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EXECUTIVE SUMMARY

It is well known that fire can cause severe damage to steel hriflge® are documented cases
where fire has directly led to the collapse or significangsagof a steel bridgdn such cases,

the bridges are closed and require major repair if not complete rebuittimegever, when the
damage is less severe, the effects of the fire, if any, are not so loleaese cases, DOT
engineers and inspectors greessed to determine, sometimes onsite, if the bridge can be
reopened to trafficEvaluation techniquethat can beperformedeasily in the field, but still
provide uniform and meaningful information for this situation are lacking.

Even when there is limetd apparent damage, prior to reopening the bridge, the owner will close
the bridge for an indefinite period of time to obtain material samples for testing to determine if
the material properties still meet AASHTO specificationBis procedure can take tamand
severely impact the economy of surrounding municipalities due to bridge closure and result in
other greater roadway hazardue to rerouting of trafficAs stated, when a bridge is visually
distorted, the recommendations of what must be done tor régaibridge may be intuitive
However, when no apparent deformations are visible, the course of action is.uffoézafore,

the objective of this research is to develop simple yet effective guidelines for assessing the
potential level of damage sustaih@uring a fire when there are no obvious signs of distress (i.e.,
sagging, collapse)The guidelines are intended to be used by inspectors and engineers in the
field immediately follaving the fire event to providgeneral insight into the potential infioee

the fire may have had on the material properties of the bridge steel, based on the visual
appearance of the steel.

A unique testing method has been developed that allows researchers to take flange and web
sections from a bridge girder and test themreal fire scenariosThe test setup allows
researchers to examine the differences in outcomes due to a variety of paint coatings on the steel,
thickness of steel, temperature and duration of fire expoSuree the test setup and procedures

are well defied, the test method can be standardized so that additional data can be collected in a
consistent mane by any researcher and incorporated in the guidelines over time

Following each test, material properties may be determined and compared to virgéxmosed

steel and AASHTO specifications to establish if the material properties have changed or if the
material is below minimum standardsach specific test is photographed at certain stages that
would be seen at a bridge in the field after being inwbivea fire These photographs can then

be compared to actual bridge damage and an estimate of surface temperature could he attained
The inspection guide would then give average values for the reduction or increase of tensile
strength and toughness foparticular bridge.

This report, and more specifically the inspection guide, providesiehneededtool for the
inspection andevaluation of steel bridge members exposed t fiveere obvious physical

damage has not occurreld will allow uniform and quc kK i ni t i al determinat.

serviceability after undergoinfge exposures
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1.0INTRODUCTION

Steel bridges are occasiolyasubjected to fire events due to accidents or explosions of vehicles
containing flammable materials. Significant bridge fire events have occurred in the recent past.
For example

(i)

(ii)

(iii)

(iv)

In Hazel Park, Michigan on July 15, 2009 an out of control car caused a tanker, carrying
13000 gallons of gas and 4000 gallons of diesel fuel, to strike an overpasg5on |
Intense heat and an explosion caused the overpass to collapse within 3G mafnute
exposure to approximately 2300°F (126)in temperature (Kodur et al. 2010).

In Oakland, California on April 29, 2007 a tanker that was traveling too fast overturned,
dumping 8600 gallons of gasoline and causing an intense fir88&@ Collapse ocurred

after 22 minutes of sustained fire loaditigis believed that temperatures during the fire
reached 2000°F (1100°C$oftening of bolts in the connections and the girders caused
large deformations resulting in the deck pulling off of its sugp@€odur et al. 2010).

In Birmingham, Alabama on July 5, 2002 a car crashed into a tanker that was carrying
9000 gallons of fuelThis caused an explosion with fire temperatures exceeding 2000°F
(1100°C) The resulting damage included seven to ten @efections of girders as well

as damage to the deck (Hancock et al. 2008).

In Indianapolis, Indiana on Oct. 22, 2009, a truck hauling a trailer of liquefied propane
lost control and crashed beneath the-east westbound bridges carrying mainling6b

traffic over a ramp carrying traffic from-@9. As a result of the fire, the steel
superstructure was subjected to extreme temperatures. The duration of these temperatures
could not be established accurately. The authors were involved with thdir@ost
evaluation of this bridge. Material coupons and samples were taken from tardgosed

and unexposed portions of the steel bridge. The experimental evaluations indicated no
major differences between the material properties with or without fire exposorage

(Marcu et al. 2011).

2.0BACKGROUND

Limited research has been conducted on the fire behavior andirposvaluation of steel
bridges Kodur et al. (2010) and Astandsl et al. (2009) are two studies which include case
studies of bridges that habeen exposed to fires, discuss ways to prevent fires and better ways
of designing against failure during fire exposures, and express the need for further research in the
area of posfire inspection, evaluation, and fire resistant design



Kodur et al. 2010) cite a study conducted by the New York State Department of Transportation

in combination with 17 other states. They reported 1746 bridge failures collectively with a
majority of the failures being caused by flooding. They also showed that aboutitihesethe

number of bridges collapsed because of fire as opposed to seismic issues. Battelle et al. (2001)
estimated that annually $139 million in damage is caused by accidents with either fire or
explosions occurring during transit. This illustrates ithportance of the current research and
findings to the bridge engineering and inspection community.

AstanehAsl et al. (2009) discuss the effects of elevated temperatures due to fire on the material
properties of steel bridges. As shown in Figure 2.&, tdnde yield strengthof the steel
decreases gradually up to 8G0(932F). It is reduced to about 50% of its nominal yield strength

at 600C (1112F). This essentially eliminates any factor of safety, which is usually between 1.5
and 2.0 for bridge deulations. The steel yield strength decreases more rapidly for temperatures
greater than 50C (932F), and failure may be inevitable if temperatures keep increasing while
the loading is sustained.

AstaneRhAs| et al. (2009) also discuss the effects lefvated temperatures due to fire on the
material properties of concrete. Concrete undergoes cracking, spalling, and experiences a
decrease in stiffness and strength as the temperature increases. Concrete has low thermal
conductivity, which allows it to uretgo heating for longer durations before the temperature
increases significantly and damage occurs. As shown in Figure 2.2, the concrete compressive
strength starts decreasing rapidly after its temperature reaches approximately 400°C (750°F). At
temperatues of around 50C (932F), the concrete compressive strength is reduced to 50% of

its nominal strength.

Figure 2.3 shows the reduction in the tensile strength of high strength low alloy (HSLA)
reinforcing steel and prestressing steel with elevated teypes. As shown, the tensile strength

of prestressing steel reduces steadily for temperatures greater than 300°C (570°F), and the tensile
strength of HSLA bars reduces steadily for temperatures greater than 400°C (750°F). Figure 2.4
shows the reductiomithe tensile strength of high strength bolt and weld material at elevated
temperatures. As shown, these strengths reduce gradually up to 400°C (750°F), and then reduce
more rapidly and steadily for temperatures greater than 400°C (750°F)

Figure 2.5 Bows reduction in modulus with increase in temperatdseeshown, the modulus
reduces gradually up to 4009€50°F), and then redusenore rapidly for temperatures greater
than 400°Q750°F)
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AstanehAs| et al. (2009) indicate that the extent of fire hazard or risk can be assessed for every
bridge. These risks can be used to develop different categories of fire protection including: (i) no
fire protection, (ii) active protection, and (iii) passive fire protectibme most common types of
passive fire protection are panel systems, formed in place systems, spray applied materials
(insulators), intumescent coatings, and use of fire resistant kteselmportant to note that the
currentAASHTO LRFD Bridge Design Specificati(B!® edition, 2010) does not have specific

fire resistance requirements, design guidelines, or assessment and repair strategies for bridges
exposed to fire

Kodur et al. (2@0) suggest that bridges should be designed according to a perfoiinaeaace
design approachEach bridge should be assessed for hazards based on the probability of
occurrence of fire considering both life safety and property protecliogy suggest usg the
building fire safety design strategy for bridges since there are no mathematical models for bridge
exposure.

Both Kodur et al. (2010) and Astanéisl et al. (2009) identify the need for pdst inspection

and evaluation of bridge# is relatvely easy to inspect bridges that have distortions of several
feet and require elements (for example, beams or diaphragms etc.) to be replaced. However, it is
much more difficult to perform podire evaluation of bridges that have been exposed to fire
exposures but have not sustained large deformations. Thereclsaaneed for posfire
evaluation techniques to evaluate the structural integrity and material properties of bridges
exposed to fires but having minimal distortions and fire induced deformsaiimee the condition

of the bridge is not obvious (i.e., no visible damage)



The following four steps are recommended for gwstassessment (Kodur et al. 2010):

1.

Onssite Inspection A quick visual inspection of the bridge elements exposed to fole asi
piers, girders, decks and bearingdember deformations and material discoloration may
indicate the extent of damage caused by fire loadingoncrete sections (such as girders and
decks), problems may include cracks, spalling, and surface aw®iaminations. Steel
members exposed to fire may exhibit buckling, lateral drift, bending, and distortion when
exposed to high temperatures.

. Residual strength testsConcrete cores obtained from damaged bridge elements can be used

to determine their compssive strength. Also, petrographic analysis can be performed on the
concrete cores to assess the level of microcracking caused by high temperatures, which
influences the performance and durability of concrete. Material strength tests should be
conductedn coupons taken from fire exposed steel shapes.

. Loading Rate AnalysisThe undamaged areas of the bridges should be analyzed to evaluate

the secondary effects of distortions and deterioration of material properties in the fire exposed
areas. The shear arftexural strengths of the fire exposed deck and girders should be
evaluated based on field inspection reports and fire exposure.

. Repair_Strategies After the posfire damage assessment is completed, relevant repair

strategies should be implementddesarch may be necessary to develop proper repair
strategies. Moderately damaged members may be repaired, while severely damaged ones
should be replaced

3.0PROBLEM STATEMENT, RESEARCH OBJECTIVES, and METHODOLOGY

State highway agencies (for example, Penrasylr Department of Transportation (PennDOT),
Indiana Department of Transportation (INDOT), etmyst occasionally perform podire
inspections and evaluations of steel bridges exposed to fires. This poses a significant challenge
for bridge inspectors baase there are rarely any accurate measurements of temperatures, time

du

ration of fire, sustained loading etc. availadigring or following the eventThe bridge

inspectors have very little information available on site, and even less rebaastor ewen

ex
an

periencebasedknowledge to draw upon to make decisions regarding the structural integrity
d material properties of the fire exposed bridge and its elements.

To assist in the decision making proceks, abjectives of this research are to developke but

ex
(i)
(ii)

perimental researdbased inspection or evaluation tools that can be used to:

Aid the visual inspection of steel bridges and aid in the estimation of the temperatures,
durations, and damage endured by the bridge elements during the event.

Aid in the estimation of the mechanical properties of the steel bridge elethantze
exposed to firdbased on the temperatures and fire durations estimated from the visual
inspection.



(i)  Provide guidance to assist with tliecision processregarding the intgrity of steel
bridges exposed to firebased on the visual inspection and estimated mechanical
properties.

The paint coating systerased for steel bridge elements is an important parameter in this
research. The focus of this report is on the effects@fefkposure on steel bridge elements with
old paint coating systems and also with npamnt coating systems endorsed by Bulletin 15
issued by the PennDOT.

The research objectivesere achieved by conductingontrolled fire exposure testsn steel
bridge dements with PennDOT endorsed paint coating systems as follows.

1 The steel bridge elements (plates) with paint coativgye exposed to firesisinga specially
designed jet flame setup with a sooting fuel type (e.g., ethylene). Two different paint coating
systems (Acrolon and Carbothanggre considered in the tests. Additionally, some steel
plates from actual steel bridges (decommissioned by PennDOTasndell as coated
specimengrovided to the researcherggrealso evaluated

1 The fire exposuresvere controlled by adjusting the distance from the steel plate to the jet
nozzle to achieve different fire temperatures (800, 1000, and°EF2@27, 538, and 64%))
and exposure durations (2040 minutes) on the steel plates. The steel plate temperatures
were measured using thermocouples attached to the surfaces.

1 After fire exposure, the steel plateerehandbrushed with avire brush (to remove coating
debris) and then washed clean. Photograpéretaken of both sides of the steel plates: (a)
before fireexposure, (b) after fire exposure, (c) after brushing, and (d) after washing. These
photographswere used to develop the visual inspection guide for steel bridge elements
exposed to fires.

1 Material couponswere fabricated from the steel plates, and urabxension tests (ASTM
E8/AASHTO T68), Charpy Wotch (CVN) fracture toughness tests (ASTM E23/AASHTO
T266), and surface hardness tests (ASTM E18/AASTHO M&e conducted according to
applicable ASTM standards to determine the {hostyield strengthiensile strength, elastic

modulus, elongation at rupture, fracture toughness, and surface hardness of the steels. These

material properties will be used to develop guidelines for evaluating steel bridge elements
exposed to fires

4.0EXPERIMENTAL INVESTIGAT IONS

4.1 Test Setup

The controlled fire exposure tests were conducted at Zukrow Laboratory, which is an indoor fire
testing laboratory at Purdue University in West Lafayette, Indiargeel frame superstructure

with a flame jet setup within the fixtungas used to apply controlled fire exposure to the steel
bridge elements (plates). A photograph of the flame jet setup in Zukrow laboratory is shown in

10



Figure 4.1. At the top of the setup is an exhaust fan that discharges the soot and smoke from
flame safely to the outside of the laboratory.

{

Figure 4.1 Photograph of jet flame test set up.

The flame jetconsistedof an 8 mm nozzle connected to an adjustable metaich allowed
calibrated mass flow rates to be achieved. Etglgas (¢Hs) was used to simulate the fire
exposure. This is a sooting fuel with adiabatic flame temperature ofQ9@252F) This
temperature assumes a-méxed flame and no heat loss. However, in the tests thasdheat
loss to the specimen andatimg from the ambient surroundingshich was also representative
of real bridge fire exposures

The ethylene fuelvasnot mixed with air until itexitedthe nozzle. The flow rateasinitially set

at 30 mg/s and adjusted with time depending upon theedegemperature. The steel plate
specimens were suspended over the flame jet using four fixed tabs, one at each corner of the
specimen. The nozzigasattached to a screw jaokhich allowedit to traverse along three axes.

The steel plate specimens wé@x 10 in. squares cut froaitherplate stock or out of web and

flange materials provided by PennDOT as described in the followingestiton

4.2 Test Matrix

The complete test matrix consisted of steel plate specimens that were taken from theafldnges
web materials of decommissioned steel bridges or ASTM A709(ASTM A709) plate stock as
follows:

1. PennDOThadprovided a pallet of beam sections from a steel bridge that had been exposed
to a real fire event. It included sections that had been direqblysex to the fire and those

11



that were away from the fire (unexposed). The beam sections had % in. thick flanges and Y2
in. thick webs with an indeterminate paint coating on them.

2. PennDOT also provided a pallet of steel beam sections from a decommissemidatidge
of an age similar to that described in 1 (above) that had never been exposed to a fire. The
beam sections had %z in. thick flanges and ¥z in. thick webs with an indeterminate paint
coating on them.

3. As part of this research ¥z in. thick and 1timck A709 plate stock was obtained. Plates with
the same thickness (Y2 in. or 1 in.) came from the same heat. A suite of %2 in. thick and 1 in.
thick specimens withAcrolon paint coating for existing steels were prepared. This paint
coating system is desbed below

4. A suite of % in. thick and 1 in. thick A709 steel plate specimens @atbothanepaint
coating systems fonew steels weralso prepared. This pdircoating system is also
described below.

PennDOT has a list afurrentlyapproved coatings iBulletin 15 forexistingandnewstructural
steels. All steels are required to be coated with thoa zinerich paint systems. Existing steels

can be coated with systems from both Carboline Company and Sherwin Williams Company.
However, new steels cam lcoated only with systems from the Carboline Company.

T For exi sting st eActolencoat®d consiats ai a prither doat af ZiscGlad
[l HS, Macropoxy 646 intermediate coat, and Acrolon 218 HS top coat. This ends up rusty
red in color.

1 For new steels, the inorganic zinc coating syst&arbothang from Carboline Company
must be usedThe first coat is Carbozinc 11 HS, followed by an intermediate Carboguard
893 coat, and a finish coat of Carbothane 133. This ends up steel blue in color

Table 4.2presents the test matrix for the experimental investigations. The Specimen ID consists
of the origin of the steel, a letter and a number identifier, and the test condition of thé& pdate.

table consists of 4 parts. The first part is the setate@pecimens made from the beam sections

that had been exposed to a real fire event. Four beam sections (PennDOT 1, 2, 3, and 4) were
provided, of which PennDOT 1 and 4 were exposed to the fire event, and PennDOT 2 and 3 were
not exposed to the fire event

1 As shown in Table 4,2specimens were made from the % in. thick flanges and % in. thick
webs of the burned (PennDOT 1 and 4) beam sections, and the corresponding control
specimens were made from % in. thick flanges and %z in. thick webs of the unburned
(PennDOT 2) section. These plate specimens wereardgdo conduct material testand
were not exposed to controlled fires using the flame jet setup

1 As shown in Table 4,2olate specimens were also made from the % in. thick flanges and %2
in. thick webs of the unburned (PennDOT 3) beam section that was not exposed to the fire
event. These included a control specimen, and two specimens that were exposed to controlled
fires using the flame jet setup to surface temperatures of 800 andFL200

12



The seond part is the set of plate specimens made from the beam sections from the
decommissioned steel bridge that had never been exposed to a fire. The beam section (PennDOT
5) had ¥z in. thick webs and %z in. thick flanges. As shown in Tabletlr&e plate gecimens

were made from both the % in. thick flanges and the %% in. think web. These included a control
specimen, and two specimens that were exposed to controlled fires using the flame jet setup to
surface temperatures of 800 and 1200

The third partis the set of plate specimens made from % in. thick and 1 in. thick A709 plate
stock with the SherwiWi | | iAarohom paint coating for existing steels (rusty red in color).

As shown in Table 4,2a total of five specimens each were tested for theptate thicknesses

(/2 in. and 1 in.). These included: (i) control specimen (that was not heated), (ii) three
specimens that were exposed to controlled fires using the flame jet setup to achieve surface
temperatures of 800, 1000, 1289 and (iii) one spemen that was exposed to an uncontrolled

fire using the flame jet setup, which resulted in 1208urface temperature also.

The fourth part is the set of plate specimens made from % in. thick and 1 in. thick A709 plate
stock with Cémtatepainb adtingnfe dew steels (steel blue in color). As
shown in Table 4.2a total of four %2 in. thick plate specimens were tested. These included: (i)
control specimen (that was not heated), (ii) two specimens that were exposed to controlled fires
using the flame jet setup to achieve surface temperatures of 1000 andF120@l (iii) one
specimen that was exposed to an uncontrolled fire resulting in°E28@rface temperature also.

A total of three 1 in. thick plate specinsanere tested. These ilnded two specimens that were
exposed to controlled fires using the flame jet setup to achieve surface temperatures of 1000 and
1200°F, and (iii) one specimen that was exposed to an uncontrolled fire resulting irffR.200
surface temperature also.

Typical surface temperatwtame curvesresulting from the heatingre shown in Section 5.
Generally, heated specimens were brought to their target temperatures and this was maintained
for 20 minutes. The A uexposed toruoardstricked beaidop 40c i me n s
minutes.

Thus, the parameters included in the experimental investigations are: (i) effects of real fire events
on material properties, (ii) plate thickness, (iii) coating type, (iv) surface temperature achieved,
and (v) duration of fire.

13



Table 4.2. Test Matrix

Origin Type or Description
Part | Specimen ID Temperature
1 Penn DOT 2 AA (27) Control PennDOT 2 | Control Y% in. thick web
Specimen Material tests only
1 Penn DOT 1Y (25) Burned PennDOT 1 | Burned Y% in. thick burned web
Specimen Materid tests only
1 Penn DOT 4 EE (31) Burned PennDOT 4 | Burned Y% in. thick burned web
Specimen Material tests only
1 Penn DOT 2 BB (28) Control PennDOT 2 | Control ¥4 in. thick flange
Specimen Material tests only
1 Penn DOT 1 Z (26) Burned PennDOT 1 | Burnad Specimen | % in. thick burned flange
Material tests only
1 Penn DOT 4 FF (32) Burned PennDOT 4 | Burned Specimen | % in. thick burned flange
Material tests only
1 Penn DOT 3 CC (29) Control PennDOT 3 | Control Specimen | % in. thick web
Material tests only
1 Penn DOT 3 S (19) 80F PennDOT 3 | 800 F Y in. thick web
Flame jet and material tests
1 Penn DOT 3 T (20) 120% PennDOT 3 | 1200 F Y in. thick web
Flame jet and material tests
1 Penn DOT 3 DD (30) Control PennDOT 3 | Control Specimen | % in. thik flange
Material tests only
1 Penn DOT 3V (22) 80(F PennDOT 3 | 800 F ¥4 in. thick flange
Flame jet and material tests
1 Penn DOT 3 W (23) 120% PennDOT 3 | 1200 F ¥ in. thick flange
Flame jet and material tests
Part | Specimen ID Origin Type or Description
Temperature
2 Penn DOT 5 KK (37) Control PennDOT 5 | Control % in. thick web
Specimen Material tests only
2 Penn DOT 5 GG (33) 806 PennDOT5 | 800 F Y in. thick web
Flame jet and material tests
2 Penn DOT 5 Il (35) 1200~ PennDOT 5 | 1200 F Y in. thick web
Flame jet and material tests
2 Penn DOT 5 LL (38) Control PennDOT 5 | Control % in. thick flange
Specimen Material tests only
2 Penn DOT 5 HH (34) 120¢ PennDOT 5 | 1200 F % in. thick flange
Flame jet and material tests
2 Penn DOT 51J (36) 800F PennDOT5 | 800 F % in. thick flange
Flame jet and material tests
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Part | Specimen ID Origin Type or Description
Temperature
3 AcrolonQ (17) Control W A709 Control Specimen % in. thick plate
Material tests only
3 Acrolon A (1) 800 W A709 800 F % in. thick plate
Flame jet and material tests
3 AcrolonB (2) 1000 W A709 1000 F % in. thick plate
Flame jet and material tests
3 AcrolonC (3) 1200 W A709 1200 F % in. thick plate
Flame jet and material tests
3 AcrolonD (4) Uncontrollel W A709 1200 F % in. thick plate
uncontrolled Flame jet and material tests
3 AcrolonR (18) Control F A709 Control Specimen 1 in. thick plate
Material tests only
3 AcrolonE (5) 800 F A709 800 F 1 in. thick plate
Flame jet and material tests
3 AcrolonF (6) 1000 F A709 1000 F 1 in. thick plate
Flame jet and material tests
3 AcrolonG (7) 1200 F A709 1200 F 1 in. thick plate
Flame jet and material tests
3 AcrolonH (8) Uncontrolled F A709 1200 F 1 in. thick plate
uncontrolled Flame jet andnaterial tests
Part | Specimen ID Origin | Type or Description
Temperature
4 Carbothane J (10) Control W A709 Control Specimen | % in. thick plate
Material tests only
4 Carbothane | (9) 1000 W A709 1000 F % in. thick plate
Flame jet and material tests
4 Carbothane K (11) 1200 W A709 1200 F Y in. thick plate
Flame jet and material tests
4 Carbothane L (12) Uncontrolled W A709 1200 F Y in. thick plate
uncontrolled Flame jet and material tests
4 Carbothane M (13) 800 F A709 800 F 1 in. thick pate
Material tests only
4 Carbothane O (15) 1200 F A709 1000 F 1 in. thick plate
Flame jet and material tests
4 Carbothane P (16) Uncontrolled F A709 1200 F 1 in. thick plate

uncontrolled

Flame jet and material tests
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4.3 Specimens and Instrumentabn

As shown in Figure 4,3each plate specimewas approximately 10 x 10 in., an@vas
instrumented with two thermocouples. The thermocouplere attached to the center of the
specimens on both sides, i.e., (i) the flame side or bottom, and (ii) tHean@side or top. Two

1/ 160 holes were drilled just off center in
the plate from the top to minimize flame disturbance on the plate. For the same reason, the holes
and the thermocouples are coverethvai smooth layer of fiberglass paste.

The thermocouplesereconnected to a data acquisition unit whiebordedemperatures of the
surfaces of the plate at user defined time intervals. A thermal imaging camaiso used to
visualize the heat inteities in the flame and on the plate surface. The intemsityd alsobe

used to determine the highest temperature in the flame and the difference in temperatures in the
specimens. An infrared temperature gwas also used to take spot readings of specimen
temperatures and compare it with thermocouple measurements.

<10‘ 0 pl §

holes for — 8 X «— thermocouple
thermocouple location

wire

Figure 4.3 Plate Specimen with Thermocouples.
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4.4 PostFire Evaluation Procedure and Material Testing

All the plate specimens, except those identified as cospextimens in Table 4\ere subjected

to controlled fire exposure using the flame jet setup described in Section 4.1. Photographs of the
steel plates surfaces (both flame and-flame side) were taken: (i) before fire exposure, (ii)

after fire exposure(iii) after brushing clean with a wire brush, and (iv) after washing. These
photographs constitute physical evidence regarding the appearance of steel bridge elements
(plates) with different paint coating systems exposed to fires, and form the basistfifep
inspection and evaluation guidelines.

After subjecting the plate specimens to controlled fire exposures, material tests were conducted
on coupons fabricated according to applicable ASTM standards. As shown in Figuirem.4

each plate specimethree Charpy \hotch (CVN) coupons (ASTM E23) were fabricated from

the central 3 in., and another three CVN coupons were fabricated from outside the central 3 in.
These six CVN coupons were fabricated parallel to the rolling direction with the CVN notch
oriented as shown in the Figure. One tension coupon (ASTM EB8) is taken from either end of the
specimen parallel to the rolling directioRigure 4.4shows a drawing of the locations of the
material coupons as they were taken from the 10 x 10 in.gpatg@mens.

Rockwell hardness (ASTM E18)sts were alsoonductedn all platespecimensThe Rockwell
hardness B scale was used for these tddtsee measurements were taken on all specimens as
close to the center of the plates as possiliies ensved that the measurements were in the zone

of the plate directlyaffected by flame impingemeniMaterial tests were also conducted on
coupons fabricated from the control plate specimens, i.e., plates that were not exposed to fires.
These material coupongere also taken as shown in Figure. Alhe material properties for the
control plates were compared with those obtained for the fire exposed plates to evaluate the
effects of fire exposures and other parameters on the yield strength, tensile sttengétioa at
rupture, fracture toughness, and surface hardness of the steel materials

¢rol|ing direction

CVN coupons

hilt.

central

tension coupons

Figure 4.4 Layout of Material Coupons Taken From Plate Specimens
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5.0EXPERIMENTAL RESULTS
5.1 PostFire Evaluation of Plate Specimen$ Part 1

Figures 5.11 to 5.24 show photographs of the pefite evaluation of the plate specimens (Part
1) identified in Table 4-2 and listed below. These include photographs taken as described in
Section 4.4.

Part | Specimen ID Origin Type or Description
Temperature

1 Penn DOT 3 §19) 800 F PennDOT 3 | 800 F Y% in. thick web

Flame jet and material tests
1 Penn DOT 3 T (20) 120% PennDOT 3 | 1200 F Y% in. thick web

Flame jet and material tests
1 Penn DOT 3V (22) 80(F PennDOT 3 | 800 F ¥ in. thick flange

Flame jet and matil tests
1 Penn DOT 3 W (23) 120% PennDOT 3 | 1200 F ¥ in. thick flange

Flame jet and material tests

Figures 5.15 and 5.16 show the measured temperattiree (T-t) curves for these plate
specimens with %2 in. and 3/4 in. thickness, respectivelyshasvn the target temperatures were
achieved and maintained for 20 minutes before cooling. The target time of 20 minutes is
representative of the typical fire duration that can cause collapse of a bridge; for example,
consider the Oakland, California briddiscussed earlier in Section 2.0

Additionally, Table 5.11 includes the standard material test results obtained from testing the
coupons fabricated from the plate specimens identified in Table. A Bese material test results
included the results fro tests conducted on coupons from plates that were already burned by the
real fire event, and hence not subjected to additional fire exposure.

As shown in Table 5:1, fire exposures have only a minor effect on the steel yield strength,
ultimate strengtrand elongation, and surface hardness. This is irrespective of the steel surface
temperature achieved during the fire exposure tests and the steel plate thickness. Additionally, as
shown in Table 541, the fire exposures result in only a slight reductiorihe CVN fracture
toughness values for the steels. The reduction is slightly higher for the thicker (3/4 in. thick) steel
plates.

Figures 5.17 and 5.18 shows box plots that can be used to more comprehensively evaluate the
effects of fire exposure on tl@VN fracture toughness of steels. These figures focus on % in.
thick and 3/4 in. thick steel plates that had been subjected to controlled fire exposure using the
flame jet setup. The box plots include for each plate specimen: (i) the minimum, maximum, and
median values of fracture toughness, and (ii) the first and third quartile fracture toughness values.
The first quartile means that 25% of the values will be lower than this value, and third quartile
means 75% of the values will be lower than this vallmese Figures 5T and 5.18 show that

the fire exposures do not have a statistically significant effect on the CVN fracture toughness of
steels, which numerically still satisfies the 1Hoftimit for Zone 2 (AASHTO 2010 86.6.2).

18



B) Before Testing (Top)

A) Before Testing (Bottm)

E) After Brushing (Bottom)

4 P L ¥ L @

Figure 5.1-1. PostFire Evaluation of Penn DOT 3S (180C°F
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A) Before Testing (Bttom)

C) After Testing (Bottom)

E) After Brushing (Bottom)

Figure 5.1-2. PostFire Evaluation oPenn DOT 3

B) Before Testing (Top)

D) After Testing (Top)

F) After Brushing (Top)

i, IS R

L

H) After Washing (Top)

‘‘‘‘‘‘

ki

T(O) 1208
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A) Before TestingdBottom) B) Before Testing (Top)

CERA

‘ E) After Brushing (Bottom)

H) After Washing (Top)

e
==

'/4’)71!71/”7)?/)/1@1# o

Figure 5.1-3. PostFire Evaluation oPenn DOT 3 V (22) 80%
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A) Before Tedhg (Bottom)

sl VR - i =

C) After Testing (Bott_o)

v

o
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| St

G) After Washing (Bottm)

Figure 5.1-4. PostFire Evaluation of Bnn DOT 3 W (23) 120

B) Before Testing (Top)

b. ﬁ, N
F) After Brushing (Top)
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Part1: 1/2 in. thick plates

Temperature (°F)

=#4=Penn DOT 35 (19) 800 FTop

==Penn DOT 3 3 (19) 800 FBottom
=4=Penn DOT 3T (20) 1200 FTop

PennDOT 3T (20) 1200 F Bottom

0 10 20 30 40 50 60

Time (minutes)

Figure 5.1-5 Measured TemperatuiBme Curves for ¥z in. Thick Part 1 Plate Specimens

1400 Part1: 3/4 in. thick plates
1200
AIOOO
=
<
; 800
2 600
s
E —#=Penn DOT 3 W (23) 1200 F Top
400 —8—Denn DOT 3 W (23) 1200 FBottom
~+—Penn DOT 3V (22) 800 F Top
200
~—=Penn DOT 3V (22) 800 F Bottom
0 T T T 1
0 10 20 30 40 50 60
Time (minutes)

Figure 5.1-6. Measured TemperatufE@me Curves for 3/4 in. Thick Part 1 Plate Specimen
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Table 5.1:-1 Material Test Results for Coupons from Plate Specimens (Part 1)

SpecimenlD Gy G, | %e CVN results AVG Hardness Test AVG
Penn DOT 2 AA (27) Control Couponl1 | 36.3| 64 | 42 | Inner3 | 42 47 52 47.0 Top 71 | 705| 70 70.5
% in. thickness Coupon?2 | 40.4| 64 | 41 | Outer3 | 53 42 54 49.7 Bottom | 70 | 71.5| 71 70.8
Penn DOT 1Y (25) Brned Couponl| 40.6| 64.5| 44 | Inner3 | 29 44 43 38.7 Top 69 | 70.5| 70.5 70
Y in. thickness Coupon?2| 34.8| 64.5| 41 | Outer3| 34 20 30 28.0 Bottom | 71 72 73 72
Penn DOT 4 EE (31) Burned Couponl1| 40.3| 63 | 43 | Inner3 | 32 40 29 33.7 Top 67 71 70 69.3
Y in. thickness Coupon?2| 359| 62 | 43 | Outer3| 21 41 36 32.7 Bottom | 64.5| 65.5| 66 65.3
Penn DOT 2 BB (28) Control Couponl1 | 36.1| 63 | 50 | Inner3 | 42 67 60 56.3 Top 62 | 585 | 64 61.5
Y4 in. thickness Coupon?2 | 37 62 | 48 | Outer3 | 43 52 65 53.3 Bottom | 55 62 71 62.6
Penn DOT 1 Z (26) Burned Couponl1| 36.5| 64.5| 50 | Inner3 | 61 45 62 56.0 Top 68 | 71.5| 70 69.8
¥, in. thickness Coupon?2| 36.9| 64 | 50 | Outer3| 32 45 66 47.7 Bottom | 70 | 69.5| 69 69.5
Penn DOT 4 FF (32) Burned Couponl1| 36.4| 62.5| 50 | Inner3 | 44 57 40 47.0 Top 60 65 | 66.5 63.8
¥, in. thickress Coupon?2| 63 | 41.1| 50 | Outer3| 53 54 64 57.0 Bottom | 65.5 | 66.5 | 68.5 66.8
Penn DOT 3 CC (29) Control Couponl | 384 | 61 | 42 | Inner3 36 37 43 38.7 Top 68 68 70 | 68.6667
% in. thickness Coupon?2 | 36.5| 60.5| 45 | Outer3 | 52 15 18 28.3 Bottom | 68.5| 68 | 67.5 68
Penn DOT 3 S (19) 800°F Couponl1l| 415| 625| 44| Inner3 | 29 44 43 38.7 Top 71 71 71 71
% in. thickness Coupon2| 34.2| 61.5| 34 | Outer3| 34 20 30 28.0 Bottom | 70.5| 70.5| 70.5 70.5
Penn DOT 3 T (20) 1206 Couponl1| 40.7| 62 | 45| Inner3 | 35 40 39 38.0 Top 63 68 | 69.5 66.8
Y in. thickness Coupon?2| 37.1| 61.5| 42| Outer3| 30 48 31 36.3 Bottom | 65 68 70 67.6
Penn DOT 3 DD (30) Control Couponl1 | 389|635| 47 | Inner3 | 71 62 56 63.0 Top 66.5| 67 67 66.8
¥, in. thickness Coupon?2 | 36.3| 63 | 45| Quter3 | 46 66 60 57.3 Bottom | 74 73 76 74.3
PennDOT 3V (22) 800°F
¥, in. thickness
Penn DOT 3 W (23) 1200°F Couponl1| 36.5| 625| 49 | Inner3 | 34 14 40 29.3 Top 755| 73 72 73.5
Y4 in. thickness Coupon?2| 39.3| 63 | 50| Outer3| 41 43 43 42.3 Bottom | 76 77 75 76.0
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Figure 5.1-7. Statistical Evaluation of CVN Fracture Toughness Values for 1/2 in. thick Plate Specimens
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Figure 5.1-8. Statistical Evaluation of CVN Fracture Toughness Values for % itk flate Specimens
(Part 1)
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5.2 PostFire Evaluation of Plate Specimen$ Part 2

Figures 5.21 to 5.24 show photographs of the pdse evaluation of the plate specimens (Part
2) identified in Table 4.2 and listed below. These include photograplken as described in
Section 4.4.

2 Penn DOT 5 GG (33) 80F PennDOT5 | 800 F Y in. thick web

Flame jet and material tests
2 Penn DOT 5 Il (35) 1200 PennDOT 5 | 1200 F Y% in. thick web

Flame jet and material tests
2 Penn DOT 5 HH (34) 120% PennDOT 5 1200 F Y% in. thick flange

Flame jet and material tests
2 Penn DOT 5 JJ (36) 808 PennDOT5 | 800 F % in. thick flange

Flame jet and material tests

Figures 5.5 and 5.26 show the measured temperattinee (T-t) curves for these plate
specimes with ¥ in. thick webs and flanges, respectively. As shown the target temperatures
were achieved and maintained for 20 minutes before cooling

Additionally, Table 5.21 includes the standard material test results obtained by testing the
coupons fabricad from the % in. thick plate specimens identified in Tablel4 &s shown in

Table 5.21, fire exposures have only a minor effect on the steel yield strength, ultimate strength
and elongation, and surface hardness. This is irrespective of the steek Serfgerature
achieved during the fire exposure tests. Additionally, as shown in Table the fire exposures
result in only a slight reduction in the CVN fracture toughness values for the steels.

Figures 5.27 and 5.28 shows box plots that can beedsto more comprehensively evaluate the
effects of fire exposure on the CVN fracture toughness of steels. These figures focus on % in.
thick webs and the 1/2 in. thick flange steel plates that had been subjected to controlled fire
exposure using the flamet setup. The box plots include for each plate specimen: (i) the
minimum, maximum, and median values of fracture toughness, and (ii) the first and third quartile
fracture toughness values. The first quartile means that 25% of the values will be lowhisthan
value, and third quartile means 75% of the values will be lower than this value. These Figures
show that the fire exposures do not have a statistically significant effect on the CVN fracture
toughness of steels, which numerically still satisfieslthé-Ib limit for Zone 2 (AASHTO 2010
86.6.2).
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A) Before Testing (Bottom) B) Before Testing (Top)

C) After Tsting (l?ttom) D) After Testing (Top)

Figure 5.2-1. PostFire Evaluation of Penn DOT 5 GG (33) 8B0
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A) Before Testing (Bottom)

G) After Washing (Bottom)

Figure 5.22. PostFire Evaluation of Penn DOT 5 Il (35) 1260

B) Before Testing (Top)

D) After Testing (Top)

F) After Brushing (Top)

H) After Washing (Top)
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B) Before Testing (Top)

D) After Testing (Top)

G) After Washing (Bottom)

H) After Washing (Top)

Figure 5.2-3. PostFire Evaluation of Penn DOT 5 HH (34) 1280
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