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1.0. DESCRIPTION OF THE PROBLEM

In recent decades, bridge fires have become a major concern in the U.S. [Garlock et. al 2012]
Fire hazard in bridges can result in significant economic and public losses. Traffic on fire
damaged bridges is usually hard to detour and can significantly affect traffic quality in the
region. Further, a severe fire may result in permanent damage or even collapse of the bridge
[Paya-Zaforteza and Garlock 2012]. While the perception may be that it is unlikely that a bridge
will collapse under fire, a recent nationwide survey by the NYDOT has shown that nearly three
times more bridges have collapsed due to fire than earthquakes [NYDOT 2008].

New construction of bridges often use “Weathering Steel” (also known as “Corten Steel”), which
has a corrosion-retarding effect since the steel forms a protective rust layer on its surface under
the influence of the weather. To date, no information exists on the high temperature mechanical
properties of weathering steel. This research develops this knowledge for A588 weathering
steel.

The motivating event for this work was a bridge fire that occurred on October 3, 2012. A dump
truck traveling south on the NJ Turnpike crashed and caught fire under a bridge that carries 1-195
over the Turnpike (Figure 1). This bridge was being widened and had timber shielding beneath
it, which provided some protection for the steel from the intense heat of the fire. It was decided
to not pursue any repairs since the bridge that was subject to fire was scheduled to be demolished
in a few weeks and an adjacent replacement bridge was nearly complete. Instead, one of the I-
195 west bound lanes was closed for precaution. This lane was reopened about a week later after
a load test, with dump trucks, indicated that the fire-affected bridge had significant load capacity.
[CAIT newsletter Jan. 2013].

The cross-section of the bridge is as shown in Figure 2. Girders G3 through G8 were part of the
original bridge and made of A588 weathering steel Grade 50 [NJDOT 2010]. Girders G1 and
G2 are the expansion to the bridge and based on the construction drawings they are of A709
Grade 50 (not weathering steel). The fire developed under G1, G2, and G3. This project
examines the two types of steel that comprised this bridge. A588 weathering steel is the main
focus of this study, and it is compared to another type of steel (which based on ASTM
specifications can be classified as an older type of weathering steel (A242), A709, or A992) is
examined as well. It was not possible to obtain the material of the actual 1-195 bridge itself, so
other material was procured as described in later sections.



Figure 1. October 3, 2012 bridge fire, NJ
Turnpike.

Figure 2. Cross-section of 1-195 bridge.

2.0. APPROACH AND OBJECTIVES

The objective of this work is to develop a database of mechanical properties of A588 weathering
steel that has been exposed to high temperatures. These properties include the residual (after
heating and cooling) stress-strain, fracture toughness, and surface hardness. The parameters that
are investigated include temperature and cooling methods.

The elevated temperature specimens will be heated to 427°C (800°F), 538°C (1000°F), 649°C
(1200°F), and 815°C (1500°F). Two cooling methodologies are examined: cooling in air (CIA),
and cooling in water (CIW). The latter represents firefighting effects. For the stress-strain tests,
experiments will also be done in a steady-state elevated temperature condition. A comparison
will be made between A588 weathering steel, used widely for bridges, and another material
whose chemical composition and mechanical properties allows it to be classified by ASTM as
both an older weathering steel (A242), a steel commonly used in building construction (A992),
and a non-weathering steel used for bridges (A709 Grade 50).

There are two important reasons to know the high temperature properties of bridge steels: (a) to
make a rapid post-fire assessment of a steel girder; and (b) to make informed decisions for
potential heat straightening of bridge overpasses that have been affected by fire or have been
impacted by a vehicle that exceeds the vertical clearance. This proposal is motivated by bridge
fires, although the results can be applied to heat-straightening of impacted bridge girders as well.

Bridge fires, which result in extended congested detours to accommodate the time needed to
assess and repair the bridge, affect the welfare of our transportation system. One of the long-
term outcomes of this proposal will be to reduce the time for assessment and repair and possibly
avoid needing to replace the bridge. This research therefore supports USDOT goals of ‘State of
Good Repair’, which in turn supports making “... improvements to critical aspects of highway
system performance (safety, congestion, reliability, infrastructure condition, air quality, user
satisfaction, and emergency response)...”, and also ‘Economic Competiveness’, which addresses
the negative impacts of congestion.



The outcomes from this research are data that can assist with rapid post-fire or post-impact
assessment of weathering steel bridge girders. By knowing the residual mechanical properties at
various temperatures, fast decisions can be made about repairing or replacing.

3.0. BACKGROUND

3.1. Weathering Steel

As early as the 19th century, interest arose to develop a type of steel that would be resistant to
corrosion. In the 1930s, the US Steel Corporation started developing their own low-alloy steels
(containing copper, nickel, chromium, silicon and phosphorus for alloying elements), which
from their alloying elements could demonstrate particularly good resistance to corrosion.

USSC consequently derived the commercial name Cor-Ten for these steels, which stands for
Corrosion-Resistance Tensile strength. [Wiss Janney 2013] By early 1940s, the American
Society of Testing of Materials (ASTM) also conducted studies on low-alloy steels with
enhanced corrosion resistance, essentially developing its first weathering steel, A242. [McDad et
al. 2000]

More generally, weathering steels are high-strength low-alloy steels with particularly good
corrosion resistance. This resistance comes from the capacity of the alloying element to form a
tightly adhering patina, or rust layer, when oxidizing. The main difference between weathering
steels and carbon steel is that this patina essentially acts as a protective layer for the steel,
decreasing further corrosion rates. Corrosion of weathering steel can generally be divided into 3
distinct phases: initial rapid corrosion, decreasing corrosion rate and formation of protective
layer and finally a stabilized phase, with linear loss of corrosion. [Kimura&Kihira 2005]

It should be noted that the protective rust layer typically forms after 1 to 3 years of atmospheric
exposure of the steel (depending on environmental conditions).

High resistance to corrosion and the consequent reduced life-cycle costs from rust-proof painting
and maintenance have made weathering steels a popular choice for bridge construction in the
US, with the first bridge built in 1964 in New Jersey. Weathering steels have since been
increasingly employed in bridges, used today in 40-45% of new bridges built in the US, 90% in
Canada, and hundreds of bridges throughout Europe and Japan. [AIS] 1995]

3.2. High Temperature Properties of Steel

The Eurocode provides high temperature material properties of structural steel [CEN 2002].
Reduction factors for yield stress (ay), proportional limit stress (op), and Young’s modulus (E) as
a function of temperature are provided (ky,t, kot and ke 1, respectively). The Eurocode permits
strain hardening for steel heated up to 400°C, and assumes that at 1200°C steel has lost all
mechanical strength. Figure 3 provides plots for typical stress-strain curves based on Eurocode,
where the assumption of yield stress is based on a strain of 0.02. Other models for estimating the
high temperature properties of steel are available such as that by ASCE [Lie 1992] and NIST
[Leuke et al. 2011].
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Figure 3. Plots of (a) ky,r, kp,t and ke r versus temperature based on [30], and (b) stress-strain curves at 20°C, 400°C,
565°C, and 700°C, where the stress is normalized by oy at ambient temperature, for the “fully nonlinear” material
properties based on the Eurocode [30].

The Pennsylvania Department of Transportation (PennDOT) conducted a study on A709 steel,
which is typically used for bridges, to test its residual mechanical properties after being heated to
800°F and 1200°F [PennDOT 2011]. For their experiments, steel plates were heated using a jet
flame. A thermocouple was installed during the heating to measure the specimen temperature.
Tensile and CVN test coupons were cut from the steel as close to the flame impingement site as
possible. Residual mechanical properties were measured, and it was reported that the fire
exposures studied in this experiment (maximum steel temperature of 1200°F) had minimal
effects on the residual yield strength, ultimate strength, and surface hardness. Slight reductions,
however, were observed in CVN fracture toughness values. The researchers did not study
temperatures exceeding 1200°F because they assumed that any steel member heated beyond this
temperature and allowed to cool would have obvious physical deformations and would need to
be replaced.

In addition to the residual mechanical properties tests, visual assessments were made of the steel
test elements that had different coatings on them. The purpose of these tests was to develop a
visual aid to help field engineers assess how much damage the bridge had sustained from a fire
loading.

4.0. METHODOLOGY: EXPERIMENTAL PROGRAM

4.1. Test Matrix

The following parameters were studied: (1) Material, (2) Temperature; and (3) Cooling Method.
Each parameter is discussed in detail below. Table 1 presents the test matrix, where the
nomenclature for each test represents the following:
e 2 represents A588 weathering steel; 1 represents “Material 1,” which is classified as
either A242, A992, or A709 based on ASTM chemical and mechanical material
properties.



e A =‘A’mbient temperature without having been previously heated. This represents the

baseline case.

e H = the test is done with the specimen in the elevated temperature steady state (‘H’ot)
e Ca =the specimen is tested after it has been ‘C’ooled in the ‘a’ir
e Cw = the specimen is tested after it has been ‘C’ooled in ‘w’ater
e The last numbers represent the target maximum temperature (in Fahrenheit) to which the

specimen was heated.

Table 1. Test matrix: Nomenclature of specimens and type of ASTM test performed™

Maximum steady state temperature

(ES, E23, E18)

(ES, E23, E18)

(ES, E23, E18)

sglg | B
g g E % * g 0F 800 F 1000 F 1200 F 1500 F
F3 S 3 (20C) (538 C) (538 C) (649 C) (815 C)
1 1A 1H-800 1H-1000 1H-1200 1H-1500
= (ES, E23, E18) (ES) (ES) (ES) (ES)
I 9 ) 2A 2H-800 2H-1000 2H-1200 2H-1500
(E8, E23, E18) (E8) (E8) (E8) (E8)
1 ) 1Ca-800 1Ca-1000 1Ca-1200 1Ca-1500
it (E8, E23, E18) | (E8, E23, E18) | (E8, E23, E18) | (ES, E23, E18)
— 2 ) 2Ca-800 2Ca-1000 2Ca-1200 2Ca-1500
23 (E8, E23, E18) | (E8, E23, E18) | (E8, E23, E18) | (ES, E23, E18)
8 B 1 ) 1Cw-800 1Cw-1000 1Cw-1200 1Cw-1500
3 water (E8, E23, E18) | (E8, E23, E18) | (E8, E23, E18) | (ES, E23, E18)
2 ) 2Cw-800 2Cw-1000 2Cw-1200 2Cw-1500

(ES, E23, E18)

* 1 = Material 1 = A242, A992, A709; 2 = Material 2 = A588 weathering steel
** E8 = tensile tests; E23 = Charpy V-notch fracture toughness tests; E18 = Rockwell surface hardness

As a baseline, specimens were tested at ambient temperature. A comparison of the results of
ambient tests with tests at elevated temperature will help to establish the effect of elevated
temperature on the mechanical properties. The elevated temperature specimens will be (1)
heated to 427 °C (800 °F), 538 °C (1000 °F), 649 °C (1200 °F), and 815 °C (1500 °F), (2) held at
that temperature to reach steady state condition throughout the specimen, and (3) cooled using
one of two methods discussed next. These temperatures represent a variety of potential steel
temperatures in a fire event. In addition, another set of uniaxial tension tests were done during
the heated steady state condition of the temperatures listed above.

4.2. Steel Specimens

The steel specimens were cut from Material 1 as shown in Figure 4, and from Material 2 (A588)
as shown in Figure 5. Figure 6 shows the ASTM ES8 standard round tension test specimens used
for the residual tests. Figure 7 shows the ASTM ES8 standard rectangular (flat) tension test
specimens used for the hot tests in the furnace. Figure 8 shows the ASTM E23 Type A impact

test (CVN) specimens.

Laboratory Testing Inc. performed a chemical analysis of the material tested (direct reading atom
emissions spectroscopy). The results are shown in Table 2 in addition to the ASTM chemical
requirements for various steels.
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Table 2. Chemical analysis of materials tested and ASTM standards for various steels.

Materil Materil ASTMASSZ |ASTMAZG2 | ASTMATOS | iyt asss (010
Element W36x160 | 9/16" Plate 1-1/4" Plate Type 2 Grade 50 Grade A Grade B
Aluminum Al 0.001 0.015 0.03
Boron B 0.0009 0.0012 0.0005
Carbon C 0.086 0.11 0.17 0.25 max 0.2 max 0.23 max 0.19 max 0.20 max
Cobalt Co 0.007 0.005 0.006
Chromium Cr 0.085 0.51 0.48 0.35 max 0.40-0.65 0.40-0.70
Copper Cu 0.255 0.29 03 0.60 max 0.2 max 0.20 min 0.25-0.40 0.20-0.40
Manganese Mn 1.06 0.83 1.03 05-1.6 1.35 max 1.35 max 0.80-1.25 0.75-1.35
Molybdenum Mo 0.03 0.031 0.016 0.15 max - -
Niobium * Nb 0.011 <0.001 <0.001 0.05 max 0.005 - 0.05
Nitrogen N
Nickel Ni 0.12 0.15 0.22 0.45 max 0.40 max 0.50 max
Phosphorus P 0.014 0.01 0.01 0.035 max 0.04 max 0.04 max 0.04 max 0.04 max
Sulfur S 0.017 0.03 0.01 0.045 max 0.05 max 0.05 max 0.05 max 0.05 max
Silicon Si 0.19 0.38 0.32 0.40 max 0.40 max 0.30-0.65 0.15-0.50
Tin Sn 0.011 0.012 0.011
Thallium Ti 0.001 0.001 0.001
Vanadium Y 0.012 0.03 0.03 0.15 max 0.06 max 0.02-0.10 0.01-0.10

4.3. Heating and Cooling

In order to determine the ‘residual’ mechanical properties (Young’s modulus, yield and ultimate
stress, fracture toughness, and surface hardness), the standard round and the CVN the specimens
were heated using a Barbstead Thermolyne 6000 electric furnace at Princeton University. The
furnace was set to the target temperature (800°F, 1000°F, 1200°F, and 1500°F) and the specimen
was left in the furnace until its internal temperature reached the target temperature.

To ensure the standard round and CVN test specimens had reached the target temperature, a
companion specimen was fabricated that was heated alongside the test specimens used to
determine the residual mechanical properties. The companion specimen, shown in Figure 6
alongside its mechanical test specimen, had a 1/16” diameter hole drilled longitudinally from one
end of the specimen to the center of the gauge length. An Omega TJ48-CAXL-116U-60 high
temperature resistant thermocouple was inserted into this drilled hole to track the internal
temperature of the companion specimen. This particular thermocouple was selected since it
could handle the high temperatures of the experiment (up to 1500°F) and could also be placed in
water to track how the steel cooled when dunked in water. Temperature data was read using an
lotech personal daq (data acquisition) along with the DaisyLab 7.0 software. Additional wired
thermocouples were used to measure the ambient air temperature of the lab, which was important
information for the specimens that were cooled in air. The entire setup (furnace, data acquisition
system, thermocouple, water bath, and ceramic blanket) is shown in Figure 9(a).



Figure 9. (a) Heating and cooling test setup. (b) Furnace with three standard round specimens placed inside. The
companion specimen is on the far right (with the thermocouple sticking out from one side), while the two specimens
that will be mechanically tested after they have been heated and cooled are to the left of the companion specimen.

Both the companion and mechanical test specimens were placed close together in the furnace
(see Figure 9(b)) such that the temperatures of the companion and mechanical test specimens
could be safely interpreted to be the same. Once the target temperature was recorded by the
thermocouple, a hold of at least 10 minutes was maintained to ensure uniformity and stability of
the specimen temperatures. Following this 10 minute hold, the test specimens and companion
specimen (with thermocouple still attached) were removed from the furnace and either placed on
a ceramic blanket (for the CIA test) or immediately dunked in water (for the CIW test). The
thermocouple remained inside the companion specimen at all times to track the cooling rate.
Figure 10(a) shows the test and companion specimens cooling on top of a ceramic blanket (CIA),
while Figure 10(b) shows the test and companion specimens after they have been dunked in
water. Two people were typically present to remove the test and companion specimens from the
furnace using tongs and heat-resistant gloves (shown in Figure 10(c)).

SR TR A '
(a) (b)
Figure 10. (a) Companion specimen (with thermocouple inserted) along with two mechanical test specimens
cooling in air on top of a ceramic blanket; (b) two mechanical specimens after being dunked in the water bath
shown; (c) heat-resistant gloves and tongs used to remove the specimens from the furnace after heating.

4.4, ‘Hot’ Tension Tests

Tensile strength of both materials were investigated at high temperature. The specimens were
placed in a SATEC furnace, and could be tested in tension while being heated by the furnace.
Setup is illustrated in Figures 11 and 12. These tests, conducted at Lehigh University, used
“long” steel specimens to accommodate for the dimension of the furnace and tensile testing
equipment. The Material 1 “long” specimens were 30 inches long, and the A588 were 36 inches
long.



Figure 11. Furnace and tensile test frame setup at Lehigh University. A schematic of the setup is shown in Figure 9.
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Figure 12. Spacing of furnace, cooling plates, and grips on the 30” and 36” long specimens. The copper plates
(shown as yellow squares) cooled the steel specimen as it exited the furnace so that excess heat did not travel into
the grips (shown as green trapezoids).

In addition to the furnace, the experimental apparatus consisted of SATEC tension machine, high
temperature resistant thermocouples (Omega TJ48-CAXL-116U-60), and cooling clamps. The
latter consisted of copper plates clamped to the specimen, through which cold water was
continuously running, and that ensured the temperature at the grip location would remain
sufficiently cool to not compromise the tensile testing procedure (see Figure 12).



The temperature in the furnace and during the whole test procedure was continuously monitored
using several high temperature resistant thermocouples. The location of these thermocouples
depended on the length of the specimens, and consequently the space available on the surface to
place the thermocouples. However, in all high temperature tests, at least 4 thermocouples were
used: one at each end of the gage length and one outside of each cooling plate. High temperature
resistant thermocouples were used at the gauge location, and wire thermocouples were used
where relatively cool temperature expected (due to their rubber casing, could not withstand very
high temperatures)

Overall, the experimental procedure can be divided into three main sections: specimen
preparation, specimen heating, and finally tensile test as described in the following sections.

4.4.1. Specimen Preparation

In order to test the steel specimens in the apparatus described above, a few preparations were
necessary. First, the thermocouples had to be attached on the surface of the steel. This was done
by welding a thin sheet of metal that would fix the tip of the thermocouple tightly against the
surface. To apply this weld effectively, the surface of the specimen had to be cleaned with an
electric sander at these locations.

All the specimens were also punch-marked at both ends with a number to keep track of them
after rupture, as well as marked with two punches distant 2 in the gage length. Width and
thickness were measured at each of the punch mark locations, as well as in mid-gage, and were
used to determine average cross-sectional area. The distance between punch marks was exactly
measured using a Starrett 799 electronic caliper, and will be used to estimate the amount of strain
during test.

4.4.2. Heating Procedure

Once prepared, the specimen was placed inside the furnace and testing apparatus (see Figure 13).
Note that during the heating procedure, only the bottom clamps were attached (free to elongate at
top). An insulating blanket was placed above the furnace to minimize heat losses and protect
equipment from rising heat, and the cooling plates attached above and below the furnace. While
we tried to maximize the length of the specimen that was placed in the grips, a minimum length
within the grips of 2” was maintained for the 30 long specimens; a 3” minimum was maintained
for the 36” long specimens.

Before turning on the furnace, a health check of all thermocouple readings was done by making
sure they all were consistent in their ambient temperature readings. Once the goal temperature
was reached the specimen was left at constant temperature for at least 20 minutes before the
tensile test would start. This was to ensure temperature equilibration inside the furnace and
throughout the steel specimen.
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(@) | )
Figure 13. Close up images of the cooling plates attached to the (a) bottom and (b) top of the specimen as it left the
furnace. The cooling plates were made of copper with cold water continuously running through them to remove heat
from the specimen before it reached the clamps.

4.4.3. Tensile Test Procedure

After the specimen was left to equilibrate at the desired temperature for a minimum of 20
minutes, the tensile test procedure started. The first step was to close the top clamp (that had
been left unclamped during the heating process to allow thermal elongation), which resulted in a
compression force of about 2000 Ibs. Therefore, before starting every test, it was necessary to
zero this load by moving slightly the table position, relieving this compressive stress.

A final consideration was that the measure of head travel would not be an accurate representation
of the steel extension due to seating in the machine. To correct this, we used a string
potentiometer, attached to the traveling head, which would be a more accurate measure of total
specimen elongation during test. A constant strain rate of 0.1 in/min was used in the tests.

4.5, ‘Residual’ Tension Tests

Residual tensile strength tests were done for standard round specimens that were heated to
800°F, 1000°F, 1200°F, and 1500°F, and were subsequently cooled in air (CIA) or cooled in
water (CIW). These tensile tests conformed to ASTM E8 and were conducted at Princeton
University using an Instron 600 DX loading frame with a 600 kN load capacity, shown in Figure
14. An extensometer was used to measure strain during the initial portion of the tensile test. This
extensometer was removed well before ultimate tensile strength was reached to avoid damaging
the extensometer at fracture, but after yield was reached in all cases. The loading rate specified
for the tensile test was 0.1 in/min, which was the same loading rate used for the hot tension tests
at Lehigh University based on ASTM E8 guidelines.

11



Figure 14. Ultimate tensile machine setup with standard round specimen and extensometer attached.
4.6. Fracture Toughness

Charpy V-notch tests were conducted according to ASTM E23/AASHTO T266 guidelines.

Lehigh University provided the impact test machine for these tests. Figure 15 shows an image of
the instrument and the specimen setup.

Figure 15. CVN fracture hardness test.
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4.7. Hardness

The Rockwell hardness test provides a measure of the resistance of a metal to permanent
indentation. This is done by measuring the additional depth to which an indenter is forced by a
load beyond the depth of previously applied light load (pre-load) [Wilson Instruments]. We used
the CVN specimens previously tested for toughness to conduct these hardness tests per ASTM
E18.

Different scales can be used to measure hardness. For steel and hard metals, Rockwell Hardness

Scales B or C are commonly preferred. The former, HRB, uses a 1/16” steel ball as indenter and

a 100kgf test force, whereas HRC uses a spheroconical diamond indenter and a 150 kgf test load.
The pre-load was 10 kgf in both cases, in accordance with ASTM stipulations. The details of the
procedure can are covered by ASTM E18/AASHTO T80.

We used HRB in all of our tests, expect in one case where the cooled metal was too hard, and
had to use HRC, and used a Hardness testing machine Mitutoyo ATK-600.

(b)
Figure 16. (a) Rockwell hardness machine setup, and (b) specimen placed beneath the indenter.

According to ASTM E-18 testing procedure recommendations, a daily verification of the digital
hardness reading should be performed using a standard test block. Since we conducted all the
hardness tests in one day, we performed this verification once for before starting the HRB
procedure, and once before using HRC. Both verifications were successful, with hardness
readings falling in the specified tolerances.

After these initial verifications, the specimen could be placed on the flat anvil. The indenter was
then brought into contact with the steel, and the pre-force applied (this is achieved when a
reading of 360 to 370 is obtained on digital monitor, c.f. Mitutoyo). Force was then increased
and the hardness reading was obtained.

According to ASTM-E18, several conditions had to be met before testing. A room temperature

of 50-95°F, but also a minimum steel specimen thickness of 10 times expected indentation depth
should be used (for HRC, minimum of 0.04 in specified as approximation). Finally to ensure
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accurate test results, the distance from center of indentation to edge of specimen must be at least
2.5 diameters and distance between two consecutive indentations must be at least 3 diameters.

5.0. FINDINGS OF EXPERIMENTAL RESULTS

The experimental results are presented in this section. A discussion of the effects of the
parameters studied is presented in Section 5.0.

5.1. Ambient Test Results (Control Group)

A summary of the ambient test results are presented in Table 3 where [y is the yield stress, [1y iS
the ultimate stress, and E is the modulus of elasticity. These results are what will be used for
comparison and represent the ‘control group’. It is seen that both materials have similar
properties at ambient except that Material 1 has a larger fracture toughness (as represented by the
CVN tests) and smaller [, than A588. Figure 17 shows the tensile test results for the two
materials.

Table 3. Summary of ambient temperature (unheated) test results.

Tensile tests CVN Tests Rockwell B Tests
Ty (ksi) Ty (ksi)  E (ksi) (ft-Ib) hardness
Specimen avg. avg. avg. avg. std. dev avg. std. dev
Material 1(1A) 59.0 71.0 28930 | 183 20 80.7 0.6
Material 2 (A588) (2A) 58.7 84.8 27760 | 125 10 86.1 0.4
18
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Position (in)

Figure 17. Ambient tensile test results for Material 1 and Material 2.
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5.2. ‘Hot’ Tension Tests

Table 4 presents [1, for the tensile tests that were done while the specimen was heated to the
target temperature. Figure 18 plots [1, normalized by the ambient stress value. It is seen that, as
expected, [y decreases with increasing temperature. Also, the A588 steel loses strength faster at
elevated temperatures than Material 1.

For highly nonlinear materials, the yield stress ([y) is typically measured by the 0.2% offset
method. Due to set up constraints, we were not able to measure strain directly (an extensometer
could not be placed in the furnace). The string pot located outside the furnace provides some
indication of yield, but until we can analyze the specimens further to show that all elongation
occurred in the gage length, we cannot report the yield stress values for elevated temperatures.

Table 4. Summary of ‘hot’ tension tests.

Spec. u (Ksi)
each avg ratio*
70.7
1A 713 71.0 --
70.8
1H-800 69.0 0.97
i 67.1 -
[5+] 2] .
‘= 43.6 g
§ 1H-1000 44.7 44.1 0.62 E O;
23.7 g -
1H-1200 237 23.7 0.33 = 06
9.1 T 04
1H-1500 8.3 8.7 0.12 2 45 Material 1 A588
84;8 : 0
o]
2A 84.8 84.8 -- = 0 250 500 750 1000 1250 1500
) 60.8 Temperature (F)
X | 2H-800 61.9 0.73
g 63 Figure 18. Normalized ultimate stress versus
%‘ 2H-1000 35? 42.4 0.50 temperature
S i
g 2H-1200 211 21.1 0.25
7.8 7.9
2H-1500 80 0.09

* ratio = the average value of the 1H or 2H specimens
divided by the average value of Specimen 1A or 2A.

Figure 19 plots the load-displacement curves of the heated specimens for Material 1 and Material
2 (A588). For Material 1, all the specimens presented in these figures were the flat 30 inch long
specimens. Material 2 used 36 inch long specimens (Fig.7) except for the ambient temperature
tests (2A), which were the standard 5-inch long round specimens (Fig. 6). Note that data for the
two 1H-1200 specimens has had to be corrected due to initial pre-compression due to closing of
the clamps. Also, it can be seen from Figure 19 that one curve for 2H-1200 is off from the origin
of the plot. This is because for this particular specimen the initial pre-compression applied by
clamping was not zeroed. For this reason, results for this specimen were omitted from Table 4.
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Overall, it is observed that the pairs of specimens give similar results thus indicating that two

specimens per temperature is sufficient.
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Figure 19. Load-displacement curves for (a)Material 1, and (b) A588
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Figure 20. Comparison of Materials 1 and 2 (A588) at (a) 800°F, (b) 1000°F, (c) 1200°F, (d) 1500°F.
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In addition to observing the difference in tensile test results with increasing temperature it is
interesting to compare the load-displacement behavior at a given temperature between the two
different steels studied in this report. In Figure 20, for the 1500°F tests, some unusual jumps in
the stress-strain curves can be observed. These were caused by a change in the strain rate that
was programmed into the controller software without the researchers being aware of it. In the
software used to control the tensile test, a strain rate of 0.1 in/min was set until 1” total
displacement was measured. After this amount of head travel, the software automatically
changed strain rate to 0.5 in/min. Unknowingly, the strain rate changed during two of the four
1500°F tests (1H-1500A, 2H-1500).

5.3. ‘Residual’ Tension Tests

Two standard round specimens were tested for each CIA and CIW specimen (see Table 1).
Tables 5 and 6 summarize the results for these specimens (for Material 1 and 2, respectively),
which represent the residual strength of the material after being heated and cooled. The yield
0.2% offset method was used to calculate the yield stress (oy) for all specimens. Figure 21 shows
the stress-strain curves for some of the residual tension strength tests. The strains were measured
using the extensometer, which needed to be removed after yield to protect it from falling off the
specimen and breaking.

===1Ca-800

Stress (ksi)
N
o

5
= ---1Ca-1000 30 ---1Cw-800
@ 30
o ---1Ca-1200 ---1Cw-1000
o 20 -==1Ca-1500 20 ---1Cw-1200
10 -7 10 -==1Cw-1500
o & 0
0 0.001 0.002 0.003 0.004 0 0.001 0.002 0.003 0.004
Strain Strain
a) b)
80
80
70
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P 60
60 3
50 & f— 50
—_— — ——— w
g 40 —2Ca-800 g 40 —2Cw-800
2 30 —2a-1000 “? 30 —2Cw-1000
@ 20 2€a-1200 20 —2Cw-1200
10 10
o —2Ca-1500 —2Cw-1500
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c) d)

Figure 21. Stress-strain relationships for few specimens of (a) Material 1 CiA (b) Material 1 CiW (c) Material 2
(A588) CiA and (d) Material 2 (A588) CiW at temperatures varying from 800 to 1500°F.
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Table 5. Residual tensile test results for Material 1.

Spec. y (ksi) o (ksi) E (ksi)
each avg ratio* | each avg ratio* | each  avg ratio*

1A |0 sss |10 om0 - | 20100 2030 -
w202 558 101 | 507 705 099 | 3020 32250 111

P 1o 2?; 592 1.07 %g 723 102 ggggg 26560 0.9
OIS oA 61 1on | 107 709 100 | o) 31250 108
e ol 518 093 | 102 707 100 | 2°°0 28250 0.98
o 299 se4 107 | 129 728 103 | 5200 20500 102

> om0 517 104 | 130 7a3 105 | 3000 32840 113
© ol oyt 610 110 | 12 779 110 | 300 33040 147
1500 | apg 43 116 |jgpo wwie 158 | S0 29040 103

“* ratio = the average value of the CIA or CIW specimens divided by the average value of Specimen 1A.

Table 6. Residual tensile test results for Material 2.

Spec. y (ksi) u (ksi) E (ksi)
each avg ratio* | each avg ratio* | each  avg  ratio*

2A gg; 568 - gj:g 848 - ggggg 27760 -
e 23:2 576 1.01 gi:g 848 1.00 g%gg 35770  1.29

< 21(580 ggé 593 1.04 gg:i 852 1.00 ggigg 29730  1.07
° iggo ggg 59.2 1.04 gg:g 835 0.99 égg‘;g 30260 1.09
Zlggo ji:? 451 0.79 ;gg 79.4  0.94 ggggg 30520 1.10
2§)V(‘)" 22:471 56.6 1.00 gg:g 85.8 1.01 2?828 31490 1.13

> B g;g 574 101 gé:g 86.6 102 283‘7‘3 29760  1.07
© 21;‘% gg:g 589 1.04 SZ‘ 873 1.03 ;g;gg 26020  0.94
To00 | oy 91 169 |1gq 191 188 | 3170 20040 105

“* ratio = the average value of the CIA or CIW specimens divided by the average value of Specimen 2A.
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Figure 22 plots the average results for Material 1 steel specimens normalized by the control
values (specimens that were never heated). From Table 5 and Figure 22(a) it is observed that for
both cooled in water (CIW) and CIA specimens, [y typically stays within 10% of the control
value, except for the CIW specimens heated to 1500°F. The same is observed for [l in Figure
22(b) with one major exception: the CIW specimens at 1500°F experience a 58% increase in
value. The residual E value is plotted in Figure 22(c) and it is shown that the CIA specimens
generally fluctuate within 10% of the control value, but the CIW values all tend to be larger than
the control value and for CIW at 1200°F E exceeds the control by 17%.
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Figure 22. Normalized plots of average values of (a) gy, (b) oy, and (c) E for Material 1 specimens that were
heated to the temperature specified on the x-axis and cooled in air (CIA) or cooled in water (CIW). The
normalization is based on the average ‘control’ value from the specimens that were not heated.

Another general observation of these experiments is that for Material 1, brittle failure was
observed for the CIW specimens that were heated to 1500°F. Figure 23 compares the image of
the control (1A) specimen to the CIW specimen heated to 1500°F. The lack of ‘necking’ in the
CIW specimen on the right is a visual representation of the brittle nature of the material.

Brittle

Ductile

Figure 23. Ductile and brittle failure of Material 1 test specimens. Ductile failure is shown on the left for specimen 1A
(unheated) compared to brittle failure observed on the right for specimen 1Cw-1500.

Figure 24 plots the average results for A588 steel specimens normalized by the control values
(specimens that were never heated). From Figure 24(a), it is seen that for temperatures up to
1200°F, [y does not differ significantly compared to the control value regardless of cooling
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method. At 1500°F however, the CIA specimens only retain 79% of [1y and the CIW specimens
have a 69% increase in [Jy. Figure 24(b) shows that [y is hardly affected when the CIA method
is used. The same is observed for the CIW method except for 1500°F where an 88% increase in
[y is observed. Figure 24(c) shows that the CIA specimens experienced an increase in E values
on the order of 10% except for the 800°F specimen where E increased 29%. The CIW
specimens had residual E values that were generally within 10% (above or below) of the control
specimen value.
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Figure 24. Normalized plots of average values of (a) ay, (b) oy and (c) E for A588 steel specimens that were heated
to the temperature specified on the x-axis and cooled in air (CIA) or cooled in water (CIW). The normalization is
based on the average ‘control’ value from the specimens that were not heated.

5.4. Fracture Toughness

Table 7 summarizes the CVN test results that measure fracture toughness. Figures 25a and
26a plot the CVN energy (ft-1bs) for specimens with Material 1 and 2 (A588), respectively.
Figures 25b and 26b plot the CVN results normalized by the control CVN specimens (those that
were neither heated nor cooled). The results from Figure 25 show that for Material 1, the CVN
specimens that were heated to 800°F and 1000°F, the CVN values remain about the same
regardless if the specimen is CIA or CIW. For the CVN specimens heated to 1200°F, the CIW
specimens tend to have lower CVN energy than the CIA specimens. For CVN specimens heated
to 1500°F, the CIA specimens have slightly higher CVN energy compared to the control, while
the CIW specimens show a dramatic reduction.

Figure 26 shows that for specimens with A588 steel and heated to 800°F, 1000°F, and
1200°F, the CVN energies remained approximately the same regardless of whether the specimen
was CIA or CIW. For the specimens that were heated to 1500°F, the CIA specimen average
remained close to the control, but the CIW specimens showed a significant drop in their CVN
energies compared to the control specimens.
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Table 7. Summary of residual fracture toughness (CVN) results.

Material 1 Material 2 (A588)
CVN (ft-Ib) CVN (ft-Ib)
Spec. avg. std. dev. Spec. avg.  std. dev.
1A 183 20 2A 125 10
1Ca-800 164 24 2Ca-800 143 37
< 1Ca-1000 | 198 35 2Ca-1000 133 36
@)
1Ca-1200 | 193 41 2Ca-1200 156 18
1Ca-1500 | 218 16 2Ca-1500 127 38
1Cw-800 | 177 33 2Cw-800 132 21
= 1Cw-1000 | 195 34 2Cw-1000 127 25
© | 1cw-1200 | 156 10 | 2cw-1200 | 150 26
1Cw-1500 | 54 6 2Cw-1500 9 1
250 B . 1.4(
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Figure 25. Residual CVN energy for Material 1 specimens that were heated to the specified maximum
temperature and cooled in water (CIW) or cooled in air (CIA): (a) Results from all tests for each temperature and
cooling method, (b) CVN values normalized by the average ‘control’ value (specimens that were not heated).
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Figure 26. Residual CVN energy for A588 specimens that were heated to the specified maximum temperature
and cooled in water (CIW) or cooled in air (CIA): (a) Results from all tests for each temperature and cooling
method, (b) CVN values normalized by the average ‘control’ value (specimens that were not heated).

5.5. Hardness

Table 8 presents the average hardness values and the standard deviation. For both materials,
cooling method, and maximum temperature of heating, three CVN specimens were selected
randomly and three hardness measurements taken on each. Therefore, each of the values in Table
8 is the average of 9 measured values of hardness. The hardness test results are presented in the
HRB scale. However, specimen 2Cw-1500 had a hardness that exceeded the range measurable
accurately with the Rockwell Hardness B-Scale. Using the B Scale, readings above 100 may be
inaccurate due to blunt shape of ball indenter and the danger of ball flattening under high
pressure of the load. In these cases, the next heavier load or smaller penetrator should be used
[Wilson Instruments].

Since we were already using the largest test force for HRB (100 kgf) and smallest indenter
(1/16” diam), we conducted this test with HRC and converted the value to the B-Scale readings
per ASTM E140-12b. For example, the initial (average) reading in the HRB scale indicated a
value of 104.5. Using the HRC scale, the average reading for 2Cw-1500 was 28.5, which was
converted according to ASTM E140-12b for high-nickel alloys. The result of the conversion into
HRB scale reading was 104, indicating the initial reading was accurate enough.

Figures 27 and 28 plot the hardness values measured for Material 1 and A588, respectively. It is
observed that the CIA specimens, for both materials, retain their hardness values (essentially
unaffected). For the CIW specimens, however, a clear trend is observed where the larger the
temperature, the larger the residual hardness.
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Table 8. Summary of residual Rockwell Hardness tests.

Material 1 Material 2 (A588)
hardness (HRB) hardness (HRB)
Spec. avg.  std. dev. Spec. avg.  std. dev.
1A 80.7 0.6 2A 86.1 0.4
1Ca-800 | 80.8 0.5 2Ca-800 87.0 0.6
< 1Ca-1000 | 80.3 0.8 2Ca-1000 87.9 0.8
@)
1Ca-1200 | 80.6 0.6 2Ca-1200 88 0.8
1Ca-1500 | 79.1 15 2Ca-1500 88.9 15
1Cw-800 | 81.5 11 2Cw-800 88.4 0.6
> 1Cw-1000 | 83.5 1.0 2Cw-1000 | 89.8 0.5
© 1Cw-1200 | 86.2 0.9 2Cw-1200 | 91.3 11
1Cw-1500 | 92.4 11 2Cw-1500 | *104 1.0
*Converted value from HRC to HRB scales.
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Figure 27. Residual Rockwell hardness results for ~ Figure 28. Residual Rockwell hardness results for
Material 1. Material 2 (A588)
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6.0. CONCLUSIONS

The mechanical properties of A588 weathering steel that has been exposed to high temperatures
was studied in comparison to another material (‘Material 1”) whose chemical composition and
mechanical properties allowed it to be classified by ASTM as both an older weathering steel
(A242), a steel commonly used in building construction (A992), and also A709 Grade 50, a non-
weathering steel used for bridges. The properties studied include the residual (after heating and
cooling) stress-strain, fracture toughness, and surface hardness. In addition to material type,
other parameters studied were temperature (427° C (800° F), 538° C (1000° F), 649° C (1200
°F), and 815° C (1500 °F)) and cooling methodologies (cooling in air (CIA), and cooling in
water (CIW)). The CIW method represents firefighting effects

6.1. Effect of Temperature on Tensile Capacity

The general trend observed for both materials is consistent with what is expected for steel at
elevated temperatures: with increasing temperature there is reduced stiffness, reduced ultimate
strength, and increased ductility. However, there were some unexpected behaviors. For
example, for both materials, the ultimate strain for the tests at 1000°F decreased compared to the
800°F tests.

6.2. Effect of Cooling Method on Residual Mechanical Properties

The two cooling methods studied, cool in air (CIA) and cool in water (CIW), were selected to
reflect actual bridge fire situations. The two methods reflect two firefighting measures: do not
point the hose at the bridge and let it cool slowly, or use water to fight the fire and cool the
bridge quickly. The following summarizes the results:

e For both materials, the CIW and CIA specimens heated to 800°F, 1000°F, and 1200°F
resulted in no significant change in oy or oy or E.

e For specimens heated to 1500°F and cooled in water, a noticeable change in oy was
observed: 16% increase for Material 1, and 69% increase for A588.

e For specimens heated to 1500°F and cooled in water, a noticeable change in oy was
observed: 58% increase for Material 1, and 88% increase for A588.

e The specimens heated to 1500°F and cooled in water (CIW) failed in a brittle mode with
almost no necking in the specimen.

e The modulus of elasticity did not seem to be affected by the method of cooling.

e There did not appear to be a significant effect on CVN results for the CIA specimens.
However for the CIW specimens, there is a clear trend of decrease in fracture toughness
with increase in temperature. For example, for Material 1, the CVN value drops from
183 ft-Ib for the unheated specimen to 54 ft-Ib for the specimen heated to 1500°F and
cooled in water (CIW). For A588, the CVN value drops from 125 ft-Ib for the unheated
specimen to 9 ft-1b for the specimen heated to 1500°F and cooled in water (CIW).

e When heated and cooled slowly by air (CI1A), both materials seem to maintain a relatively
constant hardness. However, when cooled rapidly by water (CIW), a clear increase in
hardness is observed with increasing temperature.
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6.3. Comparison of Materials

The following summarizes the comparison of the two materials tested:

e At ambient temperature, the A588 steel has a larger (1, similar [1y, smaller fracture
toughness, and slightly larger hardness than Material 1.

e Atelevated temperatures, the A588 steel [y, decreases faster with increasing
temperatures and is more ductile for temperatures less than 1000°F compared to Material
1.

e The A588 steel seems to be affected more than Material 1 in terms of residual strength at
1500°F. At other temperatures there is not a significant effect on either material.

e Ab588 steel has lower fracture toughness values than Material 1

e A588 steel has larger hardness values than Material 1

7.0. RECOMMENDATIONS

The studies showed that at temperatures of 1200°F and below, the residual material properties of
both materials studied (representing the post-fire condition), were affected no more than on the
order of 10% compared to the unheated steel. However, specimens tested to 1500°F showed a
significant change in response, especially for the cool in water (CIW) method of cooling. At this
temperature, the steel has likely gone through a phase change. More studies are needed to
evaluate the microstructure changes that happen in this steel when it has been heated to 1500°F
and then cooled in air or water.

Practically speaking, however, a bridge that reaches 1500°F will experience significant
permanent deformations if this temperature is widespread and in that case it may need to be
demolished. Therefore, it is likely that if significant permanent deflections are not observed, a
bridge of A588 weathering steel could potentially be put back into service following a fire since
below this temperature, significant changes in material properties are not observed once the steel
has cooled.

A588 steel has lower fracture toughness and higher hardness than Material 1. Furthermore, for
the CIW specimens, there is a clear trend of decreasing fracture toughness with increasing
temperature. There is also a clear trend of increasing hardness with increasing temperature. It is
expected that the CIW method produces different microstructure changes than the CIA method,
thus resulting in the trends observed. But if temperatures are 1200°F and below, these changes
are not significant.

This study has characterized high temperature properties of a common weathering steel used in
bridges. The study has identified that further work is needed in evaluating microstructural
changes at elevated temperatures and with different cooling methods. In addition, ongoing work
is examining the effect of the patina on the thermal response.
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