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EXECUTIVE SUMMARY
In 2016, the Iowa Department of Transportation (DOT) replaced a bridge in Woodbury County
(on County Road K25 over I-29) with a four-span bridge partially constructed using ASTM
A1010 bridge steel. The general goals of this project were to evaluate the fundamental behavior
of girders fabricated using A1010 steel, evaluate the potential for galvanic corrosion when
various fastener types are used, and assess the in situ performance of the bridge.
Despite the wealth of information on the durability of A1010 steel in corrosive environments, the
literature had a gap concerning how this type of steel responds to the loads that bridge structures
experience during their service lives. Therefore, a comprehensive experimental program was
carried out to investigate the performance of A1010 steel under a four-point bending scenario to
determine the plate girder and composite flexural behavior.
A 52 ft 9 in. long girder was designed, fabricated, and tested, with the results also compared to
the current American Association of State Highway and Transportation Officials (AASHTO)
Load and Resistance Factor Design (LRFD) Bridge Design Specifications. Additionally, tensile
and fatigue tests were conducted to obtain the mechanical and fatigue behavior for the A1010
steel. Furthermore, live load tests for the A1010 steel bridge were conducted to identify any
changes in behavior that occurred with time. Also, the data were analyzed for differences in
response between the A1010 and A709 steel girders.
From the work carried out in this study, the researchers came to the following conclusions:


The predictions obtained utilizing actual material properties were reasonable compared to the
results obtained from the laboratory testing, which indicates the A1010 girder’s ability to
meet the AASHTO design requirements. When the designed material properties were utilized
for hand calculations, the flexural capacity measured from the laboratory test was 15.4%
higher. This may be due to the difference between the material properties of A1010 steel
obtained from tensile tests and the recommendation in design.



The fatigue limit for A1010 steel was found to be between 37.4 ksi and 40.8 ksi in the
laboratory testing. Thus, A1010 steel can provide adequate fatigue resistance according to
current fatigue design provisions.



In general, no apparent differences were observed between the A1010 and A709 girders
during field testing. Additionally, the calculated distribution factors from the measured field
strains and the AASHTO-recommended equations were investigated for comparison. For all
cases, the maximum measured distribution factors were less than those calculated using the
equations.



The live load tests performed on the A1010 steel bridge over two years indicated that the
changes of structural performance were minimal.

xiii

Further field studies are being conducted to evaluate the potential for galvanic corrosion when
different types of bolts and welds are used. To achieve this goal, the following work will be
carried out:


Long-term observational monitoring of galvanic corrosion of a full-scale cross frame will be
conducted, which will provide data for two types of bolted connections, i.e., stainless steel
bolts and galvanized steel bolts.



Long-term monitoring of an A1010 plate placed at the bridge site will be conducted and
periodically documented for the development of corrosion products. The data and analysis
will be presented in a future report, which will assess the galvanic behavior for the A1010
steel panel throughout the exposure time.

The results of this work will help in understanding the importance of controlling and reducing
galvanic corrosion for future A1010 steel bridges located in the region.
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CHAPTER 1. INTRODUCTION
1.1 Project Background
Corrosion, known as the deterioration of a metal as a result of chemical reactions between it and
the atmospheric conditions, can significantly jeopardize the long-term performance and integrity
of a steel bridge. Each year, about $273 billion is funded for corrosion maintenance in the US,
and $8.3 billion of that is spent on repair and replacement of highway bridges (Koch et al. 2002,
Cambier 2014).
Many factors affect the extent of corrosion, such as temperature, humidity, salinity, and type of
metal. However, while these environmental stressors are unavoidable, innovative material
selection, such as choosing a corrosion-resistant structural steel, can avoid damage or an
unacceptable appearance due to corrosion products and can achieve a longer service life for
bridges.
Steel highway bridges are susceptible to corrosion over time. Thus, the cost of their maintenance,
such as painting or replacing, is expected to increase. The maintenance costs will be magnified
with the indirect costs associated with possible bridge closures and the loss of business.
Painted conventional steel and unpainted ASTM A709 50W weathering steel have been used
traditionally as mitigation for corrosion. However, bridges with these steels or treatment may
require regular and costly maintenance over their design lives, when the protective oxide or
oxyhydroxide layer is barely formed, for example, for A709 weathering steel—due to the lack of
the frequent drying required (FHWA 2011).
One structural stainless steel, which is described in ASTM A1010 (2014), has been recently
utilized by some departments of transportation (DOTs) in the US to overcome the corrosion
issues of conventional weathering steel in bridge construction (Via and Harrop 2017, Seradj
2015). A1010 steel is relatively new to the market of structural stainless steel and is a nominal
12% chromium (10.5% minimum and 12.5% maximum) steel that is reported to have enhanced
corrosion resistance compared to traditional painted structural steels, weathering steels, and
galvanized steels. A1010 steel has been successfully used in environmentally aggressive
applications, such as coal rail cars and coal processing equipment. Although more expensive
initially, it is possible that bridges constructed using A1010 may have longer service lives and,
therefore, lower overall life-cycle costs.
In 2016, the Iowa DOT replaced a bridge in Woodbury County, on County Road (CR) K25 over
I-29, with a four-span bridge partially constructed using ASTM A1010 bridge steel. Despite the
wealth of information on the durability of A1010 steel in corrosive environments, the literature
had a gap concerning how this type of steel responds to the loads that bridge structures
experience during their service lives. To investigate this critical aspect and facilitate the future
use of A1010 steel, this study devised a holistic structural testing program.
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A 52 ft 9 in. (16 m) long girder was designed, fabricated, and tested under a four-point bending
setup. The girder’s ability to meet the design expectations was assessed by comparing the results
with the American Association of State Highway and Transportation Officials (AASHTO) Load
and Resistance Factor Design (LRFD) Bridge Design Specifications (AASHTO 2017). In
addition, tensile and fatigue tests were carried out to obtain an in-depth understanding of the
performance of A1010 steel under both monotonic and cyclic loading scenarios. This led to the
development of load-displacement, stress-strain, and S-N curves that can be further employed for
a safe and efficient design of structural members made with A1010 steel. Moreover, field testing
over two years following the construction of the Woodbury County bridge was performed to
assess the in situ performance of A1010 steel girders.
1.2 Research Objectives and Scope
A1010 steel is relatively new to the market of structural stainless steel and seldom has been
utilized for bridge construction in the US. Although the development of A1010 steel in the US is
very recent, it is rapidly gaining interest for application in highway bridges. Valuable research
studies on A1010 steel coupons have been conducted to investigate the chemical and mechanical
properties, weldability, constructively, cost, and general uniform corrosion properties under
accelerated conditions (ArcelorMittal 2010, 2013, and 2015, Cook and Granata 2002, Fletcher
2011, Fletcher et al. 2003 and 2005, Fletcher and Gagnepain 2007, Groshek 2017, Seradj 2010
and 2015, Via and Harrop 2017). However, limited efforts have focused on the evaluation of the
structural performance and fatigue behavior of A1010 steel, or the service condition of
corresponding bridges made with A1010 steel in the field.
The primary goals of this work were to evaluate the fundamental structural behavior of girders
fabricated using A1010 steel and to characterize their fatigue behavior. Thus, a full-scale
experimental program was established, and the results were compared to predictions obtained
from AASHTO equations. Also, fatigue testing was performed with the goal of investigating
fatigue characteristics using the method of fatigue life prediction, with the performance
compared to that of conventional steel girders.
1.3 Research Tasks
The following tasks were established for this work:
Task 1 – Literature Review
A literature review was conducted to identify pertinent information related to the use of ASTM
A1010 steel. This literature review included identifying ongoing and completed research related
to the corrosion resistance, mechanical properties, and structural performance of A1010 steel.
Also, information on actual installations was sought and summarized from state DOTs that have
used A1010 steel on bridges.
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Task 2 – Laboratory Evaluation of A1010 Girders to Meet AASHTO Design Provisions
With any new material, there are questions about how a structure designed with the material will
meet current design assumptions and provisions. In many ways, testing of this type is needed
merely to convince people that “it will work.” The goal of Task 2 was to complete such testing.
For this testing, a 52 ft 9 in. long girder was fabricated as part of a Woodbury County bridge
project and delivered to the Structural Engineering Research Laboratory at Iowa State
University. The girder exactly replicated what had been constructed and used as two of the four
girders in the Woodbury County bridge.
To test the girder’s ability to meet current AASHTO design provisions, a composite concrete
deck was constructed on top of the girder, and the composite section was tested under four-point
bending. Among other items, this testing was to ensure that the section had adequate ductility.
Task 3 – Testing of Galvanic Corrosion Potential
Following the completion of the testing in Task 2, two approximately 12 ft long sections of the
girder were removed and retained to test their galvanic corrosion potential when used with two
different types of bolts. The two sections of the steel beam were connected with a galvanized
steel cross frame. At one beam location, the girder and cross frame were connected using
stainless steel bolts, and, on the other side, galvanized steel bolts were used. The entire system
was placed outside and observed for the length of the project to monitor the development of
corrosion.
Additionally, an A1010 corrosion monitoring plate was placed at the bridge site, and the research
team periodically monitored it and documented the development of corrosion products.
Task 4 – Testing of Fatigue Behavior
Coupon testing and its associated mathematical model were developed to predict the fatigue life
of A1010 steel. In this study, the stress-life method was adopted to predict the fatigue life for
A1010 steel. In the stress-life method, the calculated elastic stress range was used with an S-N
curve (a log-log plot of stress range versus the number of cycles to failure) to determine the
fatigue life.
Task 5 – Bridge Field Testing
Following construction, the bridge was live-load tested. For field testing, a variety of strain
transducers were installed on the bridge superstructure. These gauges were placed on both the
A1010 girders and the A709 girders and components.
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A loaded truck of known weight and dimensions was driven across the bridge with the resulting
response data collected. About a year later, the test was repeated with similar data collected. The
data from both tests were compared to identify any changes in behavior that occurred with time.
Additionally, the data were analyzed for differences in response between the two steel types used
for the bridge girders.
1.4 Report Layout
This final report consists of seven additional chapters and a References section.
Literature Review (Chapter 2)
This chapter includes the results of a literature search and review and summarizes current
knowledge, including substantive findings, as well as theoretical and practical contributions
related to ASTM A1010 steel.
Laboratory Testing (Chapters 3 and 4)
Chapters 3 and 4 cover the laboratory tests performed on an A1010 steel girder and the results.


Test A – 50% yield moment testing for the A1010 plate girder
To examine the flexural performance of the A1010 plate girder and verify the loading
system, a two-point bending test was performed on the girder. To minimize the possibilities
of damaging the girder, testing was limited to inducing moments in the girder to only 50% of
the yield moment for the plate girder. The data that were recorded were also compared to the
results obtained from hand calculations.



Test B – 50% yield moment testing for the A1010 steel-concrete composite section
To investigate the flexural performance of the A1010 steel-concrete composite section and
verify the loading system, a two-point bending test was performed again on the A1010 plate
girder with the concrete deck that had been placed over it. To minimize the possibilities of
damaging the girder during this testing, testing was limited to inducing moments in the girder
to only 50% of yield for the steel-concrete composite section.



Test C – Ultimate capacity for the A1010 steel-concrete composite section
To evaluate the ultimate flexural capacity of the composite girder, the A1010 steel-concrete
composite section was tested under two-point bending until failure. The measured results
were compared to the hand calculations obtained from the AASHTO equations.
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Fatigue Investigation (Chapter 5)
This chapter covers the testing to evaluate the fatigue behavior for A1010 steel. Coupon testing
and its associated mathematical model were developed to predict the fatigue life of A1010 steel.
Field Testing (Chapter 6)
This chapter covers the field testing conducted after bridge construction and one and two years
later.
Galvanic Corrosion Testing (Chapter 7)
This chapter covers the galvanic corrosion testing, which will be ongoing, that evaluated two
specimens: a full-scale A1010 steel cross frame and an exposed A1010 research plate.
Summary, Conclusions, and Recommendations(Chapter 8)
In this chapter, the fundamental conclusions of this project are summarized based on all aspects
of the work, planned future work is described, and recommendations for additional future work
are listed.
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CHAPTER 2. LITERATURE REVIEW
A literature review of technical publications was conducted to identify pertinent information
related to using ASTM A1010 steel. This literature review included identifying ongoing and
completed research for A1010 steel related to its physical properties, mechanical properties,
structural behavior, corrosion performance, and cost analysis. Also, information on actual
installations was sought and summarized from state DOTs that have used A1010 steel in bridges.
2.1 Corrosion Issues for Structural Steel Bridges
According to a report submitted to Congress from the Federal Highway Administration
(FHWA), in 2012, there were 607,380 bridges in the US, with 30% of them categorized as
structurally deficient or functionally obsolete (FHWA 2016). Almost 4 in 10 of these bridges
were 50 years old or older, which indicated that most of these bridges are in the process of
increasing maintenance costs and in need of repairs or replacement.
Steel highway bridges, which accounted for 200,000 of the total number of bridges, have a high
potential to corrode with time. Correspondingly, the cost for the further required maintenance
work on them, such as painting or replacement, will increase. Figure 1 shows the relationship
between the cost of maintenance for a typical bridge and its structural condition from a white
paper published by NACE International (2012).

NACE International 2012

Figure 1. Typical bridge condition as a function of time
As shown, not only does the price of maintenance tend to increase with the deteriorating
condition of the structure, but the rate of the cost also increases exponentially with the worsening
condition of the structure. This implies that, for a maintenance cost on a bridge in the corrosion
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propagation phase that is not addressed this year, the cost may increase exponentially in the next
year, and costs will continue to grow until the bridge needs to be replaced.
2.2 Weathering Steel Bridge Overview
ASTM A588 and A709 steel are characterized as weathering steels that have been utilized for
bridge infrastructures to mitigate their corrosion damage in the US (ASTM 2015a, 2017). The
first weathering steel bridge was constructed in Moline, Illinois, and opened in 1964. Since then,
the use of weathering steel has spread nationwide for bridge infrastructure because of its robust
performance and improved atmospheric corrosion resistance with its potential to form passive,
protective rust or patina on the surface (Kihira et al.1990).
However, the protective patina is not guaranteed to form on weathering steel in severe service
conditions, such as coastal and deicing salt environments (Albrecht and Naeemi 1984, Cook et
al. 1998, Crampton et al. 2013, Fletcher 2005 and 2011, Fletcher et al. 2003 and 2005, McDad et
al. 2000). In 1982, 49 bridges in Illinois, Maryland, Michigan, New York, New Jersey
(Turnpike), North Carolina, and Wisconsin, were inspected by a group from the American Iron
and Steel Institute (AISI) (1984) with the goal of evaluating the corrosion resistance performance
of weathering steel. Most of the inspected bridges showed decent corrosion resistance
performance, but five bridges exhibited heavy corrosion due to the inadequate formation of a
protective patina. Salt contamination and prolonged time of wetness were concluded to be the
two main reasons to account for the difficulties in the creation of patina.
To investigate the protective layer formation mechanism for weathering steel after long-term
atmospheric exposure, Cook et al. (1998) conducted a study utilizing a series of techniques
(Mössbauer spectroscopy, Raman spectrometry, and x-ray diffraction). The researchers studied
the protective layers that formed between 11 and 29 years after construction on exposed
weathering steel coupons in industrial environments in the US and Japan. The researchers found
that a protective layer of nanophase goethite formed at the steel surface to inhibit further
corrosion damage. However, they also concluded that the requirement of frequent drying and the
presence of chlorides in coastal and deicing salt environments were undesirable for the formation
of such a protective patina for weathering steels.
McDad et al. (2000) presented the issue associated with patina formation in a survey conducted
for the Texas DOT (TxDOT) and Cook and Granata (2002) did so in a survey for the New York
State DOT (NYSDOT). The protective oxide film was found to be not well developed for some
weathering steel bridges in areas that were not directly exposed to wet-dry cycles. Figure 2a
shows an example at a girder splice section where the top and sides of the steel developed a well
and adhered protective film.
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a) Underside on Loop 360 Bridge arch

b) SH 124 Bridge stiffener

McDad et al. 2000

Figure 2. Weathering steel bridge elements
However, when the steel is not directly exposed to rain and sun on the bottom surface, the patina
is not well formed. Figure 2b shows an example of limited patina forming on a weathering steel
surface on the SH 124 Bridge where the mill steel was observed in some areas, which resulted
from the high chloride environment of the Gulf Intracoastal Waterway.
Cook and Granata (2002), conducted a statewide site survey for the NYSDOT to assess the
performance of patina formations for weathering steel bridges. They reported there were about
50 bridges inspected along the I-390 corridor in the Rochester, New York, vicinity for which the
protective rust layer did not develop.
Crampton et al. (2013) inspected 31 bridges in Iowa to document the quality of patina formation
for weathering steel bridges. These bridges were categorized into 12 groups based on the various
location environments. A series of testing methods were utilized to rate these bridges, including
visual inspection, tape adhesion testing, chloride testing, color testing, laboratory analysis of
corrosion product of physical samples, and high-pressure washing. In the field visual inspection,
bridges were rated from Category 1, indicating a substantial failure of patina, to Category 5,
indicating an excellent protective behavior with an immature, developing patina, to represent
different stages of performance. Crampton et al. 2013
Figure 3 illustrates the comparison between a heavily chalked surface due to unformed patina
and a typical well-adhered patina for weathering steel girder bridges.
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a) Category 1

b) Category 5
Crampton et al. 2013

Figure 3. Close-up of patina formation
As shown, the delamination of the patina on the surface of weathering steel, which may permit
salt and moisture to penetrate the rust interlaminations, may induce additional corrosion damage.
Therefore, weathering steel bridges cannot be guaranteed to eliminate maintenance for corrosion
in severe service environments where the protective rust film is not able to form on the surfaces.
In circumstances where the performance of weathering steel is unsatisfactory, innovative
material selection, such as choosing a corrosion-resistant structural steel, can avoid damage or an
unacceptable appearance and can achieve a longer service life.
2.3 ASTM A1010 Bridge Steel
2.3.1 Background and Projects
To eliminate regular and costly maintenance over the design life of bridges, a fairly new type of
structural steel, ASTM A1010 steel, has been utilized by some DOTs in the US (Via and Harrop
2017, Seradj 2015, Fletcher et al. 2003, Fletcher and Gagnepain 2007, ArcelorMittal 2015).
A1010 steel is relatively new to the market of structural stainless steel and is a nominal 12%
chromium (10.5% minimum, 12.5% maximum) material that is reported to have enhanced
corrosion resistance over that of traditional painted structural steel, weathering steel, and
galvanized steel. When this report was written, only six A1010 steel bridges had been built in the
US.
In 2004, a short-span, box-girder bridge was built using A1010 steel on Fairview Road over the
Glenn-Colusa Main Canal near Williams in Colusa County, California (Fletcher and Gagnepain
2007). This bridge is a multi-cell girder bridge 72 ft 6 in. long and 31 ft 6 in. wide. Finite
element modeling was conducted to estimate loads and deflections. Shortly after the bridge was
opened to the traffic, the deflections and stresses were measured from the strain gauges installed
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in various locations on the bridge. The obtained stresses and deflections were in good agreement
with the design assumptions.
The second A1010 bridge was built over a local creek at a Coatesville, Pennsylvania, steel plant
in 2012 (ArcelorMittal 2013).
The Oregon DOT constructed two A1010 steel bridges spanning more than 120 ft (one in 2012
and the other in 2013). The first was built near Astoria at Dodge Creek, and the other one was
located on US 30 at Mill Creek.
In 2016, the US 340 bridge was constructed in Waynesboro, Virginia, with ASTM A1010 steel
plate girders, cross frames, and stainless-steel bolts. This bridge was built because of corrosion
concerns associated with the low clearance above the average water level (8.5 ft), the high
potential of being inundated after storms, and the close location to an industrial area. The
stainless-steel fasteners were utilized for bolted girder splices to ensure the corrosion-resistance
performance was similar to that of the primary A1010 steel girders.
In 2016, the Iowa DOT built a four-span bridge in Woodbury County using both ASTM A1010
steel and ASTM A709 weathering steel. This bridge is a two-lane, four-span, continuous, steel
girder bridge located on CR K25 over I-29 (called the Salix, Iowa, interchange). As the
replacement of the previous precast, prestressed concrete beam bridge, this bridge was skewed at
17 degrees with a total length of 403 ft and a width of 40 ft.
2.3.2 Material Properties
There have been numerous studies to investigate the material properties for A1010 steel
(ArcelorMittal 2015, Daghash and Ozbulut 2017, Fletcher 2011, and Fletcher and Gagnepain
2007). Table 1 lists the specified chemical composition of A1010 steel from the ASTM standard
(2014) and the steel producer, ArcelorMittal USA.
Table 1. Specified composition of A1010 steel (wt. %)
C
Mn
P
S
Si
Cr
Ni
N
Mo
ASTM A1010 0.030 1.50 0.040 0.010 1.00 10.5-12.5 1.50 0.030
ArcelorMittal 0.025 1.50 0.040 0.010 0.70 11.0-12.5 1.00 0.030 0.20-0.35

As a corrosion-resistant metallic alloy, A1010 steel is a low-cost 12%-chromium dual-phase
stainless steel, first developed by ArcelorMittal USA. The required mechanical properties of
A1010 steel, A709 weathering steel, and A240 stainless steel are documented by ASTM
Internatioal specifications as shown in Table 2.
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Table 2. Specified mechanical properties of A1010, A709, and A240 steel
ASTM
Grade
A1010
Grade 40
A1010
Grade 50
A709
Grade 50W
A240

Yield
strength, min,
ksi [MPa]

Tensile
strength, min,
ksi [MPa]

Elongation in
2 in. (50 mm),
min, %

Brinell
hardness,
max.

40 [275]

66 [455]

18

Not required

50 [345]

70 [485]

18

Not required

50 [345]

70 [485]

21

–

40 [275]

66 [455]

18

–

Sources: ASTM 2014, 2017, and 2018

Based on the data in the table, A1010 is confirmed to have a minimum yield strength of 50 ksi
(275 MPa) that is equivalent to A709 Grade 50W. ArcelorMittal (2015) has conducted tensile
testing for measuring the yield strength and ultimate tensile strength of A1010 steel on more than
200 coupons. It was concluded that the average for yield strength was 58 ksi (400 MPa) and
ultimate strength was 77 ksi (531 MPa).
Daghash and Ozbulut (2017) conducted a study to investigate the tensile strength for specimens
with different thicknesses oriented parallel and transverse to the rolling direction. The
researchers found that, for specimens cut parallel to the rolling direction, the average yield stress
and ultimate strength can increase by increasing the thickness. However, for specimens oriented
transverse to the rolling direction, the results showed higher strength compared to the ones
oriented parallel to the rolling direction.
The Charpy V-notch (CVN) test can determine the fracture toughness for steel materials.
Fracture toughness is the ability of a steel material to absorb the energy and plastically deform
while breaking when subjected to an impact load. ArcelorMittal (2015) performed a series of
CVN impact tests on more than 100 specimens for A1010 steel subjected to variations of
temperature between -50°F (-45°C) to 200°F (93°C). The results confirmed that A1010 steel
could meet the CVN requirements for high-performance steel Grade HPS 50W, as shown in
Figure 4.
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(a) Yield strength

(b) Ultimate strength
ArcelorMittal 2015

Figure 4. Tensile strength distribution for A1010 steel
2.3.3 Weldability
Since A1010 steel is relatively new to the market, it is not currently included in the AASHTO
and American Welding Society (AWS) D1.5 Bridge Welding Code. Seradj (2010) conducted a
study to evaluate the weldability of A1010 steel using all processes that are currently employed
for bridge fabrication. In his study, four 1 in. (2.54 cm) long sample sections were cut from four
A1010 T-welded samples that were made by utilizing an automatic submerged arc and semiautomatic flux core welding process. All of these samples could meet the AASHTO LRFD
Design Specifications, and all of them failed in the weld, with the fracture path through the weld
metal.
To obtain the fatigue behavior, Lijas and Ericsson (2002) conducted high-cycle fatigue testing
focused on UNS S32205 duplex stainless steel and their welds and compared the results with
austenitic stainless steel and carbon steel. The researchers concluded that the welds had a limited
effect on the fatigue strength for all steels. Even though the tested austenitic steel had higher
tensile strength than duplex steel, lower fatigue strength was obtained for austenitic steel. Among
all the steels, duplex steels showed a prominent fatigue behavior, which was more than twice the
fatigue strength of the carbon steel.
2.3.4 Corrosion Resistance
ArcelorMittal illustrates the difference between the mechanism of protective layer formation for
weathering steel and stainless steel when in contact with moisture in the air (ArcelorMittal 2010)
(see Figure 5).
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ArcelorMittal 2010

Figure 5. Comparison of reaction between weathering and stainless steel
As shown in the figure, due to the contribution of chromium, instead of the formation of iron
oxide (patina), a chromium oxide layer can be formed on the surface of the structural stainless
steel, which will further protect the material from corrosion.
The atmospheric corrosion resistance performance can actually be determined from the weight
percentage of each chemical composition of steel using the following Legault-Leckie equation
(ASTM 2015b):
𝐼 = 26.01(%𝐶𝑢) + 3.88(%𝑁𝑖) + 1.20(%𝐶𝑟) + 1.49(%𝑆𝑖) + 17.28(%𝑃) −
7.28(%𝐶𝑢)(%𝑁𝑖) − 9.10(%𝑁𝑖)(%𝑃) − 33.39(%𝐶𝑢)^2

(1)

The larger index predicted from equation (1) indicates the better atmospheric corrosion
resistance. Based on the chemical of composition, the weathering corrosion index was
comprehensively included for some structural steels summarized in Fletcher et al.’s study (2003),
as shown in Table 3.
Table 3. Compositions of different types of steel and A1010 corrosion indices (CIs)
Steel
A36
50W
70W
A1010

C
0.16
0.10
0.09
0.01

Mn
1.01
1.18
1.20
1.31

P
0.012
0.012
0.006
0.017

S
0.013
0.011
0.002
0.003

Si
0.22
0.36
0.36
0.56

Cu
0.02
0.30
0.33
0.02

Ni
0.02
0.31
0.33
0.50

Cr
0.03
0.53
0.53
11.9

Mo
V
Al
CI
0.00 0.003 0.051 1.15
0.01 0.039 0.048 6.62
0.06 0.062 0.014 6.64
0.28
–
0.001 17.70

50W and 70W represent A709 weathering steel at the respective grades

As shown in the table, ASTM A36 carbon structural steel (ASTM 2019) has minimum
atmospheric corrosion resistance. The corrosion index of ASTM A709 70W steel is 6.64, which
is close to that of ASTM A709 50W steel (with 6.62). However, the atmospheric corrosion index
of ASTM A1010 steel has the highest calculated value (of 17.70), and thereby has the most
promising weathering performance.
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Many laboratory accelerated cyclic corrosion tests and in situ exposure corrosion tests have been
conducted to investigate the performance of corrosion resistance for A1010 steel (ArcelorMittal
2010 and 2015, Cook and Granata 2002, Fletcher 2011, Fletcher and Gagnepain 2007, Groshek
2017, Seradj 2015).
Fletcher (2011) established a study to evaluate the corrosion performance for A1010 steel and
compare it to other bridge steel, such as ASTM A36 carbon structural steel and ASTM A588
weathering steel. The SAE J2334 laboratory corrosion test was performed through an automated
cyclic corrosion chamber. This test protocol ensured the corrosion that formed was subjected to a
high time-of-wetness and the presence of chlorides. A total of 100 cycles of NaCl solution was
sprayed on the sets of three corrosion coupons for each type of steel. Two of the coupons were
tested for mass loss, while x-ray diffraction (XRD) was utilized on the third coupon to
characterize the formation of oxyhydroxides on the steel surfaces. The results revealed that, as
the chromium content of the steel decreased from 11% to 5%, the corrosion resistance was
reduced. All of the chromium steel showed a lower corrosion rate than that of the ASTM A588
steel. Also, the analyses of the corrosion on the cyclic corrosion coupons from the XRD results
showed 11% chromium plates of steel had better corrosion rates than other steels.
To better understand the thickness loss in a severe corrosion environment for steel bridges, Cook
and Granata (2002) and Fletcher and Gagnepain (2007) conducted field exposure tests on the
Moore Drive Bridge in Rochester, New York. The first test was conducted in 2002 to investigate
the field performance for ASTM A1010 and ASTM A588 steel, and the second one was
followed by Fletcher and Gagnepain to evaluate the difference among different A1010 steels that
contained 9% chromium steel (9Cr), 7% chromium and 2% silicon steel (7Cr2Si), and 7%
chromium and 2% aluminum steel (7Cr2Al). The researchers concluded from the exposure tests
that ASTM A1010 steel had the best performance in corrosion resistance concerning thickness
loss of 0.58 mpy, while the thickness loss of ASTM HPS 50W was 2.03 mpy and ASTM A588
was 2.43 mpy. Also, the corrosion rate for 9Cr, 7Cr2Si, and 7Cr2Al was almost the same, which
was supported by the thickness loss of 1.07, 1.20, and 1.11 mpy, respectively.
2.3.5 Galvanic Corrosion
Despite promising atmospheric corrosion resistance performance, one of the greatest corrosion
concerns for utilizing A1010 steel in bridge applications is the potential for galvanic corrosion or
bimetallic corrosion. Galvanic corrosion is an electrochemical process between two dissimilar
metals when they are in electrical contact with each other. When galvanic corrosion takes place,
polarization is induced by the formation of electrochemical cells at the anode and the cathode
(Francis 2000).
Two reactions could be defined in this electrochemical cell: anodic and cathodic, where each
reaction is named a half-cell reaction. In the cathodic reaction, electrons provided by the anode
metal move toward the cathode. In an acidic solution, the reaction is as follows:
2H+ + 2e- >>> H2 gas evolved

14

In a neutral solution, the reaction is as follows:
O2 + 2H2O + 4e- >>> 4OHIn an anodic reaction, the electrons tend to be lost and oxidized. The reaction is generally written
as follows:
Mn+ + ne- >>> Mn+
where,
M represents a metallic element herein
e- is an electron
n is the valence of the metal as an ion
For A1010 steel bridges, high-strength bolts and associated nuts and washers are used in the
connections, which introduces a high potential for galvanic corrosion. Groshek (2017) conducted
a laboratory test to investigate the galvanic corrosion behavior for A1010 steel. Three
investigations were conducted through cyclic salt spray testing: the galvanic corrosion of A1010
steel connected to plates and fasteners composed of dissimilar metals, the crevice corrosion of
A1010 plates connected to other A1010 plates, and the effect of different surface preparation
techniques on the corrosion behavior of A1010 steel. One cycle of the corrosion tests lasted for
20 hours and was divided into three stages: humid, salt solution application, and dry stage, and
80 cycles were carried out. Several methods of measurement—mass loss measurement, coating
thickness measurement, and visual observations captured through photographs—were used to
quantify the corrosion behavior for A1010 steel. These were the conclusions from the results:


A1010 steel plate: Orientation of the specimen had a significant impact on thickness loss
during the corrosion test. Horizontally oriented A1010 was found to be approximately 4
times more corrosion resistant than weathering steel, and 10 times more when vertically
oriented. Use of steel shot blasting appeared to result in reducing thickness loss rates for
A1010 plates compared to grit blasting, but may result in a more uneven formation of
corrosion at earlier exposure to the environment. However, grit blasting was recommended
for uniform aesthetic corrosion.



Assembled with other steel: The bimetallic connections of carbon and weathering steels
with A1010 steel were found to result in minor galvanic corrosion.. Hot-dip galvanized steel
appeared to have a potential issue of galvanic corrosion with A1010 steel, and the shedding
of the zinc coating caused staining on the A1010 surface.



Assembled with fasteners: Galvanic corrosion was found to increase when a B6 stainlesssteel bolt was connected with A1010 steel. However, the connection of A1010 steel and B8
Class 2 stainless-steel bolt assemblies exhibited negligible corrosion.
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Recommendations on the following were also provided from this study: in situ corrosion tests of
the A1010 plate (plate specimen and the existing bridge), galvanic corrosion of A1010 welding,
stress corrosion cracking of A1010 plates, and performance of coatings applied to A1010
stainless steel.
Ebrahimi et al. (2018) developed a study to evaluate the galvanic coupling corrosion risk
between A1010 steel and galvanized ASTM A325 Type І bolts, as well as that between A1010
steel and ASTM A320 B8 class 2 and A193 B6 stainless-steel bolts, and further compared the
results to that with A588 weathering steels. The experiments were performed by measuring the
galvanic coupling current and potential for the samples in the electrochemical cells, and visually
inspecting the samples in the salt spray chamber. The researchers found that the galvanic
corrosion potential between A1010 steel and B8 bolts was negligible given the measured
corrosion current was minimal. However, the use of A325 galvanized bolts was not
recommended in A1010 steel bridges due to the heavy corrosion that was obtained.
2.3.6 Fatigue Behavior
One of the most frequent causes of failure in structural steel bridges is fatigue. The stress
concentrations at the corrosion spots or in the vicinity of the bolt connections or welds are the
areas of most concern for fatigue issues. Unfortunately, no study to date has investigated the
fatigue behavior for A1010 steel.
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CHAPTER 3. LABORATORY TESTING
This chapter provides an in-depth description of the experimental testing methods utilized in this
project.
3.1 Introduction
This chapter includes the laboratory testing program developed in this study for the evaluation of
A1010 steel girders to meet AASHTO design provisions. With any new material, there are
questions about how a structure designed with the material will meet current design assumptions
and provisions. In many ways, testing of this type is needed to confirm that “it will work.”
For these laboratory tests, a 52 ft 9 in. long girder was fabricated as part of the Woodbury bridge
project and delivered to the Structural Engineering Research Laboratory at Iowa State
University. The girder section accurately replicated what was constructed in Woodbury County.
To test the girder’s ability to meet current AASHTO design provisions, the following three tests
were performed.


Test A – 50% yield moment testing for A1010 plate girder
To examine the flexural performance of the A1010 plate girder and verify the loading
system, the girder was subjected to a two-point bending test. To minimize the possibilities of
damaging the girder, testing was carried out to limit the moments in the girder with it
subjected to only 50% of the yield moment.



Test B – 50% yield moment testing for A1010 steel-concrete composite section
To investigate the flexural performance of the A1010 steel-concrete composite section and
verify the loading system, the A1010 plate girder was subjected to a two-point bending test
again with a concrete deck placed over it. To minimize the possibilities of damaging the
girder, testing was limited to inducing moments in the girder with it subjected to only 50% of
the yield moment for the steel-concrete composite section.



Test C – Ultimate capacity for an A1010 steel-concrete composite section
To evaluate the ultimate flexural capacity of the composite girder, the A1010 steel-concrete
composite section was tested under two-point bending until failure. The measured results
were compared to the hand calculations obtained from the AASHTO equations using
designed and real material properties.
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3.2 Material Property of A1010 Steel
The optical microscopic image of ASTM A1010 steel was obtained using Adler’s 300 Series
etchant, which colorized the structure, as shown in Figure 6.

a) 50×

b) 200×
Figure 6. Optical metallography of the base metal for A1010 steel
The base metal presents a dual-phase microstructure of ferrite plus austenite. As shown, the light
regions represent ferrite and the dark regions represent austenite. The dark particles scattered in
the images indicate the concentrations of nonmetallic inclusions.
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To determine the mechanical properties of A1010 steel, such as yield strength, ultimate tensile
strength, and elongation at fracture, tensile tests were conducted on three coupons under a
monotonic loading scenario by using a material testing system from MTS Systems Corporation.
The geometry of the coupon samples was designed by following the standard test method
according to ASTM E8 (ASTM 2016). The water-jet cutting technique was utilized for the
A1010 tensile coupons that were cut from the plates located in the elastic region of the failure
specimen after the ultimate bending test. Figure 7 shows the coupon sample preparation for the
A1010 tensile tests.

a) Water-jet control system

b) Coupon sample cutting
Figure 7. Tensile coupon sample preparation
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The MTS loading machine and its associated system were used for tensile testing. For each
specimen, electricity resistance strain gauges were attached on the polished surfaces to obtain the
strain and stress relationships during testing. The 0.2% offset yield strength was defined as the
yield strength for the A1010 steel coupon samples. As shown in Table 4, the average yield
strength and modulus of elasticity were determined to be over 68 ksi and 31,100 ksi,
respectively.
Table 4. Summary of A1010 coupon tensile test
Sample
C-1
C-2
C-3
Average
ASTM
A1010

Modulus of
Yield
elasticity (ksi) strength (ksi)
31,154.60
67.80
30,878.00
67.85
31,399.00
70.69
31,143.87
68.78
29,000

Ultimate
strength (ksi)
86.98
86.86
88.85
87.56

Elongation
at 4 in. (%)
17.95
18.92
17.06
17.98

70

18.0

50

The obtained results were further compared to the minimum required mechanical properties of
structural steels used for bridges as documented in the ASTM A1010/A1010M specification. As
shown in the table, the tensile strength for A1010 steel, i.e., modulus of elasticity, yield strength,
ultimate tensile strength, and elongation at rupture, can comply with all specification
requirements.
3.2 Specimen Design Details
As state previously, a 52 ft 9 in. long A1010 steel girder was designed and fabricated. Figure 8
shows the plate girder profile and the section geometry for the A1010 specimen.
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Figure 8. Details of plate girder specimen
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The thickness and width of the top and bottom flange were 1 in. and 12 in., respectively. A total
of 111 shear studs were welded on the top flange with 1 ft 5 in. spacing. The depth of the girder
web was 36 in.
3.3 Test Setup
3.3.1 Test A – 50% Yield Moment Testing for Plate Girder
Before building a concrete deck on the top, the A1010 plate girder was first tested under twopoint bending to examine the flexural performance and verify the loading system. With the goal
of minimizing the chance to introduce any residual stress to the specimen, testing was limited to
inducing moments in the girder subjected to only 50% of the yield moment for the plate girder.
The plate girder specimen was simply supported, loaded, and subjected to the load as shown in
Figure 9.

Figure 9. Loading setup for plate girder under 50% yield moment
The span was 52 ft 9 in. long, and the two loading points were spaced at 15 ft. The applied loads
were recorded by two load cells installed and attached to the loading actuators. The girder was
loaded up to 50 kips at each load location, which induced a moment of 1,000 kip-ft at the midspan of the beam.
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In this test, two categories of instrumentation were installed to collect data during the test:
electrical resistance strain gauges (ERSGs), and displacement transducers (DCDTs). A total of
12 ERSGs, located at quarter spans and mid-span, were placed on the top and bottom flanges to
obtain strain data for the plate girder. Also, a five DCDTs were placed vertically underneath the
beam to record deflections under loading effects with those placed at quarter spans and midspan, and near two end supports. The instrumentation scheme is shown in Figure 10.

Figure 10. Instrumentation plan for Test A
3.3.2 Test B – Service Load Testing for Steel-Concrete Composite Section
After Test A, to investigate the flexural performance of the A1010 steel-concrete composite
section and verify the loading system, the A1010 plate girder was subjected to a two-point
bending test again with a concrete deck placed over it. The geometry of the steel-concrete deck
composite beam section is shown in Figure 11.
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Figure 11. Geometrical dimensions and detailing of the composite beam section
The width and thickness of the deck were 7.5 ft and 8 in., respectively. Table 5 shows the
compressive test results for the concrete cylinders that were obtained from the two different
ready-mix trucks.
Table 5. Compression test results for concrete deck
Truck No. Samples Average (psi)
3
6,430.3
1
3
5,855.7
2
Combined
6
6,143.0
Average

The associated modulus of elasticity was calculated using equation (2) with a 28-day
compressive strength of 6,000 psi (AASHTO 2017).
𝐸𝑐 = 33,000 × 0.1451.5 × √𝑓𝑐′

(2)

where,
𝑓𝑐′ is the 28-day compressive strength of concrete in ksi
Figure 12 presents the critical steps for specimen fabrication.
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a) Formwork and reinforcement

b) Concrete placement

c) Deck finishing

d) Deck concrete curing

Figure 12. A1010 composite beam fabrication
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After curing for 28 days, the specimen was tested under a two-point bending scenario to
determine the composite flexural behavior of the A1010 steel-concrete composite section.
To minimize the possibilities of introducing any residual stress, testing was limited to inducing
only 50% of the yield moment for the steel-concrete composite section.
The steel-concrete composite beam was simply supported and loaded subjected to the load setup
shown in Figure 13.

a) Loading scenario

b) Side view of loading setup
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c) Bottom view of loading setup
Figure 13. Loading setup for composite beam under 50% yield moment
Similar to the loading setup of Test A, as shown in the figure, the span for the composite beam
was 52 ft long, and the two loading points were spaced at 15 ft. The applied loads were recorded
by two load cells installed and attached to the loading actuators. The girder was loaded up to
66.73 kips at each load location, which induced a moment of 1,334.6 kip-ft at the mid-span of
the beam.
In this test, two categories of instrumentation were installed to collect data during the test,
including ERSGs and DCDTs. A total of 12 ERSGs, located at quarter spans and mid-span, were
placed on the top and bottom flange to obtain strain data for the plate girder. Another 15 ERSGs
were attached on the top surface of the concrete deck and the longitudinal reinforcing steel bar in
the deck to support measurement of the longitudinal strain; they were located at the mid-span.
Also, five DCDTs were placed vertically underneath the beam to record deflection under loading
effects; they were placed at quarter spans and mid-span and near two end supports. The
instrumentation scheme is shown in Figure 14 and Figure 15.
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a) Top view

b) Cross-section view
Figure 14. Instrumentation plan for Test B
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a) Strain gauge arrangement on concrete deck

b) Strain gauge on A1010 steel
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c) LVDT and DCDT at S2 (mid-span)
Figure 15. Instrumentation program
3.3.3 Test C – Ultimate Load Testing for Steel-Concrete Composite Section
After two preliminary tests were conducted and the setup was verified, Test C was performed to
evaluate the ultimate flexural capacity on the same steel-concrete composite girder from Test B
under two-point bending up to failure. The measured results were compared to the hand
calculation obtained from the AASHTO equations using designed and real material property.
The loading setup was exactly the same as Test B. Including all the instrumentation from the
previous test, two DCDTs were additionally placed at the bottom of the deck at mid-span to
obtain the potential lateral-torsional buckling measurement for the specimen during the test. Two
LVDTs were placed horizontally at the interface between the steel girder and concrete deck to
obtain the longitudinal slip measurement during the test. They were placed at the mid-span and
near to one end support. The instrumentation scheme is shown in Figure 16.
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a) Two DCDTs installed at S0 (end support) and S2 (mid-span)

b) LVDTs installed at S2 (mid-span)
Figure 16. Instrumentation plan for Test C
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CHAPTER 4. LABORATORY TEST RESULTS
4.1 Results of Test A
The A1010 plate girder was tested under two-point bending to verify the loading setup and the
girder’s flexural behavior before the construction of the concrete deck. The girder was
monotonously loaded up to 50 kips at each load location, which induced a moment of 1,000 kipft at the mid-span of the beam. The measured test results were compared to those obtained from
the hand calculations performed by following the elastic flexural theory, as shown in equations
(3) and (4).
𝑃𝑎

𝛿 = 24𝐸𝐼 (3𝐿2 − 4𝑎2 )

(3)

where,
𝛿 is the deflection at mid-span
P is the load at each location
L is the span
a is the distance between the load location and end support
E is the modulus of elasticity
I is the moment of inertia of the plate girder
𝜎=

𝑀×𝑦

(4)

𝐼

where,

σ is the stress
M is the moment
y is the distance to the neutral axis
Figure 17 shows the relationship between the load-displacement curve measured from the test
and that obtained from the hand calculations.
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Figure 17. Load vs. displacement, Test A
As shown in the plot, displacement measured from the test was in a good agreement with that
obtained from the hand calculations.
The comparison between the strain profile measured from the test and that obtained from the
hand calculations subject to the load of 50 kips under Test A is shown in Figure 18.

Figure 18. Strain profile under Test A (50 kips)
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The associated values and difference are shown in Table 6.
Table 6. Comparison of the strain results under Test A (50 kips)

Location
Top flange of
girder
Bottom flange of
girder

Results measured
from test
(Micro-strain, 10-6)
North
South
side
side

Hand
calculation
(Microstrain, 10-6)

Error (%)
North
South
side
side

-645

-690

-719

11.5%

4.2%

702

404

719

5.0%

5.0%

As shown, other than the strain obtained from the top flange of the girder at the north side, the
measured versus calculated strain values are similar. The difference may be due to an offset in
load between the four actuators.
4.2 Results of Test B
As mentioned, the A1010 steel-concrete composite beam was tested under two-point bending to
verify the loading setup and the girder’s flexural behavior, after construction of the concrete
deck. The beam was monotonously loaded up to 66.73 kips at each load location, which induced
a moment of 1,334.6 kip-ft at the mid-span of the beam. The yield moment for the composite
section was calculated according to equation (5).
𝑓𝑦𝑡 =

𝑀𝑆𝑊
𝑆𝑁𝐶

𝑀

+ 𝑆 𝐴𝐷

(5)

𝑐𝑜𝑚

where,
𝑓𝑦 is the yield stress of A1010 steel (50 ksi)
𝑀𝐴𝐷 is the additional moment required to cause inelastic behavior at mid-span
𝑀𝑠𝑤 is the moment induced by the beam’s self-weight at mid-span
y is the distance from the centroid to the extreme tension fiber in the beam
𝑆𝑁𝐶 is the non-composite section modulus
𝑆𝑐𝑜𝑚 is the composite section modulus
The stiffness ratio of the steel and concrete was utilized to compute the transformed section
properties.
The measured test results were compared to those obtained from hand calculations, which were
performed following the elastic flexural theory, as shown in equations (6) and (7).
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𝑃𝑎

𝛿 = 24𝐸𝐼

𝑐𝑜𝑚

(3𝐿2 − 4𝑎2 )

(6)

where,
𝛿 is the deflection at mid-span
P is the load at each location
L is the span
a is the distance between the load location and end support
E is the modulus of elasticity
I is the moment of inertia of the composite
𝜎=

𝑀×𝑦

(7)

𝐼𝑐𝑜𝑚

where,
𝜎 is the stress
M is the moment
y is the distance to the neutral axis
Figure 19 shows the relationship between the load-displacement curve measured from the test
and that obtained from the hand calculations.

Figure 19. Load vs. displacement, Test B
There were two tests conducted for Test B. As shown in the plot, displacement measured from
the test was reasonably compared with that obtained from the hand calculations.
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The comparison between the strain profile measured from the test and that obtained from the
hand calculations subject to the load of 50 kips under Test B is shown in Figure 20 and Figure
21.

Figure 20. Strain profile under Test B (first time, 66 kips)

Figure 21. Strain profile under Test B (second time, 66 kips)
The associated values and differences are shown in Table 7.
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Table 7. Comparison of the strain results under Test B (50 kips)

Test One

Test Two

Location
On the deck
surface
On the deck
reinforcements
Top flange of
girder
Bottom flange of
girder
On the deck
surface
On the deck
reinforcements
Top flange of
girder
Bottom flange of
girder

Results measured
from test
(Micro-strain, 10-6)
North
South
side
side

Hand
calculation
(Micro-strain,
10-6)

Error (%)
North
South
side
side

-189

-206

9.0%

-128

-141

10.1%

-19

-21

-33

-

-

624

623

660

5.71%

5.87%

-189

-206

9.0%

-129

-141

9.3%

-19

-22

-33

-

-

623

623

660

5.87%

5.87%

Note: the deck and reinforcement strain were taken as the average value measured from the strain gauges; the error
was not taken into account for the strain on the top flange of the girder given the relatively small value.

The strain values measured from these two tests were similar, indicating the previous offset in
load between four actuators were well prevented by attaching the continuous deck. Also, the
results obtained from hand calculations were in a good agreement with those measured during
testing.
4.3 Results of Test C
In addition to the laboratory tests, hand calculations were performed to compare to the test
results. The hand calculations were performed using the AASHTO equations, which were based
on the classic beam theory and followed by the assumption that the plane section remains plane.
The stiffness ratio of the steel and concrete discussed in the previous section was utilized to
compute the transformed section properties. Also, after the neutral axis of the plastic forces was
located, the plastic moment capacity of the A1010 steel-concrete composite section was
determined.
The general dimensions and plastic forces are shown in Figure 22.
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Figure 22. Plastic forces for A1010 composite section
The plastic neutral axis of the section can be computed by dividing the section into tension and
compression plastic forces to obtain equilibrium.
When designed material properties were used, the plastic forces were computed utilizing
equations (8) through (11).
𝑃𝑠 = 0.85𝑓𝑐′ 𝑏𝑒 𝑡𝑠
𝑃𝑐 = 𝑓𝑦 𝑏𝑐 𝑡𝑐
𝑃𝑤 = 𝑓𝑦 𝐷𝑡𝑤
𝑃𝑡 = 𝑓𝑦 𝑏𝑡 𝑡𝑡

(8)
(9)
(10)
(11)

where,
𝑃𝑠 is the plastic force for the concrete deck
𝑃𝑐 is the plastic force for the top steel flange
𝑃𝑤 is the plastic force for the steel web
𝑃𝑡 is the plastic force for the bottom steel flange
𝑓𝑐′ is the compressive stress for concrete (4 ksi)
𝑓𝑦 is the yield stress for A1010 steel (50 ksi)
𝑏𝑐 and 𝑏𝑡 represent the widths of the top and bottom flanges
𝑡𝑐 and 𝑡𝑡 are the thicknesses of the top and bottom flanges
𝐷 and 𝑡𝑤 are the depth and thickness of the web
When actual material properties were used, the plastic forces were computed utilizing equation
(12) (Riley et al. 2007).
𝐹𝑥 = ∫ 𝑓𝑥 𝑑𝐴

(12)

where,
𝐹𝑥 is the force in the x direction for each component, i.e., steel or concrete
𝑓𝑥 is the corresponding stress determined from the measured strain
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Next, the plastic moment is the sum of the moments of the plastic forces about the plastic neutral
axis. Global and local bucking were checked and assumed to be prevented so that the plastic
forces can be achieved. Table 12 shows the comparison between the ultimate strength of the
measurement obtained from the test and the prediction calculated from the equation from
AASHTO LRFD Bridge Design Specifications.
Table 8. Comparisons between ultimate flexural strength

Comparison
Test results
Design property
Hand
calculations Actual property

Yield
moment
(kipsft)
3,100.5
2,651.3
3,457.5

Ultimate
moment
(kipsft)
5,167.5
4,327.5
5,497.4

Ultimate load
Difference
(kips)
(%)
260.0
220.0
-15.4
276.6
6.3

The yield moment is calculated based on the yield stress of A1010 steel sustained in the tension
section below the neutral axis. The ultimate moment of the specimen under bending was
calculated based on the force equilibrium theory.
As shown in the table, the predictions obtained utilizing actual material properties was
reasonable compared to the results obtained from the test, which indicates the A1010 girder’s
ability to meet the AASHTO design requirements; when designed material properties were
utilized for the hand calculations, flexural capacity measured from the test was 15.4% higher.
This higher value may be due to the difference between the material properties of A1010 steel
obtained from tensile tests and the recommendation in design.
The side, bottom, and top views of the deck concrete crushing at the ultimate loading are shown
in Figure 23.
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a) Side view

b) Bottom view

c) Top view

d) Overall view

Figure 23. Ultimate flexural performance for A1010 specimen
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A plastic deformation was observed at the ultimate loading, as shown in Figure 23, indicating
satisfactory ductility for flexural behavior using the A1010 steel-concrete composite section.
The load-deflection relationship measured at S1, S2, and S3 is shown in Figure 24 and Figure 25.

Figure 24. Maximum load-displacement curve, S2 (mid-span section)
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Figure 25. Maximum load-displacement curve, S1 and S3 (quarter-span sections)
As shown in these figures, no difference was observed for the load-deflection behavior measured
from the bottom of the steel girder or the concrete deck. The uniformity was because the
potential lateral-torsional buckling was prevented by attaching the continuous deck. Moreover,
no difference was observed between the quarter spans.
At the initial stage of loading, the response of load-deflection was linear, and no cracks were
found on the deck. As the load was increased, the first crack initiated at the bottom surface of the
deck in mid-span, and the cracks began to propagate upward and remain normal to the beam
axis. The stiffness of the beam started to degrade when the load was up to 60% Pu, indicating the
specimen had reached the yield moment. When the load was increased, the cracks expanded
rapidly, and the specimen reached its ultimate capacity stage. Correspondingly, spalling on the
concrete deck subjected to the stress concentration was observed under the point load areas,
where the beam failed because of the concrete crushing at ultimate loading.
The load and longitudinal slip relationship were measured from the LVDT and are shown in
Figure 26.
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Figure 26. Load-longitudinal slip relationships, S0 and S2
As shown, the longitudinal slip at the end support increased rapidly after the specimen reached
the yield point, while slip was observed to remain zero at the mid-span throughout the whole
period of testing. The slip reached maximum (0.14 in.) when the beam failed.
Figure 27 presents the strain distribution subjected to bending at the mid-span cross-section.

43

Figure 27. Longitudinal strain distribution, S2
As shown, the strain on the top flange was close to zero before the yield load; this was because it
was near the neutral axis of the beam. As the load increased, the neutral axis shifted upward in
the concrete deck. Correspondingly, the transverse cracks observed at the bottom surface of the
concrete deck propagated due to the increased tensile stress. Also, as shown in Figure 28, in
general, up to the close-to-ultimate load, the linearity of the strain distribution can be obtained,
indicating that a satisfactory composite behavior had been reached.
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Figure 28. Strain distribution of under different load levels, S2
Thus, the strain was used to determine the stress distribution along the mid-span section, from
which the ultimate moment was computed according to the equation in the AASHTO LRFD
Bridge Design Specifications.
4.4 Laboratory Test Summary and Conclusions
The experimental program investigated the performance of A1010 corrosion-resistant steel under
a four-point bending scenario to determine the flexural behavior of the A1010 steel plate girder
and the steel-concrete composite section. For this purpose, a 52 ft 9 in. long girder was designed,
fabricated, and tested while subjected to four-point bending; the results were further compared to
calculations using the current AASHTO LRFD Bridge Design Specifications (AASHTO 2017).
From the laboratory work carried out, the following conclusions were made:


For Test A, the displacement measured from the test was in a good agreement with that
obtained from the hand calculations. Also, other than the strain obtained from the top flange
of the girder at the north side, the measured versus calculated strain values were similar.



For Test B, it could be concluded that the displacement measured from the test was
reasonably compared with that obtained from the hand calculations. The strain values
measured from the two tests were similar, indicating the previous offset in load between the
four actuators were well prevented by attaching the continuous deck. Also, the results
obtained from hand calculation were in a good agreement with those measured from tests.
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For Test C, the predictions obtained utilizing actual material properties were reasonable
compared to the results obtained from the tests, which indicates the A1010 girder’s ability to
meet the AASHTO design requirements; when designed material properties were utilized for
the hand calculations, flexural capacity measured from the test was 15.4% higher. This
higher value may be due to the difference between the material properties of A1010 steel
obtained from tensile tests and the recommendations in design.



A satisfactory composite behavior is exhibited within the stage from the yield moment to the
ultimate moment. Also, it was found that the longitudinal slip at the end support increased
rapidly after the specimen reached the yield point, while slip was observed to remain zero at
the mid-span throughout the whole period of testing. The slip reached maximum (0.14 in.)
when the beam failed.
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CHAPTER 5. FATIGUE TESTING
5.1 Introduction
Although the development of A1010 steel in the US is recent, it has rapidly gained interest for
use in highway bridges (Via and Harrop 2017, Seradj 2015). Utilizing the satisfactory tensile
strength of A1010 steel (i.e., 50 ksi) may not be an issue under the current design standards,
because the fatigue limit state is likely to control the design.
Research to date on A1010 steel has mainly focused on design and durability aspects related to
strength and corrosion resistance. Insufficient studies have focused on A1010 steel fatigue
behavior. This chapter investigates the fatigue characteristics, the method of fatigue-life
prediction, and their applicability to conventional fabrication using A1010 steel.
Since fatigue testing for a full-scale specimen is significantly time-consuming and costly, coupon
testing and its associated mathematical model, which have been developed to predict the fatigue
life, are more attractive to evaluate the fatigue resistance of A1010 steel. To predict the safe life
using fatigue testing, there are two primary methods: the stress-life method (S-N curves), and the
strain-life method (ε-N curves).
In the stress-life method, the S-N curve (i.e., the log-log plot of stress range versus the number of
cycles to failure) is calculated in the elastic stress range and can be used to determine the fatigue
life (Barsom and Rolfe 1999). This method is most applicable to high-cycle fatigue where the
bulk material response is elastic, emphasizing nominal stresses, rather than local stresses and
strains.
On the other hand, with the strain-life method, the predicted strain range is used with ε-N curves
developed from the Coffin-Manson relation. Generally, the basic concepts in these two methods
are very similar, except that the elastic-plastic strains are used to predict damage in the strainbased method (Nip et al. 2010).
In this study, the predicted S-N curve for A1010 steel was compared to the measured data from
the tests. Moreover, fatigue performance was further compared to other steels including A709
weathering steel and A7 steel.
5.2 Test Program
5.2.1 Specimen Preparation
Similar to the preparation for tensile testing, the fatigue specimen was water-jet cut from the
elastic region of the girder that was previously subjected to the four-point bending test. The
hourglass-shaped specimens, designed according to the ASTM E466-15 standard (ASTM
2015c), are shown in Figure 29 and Figure 30.
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Figure 29. Hourglass shaped fatigue coupons

Figure 30. Specimens for A1010 fatigue testing
The specimens were designed to have an hourglass shape so that the local stress level changes
with the cross-section. The specimens were first polished with sandpaper, and then followed by a
finer polish with a high-speed wire wheel. The dimensions for the A1010 fatigue specimens are
shown in Table 9.
Table 9. Dimensions of A1010 specimens and standard recommendations
T W1 L1 W2 L2 L3
R W1/
Designations
in.
T
Specimen
0.5 1.0 2.0 3.0 4.0 18.0 8.5
2
ASTM E466
≥0.1 (as possible as)
2–6
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L1 /
W1
2
2–3

W2/
W1
3
>1.5

R/
W1
8.5
≥8

Reduced
area (in.2)
0.5
0.03–1.0

As shown, all of the dimensions of the fatigue coupon samples for A1010 steel were within the
limitations of the standard specifications.
5.2.2 Loading Protocols
To investigate the fatigue performance of A1010 steel, each specimen was subjected to cyclic
tension-compression loading under the stress-controlled protocol at room temperature. The
fatigue test was performed on an MTS hydraulic machine under a sine-shaped load configuration
at the stress ratio of -1 (R, min stress/max stress) and a frequency of 8 Hz (3 Hz for the load level
of 75% yield stress due to the machine stability issue), as shown in Figure 31.

Figure 31. Fatigue testing setup
Fatigue tests were terminated when a specimen fractured or the number of fatigue cycles reached
10,000,000 cycles.
Before conducting the fatigue cyclic loading tests, a preliminary compressive test was conducted
aiming to identify the buckling behavior of an A1010 fatigue specimen when subjecting it to
cyclic loading protocols. The test was carried out by using the MTS machine to subject the
specimen to monotonic compressive loading. A displacement transducer was attached
horizontally to capture the lateral deformation. The buckling was determined when the coupon
tended to deflect laterally. The buckling load was recorded as 68 ksi (equivalent to 100% yield
strength of A1010 steel) when the buckling was initiated. The purpose of this test was to study
the compressive and buckling behavior for A1010 fatigue coupons, with the objective to further
determine the stress level for the fatigue tests.
5.3 Fatigue Testing Results
Table 10 shows the number of cycles to fracture for each of the A1010 fatigue specimens.
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Table 10. Number of cycles to fracture for A1010 specimens
Coupon Frequency
ID
(Hz)
FC2-A
8
FC3-A
8
FC4-A
8
FC6-A
8
FC7-A
8
FC8-A
3

Stress
ratio
-1
-1
-1
-1
-1
-1

Max
stress
(ksi)
47.6
40.8
34.0
44.2
37.4
51.0

Min
stress
(ksi)
-47.6
-40.8
-34.0
-44.2
-37.4
-51.0

Thickness
(in.)
0.520
0.520
0.519
0.519
0.519
0.523

Width
(in.)
0.990
1.001
0.999
1.001
0.999
1.000

Area
(in.2)
0.515
0.521
0.518
0.520
0.518
0.523

Load
cycles
231,991
748,801
10,000,000
288,033
10,000,000
124,689

The stress amplitude, ∆𝜎/2, versus fatigue life, 𝑁𝑓, the fatigue behavior curve may be expressed
mathematically as the following equation (13).
𝜎𝐴 = 𝑎(𝑁𝑓 )𝐵

(13)

The constants a and B were obtained from a regression analysis of the tested stress- and fatiguelife data. In this study, the fatigue limit was defined as the stress amplitude level below which no
fatigue failure takes place (i.e., the fatigue cycle of 10,000,000). The fatigue limit for A1010
steel subjected to high-cycle fatigue tests was identified as an S-N diagram in Figure 32.

Figure 32. S-N curve for A1010 steel
The red triangles in the graph indicate the runouts, at which the fatigue-life was above 107
cycles. The fatigue limit for A1010 steel was found to be between 37.4 ksi (largest stress
amplitude with no failures) and 40.8 ksi (smallest stress amplitude with failures). Therefore, it
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was concluded that A1010 steel could provide adequate fatigue resistance according to current
fatigue design provisions.
Furthermore, the fatigue behavior for A1010 steel obtained from the tests was compared to other
conventional steels including A709 and A7 steel (Chen et al. 2007), as shown in Figure 33.

Figure 33. Comparison between S-N curve of A1010 and other steels
It was found that the A709 steel shows a slightly higher fatigue resistance in the high-cycle
fatigue region than A1010 steel. Both A1010 and A709 exhibit higher fatigue resistance than A7
steel, which may be caused by the difference in their strength.
5.4 Conclusions and Recommendations


Cyclic material tests were carried out to investigate the high-cycle fatigue properties for
A1010 steel. The predicted S-N curve for A1010 steel was compared to other steel including
A709 weathering steel and A7 steel.



A709 shows a slightly higher fatigue resistance in the high-cycle fatigue region compared to
A1010 steel.



Both A1010 and A709 steel exhibit higher fatigue resistance than A7 steel, which may be
caused by the difference in their strength.



High-cycle fatigue investigations may be desired in the future for A1010 steel bolted and
welded connections.
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CHAPTER 6. FIELD TESTING OF THE WOODBURY COUNTY SALIX
INTERCHANGE BRIDGE
6.1 Introduction
In 2016, the Iowa DOT replaced the Salix Interchange Bridge in Woodbury County with a fourspan bridge constructed using both ASTM A1010 steel and A709 weathering steel. The bridge
was live-load tested in the field following construction (Field Test A) and repeated one and two
years later (Field Test B). The objective of these load tests was to identify any changes in
behavior occurring with time. Also, data were analyzed for differences in response between the
A1010 and A709 steel used.
6.2 Bridge Description
The Salix Bridge is a two-lane, four-span, continuous, steel-girder bridge located on CR K25
over I-29 (the Salix interchange). This bridge has a 17° skew and replaced the previous precast,
prestressed concrete beam (PPCB) bridge. The bridge has two equal end spans with a length of
81 ft 6 in. and two equal mid-spans with the length of 120 ft. The structural steel framing plan is
shown in Figure 34.
All structural steel girder material used was ASTM A709 Grade 50W, except for the two
southernmost girders (E and F) that used ASTM A1010 steel. The width of the bridge roadway is
40 ft, as shown in Figure 35.
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Figure 34. Structural steel framing plan for Salix Bridge

Figure 35. Cross-section view of Salix Bridge superstructure
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End and elevation views of the bridge are shown in Figure 36.

a) End view

b) Elevation view
Figure 36. Salix Bridge
6.3 Instrumentation Plan
The primary focus of the live load tests was to understand differences in behavior between
A1010 steel girders (G5 and G6) and A709 steel girders (G1 to G4). With this intention, gauge
locations were selected to capture the response and characterize the reaction through load
distribution factors. Based on the characteristics of continuous bridges, strain gauges were
installed on the top and bottom flange of each steel girder at three critical locations of the end
span shown in Figure 38, i.e., at a distance of the girder depth to the abutment, at 0.4 of the span
length, and at a distance of the girder depth to the pier.

54

Figure 37. Plan view arrangement for instrumentation (east-end span)
Figure 38 shows the cross-section view of the 36 strain gauge locations.

a) Section 1 (east abutment)

b) Section 2 (0.4 of span)

c) Section 3 (pier)
Figure 38. Cross-section view of strain gauge locations
Figure 39 shows close-ups of the typical instrumentation setup.
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a) Strain gauge setup on A1010 steel girder

b) Strain gauge setup on A709 steel girder
Figure 39. Instrumentation setup
6.4 Loading Plan
The bridge was tested using a known tandem-axle truck. In this test, a snooper truck, provided by
Iowa DOT, was utilized as shown in Figure 40.
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Figure 40. Iowa DOT Salix Bridge load testing truck
The truck was also used to facilitate the instrumentation setup work. Figure 41 shows the load
truck configuration and axle loads used for field testing.

Figure 41. Configuration of loading truck and axle loads
As shown, the total weight of the snooper truck was 54,800 lb, including the front and dual rear
axle weights of 17,650 lb, 18,575 lb, and 18,575 lb, respectively. The distance between the rear
axles was 4 ft 7 in., and the distance from the front axle to the forward-most rear axle was 17 ft 1
in.; the front and rear axle wheelbases were 6 ft 3 in. and 7 ft 1 in., respectively.
Five longitudinal truck paths were considered for achieving the objectives of this study and were
marked on the bridge deck from 1 to 5 before conducting the live load tests, as documented in
Table 11.
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Table 11. Loading scenarios
Load Case
Description
LC1
2 ft to the north barrier
LC2
2 ft to the center of the roadway (on A709 side)
LC3
Center of the roadway
LC4
2 ft to the center of the roadway (on A1010 side)
LC5
2 ft to the south barrier

These paths were used to guide the truck when it traveled over the bridge, as shown in Figure 42.

Figure 42. Truckload paths for bridge testing
Two runs were conducted for each load case, and the bridge was subjected to 10 truckload runs.
For Load Case 1, the truck was driven from east to west at a crawl speed with the passenger-side
wheel line offset 2 ft from the north barrier. The second load case was driving the truck from east
to west at a crawl speed with the driver-side wheel line offset 2 ft from the center of the roadway
of the bridge. The third load case consisted of the loaded truck driving from east to west at a
crawl speed with the middle of the truck on the center of the roadway. The fourth and fifth load
cases, similarly, were symmetric with Load Case 2 and Load Case 1, respectively.
6.5 Load Test Results (2017)
This section covers the results of the 2017 load testing in the field and examines the differences
in response between the A1010 and A709 steel girders.
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6.5.1 Comparison in Behavior between the A1010 Steel and A709 Steel
To facilitate analyses of the live load data, the girder response was determined as a function of
vehicle position. Transverse lines were marked to record the longitudinal position of the truck as
it crossed the bridge by painting on the deck at 10 ft intervals. The data were further plotted to
show the strain response versus the longitudinal truck positions.
Figure 43 shows the strain responses versus truck position for the A1010 and A709 girders
subjected to two tests for Load Case 1 and 5 in 2017.

a) Exterior girder bottom flange

b) Interior girder bottom flange
Figure 43. Response between A1010 and A709 under Load Case 1 and 5
As shown, a slight difference (about 10 µε) in the response of the exterior girder was observed
between A1010 and A709 steel subjected to Load Case 1 and 5. Figure 44 shows the responses
measured from the top and bottom flanges of all girders when subjected to Load Case 3.
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a) Bottom flange

b) Top flange
Figure 44. Response of all girders under Load Case 3
From the results, there was no difference in response to exterior/interior girders between A1010
and A709 steel subjected to Load Case 3. Comparison of the two types of girders shown in the
figures indicates the A1010 and A709 girders had similar response histories concerning the
corresponding load cases.
6.5.2 Distribution Factors
The maximum strains measured from each load case were used (with superposition of Load Case
2 and 4 for the evaluation the two-lane case) to calculate the transverse load distribution
characteristics of the bridge, as shown in Figure 45.
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a) Load Case 1

b) Superposition of Load Case 2 and 4
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c) Load Case 3

d) Load Case 5
Figure 45. Maximum strain response of all girders under each load case
Load distribution factors were computed from each load case using the maximum measured
strain at the mid-span section and the following equation.
𝜀𝑖

𝐷𝐹 = ∑6

(14)

𝑖=1 𝜀𝑖

where,
𝜀𝑖 represents the maximum measured strain at bottom flange from the 𝑖th girder.
For the calculation of distribution factors, the strains on the bottom girder flange at mid-span
were used. Figure 46 shows the distribution factors calculated from the measured strains and
equation (14) for each load case.

62

Figure 46. Measured load distribution factors under each load case
The associated calculated load distribution factors from each load case are shown in Table 12.
Table 12. Calculated load distribution factors (2017)
Load case Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 Girder 6
LC 1
0.31
0.36
0.21
0.10
0.02
0.00
LC 3
0.05
0.16
0.33
0.28
0.13
0.05
LC 5
0.00
0.04
0.08
0.21
0.33
0.35
LC 2 + LC 4
0.06
0.18
0.28
0.25
0.16
0.07

In addition to the measured distribution factors from the load tests in the field, the load
distribution factors were calculated using the AASHTO LRFD Bridge Design Specifications for
comparison, as shown in Figure 47.
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Figure 47. Comparison of experimental and AASHTO-specified load distribution factors
As shown in the figure, for all cases, the maximum measured distribution factors were less than
those calculated using the AASHTO equations.
6.6 Load Test Results (2018)
This section covers the results of the 2018 load testing in the field and examines the differences
in response between the A1010 and A709 steel girders.
6.6.1 Comparison in Behavior between the A1010 Steel and A709 Steel
Figure 48 shows the strain responses versus truck position for the A1010 and A709 girders
subjected to two tests for Load Case 1 and 5 in 2018.

64

a) Exterior girder bottom flange

b) Interior girder bottom flange
Figure 48. Response between A1010 and A709 under Load Case 1 and 5
Compared to 2017, the difference in the response of the A1010 and A709 exterior girders
subjected to Load Case 1 and 5 was slightly increased (about 20 µε). Figure 49 shows the
responses measured from the bottom flanges of all girders when subjected to Load Case 3 in
2018.

Figure 49. Response between all girders under Load Case 3
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From the results, similar to the data obtained in 2017, there was no obvious difference in
exterior/interior girder response between A1010 and A709 steel subjected to Load Case 3.
6.6.2 Distribution Factors
Based on equation (14), Table 13 and Figure 50 show the distribution factors calculated from the
measured strains for each load case in 2018.
Table 13. Calculated load distribution factors (2018)
Load case Girder 1 Girder 2 Girder 3 Girder 4 Girder 5 Girder 6
LC 1
0.33
0.30
0.23
0.11
0.03
0.00
LC 3
0.05
0.13
0.33
0.30
0.14
0.06
LC 5
0.00
0.03
0.08
0.21
0.33
0.36
LC 2 + LC 4
0.06
0.14
0.29
0.27
0.17
0.07

Figure 50. Measured load distribution factors under each load case
6.7 Comparison in Bridge Performance Occurring within Two Years
Figure 51 shows the measured results in 2017 and 2018 versus AASHTO-specified load
distribution factors.
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Figure 51. Comparison of distribution factors between 2017 and 2018
As shown in the figure, all of the measured distribution factors were below the code specifiedvalue, and there was no noticeable change in the data over the two years.
6.8 Field Test Summary and Conclusions
In this project, two field tests for the Salix Interchange Bridge, which was designed utilizing
A1010 and A709 steel girders, were conducted with the goal of characterizing the difference in
responses between the two types of steel. Also, any changes in behavior occurring with time
were identified.
From the field tests carried out in this project, the following conclusions could be drawn:


In general, there were no apparent differences observed between the A1010 and A709 girders
during the field testing.



The calculated distribution factors from the measured field strains and the AASHTOrecommended equations were investigated for comparison. For all cases, the maximum
measured distribution factors were less than those calculated using the equations.



In general, the results showed that the changes of structural performance when subjected to
static live load tests over the two years were minimal.
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CHAPTER 7. GALVANIC CORROSION TESTING
7.1 Introduction
Recently, several researchers have focused on investigating the general accelerated uniform
corrosion and galvanic corrosion properties of A1010 steel. However, additional tests of galvanic
corrosion may be essential for A1010 steel in contact with dissimilar metals at in situ bridge
sites.
To characterize the behavior of galvanic corrosion of the A1010 steel in touch with other
dissimilar steel, this study implemented galvanic corrosion evaluation testing on a full-scale
girder cross frame and an exposed A1010 steel plate, both of which were constructed using
different types of steel bolts and welds for comparison.
This testing will be ongoing, and the longer term results will be documented and shared in the
future.
7.2 Cross Frame Monitoring
Following the completion of the laboratory testing, two approximately 12 ft long sections of the
girder were removed and retained to test the galvanic corrosion potential when used with two
different types of bolts. Figure 52 shows the concrete deck removal from the A1010 steelconcrete composite beam.
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a) Beam after concrete deck removed

b) Concrete deck removal
Figure 52. Concrete deck removal from A1010 composite beam
The two sections of the steel beam were connected with a galvanized cross frame, as shown in
Figure 53.
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a) Cross frame

b) Galvanized steel bolted connection

c) Stainless steel bolted connection
Figure 53. Cross frame setup for galvanized corrosion monitoring
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At one beam location, the girder and cross frame were connected using stainless steel bolts, and,
on the other side, they were connected using galvanized steel bolts. The entire system was placed
outside and observed for the length of the project for the development of corrosion.
7.3 A1010 Plate Exposure Testing
In addition to the galvanic corrosion of the A1010 steel cross frame, the research team worked
with Justin Ocel of the FHWA regarding placement of an A1010 corrosion monitoring plate at
the A1010 bridge site in Woodbury County. This plate was mounted at the bridge site during the
first bridge load tests to monitor the development of corrosion. Figure 54 shows the A1010 plate
being mounted in the field.

Figure 54. A1010 plate mounting in the field (December 2017)
The plate was mounted on the outside of the south barrier, in the vicinity of the east abutment.
The mounting location was selected because it reduced sheltering from the bridge deck, was near
the steel girder, and could be easily accessed so that future monitoring could be done without a
snooper truck.
Figure 55 shows a close-up of the A1010 steel plate.
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A193
bolt

Welded
connection

A325
bolt

Figure 55. A1010 steel plate with stainless steel and galvanized steel bolts and welded
connection
As shown, two types of bolted connections were included: an ASTM A193 stainless steel bolt
and its associated nuts and washers and an ASTM A325 galvanized steel bolt and its associated
nuts and washers. Additionally, a welded connection was designed to include a vertically
oriented plate and an angled plate. The welding was performed with shielded metal arc welding
(SMAW).
Table 14 and Table 15 show the detailed weights and measurements of each component,
including the thickness of the A1010 plate.
Table 14. Weight measurements for A1010 panel
Quantity
Type
Steel
Weight (g) Weight (lbs)
2
Bolt, washer, and nut Stainless
505.90
1.115
3
Bolt, washer, and nut Galvanized
733.50
1.617
1
Plate
Stainless
6,745.60
14.871
1
Angle
Stainless
1,815.20
4.002
1
T-section
Stainless
815.85
1.799
Total
10,616.05
23.404
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Table 15. Thickness measurements for A1010 plate

Points
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Coordinates
(in.)
x
y
12
15
12
9
6
9
6
15
3.125
15
3.125
11
3.125
7
3
2
6
2
9
2
12
2
16
2
12.875
5
see
12
detail
see
6
detail
see
8
detail
see
13
detail

Thickness
(in.)
11/28/2017
0.152
0.154
0.154
0.152
0.151
0.154
0.154
−
0.152
−
0.152
0.153
0.155

Location of points

0.151
0.148
0.158
0.157

Thickness/weight loss data will be monitored as the average thickness/weight loss per year
during the ongoing testing period. A comparison between the corrosion behavior of the stainless
and galvanized steel bolts will also be investigated.
7.4 Ongoing Corrosion Measurements
The two test specimens were atmospherically exposed to provide essential information on the
serviceable lifetime for an A1010 steel bridge until maintenance is required. Furthermore, the
results will provide data to understand the importance of controlling and reducing the galvanic
corrosion for future A1010 steel bridges located in the region. To achieve this goal, the following
measurements and evaluation will be carried out with the results documented in a future report.


Cross-frame specimen
During the proposed 30-year exposure period, pitting and rust formation will be observed,
recorded, and compared between the two bolted connections, i.e., the stainless and
galvanized steel bolts..
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A1010 research plate
During the proposed 30-year plate exposure period, thickness measurements will be recorded
at each visit to the site. Additionally, rust formation for the different connections, i.e.,
stainless steel bolt, galvanized steel bolt, and welding on the plate, will be recorded.

The data and analysis will be presented in a future report, which will assess the pitting and rust
formation as well as the galvanic behavior for the bolted cross frame and the A1010 steel plate
during the entire exposure time.
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CHAPTER 8. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
8.1 Summary
In 2016, the Iowa DOT replaced a bridge in Woodbury County (on CR K25 over I-29) with a
four-span bridge partially constructed using ASTM A1010 bridge steel. The goals of this project
were to evaluate the fundamental behavior of girders fabricated using A1010 steel, evaluate the
potential for galvanic corrosion when various fastener types are used, and assess the in situ
performance of the Woodbury County Salix Interchange Bridge.
A comprehensive laboratory program was carried out to investigate the performance of A1010
steel under a four-point bending scenario to determine the plate girder and composite flexural
behavior. For this purpose, a 52 ft 9 in. long girder was designed, fabricated, and laboratory
tested while subjected to four-point bending, with the results compared to the current AASHTO
LRFD Bridge Design Specifications. Additionally, tensile and fatigue tests were conducted to
obtain the mechanical and fatigue behavior for the A1010 steel.
Live load tests for the bridge were also conducted in the field to identify any changes in behavior
occurring with time. Data were analyzed for differences in response between the A1010 and
A709 steel girders.
8.2 Conclusions
From the work carried out in this study, the researchers came to the following conclusions:


The predictions obtained utilizing actual material properties were reasonable compared to the
results obtained from the laboratory test, indicating the A1010 girder’s ability to meet the
AASHTO design requirements. When the designed material properties were utilized for hand
calculations, the flexural capacity measured from the laboratory test was 15.4% higher. This
may be due to the difference between the material properties of A1010 steel obtained from
tensile tests and the recommendations in design.



The fatigue limit for A1010 steel was found to be between 37.4 ksi and 40.8 ksi. Thus,
A1010 steel can provide adequate fatigue resistance according to current fatigue design
provisions.



In general, there were no apparent differences observed between A1010 and A709 girders
during field testing. Additionally, the calculated distribution factors from the measured field
strains and the AASHTO-recommended equations were investigated for comparison. For all
cases, the maximum measured distribution factors were less than those calculated using the
equations.
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Load tests performed on the A1010 steel bridge over two years indicated that the bridge
constructed using A1010 and A709 steel girders performed well.

8.3 Future Work
Although it was concluded that the A1010 steel shows satisfactory structural and fatigue
performance, further field studies are being conducted to evaluate the potential for galvanic
corrosion when different types of bolts and welds are used.
To achieve this goal, a future study will be carried out on the following:


Long-term observational monitoring of galvanic corrosion on the full-scale cross frame will
collect data for two types of bolted connections: stainless steel bolts and galvanized steel
bolts.



Long-term monitoring of the A1010 steel plate placed at the bridge site will be conducted
and periodically documented for the development of corrosion. The data and analysis will be
presented in a future report, which will assess the galvanic behavior for the A1010 plate
throughout the exposure time.

The results of this work will help in understanding the importance of controlling and reducing
galvanic corrosion for future A1010 steel bridges located in the region.
8.4 Recommendations for Additional Future Research
The following recommendations are provided for future study based on the observations from
this project:


Long-term monitoring of galvanic corrosion behavior may be necessary to be performed for
A1010 welded connections



High-cycle fatigue investigations may be desired for A1010 steel bolted and welded
connections
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