pattern of spread depend on fuel type and thickness,
orientation, airflow, and ambient conditions [171], [174], [175], [176].

There are three distinct modes of flame spread. In concurrent flame spread, the fire
spreads with gravity or airflow [174], [175]. Concurrent spread is typically faster due to
enhanced heat transfer. Opposed-flow flame spread occurs when flame moves across the fuel
source against airflow [173], [177]. Opposed-flow flame spread typically progresses slower than
concurrent flame spread and is often easier to extinguish. Surface flame spread is when flame

spreads over the fuel surface. It is a critical phenomenon in both wildfires and structural fires
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[171],[173], [178]. Related to flame spread, flashover occurs when a fire reaches a point of
intensity at which all combustible materials ignite [179], [180], [181].

Another critical parameter to understand is heat flux. Heat flux is the rate of thermal
energy transfer per unit area per unit of time (W/m?) [182], [183], [184]. For post-fire triage,
heat flux represents the incident thermal load delivered from the fire to the bridge components.
Heat flux governs the rate of temperature increase in materials; thus, it can govern the onset of

degradation and loss of strength [58].

PRIMARY CAUSES OF BRIDGE FIRES

This section summarizes the principal sources of ignition and exposure that lead to bridge
fires. They are organized into five categories: (1) tanker trucks, (2) other vehicles, (3) arson,
(4) accidental ignition, and (5) wildfires. For each category, this section outlines typical heat-
release rates and burn durations. Where available, case histories illustrate structural outcomes.
The objective is to provide a clear basis for triage inspection and risk prioritization by linking

common ignition scenarios to expected demands on bridge components.

Tanker Trucks

Chapter 3 reviewed a brief history of bridge fires in the United States and showed that
tanker trucks carrying hydrocarbon fuels present a worst-case scenario as an ignition source [4],
[34]. Tanker truck fires result in intense blazes that can result in severe damage to the bridge’s
structural elements [4]. These fires often lead to expensive repair or replacement costs and
economic losses [4]. The MacArthur Maze fire (see MacArthur Maze Collapse, Oakland, CA
(2007)) stands as a great example of the cost of tanker truck fires on bridge infrastructure. The

economic losses were estimated at approximately $6 million/day with a total economic loss of
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$156 million [4], [105], [107]. In 2011, the Paramount Boulevard Bridge fire in Montebello,
California (see Paramount Boulevard Bridge, Montebello, CA (2011)) resulted in a $40 million
replacement cost following a tanker fire [4], [185]. Because of the large-scale impact of these
fires, they often have outsized economic impacts compared to bridge fires from other sources.

Historical tanker-truck—caused bridge fires also point to the high rate of failure for
bridges involved in this type of incident. In addition to the MacArthur Maze fire and Paramount
Boulevard fire, the bridge failures at Malfunction Junction (see First Malfunction Junction Fire,
Birmingham, AL (2002) and Second Malfunction Junction Fire, Birmingham, AL (2004)) are
further example of these issues [4], [74]. Where severe damage occurs due to tanker truck fires,
two primary factors affect the outcome of the fire. The first factor is the quantity of fuel carried
by the tanker leading to longer burn durations [34], [89]. The second is the location of the fire
relative to the bridge structure [34]. These factors are discussed later in this chapter (see Factors
That Affect Damage Severity).

Accidents involving tanker trucks often produce a large pool of burning fuel that can lead
to severe damage to a bridge structure [58], [186], [187], [188]. These fires often exhibit
extremely high HRR [189], [186], [187], [190], [191]. Research shows that tanker truck fires
can have an HRR of up to 300 MW of energy [4], [89], [166]. This stands in stark contrast to the
energy released from a passenger vehicle fire, which is only up to 10 MW [4], [166]. In
addition, the time to reach peak HRR happens almost instantly in tanker truck fires [4], [166].

The primary mode of heat flux from a tanker truck fire is thermal radiation [4], [192],
[193], [194]. Because of the high HRR, heat flux causes the temperature of the structural
elements to rise rapidly [10], [153], [192], [195], [196]. The intense heat that is transferred to the

structural elements can result in material degradation [153], [195], [196]. This degradation can
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often continue even after the fire is extinguished [153], [195], [196]. A point source model will
estimate heat flux using the HRR, fire duration, flame height, and fire location relative to the
bridge [58]. This is discussed in more detail in Assessing the Risk.

Peak temperatures during a hydrocarbon fire are extremely high and are dependent upon
the ignition fuel source. Tanker truck fires typically burn between 800° and 1,000°C. Some
estimates place these fires at more than 1,000°C, but this is met with some skepticism by fire
researchers [4]. Nevertheless, an inspection team can estimate the peak temperatures by the fuel
being carried.

Gasoline typically burns at 1,100°-1,300°C [186], [187], [197]. Gasoline’s high
volatility contributes to an increased burn rate compared to heavier fuels, such as diesel [198],
[199]. The HRR for gasoline is 2,400 kW/m? [34]. The burn rate of gasoline is typically 0.04—
0.06 kg/m?s (2-3 min per 100 gal of gasoline) [198], [199], [200]. Wind can increase the burn
rate by increasing the oxygen supply to the fire. However, the burn rate will level off as winds
increase in speed [199], [200]. Larger pools of gasoline will burn at higher rates [200]. In
general, gasoline fires tend to burn hotter and may spread more rapidly compared to diesel
[186], [187], [197]. It should be noted that aviation fuels tend to burn at 1,000°C [201] with
similar burn rates (and burn rate factors), 0.04—0.07 kg/m?s, to that of gasoline [198], [200].

Diesel fires typically peak between 900° and 1,200°C [186], [197]. Diesel tends to burn
at lower temperatures than gasoline but for longer periods of time [186], [187], [197]. Diesel
also has a lower HRR (1,950 kW/m?) compared to gasoline [34]. The typical burn rate for diesel
is 0.03-0.05 kg/m?s (2.8—4.6 min per 100 gal), with influences similar to that of gasoline [198],

[199], [200].

31



In addition to traditional automobile fuels, tanker trucks can carry highly flammable
alcohols [34]. Ethanol fires can reach peak temperatures similar to gasoline. However, methanol
fires burn at similar temperatures to diesel [189], [197]. The burn rates for both alcohols are in
the 0.03-0.06 kg/m?s (2.2—4.4 min per 100 gal) range, with ethanol having a slightly higher burn
rate [202], [203]. Like the other fuel sources, pool size and wind play a major role in the speed
of the burn rate [202]. Alcohol-fueled fires pose a threat to bridge structures similar to gasoline-
fueled fires [189], [197].

Liquefied natural gas (LNG)—fueled fires burn at a peak temperature of 900°—1,100°C
[197]. This is similar to the temperature exhibited by diesel-fueled fires. LNG fires experience
rapid vaporization, which leads to an intense fire that is often short-lived [197]. LNG fires have
the fastest burn rates of the fires discussed in this section. Their burn rate is 0.18-0.19 kg/m?s
(about 25 s per 100 gal) [204], [205]. Similar to the other fuels, pool size and wind affect the
burn rate [204] [205].

Total burn times are highly dependent upon fuel type, fuel quantity, spill geometry,
substrate type, how quickly the fuel was ignited, and heat transfer mechanisms [206], [207],
[208], [209], [210], [211], [212]. Burn times, however, have varied from 30 to 150 min [4], [34].
During this time, structural collapse could occur [4], [34]. This trend is often reflected in the
many hydrocarbon fuel fire curves that have been developed [58], [166].

Numerous bridges in recent history have failed due to the damage caused by tanker truck
fires. They serve as the most destructive initial ignition source for bridge structures. When the
battle is between a bridge and a tanker truck, the bridge has a strong possibility of losing. Any

report of a tanker truck fire should be taken seriously and investigated as soon as possible.
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Other Automobiles

Tanker trucks are not the only vehicles on the road that can cause fire. Light vehicles,
buses, and other semi-trucks cause more frequent fires than tanker trucks, yet these fires are less
severe [4], [34], [89]. This is because of the lower quantity of fuel burn compared to tanker truck
fires [34]. These vehicles tend to release far less energy for shorter durations [34], [89]. This
means that generally other vehicles cause less severe damage to bridge structures [34], [89].
Additionally, unlike with tanker truck fires, other vehicle fires tend to develop slower, allowing
firefighters time to respond [4].

The HRRs of these vehicles tend to be lower than those of trucks hauling hydrocarbon
fuels. Passenger cars, both electric and internal combustion, have HRR up to 10 MW, reaching
their peak quickly [58], [165], [213]. If more than one passenger car is on fire, the HRR can be
up to 20 MW within 10 min [58], [165], [213]. These fires can reach over 1,000°C inside the
vehicles [214], [215]. The smoke temperature can reach up to 285°C at 1.5 m above the flame
[214]. These temperatures can cause damage to the bridge, but the risk is lower than that of
tanker truck fires [4], [34]. Passenger vehicle fires can burn up to 80 min, with a flashover time
in as little as 2.5 min [215], [216], [217], [218].

Bus fires produce higher HRR than that of passenger cars. Their peak HRR can be up to
34 MW, reaching this peak in as little as 7 min and with temperatures in excess of 1,000°C [58],
[165], [213], [219], [220]. Buses have longer burn times due to their size. They will reach
flashover within approximately 8 min [218], [219], [221]. Total burn times can be longer than
60 min [219].

Tractor trailer trucks carrying general goods have a wide range of peak HRR values.

They can range from 20-200 MW, depending upon the goods they are carrying [58], [165],
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[213]. Similar to buses, these peak HRRs can be reached in as little as 7 min [58]. Burn times
for these large trucks are difficult to narrow down due to cargo they may be carrying [222]. Like

the other vehicles, peak temperatures can exceed 1,000°C [219], [223].

Arson

Arson also plays a role in the bridge fire landscape [224]. For example, the New York
Department of Transportation reports that 8 percent of bridge fires are caused by arson [89],
[225]. Compared to vehicle accidents, arson is more likely to occur in remote areas on timber
structures [89], [225].

Historically, timber bridges, especially covered bridges, are particularly vulnerable to
arson [4], [74],[110], [148], [226]. In 2013, the U.S. Department of Agriculture estimated that
700-900 covered bridges remain in the United States and that these bridges are “susceptible to
arson and vandalism™ [226]. The National Society for the Preservation of Covered Bridges
estimates that about three covered bridges a year are lost due to arson [227]. The Ponn
Humpback Bridge in Ohio, for example, was burned by an arsonist in 2013. Fire officials
indicated that its remote location and lack of lighting made it an easy target for arson [228].

While rural timber structures are most vulnerable to arson, bridges with stored materials
or debris are also susceptible to arson [89], [114], [118], [229]. In Atlanta, a portion of an I-85
overpass collapsed and required replacement, as discussed in I-85 Bridge Fire and Collapse,
Atlanta, GA (2017). In Los Angeles, a portion of the I-10 overpass was severely damaged when
stored materials were set ablaze. The structure was stabilized with temporary shoring and
reopened in relatively quick order [230], [231]. In Cincinnati, arsonists used debris gathered
under the Big Mac bridge to start a fire (see Daniel Carter Beard “Big Mac” Bridge, Cincinnati,

OH (2024)). This resulted in the bridge being closed for 100 days [229].
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Accidental Ignition

In some circumstances, accidents cause fires to start. One source of accidental ignition is
from construction-related activities, such as cutting or welding [4], [34], [232]. History shows
that construction activities have caused fires on bridge structures [4], [34]. For example, in
2024, construction workers in Hesperia, California, accidentally ignited wooden formwork while
using metal-cutting tools [4], [233], [234]. In another case, a New York construction crew set a
pile of construction waste on fire, which spread to nearby scaffolding [3], [4]. Both incidents
exemplify the risk posed due to poor work site maintenance coupled with spark-producing
maintenance activities.

Other times, things that seem insignificant become more impactful, especially when
timber is involved. A 2002 fire on a Kansas railroad bridge was caused by an overheated wheel
bearing that dropped onto railroad ties and destroyed the entire timber structure [4]. The Metro-
North Railroad bridge over Harlem River in New York was temporarily closed in 2010 when a
transformer blew and ignited the timber piles [235]. Internationally, in 2011, children playing
with fire accidentally completely destroyed the Yuquig Bridge, a woven timber arch, in China

[4], [236].

Wildfires

As the climate changes, the United States is experiencing an increase in wildfires [237],
[238], [239]. These high-intensity fire events are not just an environmental issue [237]; they can
also be disastrous to the public infrastructure [164], [240], [241]. A wildfire near a bridge can
ignite combustible components and damage structural elements of the bridge [164], [241].
Wright et al. further warn that timber structures are far more susceptible to failure during a

wildfire compared to steel or concrete bridge structures [89]. Their conclusion was supported by
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the work of Refai [238]. Overall, it should be noted that there is limited research concerning
bridges damaged by wildfires [238].

Extreme wildfire events are 2.2 times more common since 2003 [239]. These events
exhibit extremely high HRR, often in excess of 1,000 MW [239], [242], [243]. Peak
temperatures of wildfires can exceed 1,000°C, with surface temperatures strongly dependent
upon the fuel source [244], [245]. Elevated HRR, high temperatures, and access to fuel can lead
to a flashover event [243], [246], [247]. These events lead to rapid uncontrolled fire spread
[243], [246], [247]. Whereas the burn time at any one location is relatively short, under these
circumstances, rapid ignition of timber elements is possible [238], [246], [248]. Further, large
amounts of debris collected under the structure can ignite, causing damage similar to the arson

discussed above.

FACTORS THAT AFFECT DAMAGE SEVERITY

Fire causes are related to, but unique from, the various factors that impact the severity of
fires on bridge structures. Four main factors should be considered relative to bridge fire severity:
(1) fuel type and quantity, which determine how hot and how long a fire can burn; (2) location
(on, under, or near the bridge) of the fire and the vertical clearance; (3) presence of additional

combustible materials; and (4) bridge type and usage.

Fuel Quantity and Type

Fire load is the amount of heat energy released by burning all combustible materials in a
given area [249], [250], [251]. Fire load is calculated by multiplying the mass of each fuel item
per unit area (fuel load) by its calorific value [249], [250], [251], [252], [253]. This calculation

helps to identify the potential severity of the fire [249], [250], [254]. An increase in fire load can
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lead to an increase in peak HRR, peak temperatures, and heat flux [255], [256]. It is important to
remember that this relationship assumes that an area is well ventilated [255].

The calorific value represents the amount of heat energy that is released when the fuel is
burned [257], [258]. This value is highly dependent upon the chemical makeup of the fuel. Fuel
sources with higher concentrations of carbon and hydrogen tend to have higher calorific values
[257], [258]. Fuel sources such as gasoline have a calorific value of 44-47 MJ/kg [259], [260].
This is opposed to biomass materials, such as wood, drift, and vegetation, that have a value of
5-41 MJ/kg [261], [262].

To summarize, fire load shows two factors related to fuel that play a role in determining
how severe a fire can be. First, the pure quantity of fuel over a given area, quantified as fuel load,
will lead to an increase in fire load. Second, fuels with greater calorific values can increase fire
load. Ultimately, an increase in fire load can lead to an increase in the severity of the fire and the

damage to the bridge structure.

Fire Location and Vertical Clearance

The location of a fire changes the level of damage severity [34], [58]. Quiel et al.
examined 31 different bridge fires and found that fires under a structure were far more likely to
produce severe damage compared to fires on or beside a bridge structure [58]. Approximately
two-thirds of the structures with fires under them experienced heavy damage or collapse [58].
Peris-Sayol et al. echoed these data in their 2017 research paper [34]. They found that fires
under a bridge result in a higher damage level [34]. However, it should be noted that a tanker
truck spill of a hydrocarbon fuel on a structure could result in similar damage levels compared to

fires under a structure [34], [58].
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Fires located under a structure tend to cause the most damage due to buoyancy.
Buoyancy is the upward force that causes hot gases and flames to rise toward structural elements
(see figure 11) [263], [264]. This occurs as the heated air becomes less dense and rises relative
to the surrounding cooler air [264], [265], [266]. Buoyancy will concentrate smoke and heat to

structural elements above the fire, increasing heat flux [264], [265], [266], [267].
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Figure 11. Diagram. Fire plume.

Fire modeling and experiments demonstrate that the highest rate of heat flux takes place
where the fire plume directly contacts the structure [268], [269], [270], [271]. A fire plume is
the column of hot gases, flames, and combustion products that rise above the source of the fire
due to buoyancy [272], [273], [274]. The fire plume consists of three parts. First is the area of
continuous visible flames directly above the fuel source, known as the persistent flame region
(see figure 11) [272], [273], [274]. The intermittent flame region is the area of the fire where

flames appear and disappear and generally becomes less stable [272], [273], [274]. Finally, the
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area above the flame where hot gases mix with the cooler surrounding air (known as “air
entrainment”) and the flame is no longer visible is known as the buoyant plume region [272],
[273], [274]. The size and shape of the fire plume are dependent upon the HRR of the fire, the

size of the fuel source, and other environmental factors [274], [275], [276].

Presence of Additional Combustibles

The presence of additional combustibles has the potential to increase the severity of the
bridge fire. This is accomplished by increasing HRR, extending burn durations, or elevating peak
temperatures [2], [4], [9], [62], [151], [277]. Additional combustible material, such as debris or
construction materials, can transition the fire into a more sustained thermal event [2], [4], [277],
[278]. The additional materials add to the total fuel load and can prolong the combustion period
[2],[4], [9], [62], [151]. In addition to an increased fire load, additional materials under a
structure may entrap heat [4], [277], [278], [279]. This entrapped heat can present a danger to

vulnerable bridge structural elements [6], [150], [151], [280].

Bridge Type and Usage

Bridge type can have a major impact on susceptibility to bridge fires. Timber bridge
elements are the most susceptible to fire [34]. Approximately 79 percent of timber structures
collapse during fire events [34]. Timber elements, compared to steel or concrete, will ignite
easily [147], [148], [164], [281]. These structures have a unique quality in which the bridge
itself serves as a source of fuel for the fire [4]. Timber elements should be examined closely
during the initial assessment following a bridge fire due to their susceptibility to damage at even

low temperatures.
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Steel will lose strength as temperatures elevate [282], [283], [284]. Significant strength
loss will begin around 500°C, with continued degradation at higher temperatures [282], [283],
[284]. The elastic modulus of steel will also decrease, thus causing the steel to lose stiffness as it
heats [282], [283]. Welds and high-strength steel may lose strength more rapidly than mild steel
[284], [285], [286]. Unprotected steel exhibits poor fire performance during intense heating [4].
Despite being subject to damage during bridge fires, steel tends to suffer, on average, less severe
damage compared to concrete or timber [34]. The inspector may see discoloration, paint
blistering, paint cracking, paint delamination, steel deformations, or the development of surface
rust [15], [16], [17].

Reinforced concrete and prestressed concrete elements provide better fire performance
compared to steel and timber [4], [34], [58], [110]. Although concrete damage levels are higher
than that of steel, concrete structures have historically been less likely to collapse following a fire
[4],34], [58]. Inspectors may see various defects that were due to fire damage, including change
in aggregate color, cracking, delamination, surface roughness, spalling, and exposed
reinforcement [18], [287], [288], [289], [290].

In addition to bridge material, the bridge’s structural system also affects the amount of
damage a structure may see from a fire. [-shaped girders are particularly prone to damage due to
their thin webs and flanges [6], [9], [34], [291], [292]. Bridges that use these types of girders
account for approximately 77 percent of bridge structures with heavy to severe damage [34];
however, this may be due to their popularity. Suspension bridge cables can be vulnerable to
direct heating [153], [293], [294].

There is limited research into whether bridge location is a factor in the severity of bridge

fires [2], [34]; however, some locations may limit the activity of firefighters, thus increasing the
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likelihood of more severe damage [4]. Further, an increase in traffic volume also increases the
likelihood of fires at bridge structures due to the potential increase for hazardous goods being

transported [2], [295].

ASSESSING THE RISK

This section presents Lehigh University research and adapts it into an operational
screening method to be used as a tool for bridge fire events. Using a small set of readily
obtainable inputs, the method supports rapid, defensible pre-mobilization judgments of likely
damage severity. Damage classes are assigned by comparing incident heat flux with established
temperature thresholds for steel and concrete. The resulting tool is intended to support triage,
resource mobilization, and temporary risk control rather than replace detailed analysis. It guides
inspection prioritization, the imposition of temporary restrictions pending review, and the
selection of follow-up actions. The subsequent sections summarize the research and provide

recommendations for tool development.

Summary of Quiel et al. [58]

Quiel et al.! have defined temperature-based damage states and built practical damage-
classification graphs for steel and concrete girders subject to fire. Their research provides an
important framework for rapid classification of bridge fires. Figure 12 shows the classification of
damage for steel I-shaped girders (p. 38). Figure 13 visualizes the classification of damage for
concrete girders (p. 38). In both figures, blue circles represent heating without potential damage
to the structure. Green squares represent areas of potential damage to the structure. Finally, red

triangles represent areas of critical damage to the structure. The specifics of these classifications

! Page numbers within Quiel et al. [58] are cited in parentheses in this section.
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are drawn from various codes and will be discussed in more detail in chapter 5 and chapter 6.
These limits present a unique opportunity to rapidly assess how critical a fire can be to a
structure.

Quiel et al. performed a two-dimensional (2D) thermal finite element analysis across
numerous combinations of incident heat flux (¢'') and exposure duration (pp. 36-39). Each
simulation outcome is plotted per established temperature thresholds and is shown on the graphs
in figure 12 and figure 13. The graphs show a clear distinction between areas of potentially no

damage, potential damage, and critical damage.
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To place a fire on the graph, Quiel et al. obtained the peak incident heat flux at the girder
using a modified point source model (pp. 36—39). This model is shown in equation 1 (pp. 22-24).
In the equation, X, ps is the radiative fraction, 0 £ max 18 the peak heat-release rate of the fire,
6 is the angle between the line of sight and the closest bridge element, R is the distance from the

modified point source to the target, and n is an exponent calibrated to 2.2. Once ¢’ is obtained,

this can be plotted against the exposure time.

r Xr,mps(if,r;flx cos 8 Equation 1
T
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Practical Implications for Rapid Assessment of Bridge Fires

The research summarized in the previous section (see Summary of Quiel et al.) provides
a practical basis for the development of an assessment tool in the form of an Excel worksheet to
classify the criticality of a bridge fire. This tool can enable GDOT’s initial, defensible
assessment using readily available incident information. The results may be suitable for guiding
the dispatch of personnel or making temporary decisions to close the fire-damaged structure.

To apply the framework, GDOT engineers should gather data, much of which may be
obtained from the emergency incident command prior to mobilization of department forces.
Where the information is uncertain, the tool in Excel should allow for conservative assumptions.
This tool is intended to be used for screening and prioritization of GDOT’s resources; further
evaluation may be required to arrive at a final determination. Engineers will need the following

data for input into the tool:

1. Structural system or member type: To answer this question, engineers need to determine
if the element in question is steel or concrete.

2. Key geometry of the exposed member: The calculation will require input of the horizontal
distance from the fire centerline to the face of the nearest structural element (i.e., the
horizontal offset). Associated with this, engineers must obtain the elevation difference
between the fire source and the nearest structural element (i.e., the vertical offset).

3. Fire scenario: Engineers should obtain information on the principal fuel source and the

estimated duration of peak fire intensity.
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COMPARISON WITH OTHER BRIDGE FAILURE MODES

A bridge structure may fail in various ways. This section reviews common failure modes
and assesses how failure due to fire fits into the broader picture. In the United States, hydraulic
events, such as flooding and scour, are the leading cause of collapse [159]. The second leading
cause comes from vehicle impacts or overload [159] s. Less common, but still relevant to the
discussion, are failures due to deterioration, wind, seismic activity, fire, and structural
deficiencies [4], [74], [34], [159].

Scour is the erosion of soil from around bridge foundations by flowing water [89], [296],
[297], [298], [299]. It is the leading cause of failure for bridges in the United States [296], [297],
[298], [299]. Various studies have demonstrated that scour has been the cause of 47.1-60 percent
of bridge failures in the United States [159], [298], [300], [301], [302].

The second most common cause of failure for bridge structures is overload [89], [159],
[300]. Structural overload accounts for approximately 20-28 percent of bridge failures [159],
[300]. Overload takes on two forms: direct overload and impact load. Direct overload is caused
by crossing vehicles exceeding the bridge’s design limits, resulting in structural failure [303],
[304]. An impact load is when a vehicle, ship, train, or aircraft strikes a bridge, resulting in
structural failure [300], [302], [305].

The third major cause of bridge failure in the United States is deterioration [89], [159].
Deterioration is the gradual decline in the condition of a bridge over its life [29], [30], [31], [32],
[33]. The natural degradation of a bridge leads to 6.8 percent of bridge failures [159]. Various
factors, such as chemical changes, material properties, and traffic loading, lead to the
degradation of structural elements [29], [306]. The presence of cracks, spalls, corrosion, and

section loss are all signs that a bridge is deteriorating [307].
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Fire ranks as the fourth leading cause of bridge failures [89], [159]. Fire accounts for
approximately 3 percent of bridge failures, which exceeds the totals for wind and earthquake
[4], [159]. Yet, unlike wind and earthquake, fires are not accounted for in bridge design [4],
[58]. As discussed previously, fires can lead to rapid degradation and damage of structural
members [4], [34], [74].

Next in the list are bridge failures due to construction and design flaws [300], [308].
These causes account for approximately 2.5 percent of bridge failures [159]. Internationally, the
failure of the Lamgadi Bridge in Nepal shows how inadequate design, improper load
calculations, poor detailing, or failure to account for specific load cases can result in the collapse
of a bridge structure [309]. These types of failure only make up a small percentage of bridge
failures, but they do receive outsized attention when they occur [310], [311], [312]. The hope is
that these closer examinations will reduce human error and prevent future collapses [310], [311],
[312].

Earthquakes account for about 2 percent of bridge collapses in the United States [4],
[159]. The rarity of collapses due to earthquakes is the result of rigorous design standards [4],
[313]. The design codes direct engineers to account for seismic loading [313]. Bridges
constructed prior to modern seismic standards face higher earthquake vulnerability, reflecting the
absent or minimal seismic design and detailing [314], [315].

The final primary cause of failure is wind, which accounts for approximately 1.8 percent
of bridge failures in the United States [4], [159]. One popular example of a wind-related bridge
failure is the Tacoma Narrows Bridge collapse in 1940 [316]. Winds, regardless of the source,
can cause structures to vibrate, flutter, or gallop, resulting in fatigue of the structural members

[316], [317], [318]. This is especially true for suspension and cable-stayed bridges [316], [317],
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[318]. Similar to earthquakes, as discussed above, modern design helps account for the effects of
wind on bridge structures [313], [316], [319].

When examining the broader picture, bridge fires are more rare than flood or scour
events, but they are not freak accidents that bridge owners can discount. When a bridge does
collapse due to fire, the consequences are often severe. Fires tend to occur on busy corridors;
thus, a fire-related collapse could result in the disruption of the flow of people and goods around
urban areas as well as potentially having broader economic impacts. These consequences merit

serious attention from transportation officials.
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CHAPTER 5. STEEL BRIDGES

This chapter consolidates guidance for evaluating steel bridge components following fire
exposure. The researcher team first defines critical temperature as the temperature at which
reduced strength and stiffness threaten load-bearing capacity. Then, they summarize typical
critical ranges and their dependence on in-service demand, temperature distribution, boundary
conditions, steel grade, and section geometry. Finally, this information is translated into
inspection practices by outlining common indicators of distress and the appropriate use of NDT
to corroborate findings and localize concerns. The objective of this chapter is to present field-
ready triage processes that can lead to informed decision-making following extreme thermal

events.

CRITICAL STEEL TEMPERATURES

This section reviews how elevated temperatures reduce the load-bearing capacity of steel
bridge components and then identifies the key factors that determine when a temperature
becomes critical. As temperature rises, steel experiences progressive loss in yield strength. This
leads to a reduced margin against instability and could lead to failure. There is no single
temperature level at which steel will enter critical condition; critical temperature levels depend
on various factors. Understanding these interactions provides a defensible basis for post-fire
assessment. These ranges help the agencies understand when to dispatch inspectors, implement

load restrictions, or request deeper engineering analysis.
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How Differing Temperatures Affect Steel

The critical temperature for steel bridge components is the approximate temperature at
which the member’s residual strength is reduced sufficiently to threaten load-bearing capacity.
Many standards cite a lower-bound critical temperature of about 550°C. However, the typical
critical range is 500-700°C [320], [321], [322]. Table 1 summarizes representative residual
capacity versus temperature. The precise curves may vary by product or in situ conditions, but
the overall trend is broadly similar across steel grades [320], [322]. In addition to the
degradation of yield strength, steel experiences a reduction in elastic modulus at increased
temperatures. However, in structural fire assessments, the loss of strength is typically the
governing property for determining critical temperature and evaluating risk of failure [285],

[323], [324], [325]. Table 2 provides retention factors for steel [323].

Table 1. Critical temperatures for steel.

Tem(%eé;lture Res1duaz}%(;ap acity Notes on Capacity Reduction
20 100 Baseline
200 90-95 Minimal loss
400 70-80 Noticeable reduction
500 60-70 Rapid decline begins
600 40-50 Significant loss
700 20-30 Severe loss
800+ <20 Most structural capacity lost

Quiel et al. provide practical guidance for temperature-based screening thresholds [58].
Their report concludes that when any location along a steel I-girder exceeds 400°C, there is
potential for structural damage [58], [323]. Further, when steel temperature at any location on

the girder exceeds 649°C, structurally critical damage could occur [58], [326]. Quiel et al.
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developed these temperatures explicitly for steel I-girders as representative sections [58]. The
researchers note in their report that similar criteria could be applied to other steel elements.
However, as the report does not provide member-specific limits for other steel elements,

agencies may wish to develop member-specific criteria following similar methods.

Table 2. Retention factors for steel properties.

Teﬂan ?(f?:t;l re Elasticity Factor Propo;t;(;rtl(ai Limit Yield Factor
68 (20) 1.00 1.00 1.00
200 (93) 1.00 1.00 1.00
400 (200) 0.90 0.80 1.00
600 (320) 0.78 0.58 1.00
750 (400) 0.70 0.42 1.00
800 (430) 0.67 0.40 0.94
1,000 (540) 0.49 0.29 0.66
1,200 (650) 0.22 0.13 0.35
1,400 (760) 0.11 0.06 0.16
1,600 (870) 0.07 0.04 0.07
1,800 (980) 0.05 0.03 0.04
2,000 (1,100) 0.02 0.01 0.02
2,200 (1,200) 0.00 0.00 0.00

Factors that Affect Critical Temperatures

Field performance during a thermal event is governed by more than a single temperature
threshold. Multiple factors can improve or diminish a member’s capacity under thermal
exposure. Higher load ratios reduce the temperature at which failure occurs, and nonuniform
heating can concentrate damage to critical zones. Rotation restraint of steel members generally
improves performance by enhancing stability. However, axial restraint can lower critical

temperatures by inducing compressive forces. Steel grades also matter. High-strength steel

50



typically exhibits lower critical temperatures than mild steels. Finally, section geometry affects
susceptibility to local and global instability. The subsections that follow address each factor in

more detail and provide guidance for post-fire assessments.

Load Ratio

Critical steel temperatures are load ratio—dependent [322], [320]. Load ratio is defined as
the ratio of the applied load on a structural member to the ultimate load-carrying capacity at
room temperature. As the load ratio increases, the critical temperature decreases. For example,
one study found that raising the load ratio from 0.2 to 0.8 reduced the critical temperature from
670°C to 565°C [322]. For reference, load ratio may be expressed as in equation 2.

Engineers should account for in-service demands of steel members during and after fire
events. Higher load ratios may warrant more conservative temperature thresholds, thereby
making the bridge structure a higher priority. Higher load ratios may necessitate immediate

inspection, the addition of temporary support, or the application of load restrictions.

Applied Load

Load Ratio =
Ultimate Capacity at Room Temperature

Equation 2

Temperature Distribution

Temperature distribution refers to the nonuniform heating of steel bridge elements during
afire [322], [327]. This effect is frequently not represented in laboratory settings. In the
laboratory, samples are exposed to uniform furnace temperatures that do not necessarily capture
spatiotemporal gradients observed in the field [284], [328], [329]. Recognizing that real-world

fires seldom heat members evenly is essential for post-fire assessment. Inspectors should
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prioritize zones of likely peak temperature for the common heat-related damage mechanisms

described in Common Heat-Related Defects in Steel.

Restraint Conditions

Rotation and axial restraint materially influence the critical temperature at which steel
loses its load-bearing capacity [328], [330]. Increasing the rotational restraint at member ends
raises stability and can increase the critical temperature. Thus, this added stability allows a
member to withstand higher thermal exposure before failure. This effect is particularly
pronounced in steel columns. In columns with greater end fixity, the effective length is reduced.
This allows for delayed buckling and can lead to significantly larger increases in critical
temperatures [328], [331], [332], [333].

By contrast, axial restraint generally lowers the critical temperature. When thermal
expansion is restrained, compressive forces accumulate as the steel heats. This increases the risk
of yielding and instability at lower temperatures. Reported reductions in critical temperature due
to axial restraint can be approximately 200°C [330], [333], [334], [335], [336]. For assessment
purposes, engineers should document and consider in situ boundary conditions when conducting

post-fire assessments.

Steel Grade

The grade of steel can influence the critical temperature at which a member loses load-
bearing capacity during a fire. In general, high-strength and ultra-high-strength steels exhibit
greater sensitivity to elevated temperatures than mild-strength steels at comparable load ratios
[337], [338], [339]. Under similar demand, ultra-high-strength steel showed an approximately

10 percent reduction in critical temperature compared to high-strength steel [337]. Capacity loss
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can initiate at temperatures as low as 300°C for certain ultra-high-strength products [338], [339].
There are variations in critical temperature within the high-strength steel groupings, but as a
general rule, the higher the initial strength of the steel, the more pronounced the deterioration at
high temperatures [337], [338], [339]. For post-fire assessments, engineers should identify the

steel grade and use grade-appropriate temperature—strength data for the analysis.

Section Geometry

The cross-sectional geometry of a steel member influences critical temperatures for loss
of bearing capacity in a fire. Key factors include slenderness, compactness, and shape. Members
with lower slenderness generally tolerate higher temperatures before instability. This is reflected
in reduced susceptibility to thermal buckling [340], [341], [342]. Conversely, slender members
and thin-walled elements tend to reach instability at lower temperatures. Localized buckling has
been reported at temperatures as low as 400°C [342], [343], [344], [345], [346]. The presence of
stiffeners can raise critical temperature by increasing buckling resistance [347]. Hollow
structures often retain higher critical temperatures compared to open structures. This effect is due
to improved resistance to local buckling and more favorable heat-transfer characteristics [342],
[348], [349].

For post-fire assessment, engineers should coordinate with inspection teams to help
identify and document section classification (i.e., compact, slender, etc.), unbraced lengths,

stiffener configurations, and section type (i.e., open or hollow).

COMMON HEAT-RELATED DEFECTS IN STEEL

Fire exposure can produce a characteristic set of defects in steel bridge elements.

Common defects include global or localized distortion, local buckling, waviness in flanges or
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web, and the formation of plastic hinges. In addition to base-metal damage, connections (such as
welds and bolts) can also be damaged due to increased temperatures. These defects can
reconfigure load paths, leading to progressive failures and, in severe cases, collapse. Therefore,
post-fire inspections should document the location, extent, and asymmetry of distortion and
buckling. Further, inspectors should note areas of potential microstructural changes. Engineers
can map these changes and help evaluate restraint conditions to establish the need for further

investigation, load restrictions, repair recommendations, or closure.

Loss of Strength and Stiffness

As the temperature of steel increases, yield strength, ultimate strength, and elastic
modulus decrease in a predictable manner [17], [350], [351], [352]. In general, the progression
of strength loss follows the trend summarized in table 1. Ductility also decreases as temperature
increases. Decreased ductility can lead to increased risk of fracture [17], [352]. However, the
temperature at which these reductions become critical depends on the factors outlined previously
in Factors that Affect Critical Temperatures. Assessment thresholds and follow-up actions should

be set with these influencing conditions in mind.

Permanent Deformation

As steel temperatures rise and sections enter the inelastic range, permanent deformations
can develop. Common deformations include bending, buckling, and warping [353], [354], [355].
These shape changes reflect the loss of stiffness and strength as described above. Inspectors
should document evidence of these deformations, detailing location and extent.

Further, inspectors should examine steel elements for the development of plastic hinges.

Plastic hinges are zones where a member has fully yielded in bending while moment remains
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near constant [356], [357]. The presence of plastic hinges in columns or girders or the buckling
of columns are significant indicators of impending instability or collapse [353], [358]. These
deformations warrant immediate load restrictions, temporary shoring, or bridge closure pending

further evaluation.

Connection Failures

In addition to damage in steel girders, columns, or piles, bolted and welded connections
can degrade under fire exposure. This degradation alters structural behavior and increases the
risk of progressive collapse [355], [359]. Elevated temperatures reduce strength, stiffness, and
ductility of connection components and the adjoining base metals. This can lead to bolt shear and
weld cracking; it can also cause the connected steel to deform or fracture [355], [360], [361],
[362].

As these connections weaken, the structure’s intended load paths can be compromised.
Forces redistribute to adjacent members, which may become overstressed [355], [360], [361].
Damage can become visible in these members that are away from the primary burn location. This
reconfiguration of load effects can initiate a chain reaction of secondary failures [355], [360],
[361]. Post-fire assessments should also examine connection details such as bolts and welds.
Inspection reports of the post-fire triage inspection should document distress patterns that
indicate redistribution of loads. These signs may necessitate load restrictions, temporary shoring,

repair, or closure.

Brittle Fracture Risk

Fire exposure can induce microstructural changes in steel that degrade toughness and

increase the likelihood of brittle fracture [352], [363]. These changes may begin at temperatures
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as low as about 300°C. Significant grain growth typically occurs above 700°C [364], [365],
[366], [367], [368]. These microstructural changes develop as fracture toughness declines,
raising the possibility of crack initiation. Crack initiation is significantly more likely if fire
temperatures exceed 600°C [369], [370]. These alterations can persist after cooling, leaving steel
more brittle than its pre-fire condition [369], [370].

When examining a steel member post-fire, inspectors should consider the potential for
reduced toughness in zones that experienced elevated temperatures. Where temperatures are
suspected of exceeding the 600°C threshold, agencies should consider targeted material
evaluations to confirm microstructural condition and fracture resistance before returning the

structure to service.

INSPECTION TECHNIQUES FOR STEEL

This section summarizes practical methods for post-fire assessment of steel bridge
components. Triage inspections should begin with a visual inspection to identify immediate
hazards and document damage patterns. If necessary, inspectors can deploy portable NDT tools
to corroborate and localize concerns. The Leeb hardness test (LH) can screen for heat-softened
zones. UT can be used to check for changes in thickness and internal flaws. The dye penetrant
test (PT) and magnetic particle test (MP) can be used to evaluate steel members or welds for
discontinuities. Each method has its capabilities and limitations, but used in combination, they
support defensible judgments about a structure’s post-fire condition. The objective is field-ready
triage while reserving destructive testing and detailed analysis for cases where risk and

uncertainty warrant further review.
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Visual Inspection

Visual inspection is the first line of assessment for steel structures following a fire [371].
These inspections can identify immediate hazards and help target areas that require additional
testing. Key indicators associated with loss of strength and stability include changes to surface
appearance, member deformation, and evidence of structural compromise [16], [351], [372],
[373]. Systematic documentation of these indicators supports triage decisions and prioritizes
NDT and further analytical evaluation.

Damage to protective coating systems can provide qualitative clues to elevated
temperature exposure. Manifestations may include discoloration, blistering, cracking, and
localized coating loss [16], [374]. However, it should be noted that corroborating research is
limited. The diagnostic value may be restricted to paint systems that were previously intact and
undamaged. Pre-existing degradation, surface contamination, and product variability can skew
interpretation of this indicator.

Where coatings are absent, oxide color and thickness can provide a qualitative clue to
thermal exposure [375]. Progressive darkening and thickening of oxides generally correlate with
higher peak temperatures and longer durations of heating [375]. The presence of iron oxide may
become evident at temperatures over 750°C [375]. Because oxide appearance is also dependent
on atmospheric oxygen and post-fire weathering, these cues should be recorded as supporting
evidence, particularly if previous inspections did not note the presence of rust or corrosion.
However, this should be viewed as supporting evidence and not the sole determinant of damage
state.

Fire-induced oxidation may be accompanied by surface roughness and pitting. These

defects are often visible and palpable by touch. Such surface degradation often begins at
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temperatures above 600°C and is associated with reduced mechanical performance of the steel
[338], [376]. These changes indicate that the steel may be susceptible to fatigue or fracture
[376], [377]. Following a fire, inspectors should document the location, extent, and severity of
roughness and pitting in the steel member. They should note if this damage is near structural
details with high-stress demands and flag these areas for targeted NDT methods and possible
material testing before being returned to service.

Inspectors should document evidence of permanent deformation following fire exposure.
Elevated temperatures reduce steel strength and stiffness, leading to increased instability [16],
[351]. Observable manifestations include local plate buckling, global distortion, and the warping
or twisting of steel elements [353], [373], [378]. Additionally, the development of plastic hinges
is a critical indicator of inelastic demand [353], [379]. Similar deformation modes have been
observed in concrete-filled steel tubes [379]. These deformations in a structural member may
warrant additional investigations and analysis following the initial inspection.

Cracking, fractures, and connection failures are critical indicators of structural
compromise after a fire. Inspectors should closely examine welds, bolts, rivets, pins, and other
high-stress areas. Brittle cracking at connections is a significant red flag for reduced integrity
[373]. In addition, missing, loose, or damaged fasteners constitute potential failure points and
should be documented with location, extent, and orientation. Areas showing signs of structural

compromise should be flagged for shoring and repairs.

Leeb Hardness Test

LH is a portable NDT method that supports post-fire initial assessments of steel bridge
components [378], [380], [381]. The device propels a small impact body against a steel surface

and records the ratio of rebound to impact velocity. This ratio is called the LH value (LH). LH is
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correlated to the steel’s hardness and, by extension, strength [378], [380], [381]. Because the test
is inexpensive, rapid, and does not require section removal, it can be useful in screening and
mapping areas of potential heat damage [378], [380]. This test does require some surface
preparation and can be influenced by surface roughness, test location, and steel grade [378],
[380], [381], [382]. Further, this test only assesses the hardness of the steel. LH tells inspectors

nothing about ductility or deformation capacity without calibration [378], [380], [381], [382].

Ultrasonic Test

UT is an NDT method that uses high-frequency sound waves to interrogate steel and
detect discontinuities [383], [384], [385], [386]. Following fire exposure, UT can be applied to
verify the remaining thickness and to screen for cracks or voids [383], [384], [385], [386]. These
findings can support judgments about residual capacity and the need for corrective action. When
applied systematically, UT provides objective evidence of internal damage and reduced thickness
that may not be apparent by visual inspection alone [383], [385].

Effective UT requires trained operators and adequate surface access. Additionally, the
surface must be properly prepared for testing [383], [384], [385], [386]. Accuracy can be
reduced by the presence of paint systems or rough surfaces [383], [384], [385], [386]. This test
should be performed after the steel has cooled and should be interpreted in conjunction with

visual findings and other NDT to develop a consistent post-fire evaluation.

Dye Penetrant Test

PT is a surface inspection NDT method used to detect fine surface-breaking
discontinuities in steel elements and welds [387], [388], [389]. After cleaning the test area, a

low-surface-tension penetrant is applied. During the dwell period, the penetrant can wick into the

59



open flaws by capillary action. After sufficient time has passed, the excess penetrant is removed,
and a developer is applied. The developer draws penetrant out of the cracks, producing a visible
indication of their location and extent [387], [388], [389]. PT is well suited for detecting the
cracks in steel and welds that result from increased brittleness following a fire.

PT is highly sensitive to surface irregularities, simple to use, low cost, and versatile
[390], [391], [396]. However, it is limited to surface-breaking defects after careful surface
preparation [391], [392], [393]. Rough, heavily oxidized, or porous surfaces reduce the reliability
of the test [391], [392], [393]. If the surface is too damaged to use PT, the inspector may wish to
seek out alternative means of detecting fine, brittle cracking in structural steel members, such as

magnetic particle testing.

Magnetic Particle Test

MT is an NDT method for detecting surface or near-surface discontinuities in
ferromagnetic materials, such as the structural steel elements of bridges [394], [395], [396]. The
test i1s conducted using an electric current to magnetize the yoke. Once magnetized, fine
magnetic particles are applied to the surface of the steel member. Leakage fields generated by
discontinuities attract the particles, which then form visible indicators that reveal the location,
length, and orientation of the defect [394], [395], [396]. MT is valued for its high sensitivity,
rapid execution, relative simplicity, and cost-effectiveness [394], [396], [397], [398]. Although
MT is fast and sensitive in detecting defects in steel, it is limited by material type, defect depth,

surface condition, and operator subjectivity [394], [399], [400].
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CHAPTER 6. CONCRETE BRIDGES

This chapter synthesizes how fire affects concrete bridge elements and outlines a
practical approach for post-fire triage. First, this chapter defines critical temperature ranges at
which concrete begins to undergo physical and chemical changes that result in a loss of structural
capacity. It then explains that the temperature at which damage becomes critical is not a single
value but is dependent on various factors that govern both rate of heating and the severity of
capacity loss. Finally, it translates these principles into inspection guidelines by which concrete

members can be evaluated following a thermal event.

CRITICAL CONCRETE TEMPERATURES

This section summarizes how elevated temperatures degrade the load-bearing capacity of
concrete bridge members. As temperatures increase, concrete begins to degrade and experiences
reductions in compressive strength. The temperature at which the loss of capacity becomes
critical is not a single value; it can vary with material composition, concrete cover, or extent of

damage.

Temperature’s Effect on Concrete

Most studies identify a critical range of approximately 300°—400°C at which the
compressive strength of concrete will begin to rapidly decline [401], [402], [403], [404], [405].
Below this range, the compressive strength remains relatively stable. In some cases, there was a
modest apparent increase in strength in the subcritical temperature range due to moisture loss
[401], [402], [403], [405]. Above 400°C, microstructural degradation accelerates as cement paste

dehydrates and aggregates expand [405], [406], [407]. As these structural changes take place,
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inspectors may see surface cracking, spalling, or color changes in aggregates [1], [408], [409],
[410]. By 600°C, the compressive concrete strength has typically weakened by half compared to
its ambient temperature compressive strength [401], [402], [403], [405], [411]. At temperatures
of approximately 800°C and above, concrete has experienced a near total loss of compressive
strength [401], [402], [403], [411], [412]. These trends are summarized in table 3. Table 4
provides factors for analysis recommended by the American Institute of Steel Construction
(AISC) [323].

Quiel et al. established a surface temperature of 380°C as the dividing line between no
damage and potential damage [58], [166]. Internal temperatures at prestressing strands of greater

than 427°C and greater than 593°C for mild steel are viewed as critical for concrete structures

[58], [326].
Table 3. Common residual strength percentages.
Temperature Residual
°C) Strength Notes
(%)

20 100 Baseline

100 90-100 Minor losses; sometimes slight increases

150 90-105 Some mixes show peak strength at this temperature
200 80-95 Gradual decline begins

300 60-90 Noticeable loss; microcracking increases

400 50-80 Strength loss accelerates

500 40-70 Major microstructural damage

600 30-50 ESlSe\r/eet{:rgrelg;adation; most codes use 40% reduction
800 10-30 Near-complete loss of structural integrity

1,000 <10 Residual strength minimal
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Limited empirical data exist on fire-induced damage to concrete structures [34], [58].

This makes the establishment of critical temperatures uncertain. The uncertainty is further

compounded by the lack of consensus on temperature-based spalling prediction [58], [413].

Temperatures at mild steel reinforcement or prestressing can reach critical levels in a reduced

amount of time due to the loss of cover caused by spalling [58], [414], [415], [416].

Table 4. Retention factors for concrete.?

Compression Retention Factor .. Strain at Given
Temperature Elasticity Temperature
°F (°C) Normal Weight Lightweight Retention Factor | Normal Weight
Concrete Concrete Concrete

68 (20) 1.00 1.00 1.00 0.0025
200 (93) 0.95 1.00 0.93 0.0034
400 (200) 0.90 1.00 0.75 0.0046
550 (290) 0.86 1.00 0.61 0.0058
600 (320) 0.83 0.98 0.57 0.0062
800 (430) 0.71 0.85 0.38 0.0080
1,000 (540) 0.54 0.71 0.20 0.0106
1,200 (650) 0.38 0.58 0.092 0.0132
1,400 (760) 0.21 0.45 0.073 0.0143
1,600 (870) 0.10 0.31 0.055 0.0149
1,800 (980) 0.05 0.18 0.036 0.0150
2,000 (1,100) 0.01 0.05 0.018 0.0150
2,200 (1,200) 0.00 0.00 0.000 0.0000

Where spalling is observed, the screening model presented in Assessing the Risk should

not be used as a governing assessment [58]. Post-fire spalling should be treated as a potential

critical find pending the outcome of the complete investigation. Inspectors should document

spalling location, extent, and depth. It is further recommended that inspectors make use of NDT

2 The tensile strength of concrete at elevated temperatures can be assumed to be zero; however, it should not be any
greater than 10 percent of the compressive strength at the corresponding temperature [323].
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methods, such as RHs or UPV, to further ascertain the extent of the damaged area. Once this
information is obtained, a new analysis using the Quiel et al. method with the reduced concrete
cover can be conducted to determine the critical nature of the as-found condition [58]. This

procedure provides a more conservative and defensible check on member safety.

Factors that Affect Critical Temperatures

As with steel, the temperature at which concrete reaches critical condition is not governed
by a single factor. Material composition affects how the concrete responds to fire by controlling
thermal expansion, moisture migration, and crack progression. Additionally, section detailing,
particularly the thickness of concrete cover over reinforcement, influences heat transmission and
bond retention. Greater concrete cover does not change reinforcing steel’s performance at
elevated temperatures, but it does delay the time for reinforcement to reach critical temperatures.
Taken together, these parameters influence the rate at which damage develops and the severity of

capacity loss.

Material Composition

Concrete is a composite of cement, water, aggregates, and, where specified, admixtures
[417]. The constituent ingredients and their proportions influence the temperature at which fire
exposure becomes critical. Water—cement ratio is a key factor in estimating a particular mix’s
thermal resilience [418], [419]. High water—cement ratios produce greater porosity due to excess
water [420], [421]. As this excess water evaporates, it leaves voids and capillary pathways in the
concrete. The resulting lower-density, more permeable mix is more susceptible to microcracking
and strength loss under heating. The increased porosity provides pathways for expanding water

vapor, elevating the risk of cracking and spalling at elevated temperatures [418], [421]. Notably,
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while higher porosity tends to lower the temperature at which performance degrades, it can also
reduce the likelihood of explosive spalling by offering additional vent paths to relieve pore
pressure [422], [423].

Aggregate type also has a significant influence on concrete behavior at elevated
temperatures [424], [425]. Calcareous aggregates, like limestone or dolomite, generally perform
better than siliceous aggregate under fire exposure [424], [425]. They tend to remain more
chemically stable at temperatures up to approximately 600°C [426], [427], [428], [429]. In
addition, calcareous aggregates exhibit lower thermal expansion compared to siliceous aggregate
[427], [429], [430]. As a result, concretes made with calcareous aggregates typically show
greater residual compressive strength above 300°C and lower strength loss up to 600°C [426],
[429], [431]. However, at temperatures in excess of 700°C, decarbonation of the aggregate can
occur, leading to mass loss and concrete degradation [427], [429].

Siliceous aggregates, such as quartz or granite, undergo a phase transformation at
approximately 573°C [426], [427], [429], [431], [432]. During this phase transformation,
siliceous aggregates exhibit a sudden volumetric increase, raising internal stress within the
concrete [426], [427], [429], [431]. The associated thermal expansion mismatch at the
aggregate-paste interface promotes microcracking, thus accelerating the degradation of the
concrete [426], [427], [431]. As a result, concrete made from siliceous aggregates often shows a
rapid decline in compressive strength above 300°C [426], [429], [431]. Critical damage can
often occur in concretes made with this aggregate at temperatures lower than 600°C [426],

[429], [431].
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Structural Factors

As detailed in Temperature’s Effect on Concrete, increased concrete cover delays heat
transmission to embedded reinforcement. Intact concrete cover extends the time before steel
reaches critical temperature [433], [434], [435]. For example, increasing the cover from 20 mm
to 60 mm can more than double the time it takes for internal reinforcement to reach its critical
temperature [433]. Greater cover provides not only improved thermal insulation but also helps
maintain the critical steel-concrete bond under heating [414], [434], [436], [437]. Preserving
this bond reduces the risk of slipping and maintains composite action. While cover thickness
does not change the critical temperature of the reinforcement, it improves member fire resistance
by slowing internal temperature rise and sustaining the bond between the concrete and internal

reinforcement.

COMMON HEAT-RELATED DEFECTS IN CONCRETE

This section summarizes common defects observed in concrete bridge elements following
thermal events. The most common defects include: (1) cracking, (2) color changes, (3) spalling,
and (4) carbonation. The purpose of this section is to define each defect, identify visual
indicators, and provide practical guidance for systematic documentation to support post-fire

triage and follow-up actions.

Cracking

Cracking is among the most commonly observed defects during post-fire initial
inspection of concrete bridge elements [1], [438], [439]. Cracks manifest as either microcracks
or macrocracks [440], [441]. Microcracks are very fine discontinuities in the concrete matrix

that typically measure less than 0.1 mm in width [442], [443]. They are often barely visible and
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may require special techniques to detect. They can originate from the normal curing process, the
natural freeze/thaw cycle, or elevated temperatures [1], [444], [445]. Under fire exposure,
mismatched thermal expansion between aggregates and cement pastes promotes microcrack
formation [432], [441]. With continued thermal demand, microcracks can coalesce into larger,
visible macrocracks [442], [446], [447].

Post-fire cracking can be a visible indicator of strength loss [442], [448]. In addition to
the loss of strength, cracks facilitate deeper ingress of water and carbon dioxide (COy) [442],
[448], [449], [450]. The increase of these substances can accelerate carbonation, which can

reduce durability over time [451].

Color Changes

One visible indicator of fire exposure in concrete is aggregate-driven color change (see
figure 14) [1], [452], [453]. For concrete mixes that contain siliceous aggregates, the aggregates
may shift from pink to red between the temperatures of 300° and 600°C due to the presence of
iron [1], [452], [453], [454]. Between 600° and 900°C, the color change will be whitish gray
[1],[452], [453]. A yellowish-beige tone will appear in the concrete between 900° and 1,000°C
[1],[452], [453]. These changes are associated with the gradual dehydration and decarbonation
as the concrete is heated [452], [454], [455], [456]. Calcareous aggregate tends to turn whitish

gray at elevated temperatures [456].
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Figure 14. Photos. Color changes in concrete by temperature [452].
Recognizing these color transitions during post-fire triage can provide evidence of the
potential temperature of the concrete when it was burning [454], [456], [457]. This temperature
estimate can be correlated then to strength loss, as described in Critical Concrete Temperatures.
Color cues should be treated as supporting evidence, however, and not a stand-alone criterion.
Inspectors should document color observations with photographs and locations. These colors

should be compared to undamaged portions of a similar concrete member to eliminate other

possible sources of the color change.

Spalling

Spalling is a common fire-related defect in concrete bridge elements [ 1], [34], [58].
Concrete spalling can be defined as the localized breaking, cracking, and detachment of surface
concrete, often in chunks, when tensile forces exceed the tensile strength of the material [458],
[459]. Broadly speaking, fire-related spalling can occur explosively or gradually [52], [460],
[461]. Explosive spalling is influenced by moisture content, heating rates, and restraint condition
[460], [461], [462], [463]. It is common to categorize thermally induced spalling into three
categories: thermo-hygral, thermo-mechanical, or thermo-chemical [52]. Thermo-hygral
spalling arises when rapid heating vaporizes pore water, resulting in pore pressure buildup [52],

[461], [464], [465]. When this pressure exceeds the concrete’s tensile capacity, sudden, often
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explosive, spalling can occur [52], [461], [464], [465]. Thermo-mechanical spalling results from
temperature gradients that drive differential thermal expansion [52], [461], [465], [466], [467].
In locations where this expansion is restrained, tensile forces increase beyond the capacity of the
concrete, resulting in spalling [52], [461], [465], [466], [467]. Thermo-mechanical spalling often
progresses gradually, although abrupt failures are possible. Thermo-chemical spalling is
associated with temperature-induced chemical changes that weaken the concrete matrix, leading
to the gradual spalling of surface material under continuous heating [52], [461], [467].

As stated above, any observed spalling should be treated as a potentially critical finding.
Inspectors should document the location, extent, and depth of spalling. These spalls should be
correlated with other visual defects, and additional NDT methods should be used to ascertain the

complete picture of the fire-related damage.

Carbonation

Carbonation is the process by which atmospheric CO; diffuses into concrete’s pore
system. Upon entering the pore system, CO; dissolves in pore water (H>O) to form carbonic acid
(H2CO3). Then, HoCOs reacts with calcium hydroxide (Ca(OH).) to form calcium carbonate
(CaCO0s) [450], [468], [469], [470]. The atmosphere is the primary source of CO», but fire
events can also increase COz levels [471], [472].

Several factors govern how rapidly carbonation advances in concrete. Relative humidity
is a significant driver of carbonation because CO> must dissolve in pore water to form H,CO3
[473], [474], [470], [475]. If the concrete is too dry, there is insufficient pore water to sustain the
reaction. If the concrete is too wet, the water-filled pores hinder the diffusion of CO,. Relative
humidities between 55 and 70 percent are the most conducive environment for carbonation

progress [473], [474], [470], [475].
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Temperature can also influence the rate of carbonation in concrete [474], [476], [477].
Higher temperatures generally accelerate CO> diffusion, resulting in greater depths of
carbonation over time [474], [476], [477]. A positive, linear relationship exists between
carbonation depth and temperature [474], [476], [477]. In practice, relative humidity and
temperature work together to create an environment that can result in an increased rate of
carbonation in concrete.

Concrete quality is a third driver of the rate of carbonation of concrete [473], [478],
[479]. Lower water—cement ratios can reduce porosity of concrete and thereby decrease the rate
of CO» ingress and lower the rate of carbonation (see figure 15) [473], [478]. Conversely, some
supplementary cementitious materials can refine pore structure, which may increase carbonation

depth [473], [478].

Carbonation front
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Figure 15. Diagram. Carbonation process.

Fresh concrete is strongly alkaline, with pH levels of 12.5-13 [451], [480]. As concrete

ages, carbonation progresses inward from the surface, resulting in the lowering of pH levels
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toward 9—11 (see figure 16) [451], [480].3 This loss of alkalinity can depassivate reinforcing
steel, which increases the possibility of corrosion [451], [481], [482]. In the presence of
moisture and oxygen, the steel will corrode and expand, leading to cracking and spalling of the
concrete cover [451], [481], [482], [483]. Notably, pH reduction alone is not sufficient to
guarantee corrosion. Environmental exposure and detailing govern whether and how rapidly

reinforcing steel will corrode [483].
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Figure 16. Photo. Example of carbon depth [471].

Fires can decompose cement hydrates, increase porosity, and facilitate deeper CO»

penetration [408], [484]. This change in concrete structure suggests a potential increase in

3 GDOT has documented corrosion at concrete cap-steel pile interfaces. Carbonation of the concrete at this interface
is a plausible contributing mechanism. Given moisture coming from leaking joints, the presence of oxygen, and
relatively wide cracking in the concrete, the loss of alkalinity from carbonation could have produced an environment
that promotes the corrosion and section loss. GDOT may wish to investigate the role of carbonation in these areas.
This may aid in producing a means to prevent significant steel corrosion in the future.
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long-term carbonation susceptibility, thus lowering the durability of the concrete member [473],
[478]. Limited evidence is available to indicate an immediate, or near immediate, increase in
carbonation post-fire [472], [485]. Laboratory results indicate that rapid cooling scenarios can
accelerate carbonation, but slow cooling may not show the same effect [485].* Practically,
carbonation should be treated as a long-term durability concern post-fire.

To anticipate durability needs after a thermal event, bridge owners should establish a
baseline carbonation-depth map of affected concrete members. These baseline data will enable
trend monitoring at future inspections and support early, targeted maintenance before
reinforcement depassivation advances. Carbonation testing kits are available for purchase and
can be used for this mapping procedure [1], [486]. Alternatively, once structural integrity is
confirmed, owners may limit the rate of new carbonation by sealing damaged and porous

surfaces to reduce water ingress.

INSPECTION TECHNIQUES FOR CONCRETE

This section summarizes practical tools for the post-fire triage of concrete bridge
elements. Following a structured visual inspection to locate hazards and map observable damage,
inspection teams can develop an inspection plan to deploy NDT devices, including: (1) RHs,

(2) UPV, (3) GPR, and (4) impact echo tests (IEs). These NDT devices can aid inspectors and

engineers in corroborating data and localizing areas of concern. Each method has specific

4 The research team attempted to detect post-fire increases in carbonation depth on laboratory burn samples. The
results did not show an immediate, measurable increase, consistent with the findings reported by Oliveria et al.
[485]. The absence of a marked change may be the result of insufficient pore water during heating to sustain rapid
CO; dissolution, the inability of the electric furnace to create a carbon-rich environment, and/or an insufficient
interval between heating and testing for carbonation fronts to advance detectably. These observations support
treating carbonation as a longer-term durability concern following a fire.
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strengths and weaknesses. It is best to use these methods in combination to better assess the

health of a structure following a fire.

Visual Inspection

The first phase of a post-fire triage inspection of concrete bridge elements is a visual
inspection [1], [487]. Inspectors should begin a visual inspection by determining the location
and extent of the fire [487], [488]. They should take note of soot and plume patterning, any
debris or burned materials left behind after the fire, and localized charring of items attached to
the bridge structure. Inspectors should pay special attention to any visible damage patterns. If not
established by emergency services prior to mobilization, inspectors should attempt to ascertain
the likely heat source and duration of the fire [487], [488].

After establishing the fire’s location and extent, inspectors should conduct a methodical
survey of the affected concrete members, recording color (see Color Changes) and surface
changes to the concrete members. Next, they should document locations of new cracking and the
extent of the damage, as detailed in Cracking. Hammer tapping may be used to identify
delaminated areas [ 1]. Any delamination found should be documented and marked. Inspectors
should identify and describe spalling, as detailed in Spalling, recording any spalling that may
have exposed reinforcing steel. This steel should be examined for any fire-related defects (see
Common Heat-Related Defects in Steel). Inspectors should also document the extent of the steel
exposure and any defects found during the inspection. Documentation can include sketches,
photographs, and detailed notes. The visual inspection is concluded by translating observations
into a targeted NDT plan [487], [488]. Areas showing signs of damage or distress should be

prioritized for closer inspection.
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Rebound Hammer

An RH is a spring-loaded NDT device. It impacts the concrete surface and reports a
rebound number (RH). RH is proportional to the near surface hardness of the concrete [489],
[490]. Multiple readings should be taken and obvious outliers discarded [490]. The average of
the rebound number dataset should be recorded as the concrete’s official RH [490]. The method
is field deployable, portable, inexpensive, and well suited to mapping damage zones over large
areas [1], [489]. However, the results are sensitive to surface condition and test setup, and,

further, the accuracy depends on appropriate calibration to the specific concrete [489], [491].

Ultrasonic Pulse Velocity

UPYV is a nondestructive test that transmits a high-frequency stress wave through concrete
and computes its velocity from the measured travel time between a transmitter and a receiver
[1],[492], [493], [494]. In a homogeneous medium, this velocity is a function of the material’s
elastic modulus (E), Poisson’s ratio (v), and density (p) [1], [492], [493], [494]. This
relationship is expressed in equation 3. Longer transit times between transducers indicate
potential loss of soundness from cracking, voids, delamination, or other discontinuities [493].
Because the UPV relies on elastic modulus and density, measurements can be correlated to the
compressive strength of concrete; however, such correlations are specific to the concrete mix

[493].

E(1-v) .
V, = Equation 3
p(1+v)(1—2v)

UPV can be used to map fire-affected zones of damage in concrete bridge members by

conducting a grid survey [1], [493]. The instrument may be deployed in three configurations:
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direct, semi-direct, and indirect (see figure 17) [493]. The deployment selection should be based
on access. Direct transmission provides the highest sensitivity and should be the method used
whenever feasible. Indirect measurements should be reserved for cases with single-face access.

UPYV enables rapid screening and localization of damage, especially cracking, and
delamination [493], [494]. UPV can even be deployed under constrained field conditions.
Notably, UPV can be used to enhance the work of other NDT devices. For example, it can
complement RH results to strengthen screening conclusions [1], [495]. However, uncalibrated
strength correlations can be biased. Relationships between UPV and compressive strength are
not universal and must be established for specific concrete mix designs [493]. Results are also
sensitive to multiple variables, including moisture, surface irregularities, and internal

reinforcement. Table 5 provides typical concrete quality based on UPV readings.

‘ Transmitter Receiver i Transmitter i i Receiver

{a} Direct Transmission (b} Semi-direct Transmission (¢} Indirect or Surface Transmassion

Figure 17. Diagrams. Possible transducer arrangements [489].

Table 5. General UPV ranges for concrete condition [489].

Pulse Velocity (ft/s) Concrete Quality
>15,000 Excellent
12,000-14,999 Good, minor porosity may exist
10,000-11,999 Satisfactory, possible loss of integrity
7,000-9,999 Generally poor, likely significant defects
<7,000 Very poor
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Ground Penetrating Radar

GPR is a widely used NDT method to assess concrete degradation. GPR works by
transmitting radiofrequency pulses into concrete and analyzing the arrival time and amplitude of
reflected signals [1], [496]. Variations in the reflection signal can indicate cracks, voids, and
corrosion. Studies show an agreement between GPR results and traditional inspection and testing
methods [1], [497]. Further, laboratory work has shown GPR’s ability to detect grout voids in
posttensioning systems, although real-world research is limited [1]. Operationally, GPR enables
rapid data collection and can be deployed manually or on a vehicle [1]. Notably, the use of GPR,
due to its size and mode of testing, could require traffic control to ensure safe and consistent
operation [1]. For GPR to transmit a clear signal, the material being tested must be uniform and
dry [1]; the performance of the device may be limited in wet or saturated areas because this
condition reduces signal penetration [1]. Highly reinforced or heterogeneous sections can
produce overlapping reflections, which can make an inherently subjective interpretation
challenging [1]. This challenge to interpretation requires technicians to be properly trained in its

use.

Impact Echo

IEs evaluate concrete by imparting a short, mechanical tap and recording the acoustic
response with a transducer and data acquisition system (DAQ) (see figure 18) [1], [498], [499].
The signal is transformed into a frequency domain, which is then related to the thickness of the
concrete. Deviations from the expected thickness indicate potential internal flaws [1], [498],
[499]. When performed in a dense grid pattern, the data can be processed into three-dimensional
(3D) representations of bridge decks [1], [497]. These 3D representations offer insights into the

subsurface condition of concrete structures. However, comprehensive IE surveys require
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numerous test points and often traffic control [1]. Interpretation relies on specialized software
and highly trained personnel [1]. These factors limit the suitability of IE for rapid post-fire triage

of a bridge structure.

Transducer

Waveform Spectrum

Computer

Figure 18. Schematic. Impact echo schematic [494].
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CHAPTER 7. METHODS

This chapter describes the experimental procedures, materials, equipment, and analysis
methods used to evaluate residual compressive strength of fire-damaged concrete in the
laboratory. The purpose of this laboratory testing is to explore a practical way to develop a
universal model for predicting residual concrete compressive strength following a fire. Existing
models for RH and UPV are highly dependent on specific concrete design calibration and test
conditions. Rather than attempting to predict absolute compressive strength for a given concrete,
this study focuses on estimating the percentage of remaining compressive strength relative to the
undamaged condition. This approach assumes that while individual concretes may vary when
estimating specific compressive strengths, concrete as a class of construction material exhibits

broadly similar trends in strength loss when subjected to elevated temperatures.

PROCEDURES

This section provides a concise narrative of the procedures followed to generate and
evaluate post-fire indicators on concrete samples. The methods used in this research align with
established testing standards and are adapted only where necessary. Emphasis is placed on
consistent test conditions, traceable sample identification, and basic quality assurance practices
to support reliable results. The following sections present the procedures in the order performed,

noting any project-specific modifications to established testing standards.

General Procedures

The study began with a targeted literature review. The review covered the topics of the

history of bridge fires in the United States, common trends among bridge fires, a review of how
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steel and concrete react during a fire, and common inspection techniques for steel and concrete
after a fire. Based on the review of available literature, the authors identified that RH and UPV
are the best choices for primary, field-deployable NDTs for concrete. The test method proposed
for RH is a modified version of American Society for Testing and Materials (ASTM) C805, as
described in Modified ASTM C805. The test method for UPV is ASTM C597.

Concrete was then batched and cast into 4 x 8-inch cylinders for use as laboratory
samples (see Materials and Samples for batching details). All cylinders were labeled according to
batch and sample numbers for traceability. These samples were cured for a minimum of 28 days.
Total cure time for any one sample was variable beyond the minimum cure duration based on
when the test was conducted. Within each batch, samples were designated as a control sample or
a test sample. The samples were maintained under consistent identification protocols to support
pairing and later comparison.

Using the RH and UPV devices, pre-burn measurements were obtained and recorded on
the control samples. Then, a compressive strength test was performed according to ASTM C39.
The results of the compression test were recorded to establish reference properties of the
concrete batches.

For the test samples, the RH and UPV were collected and documented prior to heating.
Thermal exposure was then applied to the test samples using a prescribed temperature—time
matrix that covered the representative bridge fire severities. Tests were conducted at 400°C for
30 and 60 min; 600°C for 30, 60, and 120 min; 800°C for 30 and 60 min; and 1,000°C for
30 min. Due to the significant degradation of the concrete following 1,000°C for 30 min, the
researchers opted to not conduct further 60-min tests. The purpose of these tests was to simulate

a fire at a bridge structure; therefore, ramp rate was set to the maximum achievable rate. After
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heating, the samples were allowed to cool to ambient conditions before any further handling or
testing.

Post-burn measurements were obtained using the RH and UPV devices on all test
samples. Additionally, a maximum crack width measurement was obtained using a standard
crack gauge card. Then, a compressive strength test was performed according to ASTM C39.
The results of the compressive test were recorded and compared to the compressive strength of
the batch control. For each specimen, the team quantified the percentage of change in the NDT

indicators using the methods described in Variables and Analysis Methods.

Modified ASTM C805

The RH layout followed the pattern shown in figure 19. Eight impact locations were
marked at equal angular spacing on a circle approximately at the mid-radius of the 4-inch
cylinder face. Two additional locations placed symmetrically around the center were also tested.
Each marked point received a single impact, and the RH was recorded and averaged. Data
quality was screened by a deviation criterion. No individual reading was permitted to differ from
the mean by more than six rebound numbers. If the limit was exceeded, additional impacts were
taken and the mean recomputed until all readings satisfied the criterion. For each sample, the

final mean rebound number was documented.
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Figure 19. Diagram. Rebound hammer test pattern.

MATERIALS AND SAMPLES

Cylindrical concrete samples measuring 4 x 8 inches were fabricated in accordance with
ASTM C31. To create the concrete, a 50-1b bag of Quikrete® 5000 premixed concrete was
mechanically mixed with water. No additional admixtures were added to the concrete. Four
batches were produced. Batch 1 used 2 bags of dry concrete with 4.0 L total water and yielded
11 samples. Batch 2 used 1 bag of dry concrete with 2.0 L of water and yielded 5 samples.
Batch 3 used 1 bag of concrete mix combined with 2.0 L of water and the excess concrete from
batch 2 to produce 7 samples. Batch 4 used 1 bag of concrete mix with 2.0 L of water and
yielded 6 samples. In total, 29 samples were cast.

Immediately after casting, cylinders were capped and identified by batch and sample
number. These samples were cured for a minimum of 28 days, as described in General

Procedures.

EQUIPMENT

The following equipment was used to fabricate, condition, and test the concrete samples:

4 x 8-inch cylinder molds with caps, tamping rod, measuring tape, rubber mallet, straightedge or
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float, and electric concrete mixer. A graduated 1 L cylinder was used to verify mix water. Pre-
and post-thermal exposure condition indicators were obtained using a standard bridge inspection
crack gauge, RH, and UPV. Thermal exposures were applied in a laboratory using an electric
furnace with controlled temperature—time settings. Compressive strength testing was performed

using a calibrated hydraulic press.

VARIABLES AND ANALYSIS METHODS

This section defines the procedures used to convert raw measurements into analysis-

ready indicators.

Rebound Hammer Testing

This study tracked five variables related to RH testing and post-fire condition. The RH
reading (RH) is a dimensionless index of near-surface hardness. Compressive strength (f'c) was
measured by destructive testing of the concrete cylinders. Post-heating changes were expressed
as a percentage of change in the rebound index (%RH) and percentage of residual compressive
strength (%f'c). Finally, surface temperatures (Zsuface) Were recorded following thermal exposure
to relate measured damage indicators to heating severity.

Equation 4 can be used to calculate %RH. RHy.. and RH,s are the RH values found

before and after heat exposure, respectively. Equation 5 can be used to calculate %f’c.

|RHpost - RHprel
RHpre

%RH = x 100 Equation 4
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f’Cpost

!
f Ccontrol

%f'c = x 100 Equation 5

To create an RH to f'c calibration curve, a linear regression on the two variables was
conducted. The researchers treated RH as the independent variable and f'c as the dependent
variable to develop an empirical relationship for estimating concrete compressive strength from
the RH readings.

The second analysis compared %RH to %f’c by conducting polynomial regression. For
this analysis, %RH served as the independent variable and %f’c as the dependent variable. This
analysis allowed the researchers to quantify how changes in rebound response correlate to the
remaining compressive strength of the heated samples.

The third analysis conducted for the RH compared %RH to Tiurface at temperatures in
excess of 500°C. A logarithmic regression related %RH, the independent variable, to surface
Tsurface, the dependent variable. This analysis allows researchers to estimate the maximum surface
temperatures of concrete samples after cooling to ambient temperature.

Each analysis supports a practical estimation task: (1) predict compressive strength from
RH; (2) predict residual compressive strength from %RH; and (3) estimate peak surface

temperatures from %RH after cooling.

Ultrasonic Pulse Velocity Testing

This study tracked four variables for UPV testing. The ultrasonic pulse velocity (UPV)
quantifies the travel speed of the high-frequency stress wave through concrete in feet per second
(ft/s). Similar to RH testing (see Rebound Hammer Testing), the compressive strength of

concrete (f'c) was obtained using destructive testing. Post-heating changes were normalized as a
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percentage of change in UPV (%UPYV) to facilitate a comparison across samples and exposures.
Equation 6 can be used to calculate %UPV, where UPV),. and UPV)s are the UPV results
obtained before and after heating, respectively. The percentage of residual compressive strength
(%f'c) was used to express retained capacity relative to the corresponding batch control (see

equation 5).

|UPVpost — UPVpre

%UPV = UPV.
pre

x 100 Equation 6

The first analysis conducted was to compare UPV to f'c. UPV was treated as the
independent variable, and f'c was considered the dependent variable. A polynomial regression
was conducted to develop the relationship between independent and dependent variables. The
purpose of this analysis was to estimate compressive strength from the UT readings.

A second polynomial regression was conducted to compare %UPV and %f'c. For this
regression, %UPV was treated as the independent variable and %f'c was considered the
dependent variable. This analysis allows researchers and investigators to estimate the residual

compressive strength from %UPV.

Crack Width

For the maximum crack-width analysis, two variables were evaluated. The first variable
is maximum crack width (we,max) attributable to elevated temperature. This variable was
measured in millimeters using a standard crack gauge. Finally, similar to the previous section
(see Ultrasonic Pulse Velocity Testing), the percentage of residual compressive strength (%f'c)

was computed according to equation 5.
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A single exponential regression was conducted to determine the relationship between the
maximum crack width caused by elevated temperatures and %f’c. This relationship allows
investigators to estimate the residual compressive strength post-burn from the visible and

measurable heat-related defects.

Multifactor Linear Regression Analysis

In addition to the single-factor regressions, the study developed two multivariable
ordinary least squares (OLS) models. The two-factor model uses the percentage of change in RH
as calculated in equation 4 and the percentage of change in the UPV as calculated in equation 6
as independent variables. The three-factor model augments these independent variables by
including the maximum crack width attributed to elevated temperatures (We,max). For both
models, the percentage of residual compressive strength, as calculated in equation 5, is the
dependent variable.

The models explained in the following subsections enable an estimation of the percentage
of residual compressive strength using changes in (1) surface hardness and interior condition or

(2) including visible indicators to augment the changes detailed above.

Two-Factor Model

A linear regression analysis was conducted with %RH and %UPV as the independent
variables and %f’c as the dependent variable. The purpose of this model is to estimate the
residual compressive strength from combined changes in surface hardness and interior condition.

The model will take the form of equation 7:
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%f'c = Bo+ L1%RH + B,%UPV Equation 7

Where po, f1, and f are the y-intercept, coefficient for %6RH, and the coefficient for %UPV,

respectively.

Three-Factor Model

An expanded linear regression added we max as a third independent variable, measuring
cracking in conjunction with surface hardness and interior condition. The updated model will

take the form of equation 8:

%f'c = o+ P1%RH + B,%UPV + B3W,max Equation 8

Where S5 is the coefficient for we max.
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CHAPTER 8. TESTING RESULTS AND DISCUSSION

This chapter presents the results of the concrete burn experiment introduced in chapter 7.
The testing criteria and the raw data from each sample, along with the derived results, are
presented. A summary of the analytical findings and the models consistent with the analyses

concludes the chapter.

TESTING CRITERIA AND RAW DATA

Table 6 presents the thermal-exposure matrix for each of the concrete cylinder samples.
Each row lists the batch number and sample number and the associated planned furnace
temperature and duration of the burn for each sample. Note that samples 1-7, 2-5, 3-6, and 3-7
served as control samples and were not heated. The temperatures for the heat exposure included
400°C, 600°C, 800°C, and 1,000°C. The maximum heat exposure times are 30, 60, and 120 min.
These results cover: (1) 400°C at 30- and 60-min durations, (2) 600°C at 30-, 60-, and 120-min
durations, (3) 800°C at 30- and 60-min durations, and (4) 1,000°C at 30-min duration.

Table 7 reports the raw data from each sample. The table is organized by batch number
and sample number. For every concrete cylinder sample, the pre-burn readings are presented.
Prior to burning, the dimensionless RHy. and UPV ), in feet per second, were recorded. After
thermal exposure, the samples were remeasured for RHpo5: and UPV 5. Additionally, we, max Was
recorded in millimeters. Cracking was not observed on any samples prior to thermal exposure.

Table 7 provides the complete set of inputs needed for subsequent analysis. Subsequent
sections will delve deeper into direct comparisons between pre-burn and post-burn RH and UPV
and %f’c. Additionally, the recorded we,max Will help provide a correlation with f'c. These data

points provide the basis for calculating the percentage of change and regression analyses.
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Table 6. Concrete sample testing criteria.

N]?l?rtl(‘;)lér Sample Number Temge(r:?ture Z;IES
1 1 400 30
1 2 600 30
1 3 400 30
1 4 1,000 30
1 5 800 30
1 6 400 30
1 7 Control
1 8 400 60
1 10 800 30
1 11 1,000 30
2 1 800 60
2 2 800 60
2 5 Control
3 1 800 30
3 2 600 60
3 3 600 30
3 4 600 120
3 5 800 30
3 6 Control
3 7 Control
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Table 7. Raw test results.

Pre-Burn Testing Post-Burn Testing
Max .
Nﬁﬁ%}; giﬁ%ﬁ RH UPV | RH UPV  Crack Cosnt“rf;fgsfﬁve
Value (ft/s) Value (ft/s) Width ;
(mm) (psi)
1 1 22.0 13,660 274 10,972 0.025 3,760
1 2 22.9 13,509 19.9 6,850 0.100 3,620
1 3 22.6 13,668 29.0 10,847 0.025 3,710
1 4 20.7 13,732 0 0 0.450 410
1 5 24.0 13,033 16.6 1,719 0.150 1,910
1 6 253 13,502 26.5 10,310 0.025 4,200
1 7 23.5 14,313 4,530
1 8 233 13,810 29 10,137 0.025 4,220
1 10 22.6 13,732 12.7 0 0.300 990
1 11 27.1 12,808 0 0 0.450 360
2 1 243 13,818 16 1,129 0.250 1,400
2 2 27.5 13,482 13 1,586 0.150 1,080
2 5 25.9 13,676 4310
3 1 243 13,818
3 2 25.2 13,676 19.3 2718 0.100 2540
3 3 22.1 13,537 17.9 7039 0.050 3450
3 4 35.7 13,347 21.1 3729 0.200 1830
3 5 20.2 13,761
3 6 26.3 13,557 5470
3 7 21.8 13,704 3630

Note: Shading indicates that information could not be obtained..

A few items of interest should be pointed out from these tables. Initial review of the

400°C exposures shows an increase in the post-burn RH values when compared to the pre-burn

values. This indicates surface hardening during heating. However, these samples also exhibit

reductions in UPV and f'c following heating, which demonstrate a loss of internal integrity

despite higher surface rebound numbers.
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The 400°C burns show a divergence from the other burns and should underscore a key
caution when inspecting a structure following a thermal event. An increased RH reading does not
imply increased, or even preserved, compressive strength. RH is a measure of near-surface
hardness, whereas UPV and compression testing capture internal condition and load bearing
capacity, respectively.

Batch 3 exhibited anomalous behavior. Samples 3-1 and 3-5 were scheduled for 30 min
at 800°C. However, they failed explosively as the furnace was ramping up to burn temperature.
Sample 3-1 exploded when the oven was 686°C, and sample 3-5 exploded at 662°C. Such
behavior is consistent with explosive spalling caused by extreme thermal events. Given the
relatively small size of the samples, the failure manifested in complete fragmentation rather than
localized spalling.

Literature indicates that spalling may initiate as surface temperatures reach 450°C and
spall-front temperatures reach approximately 150°C [462]. The results of these failed tests
highlight a practical implication for post-fire assessments. Visible evidence of explosive spalling
should be noted in any inspection report and photographed. Further, the presence of explosive
spalling should be treated as a potential indicator of concrete temperatures.

Both batch 3 control samples exhibited atypical compressive strengths. Sample 3-6 broke
at 5,470 psi, which is significantly higher than the control sample from batches 1 and 2. Sample
3-7 broke at 3,630 psi, significantly lower than the control samples from the other batches. Both
samples 3-6 and 3-7 were prepared, cured, and tested in accordance with ASTM procedure and
did not exhibit any signs of defect. To normalize batch 3 results, the arithmetic mean of 4,550 psi
was adopted as the batch control strength. This was done due to the lack of evidence necessary to

exclude the individual results. For batch 3, researchers used 4,550 psi as f'cconirol to calculate %f'c
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for samples 3-2, 3-3, and 3-4; however, samples 3-6 and 3-7 will be shown with a %/’c of 100.
This was to ensure that the test samples had a consistent batch-specific baseline while

acknowledging within-batch variability.

CALCULATED RESULTS

Table 8 provides the calculated indicators used to perform regression analyses. The data
are sorted by batch and sample. Column 3 presents %RH that was calculated using equation 4.
Column 4 presents %UPV as calculated using equation 6. Finally, column 5 represents %f’c, as
calculated using equation 5. The table shows a wide range of degradation. More modest
degradation for samples burned at lower temperatures to near total loss of compressive strength
for those samples burned at 1,000°C.

Figure 20 summarizes the residual compressive strength of the concrete samples after
heating according to the testing matrix found in table 6. There is a general monotonic downward
trend of compressive strength with increasing temperatures and/or durations. The average %f’c of
concrete heated at 400°C was 87.7 percent. For the 600°C burns, the average %f’c drops to
62.9 percent. The average %f'c for the 800°C burns was 30.4 percent. Average %f’c is less than
10 percent for the 1,000°C burns. The steep decline beyond 400°C points to the increasing

severity of internal damage at higher temperatures. This information is presented in table 9.
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Table 8. Calculated results from burn tests.

Batch Number Sample Number %RH %UPV %f'c
1 1 24.5 19.7 83.0
1 2 13.1 49.3 79.9
1 3 28.3 20.6 81.9
1 4 100 100 9.1
1 5 30.8 86.8 42.2
1 6 4.7 23.6 92.7
1 7 0.00 0.00 100
1 8 24.5 26.6 93.2
1 10 43.8 100 21.9
1 11 100 100 7.9
2 1 34.2 91.8 32.5
2 2 52.7 88.2 25.1
2 5 0.00 0.00 100
3 2 23.4 80.1 55.8
3 3 19.0 48.0 75.8
3 4 17.9 72.1 40.2

%f'c at Differing Times and Temperatures
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m 400°C for 60 min
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Figure 20. Chart. %f’c at differing temperatures and times.
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There is an irregularity in the 400°C burns that lasted for 60 min, where the testing shows
an increase in the residual capacity for the longer duration burn. This difference is viewed by the
research team as variability within the experiment rather than an indication that increasing burn
times at lower temperatures can improve the residual compressive strength. Rather, when
viewing the overall picture, figure 20 indicates that temperature dominates over time in driving
strength loss.

The measured residual strengths at the various temperatures fall outside of the ranges
found in the literature (see table 9). This departure is not unexpected given differences in test
configurations. The current work used 4 x 8-inch cylinders made from Quikrete 5000 and
compression tested according to ASTM standards. Burns were conducted in an electric furnace
to simulate damage caused to concrete bridge structures due to elevated temperatures. Further,
the researchers limited their burn times to no more than 120 min, and all samples were allowed
to cool to room temperature. Residual strength was normalized to batch-specific controls.
Variations in concrete mix type, sample geometry, heating rates, peak-temperature uniformity,
and post-burn handling can materially shift residual-strength outcomes [500], [501], [502], [503].
These facts can make cross-study comparisons challenging. Additionally, the explosive spalling
observed in batch 3 demonstrates that nonuniform thermal damage may not be accounted for in
the results reported by other researchers. Given these factors and the smaller sample size of this
study, these results are generally consistent with what is reported in the literature. Further testing

with different mixes would provide further validity.
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Table 9. Experimental results versus literature.

Temperature (°C) Results (%) Literature (%)
400 87.7 50-80
600 62.9 30-50
800 30.4 10-30
1,000 10 <10

REBOUND HAMMER ONE-FACTOR REGRESSION

The first NDT method selected for this study was the RH. The RH provides a rapid and
cost-effective means of assessing concrete surfaces. Because of its small size, the hammer is
portable and can be carried into the field by bridge inspectors, maintenance personnel, or
engineers. The device is easy to operate and enables large-scale screenings. These large
screenings help to quickly identify areas of concrete that warrant closer evaluation. Although the
RH has its limitations, the method offers a reliable, repeatable indicator that supports timely,

defensible decision-making following a fire event.

Compressive Strength Calibration of Rebound Hammer

The first test analysis verified that the RH can reliably be used to estimate compressive
strength. Figure 21 shows the relationship between RH and compressive strength for the test
cylinders. Equation 9 is the numerical model that shows the relationship between the two
variables. Both figure 21 and equation 9 show that each 1-unit increase in RH corresponds to
roughly a 150-psi increase in compressive strength. The coefficient of determination suggests the
model explains about 95 percent of the variance in strength. This would indicate a strong,

approximately linear association between RH values and concrete compressive strength.
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Figure 21. Graph. RH versus f'c.

f'c = 149.92RH

Equation 9

This calibration provides a practical basis for estimating strength from RH during

screening. However, there are some limitations. First, RH reflects the near-surface condition.

Therefore, any estimates should be corroborated where interior damage may also be a possibility.

Second, RH calibration curves are highly mix dependent. Water content, aggregate type, cement

type, and admixtures can affect RH readings [504], [505], [506]. Finally, the RH can be

influenced by the form and surface of the concrete being examined. Surface texture, shape, and

size can all influence the results of the test [504], [507], [508].

Model to Estimate Residual Compressive Strength

Given the limitations noted above, this report adopts an alternative to predicting absolute

compressive strength. Instead, this study hypothesizes that percent change in RH readings can

serve as a practical indicator of the residual compressive capacity of concrete following a fire. In
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laboratory settings for this study, RH measurements were obtained before and after thermal

exposure to compute %RH. In field applications, this concept can be implemented by comparing

RH values from fire-damaged concrete to adjacent or nearby, similar undamaged concrete to

establish a local baseline. This approach prioritizes relative change over absolute strength,

supporting timely screening and decision-making during post-fire assessments.

Figure 22 shows the relationship between %RH and %f'c, and it is expressed numerically

in equation 10. This relationship shows a decreasing, nonlinear trend. Small changes in RH

generally correspond to high remaining capacity. However, larger changes are associated with

notable losses in concrete compressive strength. The curve flattens at high %RH, indicating

extremely diminished residual capacity as the damage becomes severe.
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Figure 22. Graph. %RH versus %f’c.

%f’'c = 0.0093%RH? — 1.87%RH + 101.6
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This model relating %RH and %f’c explains approximately 80 percent of the variance in
residual strength for this dataset. This level of fit supports the model’s use for screening, but it is
not sufficient as a stand-alone basis for decision-making. Notably, the coefficient of
determination increased as more samples were tested. Further testing may validate a stronger
relationship between these variables.

Several factors likely contribute to the unexplained variability. First, the 400°C burns
displayed atypical behavior, introducing nonuniform thermal-damage effects that the single
variable model does not capture. Second, the RH exhibits a lower measurement bound, creating a
floor effect. The smallest reliable reading was 10. For severely damaged concrete surfaces, the
researchers could not obtain valid readings. In these cases, a reading of 0 was recorded. This
floor effect reduces sensitivity at high damage levels and biases the fit. Given these limitations,
RH readings should be corroborated with other NDT methods. These multivariate models, which

incorporate differing NDTs into a single model, are presented in subsequent sections.

Estimating Surface Temperature Using Rebound Hammer Readings

Estimating concrete surface temperatures following thermal events is a frequent need in
post-fire inspection and maintenance strategies. After cooling, the RH can provide an indirect
indicator of surface temperature by measuring the surface hardness of the concrete [488]. This
measurement is limited to the approximate upper 15 mm of concrete. Elevated temperatures
reduce this hardness; therefore, lower rebound numbers after cooling generally correspond to
higher surface temperatures during the thermal event [509], [510]. To use raw RH readings for
temperature inference requires calibration to relate RH to known temperature histories for

specific concrete mixes [509], [510].
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Given variability in mix design, finish, absorbed water, carbonation, and fire exposure, a
relative approach is more robust for field screening. Following the method described in
Estimating Surface Temperature Using Rebound Hammer Readings to determine %RH,
inspectors can begin to develop a curve to estimate the surface temperatures after cooling. This
method can reduce mix design bias and offer a more universal indicator of surface temperatures.

Figure 23 shows the relationship between the percent change in RH readings compared to
concrete surface temperatures when cooled to ambient temperature. The logarithmic model,
shown in equation 11, shows a monotonic increase. Larger changes in RH are associated with
higher estimated temperatures. The curve’s shape indicates diminishing sensitivity at higher
%RH. The R? value suggests that the relationship captures most variability in the dataset. This

lends support to %6RH as a screening proxy for temperature levels.
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Figure 23. Graph. %RH versus temperature.
Tsurface = 216.43 In(%RH) — 7.68 Equation 11

98



The model present in equation 11 assumes a decrease in surface hardness with increasing
temperatures. The 400°C burns exhibited the opposite trend. Because these tests violate the
model’s governing assumption and introduce bias into the relationship, the results from these
tests are excluded from the calibration. Accordingly, the model is limited to estimating
temperatures greater than 500°C or where %RH shows a decrease. Results should not be
extrapolated to lower-temperature exposures. At these lower temperatures, different mechanisms
dominate. Future research is required to further develop this model such that it will be able to

incorporate lower temperatures.

ULTRASONIC PULSE VELOCITY ONE-FACTOR REGRESSION

UPV was selected as the other NDT method for this research. Like the RH, UPV
provides a rapid and cost-effective means of assessing concrete condition in the field [511],
[512], [513]. The equipment is portable and easy to use with straightforward instructions.
Whereas the RH is only capable of testing the surface of concrete, UPV can probe deeper by
examining internal inconsistencies [512], [513], [514]. It can detect cracking, delamination, and
loss of concrete quality along the ultrasonic pulses [515]. When properly calibrated and applied
systematically, UPV can estimate residual concrete strength [511], [514]. This allows inspectors
and engineers to delineate zones of damage. These benefits provided by UPV support timely,
defensible decisions after a thermal event [514].

Like the RH, the relationship between UPV and compressive strength is dependent upon
mix design and condition. The velocity of the pulse traveling through the concrete is influenced
by aggregate type, porosity, water content, and the presence of reinforcement [511], [513]. Asa
result, UPV alone cannot produce a universal strength estimate. UPV requires calibration

specific to the mix design to develop the desired results.
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Compressive Strength Calibration for Ultrasonic Pulse Velocity

Figure 24 plots the UPV against measured compressive strength for all cylinders.
Equation 12 is the mathematical model of the polynomial trend line shown in figure 24. The
curve shows a nonlinear, increasing relationship. As UPV increases, the estimated f'c also
increases. The negative quadratic term produces a gentle plateau at higher velocities. This
indicates that the model is most sensitive to low to mid-UPV range. This range is associated with

deteriorated concrete.
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Figure 24. Graph. UPV versus f'c.
f'c=-2%x10"5(UPV?) + 0.51UPV + 689.68 Equation 12

The model has an R? value of approximately 0.92, meaning that the model explains most
of the variance in the dataset. This high correlation indicates that the model is suitable for

screening and preliminary strength estimations. This result has a known limitation in that the
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relationship is only applicable to the test mix. This model should not be applied to other concrete

mixes.

Model for Estimating Residual Compressive Strength

Given the limitations noted above, there is a need for a model that is less sensitive to mix-
specific properties. This study hypothesizes that percent change in UPV readings can serve as a
practical indicator of the residual capacity of fire-affected concrete. To evaluate this hypothesis,
UPV measurements were taken pre- and post-burn. The change was computed per equation 6.
For field application, this procedure can be implemented by comparing UPV values from fire-
damaged concrete to nearby, similar undamaged concrete to establish a baseline. As with the RH
approach, this method emphasizes relative changes over absolute strength. The purpose of this
method is to improve robustness across varying concrete mix designs and site conditions.
Furthermore, this method can support timely assessment and decision-making.

Figure 25 shows the relationship between %UPV and %f'c. This relationship is fitted with
the quadratic model seen in equation 13. This model shows a strong, nonlinear decreasing trend.
As %UPYV increases, the remaining compressive strength decreases. Small UPV reading changes
(0-20 percent) generally correspond to high residual compressive capacity (80—100 percent). On
the opposite end of the model, large changes in %UPV (80—-100 percent) align with a
significantly reduced compressive strength (10—40 percent). The curve shows increasing
sensitivity to higher %UPV, where strength declines quickly.

The coefficient of determination is shown to be approximately 0.96. This model explains
most of the variability in the dataset, and the high correlation makes the model suitable for
screening. Further testing is needed to determine whether this method can produce a universal

model or it remains dependent on the mix design.
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Figure 25. Graph. %UPV versus %f’c.
%f'c = —0.0066(%UPV?) — 0.16%UPV + 98.12 Equation 13

CRACK WIDTH ONE-FACTOR REGRESSION

During burn testing, the researchers documented fire-related distress for each heated
specimen. Aside from the two explosive failures that fractured during ramp up, the predominant
observations were cracking and minor discoloration. Notably, the maximum measured crack
width showed an inverse relationship with residual compressive capacity. Wider cracks tended to
coincide with lower remaining strength. This relationship (illustrated in figure 26) opens the
possibility that crack width can be a practical screening indicator as engineers are making

assessments of fire-damaged concrete.
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Figure 26. Graph. Maximum crack width versus %f’c.
%f'c = 99.99¢ 37 Wemax Equation 14

Equation 14 is a fitted exponential decay model (see figure 26). This model shows a
strong inverse relationship between the variables. As cracking width increases, the remaining
compressive strength of the concrete decreases. Table 7 presents the observed crack width range
(0-0.45 mm). Over this range, the compressive strength drops to approximately 10 percent for
the widest cracks.

Despite the strong correlation observed in figure 26, the research team has reservations
about using we max as a stand-alone predictor of residual compressive strength. The explosive
failures of samples 3-1 and 3-5 would likely present as explosive spalling in the field. In small
laboratory cylinders, visible surface cracking may dominate simply because it is one of the few
damage modes available to scale. In full-scale members subjected to similar thermal demands,

other defects, such as spalling, may present themselves. This change in defect presentation can
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reduce the generality of a crack-width model. For these reasons, the crack-width model presented
in equation 14 was not adopted as an independent assessment model.

Although maximum crack width alone may not reliably predict residual capacity, the
observed relationship indicates that visible fire-related defects can carry diagnostic value. For
this reason, maximum crack width will be retained as an explanatory variable within a
multifactor regression analysis. Additional testing on larger samples, or full-scale representations
of field components, could possibly be used to determine how visible defects relate to internal
damage measures. This relationship could provide a robust model for estimating residual

compressive strength.

MULTIFACTOR REGRESSION ANALYSES

This section presents the multifactor regression analyses performed on the given dataset.
These regressions can be used to estimate the percentage of residual compressive strength for
fire-damaged concrete using nondestructive indicators. Two OLS models were evaluated using
specimens with complete datasets. The two-factor model treats the percent change in RH
response and the percent change in UPV as independent variables. The three-factor model
augments the two-factor model by including maximum crack width to incorporate visible
damage. For both models, %f’c remains the dependent variable. These variables are defined in
Multifactor Linear Regression Analysis.

Model development followed standard research practice. First, the coefficients were
estimated by OLS. Then, the fit was summarized with the coefficient of determination, the
adjusted coefficient of determination, and root mean square error. Basic diagnostics were
performed to confirm model adequacy within the tested range. No interaction terms nor

nonlinear transformations are included in the base specifications.
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The linear specification was selected to maximize interpretability and auditability. Each
coefficient represents a direct additive effect that can be readily traced and reviewed. Consistent
with the field-oriented nature of the NDT methods, the models are portable and easy to
implement. Inspectors with basic math skills can perform the calculations on a clipboard or
Excel worksheet. This facilitates transparent application, rapid replication, and consistent
documentation following fire events.

To use these models, %f'c should be adopted as a reduction factor for the design
compressive strength of the concrete. For example, for load rating purposes, assume that the
design compressive strength of the concrete member is 3,000 psi. If, following fire damage, %f'c
is calculated at 80, the compressive strength of the concrete should be reduced to 2,400 psi, or
80 percent of the design compressive strength.

These models are not intended to be the sole criteria by which a bridge is assessed post-
fire. They are intended to support screening and prioritization. Final determination regarding the
health of a post-fire bridge structure will rely on engineering judgment informed by the whole
body of evidence. Additional testing across varying concrete mix designs, geometries, and

exposure conditions is required to confirm universality.

Two-Factor Linear Regression Analysis

As described previously, an OLS regression was used to estimate the percent residual
compressive strength from the two NDT indicators (see Multifactor Linear Regression Analysis).
Using the results from the 18 samples, a best fit model is presented in equation 15.

For field applications, the following information should be collected and calculated:

1. Obtain RH readings from similar, undamaged concrete and fire-damaged concrete and

calculate %RH using equation 4.
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2. Obtain UPV readings from similar, undamaged concrete and fire-damaged concrete and
calculate 2%UPV using equation 6.

3. Using the information in steps 1 and 2, calculate the predicted %f'c using Equation 15.

%f'c =104.73 — 0.332%RH — 0.631%UPV Equation 15

Uncertainty should be interpreted using the model’s standard error as seen in table 10. As
a practical rule, it can be interpreted that approximately 70 percent of comparable future
observations can be expected to fall within £8 percent of the calculated %f’c. For approximately

95 percent coverage, use a prediction interval of £16 percent of the calculated value.

Table 10. Two-factor regression statistics.

Metric Value
Multiple R 0.98
R? 0.96
Adjusted R? 0.95
Standard Error 7.33
Observations 18

Goodness of Fit

The two-factor OLS model provides a strong statistical fit for the data. As seen in
table 10, both R* and adjusted R? are high. This indicates that roughly 96 percent of the
variability in %f’c is explained by changes in RH response and UPV. The model’s residual error
represents the typical one-sigma (1c) prediction uncertainty around the fitted values.

Additionally, as seen in table 11, the F-test is highly significant, with a p-value of much less than
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0.05. This demonstrates that the NDT predictors, taken together, explain a statistically
meaningful share of the variation in %f’c. The two-factor coefficients are presented in table 12.

Residual plots for the NDT indicators show no domain outliers or discernible patterns
(see figure 27 and figure 28). This indicates no strong evidence of nonlinearity or
heteroscedasticity. The standardized residual plot (figure 29) and summary (table 13) further
indicate that most observations fall within £1.75,° the approximate reference band for 15 degrees
of freedom (df). Samples 1-8 and 3-4 exhibit standard residuals of approximately 1.9 and —1.9,
respectively, but are captured within 2.1 of the 95 percent reference band. These samples merit
attention as potential outliers.

These goodness of fit metrics only reflect in-sample performance. They do not guarantee
accuracy under different circumstances. The results indicate that the proposed method shows
promise as a screening approach for estimating residual compressive strength. Additional testing
and external validation are required to confirm transferability. Further testing also provides the

opportunity to refine the model.

Table 11. Two-factor analysis of variance (ANOVA).

df SS MS F Significance F
Regression 2 18677 9338 173.7 1.23E-11
Residual 15 806 53.8
Total 17 19483

5 This value was obtained from a t-distribution table due to the small sample size.
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Table 12. Two-factor coefficients.

. Standard Lower Upper
Coefticients Error t-Stat p-Value 5% 95%
Intercept 104.73 2.85 36.71 4.19E-16 98.64 110.81
%RH —0.332 0.091 —3.65 0.0024 —0.53 —-0.14
%UPV —0.631 0.069 -9.10 1.70E-07 -0.77 —0.48
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Figure 27. Plot. %RH residual plot for two-factor model.
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Figure 28. Plot. %UPYV residual plot for two-factor model.
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Figure 29. Plot. Standard residual plot for two-factor model.
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Table 13. Residual output for two-factor model.

NEl;l?Itl(];}ér Ii{alnnllrllleer Predicted %f'c Residuals Standard Residuals
1 1 84.2 -1.2 -0.2
1 2 69.3 10.6 1.5
1 3 82.3 -0.4 —-0.06
1 4 8.4 0.6 0.09
1 5 39.7 2.5 0.4
1 6 88.2 4.5 0.7
1 7 104.7 —4.7 -0.7
1 8 79.8 13.3 1.9
1 10 27.1 -5.2 -0.8
1 11 8.4 -0.5 -0.07
2 1 35.4 -2.9 -0.4
2 2 31.5 —6.4 -0.9
2 5 104.7 —4.7 -0.7
3 2 46.4 9.4 1.4
3 3 68.1 7.7 1.1
3 4 53.3 —-13.1 -1.9
3 6 104.7 —4.7 -0.7
3 7 104.7 —4.7 -0.7

Two-Factor Model Coefficient Interpretation

The estimated slopes of both NDT indicators are negative and statistically significant.
This indicates that larger %6RH and %UPV values are associated with lower residual compressive
strength after controlling the other indicator. For example, holding %UPV constant, a 1-point
increase in %RH reduces %f’c by 0.332 point. The opposite is also true. Holding %RH constant,
a 1-point increase in %UPV would decrease %f'c by 0.631 point.

Within the dataset, the UPV term carries roughly twice the weight of the RH term. This

possibly reflects UPV’s greater sensitivity to internal condition. The intercept is valued at
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104.73. This exceeds the 100-point value for when %RH and %UPV values are 0. This is

interpreted as a sampling variation and should not imply an increase in compressive strength.

Three-Factor Linear Regression Analysis

The second OLS model estimates the percent residual compressive strength from three
indicators: %RH, %UPV, and w¢ max. The model was fit to the results from the 18 samples (see
table 7 and table 8) and is presented in equation 16.

For field applications, the following information should be collected and calculated:

1. Obtain RH readings from similar, undamaged concrete and fire-damaged concrete and
calculate %RH using equation 4.

2. Obtain UPV readings from similar, undamaged concrete and fire-damaged concrete and
calculate 2%UPV using equation 6.

3. Obtain measurements of the maximum crack width that was a result of the fire damage
using a standard bridge inspection crack gauge.

4. Using that information, calculate the predicted %f'c using equation 16:

%f'c = 102.70 — 0.154%RH — 0.537%UPV — 61.1W, qs Equation 16

Uncertainty is characterized by the model’s standard error, as reported in table 14. As a
practical rule, approximately 70 percent of comparable future observations can be expected to
fall within £7 percent of the calculated %f’c. For approximately 95 percent coverage, use a

prediction interval of £16 percent of the calculated value.

111



Table 14. Three-factor regression statistics.

Metric Value
Multiple R 0.98
R? 0.97
Adjusted R? 0.96
Standard Error 6.78
Observations 18

Table 15. Three-factor ANOVA.

df SS MS F Significance F
Regression 3 18839 6280 136.5 1.33E-10
Residual 14 644 50.0
Total 17 19483

Goodness of Fit

The three-factor OLS model explains approximately 96 percent of the observed variation
in percent residual strength, as shown in table 14. This indicates that changes in the independent
variables account for nearly all the variability in %f’c. The standard error of 6.78 represents 1o
prediction uncertainty around the fitted values. Furthermore, as seen in table 15, the overall
F-test is highly significant. This means that the indicators explain a statistically meaningful share

of the variance relative to a null model with no predictors.
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Figure 30. Plot. Three-factor %RH residual plot.
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Figure 31. Plot. Three-factor %UPV residual plot.
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Figure 32. Plot. Three-factor maximum crack width residual plot.
Table 16. Three-factor residual output.
N?l"rl;(l;};r giﬁgfr Predicted %f'c Residuals Standard Residuals
1 1 86.8 —3.8 -0.6
1 2 68.1 11.8 1.9
1 3 85.7 —3.8 -0.6
1 4 6.1 3.0 0.5
1 5 42.1 0.02 0.004
1 6 87.7 5.0 0.8
1 7 102.7 —2.7 -0.4
1 8 83.1 10.0 1.6
1 10 23.9 —2.0 -0.3
1 11 6.1 1.9 0.3
2 1 32.9 -0.3 —-0.05
2 2 38.0 -12.9 —2.1
2 5 102.7 —2.7 -0.4
3 2 49.9 5.9 1.0
3 3 70.9 4.9 0.8
3 4 49.0 —8.8 -1.4
3 6 102.7 —2.7 -0.4
3 7 102.7 —2.7 -0.4
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Figure 33. Plot. Three-factor standard residual plot.

Residual plots for the three independent variables (see figure 30—figure 32) show points
scattered about zero, with no visible curvature. This indicates the absence of strong evidence of
nonlinearity or heteroscedasticity over the dataset. Figure 33 presents the same conclusion for the
standardized residual plot.

As summarized in table 16, 16 of the 18 observations fall within +1.76, the approximate
90 percent reference band for 14 df. Samples 1-2 and 2-2 have standardized residuals of 1.9 and
—2.1, respectively. Both numbers exceed the 90 percent band but remain within the 95 percent
band. These samples should be treated as potential outliers and reviewed, but they do not
invalidate the model. Taken together with the goodness of fit, the diagnostic supports adequacy
of the model. As with the two-factor model, these findings are limited to the current dataset.
Broader field application will require additional testing and validation to establish the

universality of the model.
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Three-Factor Model Coefficient Interpretation

Table 17 summarizes the coefficient results. For the three-factor model, the 2%5UPV term
remains the dominant predictor of residual compressive strength. The slope for %UPV is —0.537,
meaning for each 1-point increase in %UPYV, the predicted %fc is reduced by about 0.54 point if
other variables are held constant. For example, sample 2-1 saw a %UPV of 91.8. This result
would reduce %f’c by approximately 49.3 points.

The crack-width slope was found to be —61.1 per millimeter of crack width. Every
0.10 mm of crack width corresponds to a reduction in %f’c of 6.1 points. Using sample 2-1 as an
example, the recorded crack width is 0.25 mm. This corresponds to a decrease in %f'c of
15.3 points. This would indicate a meaningful effect; however, the 95 percent interval includes 0.
This indicates that we max 1s suggestive but not conclusive.

Finally, the %RH slope is —0.154. This corresponds to an approximate 0.15-point drop in
%f'c for every 1-point increase in %6RH. Sample 2-1 shows a %RH of 34.5. This is reflected in a
drop of 5.3 points in %f’c. Like Wemax, the 95 percent interval for %6RH also includes 0.
Furthermore, this factor appears to have a smaller influence on the model compared to the other
two variables. This leads to the possibility that %6RH is not suggestive when %UPV and we, max

are included as independent variables.

Table 17. Three-factor coefficient data.

Coefficients Stgrrliird t-Stat p-Value L905VZ/Z: g %I;IZ/GOY

Intercept 102.70 2.85 36.02 3.33E-15 96.58 108.81
%RH —0.154 0.13 —-1.22 0.244 —0.426 0.118

%UPV -0.537 0.08 —6.61 1.17E-5 -0.712 —0.363
We,max —61.1 32.52 —-1.88 0.0812 —130.86 8.64
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Combining the effects for sample 2-1 yields a predicted residual strength of about
32.8 percent of f'c. Within the dataset, %UPV provides the clearest, most statistically robust
signal. Crack width shows a plausible, but borderline influence on the model. %6RH adds limited
incremental information when %UPV and we max are included.

As detailed in Crack Width One-Factor Regression, there are known constraints on using
crack width as a stand-alone factor. Incorporating it into a multifactor regression does not resolve
those concerns. Although adding we max improves the overall fit, the improvement is not decisive.
These findings support treating the three-factor model as requiring extensive further research into
the nature of visual damage to concrete post-thermal event. The ability to quantify the fire-
related defects is paramount in determining if this factor can generate a useful relationship with

%fc.

117



CHAPTER 9. RECOMMENDATIONS

GDOT should implement periodic training for bridge inspection and maintenance
personnel, focused on post-fire response. The curriculum should include: (1) a brief review of
bridge-fire history and common trends; (2) common critical temperatures, damage mechanisms,
and indicators; (3) inspection and NDT techniques; and (4) practical exercises that simulate
initial post-fire assessment and decision-making.

GDOT should procure common NDT tools, including RHs and ultrasonic pulse devices
to support rapid, portable, and cost-effective condition screening of fire-damaged concrete. Used
together, these tools provide complementary information on near-surface hardness and internal
condition. If budget constraints limit acquisition to a single device, UPV is recommended as a
higher priority purchase due to its sensitivity to interior defects and stronger predictive value.

GDOT should invest in further development and external validation of universal
curves for estimating residual concrete strength. The two-factor model, described in Two-Factor
Linear Regression Analysis, presently shows the strongest performance. It should be prioritized
for further testing and calibration. In parallel, the three-factor framework, presented in Three-
Factor Linear Regression Analysis, warrants research to integrate visual metrics that are
normalized on a 0—100 scale into the model. Drone imagery and artificial intelligence present a
unique opportunity to aid in the development of this model. Both efforts should include larger
sample sizes, varying sample shapes, varying concrete mix designs, and field trials to confirm
transferability before operational adoption. This should include a pilot program involving GDOT
and research teams to validate and refine the model.

GDOT should develop and validate concrete criticality models based on the Quiel

et al. [58] framework that explicitly account for loss of concrete cover following a fire.
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Incorporating as-found concrete cover will align screening outputs with observed field damage.

This will provide more conservative and defensible classifications of damage criticality.
Alternatively, GDOT could develop a calibration library using UPV and RH across

common concrete mix designs and ages across the state. These calibrations can be used to

determine concrete compressive strength.
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CHAPTER 10. CONCLUSIONS

Post-fire triage inspections of a bridge structure must be fast and repeatable. This report
offers a workflow to accomplish this goal. First, inspectors should start with systematic visual
documentation to localize distress. From this visual inspection, if conditions warrant, they can
then apply rapid NDT methods to quantify the condition of the structural elements. With further
development, these readings from concrete bridge elements can be converted into linear models
to estimate the residual capacity of concrete following a fire. In the research team’s dataset, the
two-factor model was found to be the most reliable. The typical uncertainty of the model was
found to be 8 percent. If properly developed, this model shows promise in becoming a valuable
tool in the assessment of bridge structures following thermal events.

This model is transparent and portable. It is easy to use and can be calculated by hand. It
uses low-cost NDT methods that are accessible at various skill levels and can easily be deployed
in the field. This model is a means of initial assessment. Final structural capacity determinations
can only be made via engineering judgment and structural analysis.

Inspectors operate under time pressure and public scrutiny. Their first duty is to ensure
the safety of the traveling public. The recommended investments in people, tools, and methods
can help the Department accomplish this goal in the face of the challenges presented by bridge

fires.
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