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ASSESSMENT OF WEATHERING STEEL BRIDGE PERFORMANCE IN
IOWA AND DEVELOPMENT OF INSPECTION AND MAINTENANCE
TECHNIQUES

INTRODUCTION

The Bridge Maintenance and Inspection Unit of the lowa Department of Transportation (lowa DOT) has
expressed a desire to evaluate the performance of weathering steel bridge structures, including possible
methods to assess the quality of the weathering steel patina on bridge superstructures and to properly
maintain the quality of the patina in deicing salt environments. This project developed a scope of work to
inspect various weathering steel bridges in lowa in order to develop potential inspection and/or testing
methods to evaluate patina performance and chloride contamination. Possible benefits from routine bridge
washing were also evaluated.

BACKGROUND
Weathering Steel Materials

Under the right conditions, weathering steel will form a protective oxide coating that will eliminate the
need for future painting. The oxide layer, or patina, is typically dense and well-adhered to the base metal,
reducing the penetration of moisture, oxygen, and other corrosive contaminants. This protective patina
thus reduces long-term corrosion rates. By eliminating the need for painting, the lower life-cycle costs of
weathering steel structures provide an advantage over standard painted steel structures.

Weathering steel evolved in the 1930’s, when United States Steel Corporation acquired various patents
for high-strength low-alloy steel products. By alloying the steel with different elements, particularly
copper, it was found that the corrosion resistance of the steel was improved, virtually eliminating the need
for painting. In addition, the alloys resulted in an increased yield strength of the steel products. Marketed
under the name “Cor-Ten,” United States Steel Corporation’s weathering steel products were first used in
various applications, including coal-hopper cars, barges, transmission towers, and trolley cars.
Recognizing the benefits of improved atmospheric corrosion resistance and higher strength, several other
steel companies developed forms of weathering steel. Although “Cor-Ten” is the most recognizable, other
weathering steel products included “Mayari R” by Bethlehem Steel Corporation and “Yolloy” by
Youngstown Steel.

Initially introduced in 1968, ASTM A588 Grade 50W (AASHTO M222) covered weathering steel
products comprised of typical mild steel alloyed with 2% or less of various elements, including copper,
phosphorus, chromium, nickel, and/or silicon. In 1974, ASTM A709 Grade 50W (AASHTO M270) was
introduced to cover corrosion resistant steels for use in bridges. By alloying steels with copper or other
selected elements, it was found that the corrosion resistance increased to approximately four times that of
structural carbon steel without copper.

History of Weathering Steel Bridges

In the 1960’s and 1970’s, weathering steel was commonly viewed as a “maintenance-free” cost-effective
alternative for bridge superstructures, as the costs and environmental impacts associated with the
maintenance/replacement of paint coatings would be theoretically eliminated. Weathering steel was first
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used for bridge applications in 1964, when weathering steel bridges were constructed in Michigan, lowa
and New Jersey. During the late 1970’s, Michigan evaluated many of their weathering steel bridges and
found that the protective patina had not formed and the corrosion rates were not reduced. As a result,
Michigan instituted a partial moratorium on weathering steel bridges in 1979. It focused on avoiding
weathering steel in urban and industrial areas, as well as low-clearance, tunnel-like environments. In
1980, the moratorium was expanded to include all weathering steel bridges. However, by this time
Michigan had already constructed approximately 500 bridges using weathering steel.

After the Michigan moratorium, many states followed suit by limiting or eliminating weathering steel
bridges going forward, often stopping short of banning their use outright. The most common reasons for
the limitations were the problems reported by Michigan or other states, and/or similar conditions observed
within their own state.

By the mid-1980’s, approximately 2,000 weathering steel bridge structures had been constructed in the
United States. A decade later, the number had only increased by approximately 300 structures, indicating
that many agencies had reservations regarding their use. The perceived problems with the use of
weathering steel for bridge structures resulted in the initiation of several research projects during the
1980°s and 1990°s.

In the early 1980’s, a task group was formed with the support of the American Iron and Steel Institute
(AISI) that included federal highway officials, state bridge engineers, and corrosion specialists. This task
group performed a field investigation of approximately 49 bridges in seven states (Michigan, lllinois,
Maryland, New York, North Carolina, Wisconsin, and New Jersey) in order to evaluate the performance
of weathering steel bridges in different environments. This study found that the performance of most
weathering steel bridges was either “good” or “good with moderate corrosion in some areas.”
Approximately 12% of the bridges inspected had “heavy” corrosion in some areas and deicing salts were
found to be a major contributor to the excessive corrosion.

In 1984, the National Cooperative Highway Research Program (NCHRP) set out to document the state of
the practice, evaluate the performance of weathering steel to date, and develop practical guidelines for
design, construction, maintenance, and rehabilitation. The findings of this study are presented in NCHRP
Report 272. Around the same time, a Michigan study identified several weathering steel bridges where a
fine-grained brownish-black patina had not formed; instead the surface consisted of large delaminating
flakes or thick exfoliating rust layers. Each of these studies identified examples of weathering steel bridge
structures that may not have been used in appropriate environments. Particularly, the studies noted that
weathering steel was not always “maintenance-free” and extended periods of wetness and heavy exposure
to deicing salts caused the weathering steel to be vulnerable to ongoing, advanced corrosion.

In 1988, the FHWA sponsored a forum on weathering steel to bring together owners, designers, suppliers,
fabricators, researchers, and maintenance personnel to examine the state of the art and develop guidelines
on the proper use and maintenance of weathering steel. Subsequently, FHWA issued a Technical
Advisory in 1989 providing guidelines for weathering steel use and maintenance. In addition, NCHRP
issued Report 314, which served as a comprehensive summary of weathering steel properties, guidelines
for use, and recommendations for inspection and maintenance. In general, the research revealed that
weathering steel performed satisfactorily in the right environments with proper detailing. This finding
resulted in renewed interest in the use of the material. Currently, it is reported that 40% to 45% of bridges
are being built with some form of weathering steel.
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The renewed interest in weathering steel bridge structures has also resulted in ongoing research on the
topics of patina performance, inspection, and maintenance. Recent research in Japan has reiterated that
chloride ions accelerate the growth of the rust layer and increase the rust particle size, which is not
beneficial to the formation of a protective patina. In addition, Japan evaluates the appropriateness of a
weathering steel bridge environment based on distance from the sea, which is essentially a measure of
potential exposure to airborne chlorides. Because Japan recognizes that chloride contamination is a
primary factor influencing weathering steel performance, it has also conducted research to determine if
bridge washing helps to remove these chlorides and extend the life of weathering steel bridges.

Investigations in the United States have caused some agencies to adopt more robust inspection and
maintenance requirements. For example, the New York State Department of Transportation (NYSDOT)
has implemented a routine maintenance program to wash certain bridges annually and has developed
inspection techniques to help inspectors evaluate the performance of the protective patina. Current
research in this country includes an effort to develop types of “super weathering steels” to improve
corrosion resistance while maintaining other material properties, such as toughness.

Weathering Steel Bridges in lowa

The first weathering steel bridge in lowa, which carried lowa 28 over the Raccoon River, was constructed
by the City of Des Moines in 1964. This structure was also one of the first applications of weathering
steel for bridges in the United States. Between 1964 and 1972, four additional bridges were constructed
that were owned by the lowa DOT, with several others built by city and county agencies. Following the
discovery of advanced deterioration in Michigan, the lowa DOT discontinued the use of weathering steel
bridges around 1980. During this time, the lowa 28 bridge over the Raccoon River was re-inspected and it
was found that the use of deicing salts accelerated the corrosion process. Areas of flaky rust and chloride
contamination were observed at various locations where the protective patina did not form. In the mid-
1980’s, this structure was painted to slow the observed weathering steel corrosion rates. Inspection of the
four remaining lowa DOT structures revealed that the protective patina was performing satisfactorily.

Based on the FHWA Technical Advisory and evaluations of the bridges in lowa, the use of weathering
steel was again implemented in the mid-1990’s. Currently, the lowa DOT owns approximately 139
separately identified weathering steel bridge structures, and approximately 97 percent of these structures
were constructed after 1994. A map of the weathering steel structures in lowa is shown in Figure 1 and a
list of these structures is included as Appendix B.

During the last several years, the lowa DOT has found that chloride contamination is resulting in
corrosion due to the lack of formation of an adequate patina. The chlorides appear to be present in the
weathering steel patina as a result of the steel being in the “splash/spray zone” over other roadways or
being in the “splash/spray zone” for adjacent bridge structures.

PROBLEM STATEMENT

Weathering steel bridges constructed over or adjacent to other roadways can be subjected to sufficient salt
spray to impede the development of an adequate patina. Remediation of corroding weathering steel is
typically difficult and costly. Early detection of weathering steel corrosion is important to extending the
service life of the bridge structure; however, written inspection procedures are not available for inspectors
to evaluate the performance or quality of the patina.
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In addition, various transportation agencies believe that frequent bridge washing may help to extend the
service life of weathering steel bridge structures. While the long-term benefits of washing are unknown, it
is often perceived as a method to reduce the chloride contamination on the surface of the weathering steel
patina. Currently, practical and reliable testing methods do not exist to determine the level of chloride
contamination in the protective patina. As a result, it is unclear what level of chloride contamination is
detrimental to patina performance, and this information would be helpful to prioritize the need for
washing these structures.

Project Objectives
The objectives of this project are summarized as follows:

o Identify weathering steel bridge structures that are most vulnerable to chloride contamination,
based on location, exposure, environment, and other factors. These bridges are more likely to
exhibit unsatisfactory performance of the weathering steel patina.

¢ Identify locations on an individual weathering steel bridge structure that are most susceptible to
chloride contamination, such as below joints, splash/spray zones, and areas of ponding water or
debris.

e Identify possible testing methods and/or inspection techniques for inspectors to evaluate the
guality of the weathering steel patina at locations discussed above.

e Identify possible methods to measure and evaluate the level of chloride contamination at the
locations discussed above.

o Evaluate the effectiveness of water washing on removing chlorides from the weathering steel
patina.

e Develop a general prioritization for the washing of bridge structures based on the structure’s
location, environment, inspection observations, patina evaluation findings, and/or chloride test
results.

Scope of Work

The objective of this work was to identify inspection procedures, physical testing methods, and other
evaluation techniques to assess the performance of a weathering steel patina. The intent is to ultimately
utilize these techniques to establish maintenance protocols and schedules for the lowa DOT weathering
steel bridge inventory. These techniques were field tested on a sampling of weathering steel bridges in
Illinois and lowa. Also, as part of the review work, literature on bridge cleaning methods was reviewed to
develop a pilot maintenance procedure for washing weathering steel bridges in an effort to reduce
chloride contamination. The objective of the program was accomplished within the following tasks:

1. Document Review: A review of available literature on weathering steel performance,
performance criteria, past problems, inspection methods, and maintenance techniques was
performed. The literature review included studies and maintenance specifications from various
state DOTSs and other countries. Specific attention was focused on successful and unsuccessful in-
situ evaluation techniques that have been employed to date, including visual and physical testing
methods. Proprietary test methods to measure chloride contamination also were reviewed.

2. Assessment of Methods for Patina Evaluation and Chloride Testing: Commercially available
test methods to measure chloride contamination of weathering steel were reviewed for suitability
in this type of application. This review included the CHLOR*TEST, which has already been
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utilized by lowa DOT to measure chloride contamination in the field. Trial tests using the
selected methods were performed to determine the ease of testing, relative accuracy, and
repeatability. In addition, various methods to evaluate the condition of a weathering steel patina
were reviewed. These methods include close-up visual inspection of the patina using a 10x
magnifying lens, and tape and scrape tests to evaluate the adhesion between the patina and the
steel substrate.

3. Selection of Field Trial Locations: Working with lowa DOT, WIJE selected various weathering
steel bridge superstructures in lowa for field investigation based on a review of the inventory and
consideration of factors such as location, environment, condition rating, age, and traffic below the
bridge. Whenever possible, the bridge structures were grouped geographically to reduce
inspection costs. Initially, ten structures were envisioned for the field evaluations; however, this
number was increased to thirty-one separately identified structures due to the inclusion of
selected side-by-side structures and the close proximity of weathering steel bridges in the Des
Moines area. The structures finally chosen were spread throughout approximately twelve
different locations/environments. In addition to the structures in lowa, trial field inspection and
testing techniques were evaluated on six pedestrian bridges in Illinois in various environments.

4. Field Inspection and Testing: Based on the findings of the literature review and the trial
inspection techniques, field inspection and testing of the selected lowa weathering steel bridge
superstructures was performed. At each structure, a brief visual survey of the superstructure was
completed to determine the overall condition of the weathering steel and to identify possible
locations where the weathering steel patina may not be performing as expected. Based on the
visual survey, selected areas of the superstructure were identified for close-up inspection and
chloride contamination testing. Physical test methods, determined from Tasks 1 and 2, were also
performed. The performance of the weathering steel patina, including color of the rust and size of
the scale, were documented in detail with close-up photographs of the patina. In order to evaluate
the effectiveness of water washing on removing chlorides from the weathering steel patina,
localized areas of selected bridge structures were washed during the lowa field investigation.
Chloride testing and patina evaluation were performed at selected areas after washing.

5. Review of Field Trial Findings: Inspection observations, evaluation findings, photographs, and
chloride test results obtained during the field inspection were reviewed to categorize the site
conditions, exposure, design details, and weathering steel performance at each bridge structure.
The effectiveness of various evaluation techniques and test methods was reviewed. These
findings were used to identify general correlations between the performance of the weathering
steel and potential factors that may affect the satisfactory development of a patina.

6. Summary Report: Following completion of the tasks outlined above, this report was prepared to
summarize the findings of the literature review, field inspection, and testing. In line with the
project objectives discussed above, this report focuses on possible inspection/testing methods to
evaluate weathering steel performance, performance criteria, identifying vulnerable locations in a
bridge superstructure, and potential conditions that may influence the development of a protective
weathering steel patina. Finally, a pilot program for washing weathering steel bridges, and
washing intervals, is proposed.
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LITERATURE REVIEW
Performance of Weathering Steel Bridges

Many of the early studies performed on weathering steel bridges concentrated on the performance of
existing bridges in order to correlate their performance to factors such as exposure and environment. This
research is presented in reports prepared by AlSI, the Michigan Department of Transportation (MDOT),
NCHRP, as well as several others. Subsequent research confirmed many of the observations and findings
of the early studies. A list of documents examined as part of the literature review is included in Appendix
A

Patina Formation

The performance of weathering steel depends on the proper formation of a dense layer of corrosion
product, or patina, to protect the steel from further atmospheric corrosion. Initially, the corrosion rate of
weathering steel is similar to that of plain carbon steel; however, wetting and drying cycles, or natural
weathering, causes weathering steel to develop a dense oxide layer on the exposed surfaces. This dense,
well-adhered patina helps to slow additional rust formation and the corrosion rate stabilizes, as shown in
Figure 2.

The development of the weathering steel patina may be hindered by environmental factors such as humid
environments, extended periods of wetness, sheltering, exposure to deicing chlorides, and design details
that permit water to pond on steel surfaces. In the mid-1980’s, inspections performed by MDOT found
bridges where the corrosion rate of the patina did not slow. At these bridges, the patina consisted of large
flakes delaminating from the surface and/or exfoliating rust layers rather than a fine-grained, brownish-
black oxide layer. The problems in Michigan appeared to correlate to heavy chloride exposure in urban or
industrial areas, extended periods of wetness resulting from depressed or “tunnel-like” grade separations,
and/or water contamination from deicing salts reaching the superstructure through leaking expansion
joints, cracks in the concrete deck, or directly over the edge of the deck.

In most cases, early examples of poor weathering steel performance could be linked to two primary
factors: heavy exposure to deicing salts and extended periods of wetness. Both of these factors are often
present below leaking expansion joints or cracks in the concrete deck. In addition, traffic below bridge
structures creates a “spray” or “fogging” that results in chlorides being deposited on the bridge structure
from below. In this “splash zone” the chlorides often settle onto the top surface of the bottom flange along
with dust, dirt, rust flakes, bird droppings, and other debris. Past research commonly referred to this
contaminant layer as a “poultice” that retains moisture and keeps chlorides in close contact with these
horizontal surfaces. Poultice corrosion was a common observation on horizontal surfaces above traffic or
in areas where water and dirt could migrate and settle outside of the splash zone.

It should be noted that mill scale on weathering steel does not have any significant effect on its overall
performance. Mill scale does, however, create variation in the surface appearance of the protective patina.
The recommendation of the AISI task group is to leave the mill scale unless aesthetics is a consideration.

Weathering Steel Corrosion Product Phases

Research has shown that the durability and protective qualities of the weathering steel patina depend on
its chemical composition and structure. The corrosion products present on weathering steel structures
typically contain many different phases, which result from the interaction of the steel and the
environment. In general, amorphous corrosion products are considered to be protective and crystalline
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products are not as protective or durable. The corrosion product on weathering steel structures may
contain goethite (a-FeOOH), akagenite (B-FeOOH), lepidocrocite (y-FeOOH), magnetite (FezOy),
hematite (Fe,O3), maghemite (y-Fe,O3), and others. Each corrosion product phase has been correlated to a
greater or lesser degree of corrosion protection. Goethite, particularly nanocrystalline and/or chromium-
containing goethite, is considered particularly protective. Akagenite, lepidocrocite, maghemite and
magnetite are considered less protective. Akagenite can readily harbor chloride ions within its crystal
structure and has been found to be present in greater quantities in corrosion products of weathering steel
in high chloride environments.

Corrosion Rate

As discussed above, and as shown in Figure 2, the corrosion rate slows and stabilizes as the protective
patina is formed over the life of well-performing weathering steel. After the development of the protective
patina, the corrosion rate of weathering steel was measured to be approximately four times less than that
of plain carbon steel without copper. Extended periods of wetness and/or heavy exposure to deicing salts
will prevent the formation of a dense patina on the weathering steel and the initial corrosion rate will
continue, similar to that of plain carbon steel. Because the corrosion rate, or oxidation, of weathering steel
is greatest at the beginning of its life, the environment and chloride exposure at the time the structure is
put into service has a significant impact on patina performance over the remainder of the service life.

The study of Michigan bridges in the 1980’s found weathering steel bridges were performing well if the
steady-state corrosion rates were between 0.2 and 0.6 mils/year. Ideally, the corrosion rate will remain
below 0.2 mils/year. Research performed in other countries, including the United Kingdom, confirmed
this desired corrosion rate. The currently accepted steady-state corrosion rate was initially presented in
NCHRP Report 314, which recommends a rate of 0.3 mils/year as an acceptable upper limit for patina
development and pit growth. Due to the higher initial corrosion rate, section loss on the order of 10 mils
(0.01 inches) could be expected as the patina develops, but this level of section loss is generally negligible
when considering structural performance.

Selected Examples of Weathering Steel Bridge Performance

AISI performed a follow-up study in the early 1990’s revisiting the original 49 bridges surveyed during
the initial research. The intent was to evaluate the performance of these bridges after thirteen more years
in service. Additional bridges were inspected as part of this work, including four weathering steel bridges
in lowa. The four weathering steel bridges in lowa were inspected by Mr. Bruce Brakke of the lowa
Department of Transportation and Mr. Robert Nickerson, who was retained by AISI. The bridges were
inspected from the ground and the slope walls adjacent to the abutments, so visual observations were not
performed on the top side of horizontal surfaces over traffic. These inspections revealed:

e There was a noticeable difference between the exposed fascia girder and the sheltered interior
elements. Exposed surfaces appeared to develop the patina rapidly and had small rust flakes. The
interior surfaces also appeared to have a dense patina, but the rust flakes were much larger.

e When debris was allowed to build up, corrosion could occur if the debris was allowed to remain
wet.

e A transverse drip groove on the underside of the concrete deck at the joints appeared to help keep
water away from the girder ends.

e Overall, the bridges in lowa were performing in “textbook” fashion; however, some bridges
exhibited some micro-environment concerns.
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e The primary cause of observed corrosion deterioration was inadequate deck drainage through the
joints and scuppers.

e A white appearance was noted on the girder bottom flanges of the US30 Bridge in Ames and the
I-35 Bridge in Wright County. It should be noted that these two bridges were visited by WJE
engineers as part of this project.

The AISI report issued in 1993 reiterated and confirmed much of the research performed in the 1980°s
with regard to location selection and design details to achieve satisfactory performance of weathering
steel structures. It was also noted that bridges constructed in accordance with the 1989 FHWA Technical
Advisory were generally performing adequately. Several examples were given where bridges were
constructed with heavy traffic and salting on the bridge deck, but the weathering steel was not exposed to
traffic and salt spray from below. With the exception of leaking joints and drains, these weathering steel
girders were performing in “textbook” fashion.

However, one particular example stood out in the 1993 AISI report. Structures S34-82123 and S35-82123
in Michigan were constructed (in 1972) in an urban area over heavy traffic and are exposed to heavy salt
use from above and below. During the initial AISI inspection in 1981, the lower sheltered surfaces of the
bridge were experiencing flaky/laminar rust, but it had not yet resulted in any measurable section loss.
When the bridge was revisited in 1994 after being in service for 22 years, severe corrosion was observed
over essentially the entire length of the bridge. Painting the corroded weathering steel was recommended.
This example will be discussed again later in this report.

Recommendations for Use

Once the early research that evaluated weathering steel performance was complete, recommendations
were developed for the proper design and use of weathering steel structures. Most notably, these
guidelines are presented in the 1989 FHWA Technical advisory and NCHRP Report 314, also issued in
1989. Considerations for utilizing weathering steel often include economics (lower cost due to
maintenance of paint coatings), safety (eliminating painting over traffic), and aesthetics. However, in all
cases a weathering steel structure is only cost effective if it is used in the proper environment. The reports
listed above, and many others, typically group the different environments into four categories: rural,
urban, industrial, and marine (in approximate order of least aggressive to most aggressive). Due to
increasing Environmental Protection Agency (EPA) restrictions, levels of atmospheric pollutants have
been decreasing since the research of the early 1980’s. As a result, it is expected that nearly all bridge
structures in lowa are located environments that may be categorized as rural or urban.

Microclimates present within each environment also affect the performance of weathering steel bridges.
For example, a weathering steel structure in a marine environment could perform very well or a structure
in rural environment could perform poorly due to varying microclimatic conditions. Conditions can also
vary from location to location on the same bridge superstructure. Some factors commonly affecting
microclimates include:

Shelter

Orientation

Angle of exposure
Time of wetness
Chloride exposure
Atmospheric pollutants
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e Debris
Continuous moisture and thermal effects
e Structural details and geometries

Recent studies performed by the Illinois Department of Transportation (IDOT) found that significant
microclimates can be formed by the spray from moving traffic. The tires of moving vehicles spray water
and salts into the air creating road salt mists in the vicinity of the roadways. In addition, the moving
vehicles create turbulence in the air that can force air vertically, splashing it onto bridge girders. The road
salt mists and splash zone areas are affected by traffic volumes, traffic speeds, and the percentage of
trucks. The research by IDOT found that salt spray can be found over one mile downwind of major
highways, but in most locations the salt accumulation tapers out within six tenths of a mile from the
highway. Road salts were found to be applied approximately 17 times per year on average in lllinois,
causing bridge sites within 100 meters of busy roadways to have salt accumulations comparable to
moderate-to-severe coastal regions. Therefore, bridge spans over roadways are likely to have high rates of
chloride deposition, but the spans away from the roadway, near the abutments, are by no means immune
from chloride contamination. The 1989 FHWA Technical Advisory states, based on information available
at the time, that weathering steel structures can be used successfully in the United States at chloride
deposition rates up to 0.5 mg/100 cm?day, average for structures with bold exposures (fully exposed to
sun and weather). The acceptable deposition rates would be lower for structures in sheltered areas or areas
subjected to extended periods of wetness. Chloride deposition rates and time of wetness can be evaluated
using ASTM Test G92 Characterization of Atmospheric Test Sites and ASTM Test G84 Time of Wetness
Determination, respectively.

When both environments and microclimates are considered, weathering steel structures will perform best
under the following conditions:

e Site selection avoids polluted industrial environments, marine/coastal environments, and areas
with high humidity/rainfall.

Atmospheric exposure creates sufficient wet/dry cycles without extended periods of wetness.
Exposure to heavy concentrations of corrosive pollutants, especially chlorides, is avoided.
Washing of the steel surfaces occurs due to bold exposures (fully exposed to sun and weather).
Proper design detailing that diverts runoff water and avoids ponding moisture, dirt, and/or debris.

Besides rainfall, moisture can be generated from many sources, including condensation, runoff through
leaking joints or cracks in the concrete deck, traffic spray, and fog. Unfortunately, while these sources of
moisture wet the steel surfaces, they do not serve as reliable mechanisms to wash contaminants away. In
addition, water resting on horizontal surfaces such as the top of a girder bottom flange has been observed
to affect the lower portions of the girder web due to capillary action through the weathering steel patina.
Furthermore, rain events will wash contaminants away from the steel surfaces, but this benefit is typically
limited to the exterior face of the fascia girders. Consequently, design recommendations focus on details
to reduce standing water on steel surfaces, including:

Reducing or eliminating joints

Sloping horizontal surfaces

Avoiding reentrant corners

Sealing box sections

Detailing diversion plates or weeps for easy discharge of water
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Inspection of Weathering Steel Bridges

Remediating areas of advanced corrosion on a weathering steel bridge superstructure where a protective
patina has not formed is often costly and negates the anticipated cost savings for this type of
superstructure. Therefore, proper inspection of a weathering steel superstructure is essential for
determining the overall performance of the patina and identifying problem areas early so they can be
addressed before deterioration progresses.

Good patina performance is typically indicated by a fine grained, dark brownish-black, tightly adhered,
stable rust layer on the surface of the weathering steel. The protective oxide layer depends on the
formation of an initial amorphous layer of corrosion product. The introduction of salts and extended
periods of wetness causes other types of corrosion product to form, such as less protective crystalline
forms. While the difference between a good patina and a poor patina is determined at a microscopic level
involving types of corrosion product and chloride content, early research correlated patina development
and performance to various visual indicators. For example, the formation of less protective crystalline
oxides resulted in the formation of loose rust scale on the patina surface. Furthermore, it was found that
rust scale appearance is proportional to chloride content. Weathering steel surfaces with higher
concentrations of chloride in the oxide layer were found to have developed larger, thicker rust flakes in
the patina.

Ultrasonic thickness gages have been used to measure the depth of corrosion penetration. If the depth of
penetration is known, the approximate corrosion rate can be estimated from the age of the structure to
assess if the corrosion rate has stabilized. The literature indicates that this testing technique has been used
with varying degrees of success. Even with trained equipment operators, the potential exists for variations
in the measured thicknesses and/or uncertainties in the results. Also, the initial thickness of the steel plate
is typically not known due to fabrication tolerances. Based on these factors, the use of ultrasonic thickness
gages for this project was not pursued.

NCHRP Report 314 presents guidelines to evaluate the condition of the oxide layer on weathering steel
structures. Particularly, the color and texture of the oxide layer can be used to evaluate if the patina is
protective or not. However, it also suggests that visual observations alone can be misleading and
recommends hammer tapping or wire brushing to determine if the layer is adherent or debonds in the
form of granules, flakes, or laminar sheets. The inspector should be familiar with the appearance of
weathering steel patinas that form in various environments and microclimates. For instance, the exterior
face of a fascia girder may develop a dark-brown, tightly-adhered patina, but the interior face of the same
girder may have a dark-brown color with non-adherent, coarse rust flakes. The NCHRP report presents
characteristic colors and textures for weathering steel oxide layers, and these appearance guidelines are
summarized in Tables 1 and 2.

Table 1. NCHRP 314 Appearance Guidelines for Color of the Oxide Layer

Color Condition

Yellow orange Initial stage of exposure

Light brown Early stage of exposure
Chocolate brown to purple brown Development of protective oxide
Black Nonprotective oxide
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Table 2. NCHRP 314 Appearance Guidelines for Texture of the Oxide Layer
Texture Condition

Tightly adherent, capable of withstanding
hammering or vigorous wire brushing

Protective oxide

Early stages of exposure; should change after

Dusty

a few years

Possible indication of problem depending on
Granular .

length of exposure and location of structure
Small flakes, 6mm in diameter Initial indication of nonprotective oxide

Large flakes, 12mm in diameter or greater Nonprotective oxide

Laminar sheets or nodules Nonprotective oxide, severe corrosion

More recent research conducted in Japan developed a similar scale for evaluating the color and texture of
a weathering steel patina. This approach is similar to the guidelines presented in NCHRP Report 314
except that an appearance index between 1 and 5 is used describe the condition of the oxide layer, as
shown in Table 3. In general, an appearance index rating of 4 or 3 represents protective, durable rust
where the corrosion rate has stabilized. When the index rating progresses from 3 to 2 or 1, the corrosion
rate of the underlying steel exceeds the weathering corrosion rate and nonprotective thick rust is forming.
This correlation between the appearance index rating and the corrosion rate is shown schematically in
Figure 3.

Table 3. Appearance Indices of the Oxide Layer"

Appearance Oxide Layer . .
Index Rating Thickness Description Rust Flake Size
Large swelling and
1 > 800 pm laminated flaky layer >25mm
2 > 400 um Partial swelling and 5 t0 25 mm
flaky layer
3 <400 pm Non-uniform rust 1to5mm
Adherent and uniform .
4 < 400 pm dark brown rust Fine, < 1mm
5 <200 pm Light brown rust Fine

The inspection techniques discussed above must be done at close range in order to accurately evaluate the
color and texture of the oxide layer, as well as to identify variations in the condition. It was found that
various State Departments of Transportation are beginning to adopt some form of patina evaluation and
inspection techniques. The NYSDOT has developed inspection techniques based on the guidelines in
NCHRP Report 314 to help inspectors evaluate the performance of the protective patina. It is our

! Hara, S., et al., “Taxonomy for protective ability of rust layer using its composition formed on weathering steel
bridge,” Corrosion Science 49 (2007), p.1131-1142.
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understanding that a weathering steel superstructure is assigned a rating based on the overall condition
and appearance of the protective patina. Presumably, these ratings are then used to prioritize structures in
need of maintenance and/or rehabilitation measures.

Maintenance of Weathering Steel Bridges

After routine inspections are performed, areas where the protective patina is not performing as expected
may be identified. Many of the potential problems related to weathering steel relate to extended periods of
wetness caused by dirt and debris on the surfaces and/or contamination from chlorides caused by
inadequate management of water. Highway bridge structures are known for collecting contaminants, such
as chlorides, dirt, debris, bird nests, and other foreign matter, on horizontal surfaces. Therefore,
weathering steel should not be perceived as a maintenance-free material. Often, the areas of excessive
corrosion are easily remediated by addressing the source of the problem. The 1989 FHWA Technical
Advisory and NCHRP Report 314 present routine maintenance items that may be necessary to address
problem areas, including:

e Controlling roadway drainage by:
o Diverting water away from low spots and horizontal surfaces
o Cleaning troughs of joints
o Resealing deck joints
o Sealing leaking cracks in the deck
o Maintaining scuppers
e Periodically removing dirt, debris, and other deposits that hold moisture by:
o Hosing off the bridge
o Scraping off loose sheets of rust
e Maintaining screens over access holes
Removing vegetation that prevents drying
e Painting areas of excessive corrosion when necessary

Washing

Although bridge washing is a recommended maintenance action included in the FHWA Technical
Advisory, there are two differing opinions regarding the effectiveness of washing. The research of the
early 1980’s suggested washing on a regular basis to remove chlorides before they are trapped by
additional dirt, debris, and soot. The FHWA sponsored forum in 1988 discussed both sides of the washing
debate. On one hand, many agencies considered washing as an effective method to remove chloride
contaminants. On the other hand, it was stated that simple washing does not provide enough flow over a
steel surface to remove salt contaminant build-up. In other words, salts will migrate to the interface
between the oxide layer and the underlying steel, and washing is not able to significantly reduce these
trapped chlorides.

Evidence shows that frequent natural washing, such as regular rains on a fascia girder, will help keep the
chloride levels low on weathering steel surfaces. Annual high-pressure washing of the interior surfaces
will remove surface contaminants, but it will not be effective in removing the chlorides within or below
the oxide layer. Similarly, multiple high-volume washings that may help to remove chlorides in the oxide
layer are not cost-effective.

Although high-pressure washing is not very effective in removing chlorides embedded in the patina, an
FHWA study in the mid 1990’s found some evidence that periodic water washing may help to reduce the
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corrosion rate. At a minimum, the various studies agree that high-pressure washing will help to remove
dirt, debris, loose rust flakes, and surface chloride contaminants that are often responsible for causing
extended periods of wetness. This type of washing is also effective in removing much of the poultice
layer of dirt and chlorides from horizontal steel surfaces, which often produces a sponge-like condition
that may hinder the development of a protective patina.

Painting

The weathering steel research performed since the early 1980’s identifies painting as an effective
remedial measure to address areas of excessive corrosion or protect areas where the patina has not
formed. The literature review identified several studies related to proper surface preparation techniques to
remove the chloride contaminants from the steel surfaces and pits. Limited research relating to rust-
stabilizing treatments was also found; however, these treatments were often used as a sacrificial coating
applied before the bridge is erected to help accelerate the development of the stable oxide layer. In some
cases, rust-stabilizing treatments were applied to in-service bridges, but surface preparations similar to
that required for painting were needed. The high cost of preparing and painting in-service bridges offsets
the initial cost benefits of the weathering steel. Although painting can be an extremely effective
remediation tool for poorly performing weathering steel, this type of remediation is beyond the focus of
this report.

FIELD INVESTIGATION AND DISCUSSION
Investigation Approach

To maximize the efficiency and effectiveness of our field investigation, WJE experimented with various
testing procedures, techniques, and documentation strategies in advance of the lowa site visits. We also
developed customized wireless information processing tools to record our field notes, test results, and
photographs. Additionally, we conducted trial experiments to confirm the suitability of our proposed field
testing procedures and explored their respective limitations. By evaluating and refining the proposed
testing program prior to arriving on-site, we ensured maximum consistency and quality of the information
obtained from the selected sample structures in lowa.

Field Investigation of lllinois Pedestrian Bridges

During the development of the testing approach, WJE performed field inspection and testing on several
weathering steel bridge structures in the vicinity of our Northbrook, Illinois office. These structures all
carried pedestrian and other non-motorized traffic, but varied considerably in detailing and environment.
Accordingly, WJE was able to observe and test weathering steel with a wide range of performance
conditions.

Various pedestrian bridges visited in Illinois exhibited poor patina performance, and these structures
tended to be directly exposed to salt spray from roadway traffic below or to deicing salts used on the
bridge deck above. It was also noted that the design details influenced the patina performance. For
example, member and connection details that permitted debris and dirt build-up or trapped moisture on
the steel tended to result in increased flaking and/or patina delamination in these areas. Similarly, regions
of members exposed to salt spray from below but shielded from the benefits of natural rain washing and
drying action performed poorly.
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One pedestrian bridge carrying a walkway over a stream in a local park provided an extreme example of
rapid weathering steel deterioration. Reportedly, this structure was approximately 10 months old at the
time of our inspection and had been installed in December 2011 to replace, in-kind, a similar weathering
steel pedestrian bridge that was experiencing severe corrosion-related deterioration and section loss. The
wooden plank walkway of the new bridge structure allowed deicing salts to leak directly onto the truss
bottom chord and floor beams. On these lower members, WJE observed notable deterioration of the
protective oxide layer (Figure 4), with the initial stages of pitting and poor patina development.
Conversely, the main truss top chords, web members, and railings all appeared to be still developing a
patina without signs of distress (Figure 5). Observation of this structure reveals the potential effects of
seasonal installation on the ability of weathering steel to initially develop its protective patina.
Specifically, installations in the late fall or early winter of previously unexposed weathering steel may
preclude effective patina development if exposed to significant chloride and moisture levels early in the
life of the structure. This initial chloride contamination can lead to an accelerated corrosion rate and the
inability of weathering steel to develop its protective oxide layer.

WJE also made notable observations during the inspection of a pedestrian bridge over the Des Plaines
River located on an unpaved trail in a forest preserve. Figure 6 shows its general arrangement and
environment. Though considerably older than the other local structures observed (aerial photographic
records indicate the structure predates 1993), a combination of proper detailing and no salt exposure
promoted excellent patina development and long-term performance of this truss bridge. A close-up
photograph of a typical area of patina is shown in Figure 7.

During the inspection of the Illinois pedestrian bridge structures, WJE also established the effectiveness
of a tape adhesion test to provide accurate and rapid confirmation of patina performance. On the well-
developed patina of the pedestrian bridge over the Des Plaines River, a tape test was able to extract only a
limited number of very small rust flakes. On structures with poorly-developed patinas, the tape test
removed significant quantities of large, thick rust flakes. As a result, the tape adhesion tests appeared to
provide a strong correlation between the size and spatial distribution of rust particles on the tape sample
and visual observations of patina performance. Particularly for patinas performing well, other means of
physically sampling the rust flakes presented disadvantages. Specifically for excellent patinas, scrapings
were largely ineffective in providing meaningful information about the size or spatial distribution of the
rust flakes. However, a tape test provided accurate assessment of both of these parameters by keeping the
flakes intact and situated in their relative locations. In addition, the tape test provided information
regarding the adherence of the protective oxide layer to the underlying weathering steel.

In general, the field work on Illinois pedestrian weathering steel structures provided WJE an opportunity
to conduct the anticipated field tests on a trial basis in order to refine the testing techniques and data
collection approach. Although each of the tests used in the lowa site visits is described in detail in the
following sections, some key observations made during our initial 1llinois field testing include:

e Visual inspection of the structure is adequate to make overall assessments of the patina’s
condition and to identify problem spots or locations where detailed testing should be performed.

o Tape adhesion testing provides fast and accurate substantiation of visual observations of patina
performance and yields useful information for virtually all patina conditions encountered. It also
preserves this information on the tape sample and permits more detailed comparison to future
performance at a later time, if properly stored.



ENGINEERS Assessment of Weathering Steel Bridge Structures in lowa

W E ARCHITECTS lowa Department of Transportation
MATERIALS SCIENTISTS February 21, 2013

Page 15

e The patina condition index (described later) used for the lowa field investigation is suitable to
quantify visual inspections of the steel, and these results can be directly confirmed by tape testing
using the same criteria.

e Chloride testing with CHLOR*TEST brand kits is limited to patina conditions where the surface
can be adequately prepared to seal the sleeve to the weathering steel. The test would leak if used
on unprepared surfaces or poorly performing patinas. Leakage of the test fluid may occur through
pores and delaminations beneath the surface of the patina, even if an adequate seal is made.

e Scrape testing is a practical means to collect samples of larger rust flakes for subsequent
laboratory testing but yields limited other useful information.

Laboratory Spray Testing

WAJE also conducted spray testing on eight 1/2-inch thick weathering steel plates to observe how the early
stages of patina development were influenced by the presence of salts. Although the plates had been
previously exposed to ambient outdoor conditions during the summer of 2012, patina formation had
hardly progressed at all at the time of spray test initiation due to extremely dry local weather during that
period. The plates were then placed in an exposed location outside the WJE laboratory and repetitively
sprayed to produce wetting and drying cycles. Four of the plates were sprayed with deionized water, and
the remaining four plates were sprayed with a solution containing 15% sodium chloride by weight. WIE
initiated the testing on October 15, 2012 and continued spraying intermittently through November 20,
2012 at the onset of freezing temperatures. We sprayed the plates only when they were initially dry; in
total, WJE applied 16 wetting and drying cycles to the plates. In between spray applications, the plates
also experienced natural wetting and drying due to occasional rain showers and dew formation. As
discussed in the literature review section above, this number of salt-spray cycles is approximately
equivalent to one winter season in Illinois.

WJE photographed the plates before initiating testing on October 15, 2012 and again on December 7,
2012. In general, the plates exposed only to natural moisture and deionized water showed minor
advancement in patina development, but the rust forming on the steel surface did appear to be consistent
with good patina performance. In contrast, the heavily salted plates began to exhibit reddish, streaky
surface rust formation after only a few spray cycles. This rust progressed more aggressively despite
intermittent natural washing by rain and showed beginning signs of distress. At the time of final
photographs, 17 days had passed since the last spray application, with several natural wetting cycles in the
interim. Figure 8 shows representative conditions of the plates before and after testing.

The deleterious effects of chloride contamination on the early stages of patina formation are clearly
evident from the results of this short-term spray study. WJE will continue to allow these plate specimens
to weather naturally in our laboratory yard and periodically monitor their performance. Additional spray
or other laboratory tests may be performed on the plates at a later date, once the patinas have had an
opportunity to mature.

Field Investigation of lowa Bridges

Prior to conducting the field investigation of lowa bridges, the lowa DOT provided an inventory of
weathering steel bridges in the State. WJE reviewed this inventory to evaluate the various environments
(rural, urban, etc.) to which the weathering steel bridge structures were exposed. It should be noted that a
suburban environment was also included for the purposes of the lowa investigation. The review
categories included the age of the structure, National Bridge Inventory (NBI) superstructure rating, and
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WJE

potential micro-climate factors such as traffic counts above, traffic counts below (if any), span lengths,
clearance below, and other geometric/layout factors that could be determined from satellite images.

In total, thirty-one separately identified structures were selected for the lowa field investigation. These
structures were grouped into various location environments, identified as Field Selection Number. In
some cases, such as side-by-side structures or multiple bridges along the same stretch of roadway,
structures were assigned the same Field Selection Number. A map of the different field inspection
locations is shown in Figure 9 and the list of structures is shown in Table 4 below. In addition, maps and
more detailed information for the various structures are provided in Appendices B and C.

Table 4. List of Bridges Selected for the lowa Field Investigation

Field ﬁl%lectlon Structure Name Bridge ID County Year Built
1* EB 1A-930 over US-30 0819.6R930 Boone 1972
3175.5R151 Dubuque 2002
-151 1A-

, US-151 over 1A-36 317550151 Dubuque 2002
. 3175.6R151 Dubuque 2002
US-151 over the N. Fork Maquoketa River 3175 6L151 Dubugue 2002
6485.3R030 Marshall 1995
3 US-30 over 1A-14 6485.3L030 Marshall 1995
7774.0R065 Polk 1997
4 US-65 over Avon Road 7774.0L065 Polk 1997
7731.5R080 Polk 1999
5 I-35 and 1-80 over 1A-28 7731 50080 Polk 1999
6 Douglas Avenue over 1-35 and 1-80 7726.10080 Polk 2002
E. 14th Street (US-69) over 1-235 7785.55069 Polk 2003
E. 12th Street over 1-235 7709.10235 Polk 2002
E. 9th Street over 1-235 7709.00235 Polk 2001
Pennsylvania Avenue over 1-235 7708.90235 Polk 2002
E. 6th Street over 1-235 7708.80235 Polk 2002
1-235 over the Des Moines River and the 7708.55235 Polk 2007
7 1-235 E.B. Entrance Ramp at 2nd Avenue 7708.5A235 Polk 2003
2nd Avenue over 1-235 7708.30235 Polk 2003
2nd Avenue Ramp over 1-235 7708.3A235 Polk 2002
3rd Street over 1-235 7708.20235 Polk 2003
5th Avenue over 1-235 7708.10235 Polk 2003
6th Avenue over 1-235 7708.00235 Polk 2004
7th Street over 1-235 7707.90235 Polk 2003

8 I-80EB and 1-29SB over Indian Creek 7802.4R080 Pottawattamie ol
9 US-218 over 1A-22 9280.9R218 Washington 1995
. 9799.5R075 Woodbury 1999
10 US-75 over Bus-75 and Railroad 9799 5L075 Woodbury 1999
11 FM RD A-34 over 1-35 9811.30035 Worth 1970
12* FM R-75 over 1-35 9951.40035 Wright 1971

*Included in the AISI study during the early 1990°s

**Bridge constructed with painted steel in 1968 and widened with weathering steel at later time, date unknown.
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Three of the thirty-one structures were constructed between 1970 and 1972, and two of these three
structures were included in the AISI research in the early 1990’s. The remaining twenty-eight structures
were constructed between 1995 and 2007. Four of these structures are over rivers and are not exposed to
any significant salt spray from below. Finally, the NBI superstructure rating for these bridges ranged from
9—Excellent Condition to 5—Fair Condition. The lowa field investigation was performed in November
2012.

Assessment of Inspection and Testing Methods

The following sections describe the various inspection techniques utilized by WJE during the lowa field
investigation, including visual inspection, tape adhesion testing, chloride testing, color testing, and
physical sampling. For each inspection/testing method, the procedure is presented along with advantages,
disadvantages, practicality, and repeatability. A discussion summarizing the results and findings is also
provided for each inspection/testing method. An inspection summary form for each lowa bridge structure
is included in Appendix C, and each form includes information related to the bridge environment,
location, age, traffic counts, structure description, summary of condition, and testing performed, as well
as several photographs obtained during the field inspection.

Visual Inspection

WJE subjected all of the sample bridges in lowa to visual inspection and evaluated each structure
according to a patina performance index adapted from previous research®. Table 3 above summarizes the
assessment criteria and corresponding categories of the patina performance index rating system. This
index was selected as a visual observation reference because it provides a quantitative means to assess
patina performance based on the size of the rust flakes comprising the patina, as well as its surface texture
and coloration. These evaluation criteria and the detailed characteristics of each of the five patina
classifications are discussed in more detail below.

In general, it was found that the bridges constructed in lowa since the mid-1990’s are in conformance
with the recommendations provided in the 1989 FHWA Technical Advisory. As a result, the bridges have
been detailed to avoid many of the locations where water can pond and result in extended periods of
wetness. As a result of these design details, many of the causes of premature deterioration in early
weathering steel structures have been eliminated in these newer lowa bridge structures. These design
considerations include:

Narrow flange widths, (Figure 10).

Narrow splice plates to prevent ponding water at the leading edge, (Figure 11).

Coped stiffeners that do not trap water, (Figure 12).

Minimal use of transverse and longitudinal stiffeners, (Figure 10).

Water diverter plates installed on bottom flanges, (Figure 13).

Elimination of joints by use of integral abutments, (Figures 13 and 14).

Painting end of steel members below joints even in integral abutments, (Figures 13 through 15).
Minimal use of scuppers.

Elimination of bottom flange lateral bracing, even on curved girders, (Figure 10).

% Hara, S., et al., “Taxonomy for protective ability of rust layer using its composition formed on weathering steel
bridge,” Corrosion Science 49 (2007), p.1131-1142.
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Visual Inspection Procedures. The visual inspection of weathering steel focused on specific
characteristics of the appearance in order to consistently rank the condition of the patina using the
selected visual performance index. WJE first noted the color of the patina in the region being considered.
The overall shade and tone of the color as well as the uniformity of the coloration (or lack thereof) were
of interest when rating the patina. Once color was observed, WJE moved closer to the region in question
to visually assess the texture, size, and spatial distribution of the rust products. The adherence and
approximate size of any rust flakes on the patina surface are key parameters in consistently ranking the
patina. A small scale held against the region of patina being considered proved helpful in quickly
estimating average flake size. Whenever possible, WJE inspectors tried to be within arm’s length of the
patina to gauge its adherence, texture, and flakiness.

WJE visually rated the patinas in terms of both overall and localized performance. To ensure consistent
rating of patina performance from bridge to bridge, WJE typically observed the corrosion products up
close using an aerial lift or by closely approaching areas near the abutment slope walls. Once close-up
observations of patina performance were made, WJE was able to extend ratings to other portions of the
bridge observed at greater distances by visual comparison. Overall rankings indicate performance of a
bridge structure on average; localized rankings help in quantifying the performance of the weathering
steel at trouble spots and in identifying the range of conditions present on a given bridge.

At times, WJE elected to further differentiate patina performance beyond the basic performance index by
using half-point scoring. In other words, visual observations or other tests sometimes indicated that patina
performance fell between two of the five primary category indices. In such situations, WJE used a half-
point adjustment to more precisely indicate the condition of the patina. Based on our lowa field
experience, we feel that such a differentiation is feasible and is helpful in distinguishing between a patina
that is solidly within a ranking index category and one that is trending toward the next category.
However, we feel that more precise (e.g., quarter-point) ranking of patina performance adds little useful
information for quantitative comparison to other regions or structures and may be difficult to consistently
implement. Visual inspection and ranking of patinas can be done without any more detailed testing.
However, with the exception a small portion of the structures included in the field investigation, WJE
typically supplemented visual assessment with tape testing, at a minimum.

WIJE observed significant bridge features during the course of visual inspection and rating of the patina.
These items were occasionally noted during the inspection and often helped to reveal information related
to the performance of the patina in each structure. Many of these are either causal to or symptomatic of
the condition of the patina, and include:

Bridge geometry, location, traffic exposure and general structural detailing
Drainage detailing and substructure rust staining

Bridge slope and distribution of chalky poultice corrosion of horizontal elements
Failure of expansion joints, deck cracking, or other means of water infiltration
Integral versus conventional abutment construction

Paint at ends and joints

Proximity of any adjacent bridge structures

Evaluation of Visual Inspection Methods. Visual inspection of weathering steel is highly effective for
making an overall assessment of patina performance and trouble-shooting problem areas. It is a fast
process, and was often found to be adequate to describe conditions on the bridge independent of other
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testing. WJE found that after inspecting several bridges exhibiting a range of patina conditions, we were
often able to confidently assign patina index ratings based on a visual survey alone.

WIE also found that, even with two inspectors working independently on the same structure, there was
consistency in visual ratings after working together on only a few bridges. This suggests that consistency
in visual inspections is achievable in the context of a larger field inspection/inventory program, even with
multiple inspectors, provided some basic training is given.

The patina rating index is a useful tool in several contexts. In addition to providing a consistent
quantitative description of the overall performance of a weathering steel bridge, it identifies the range of
conditions present. This type of rating also facilitates comparison of trends in weathering steel behavior
across multiple bridges or over multiple inspection periods. Use of a well-defined ranking system can be
made more effective by including a description and comparison of the effects of influential parameters
(e.g., bridge location, geometry, traffic conditions and salt exposure, etc.).

Though visual inspection is an excellent means of evaluating lowa weathering steel bridges, WJE
believes more detailed testing is also necessary to facilitate consistency in an inspection program. Other
supplemental testing is beneficial to the bridge evaluation process because it provides confirmatory
evidence to supplement the visual inspection findings.

Visual Inspection Summary. The patina rating index used during the field investigation is comprised of
five categories that represent different stages of performance. Index rating Category 5 typically indicates
an immature or developing patina and the remaining categories indicate a gradient of performance
ranging from good protective behavior (Category 4) to substantial failure of the patina and section loss
(Category 1). WJE observed the entire range of patina conditions during our site visits in Illinois and
lowa; however, a vast majority of the bridges inspected in lowa ranged between Category 4 and 2. Visual
inspection results for each of the lowa bridge structures are summarized in Appendix C.

Occasionally a Category 5 patina condition was observed on the lowa bridges, but this was typically in
isolated areas of members where there was visual evidence of some covering (e.g., spilled concrete, mill
scale, etc.) and/or shielding of the weathering steel from normal exposure conditions that could delay the
development of the patina. Category 5 patinas are typically well adhered, with a relatively smooth surface
texture and very small rust particle size. However, they are often lighter and much more reddish in color
than more advanced or mature patinas. Figure 16 is a close-up image of a Category 5 patina representative
of the localized conditions WJE observed on the sample lowa bridges.

Index Category 4 indicates excellent patina performance. Steel in this category has weathered as intended,
with a tightly adherent patina composed of small rust particles forming an effective protective barrier
against further corrosion of the underlying steel. The coloration of a Category 4 patina is typically a
uniform dark brown when viewed at a moderate distance, although close inspection of the corrosion
products reveals colors ranging from very dark brown to lighter brown, as shown in Figure 17.
Occasionally, there may be hues of purple or isolated metallic spots. No matter the color, the pattern of
coloration is most often uniform and has little variation. Also visible in Figure 17 is the relatively small
size of the individual rust product clusters that are constituents of the patina. The patina surface may be
somewhat rough but uniform, indicative of a thin, even, adherent layer. Little to no rust will be removed if
scraped with a fingernail or hand tool. Particles that are removed are typically less than 1mm in diameter.
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Index Category 3 patinas are still performing well in terms of forming the protective oxide layer, but they
have slightly larger rust flakes on their surfaces. Some of these flakes may begin to loosen and provide
pits and gaps where moisture and salts can be retained. Small, non-adherent flakes may be able to be
removed with a fingernail or hand tool, and these flakes are typically 1 to 5mm in diameter. However, if
these are removed, the remaining patina beneath appears adherent, dense, and relatively impervious. The
coloration of a Category 3 patina is generally uniform and dark brown, but the pattern may begin to vary
more as individual flake size increases. At transitions from a Category 4 to a Category 3 patina (e.g., near
the bottom of a girder web), the brown color often darkens. Figure 18 illustrates a typical Category 3
patina.

Index Category 2 is representative of a patina that may not be functioning as a protective oxide layer.
Typical conditions for ranking in this category consist of large, loose flakes covering the majority of the
region. The patina is increasingly thicker and more permeable, with many crevices, pits, and small
delaminations that allow moisture and salts to infiltrate the system. Pitting may begin to be of concern in
members with Category 2 patinas. The color of Category 2 patinas is often non-uniform, as larger rust
flakes result in blotchiness and reddish or black rusty discolorations, and salt stains become more frequent
and noticeable. The size of the rust flakes typically ranges from 5 to 25mm in diameter. Figure 19
highlights many of these characteristics in a representative image of a Category 2 patina on the underside
of a girder bottom flange.

Index Category 1 patina conditions were seldom observed during WJE’s Towa site visits. Category 1
patinas were found in isolated, localized areas and were usually attributable to a concentrated source of
moisture and chloride contamination, such as leaking joints or girder top flanges beneath cracks in a
heavily salted concrete deck. Figure 20 shows a Category 1 patina on a heavily chalked area on top of an
interior girder bottom flange, a common problem area on some bridges. Characteristics of Category 1
include layered delamination of the patina (loose rust flakes typically greater than 25 mm in diameter) and
possible section loss. The thickness of the rust increases substantially, and permeability and pitting in the
adhered material permits salts and moisture to continue the corrosion process deep beneath the surface for
longer periods of time after wettings. Category 1 patinas are non-uniform in color, and very large chunks
and flakes of rust can frequently be removed by hand.

As mentioned previously, conditions other than the patina index rating were noted on the lowa bridges.
One of the most widespread and significant conditions observed was chalkiness of the tops of the interior
girder bottom flanges. This phenomenon and the resulting corrosion are frequently referred to as poultice
corrosion. Typically, bridges with any significant salt exposure displayed a poultice layer coating the top
surfaces of the bottom flanges and other horizontal elements. The appearance of this layer was often
mottled as shown in Figure 21.

WAJE largely attributes this chalky layer to the natural deposition of salts and dirt from traffic spray below.
Often the slope of the girders permits salts and fine particulates dissolved and suspended in spray water to
migrate along much of the length of the girder, such as from areas directly over traffic to the girder ends
near the abutments. This layer of salts, dirt, debris, and corrosion product results in extended periods of
wetness due to trapped moisture, in turn causing additional poultice corrosion. In some cases, poultice
corrosion was reduced or absent in regions of a bridge that did not see salt spray from below, where
moisture drained away from the area, or was blocked by diversion plates. In many cases, the chalky layer
could be largely removed by brushing with a hand or with a wire brush, confirming that it is not a part of
the patina itself. However, the appearance of the patina did not easily fit into one of the patina index
categories discussed above because the rust particles were typically larger but more widely dispersed. In
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some cases, severe deterioration of the patina (large, flaky delaminations) corresponded to heavy
chalking, but in other cases, chalking was present without a significant effect on patina performance. The
effect of poultice corrosion on patina performance is likely highly dependent on other variables
influencing a given bridge.

Tape Adhesion Testing

WIE performed tape adhesion testing on the vast majority of the weathering steel bridges sampled in
lowa for this study. Tape testing was used to provide verification of visual patina index ratings, track
patina performance on different surfaces within a structure, and allow more detailed comparison of rust
flake size and density to other parameters such as chloride ion concentration. In addition, the tape test
samples provided a permanent record of the non-adherent rust particle size and distribution for future
reference after the field work was completed.

Tape Adhesion Test Procedures. Adhesion testing was performed in general accordance with ASTM
D3359. To ensure consistency of the results, we used a white cross-hatch tape manufactured by the
SEMiicro Division of M.E.Taylor Engineering, Inc., specifically to replace the discontinued Permacell P-
99 tape specified in the ASTM Standard. To conduct the tape adhesion test, a strip of tape approximately
8 to 12 inches long was pressed firmly onto the patina surface being studied. After waiting for a period of
approximately one minute, the tape was peeled off of the surface quickly and smoothly at a steep angle
(i.e., pulling the tape doubled back over itself rather than outward from the patina surface). Once
removed, the tape specimen provided a record of the rust flake size and spatial distribution. WJE adhered
the completed tape specimens to the inside of clear sample bags for future assessment. By storing the tape
specimens inside sample bags, the rust flakes could be examined and measured without disturbing them.
The tape samples were then used to assess the flake size and density and assign the patina an index
category. For patinas in generally good condition, small flake sizes were accurately measured using a
handheld 10x magnifying lens with a built-in measurement scale. The typical and largest rust flake sizes
(excluding obvious outliers) in a given sample were measured to the nearest 0.5 mm and compared to the
index rating criteria.

As a practical note, the specified time interval was occasionally extended or reduced, particularly if other
tests were being simultaneously conducted. It was found that the time interval of tape adherence to the
weathering steel made no noticeable difference in the test results. In addition, pulling the tape off at a
steep angle on significantly deteriorated patinas would cause larger flakes to peel away from the tape
itself or become damaged. In these cases, we adjusted the angle of pull to ensure the removed flakes
remained intact and in position on the tape sample.

Evaluation of the Tape Adhesion Tests. The tape adhesion test is a relatively quick, low-cost, and very
effective way to gather and preserve more detailed information about patina performance on a bridge. The
most significant cost is obtaining arm’s length access to the weathering steel surface. As mentioned
previously, the tape adhesion test provides more comprehensive information for assigning a patina index
rating than visual inspection alone. This is primarily due to the ability to accurately measure flake size,
which is more difficult to evaluate visually when the flakes are still adhered to the patina surface,
particularly for patinas in moderately good condition (i.e., Category 2.5 to 4.0). The density of flakes
removed by the tape also provides more detailed information about the overall adherence of the patina
than visual inspection alone, and preserves the spatial distribution and size of flakes for consideration in a
way that scrape tests do not.
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Tape testing proved to be effective in a variety of conditions, most notably temperatures well below
freezing. It also required no expensive or cumbersome equipment, requiring only a roll of tape, marker,
sample bags, and a pair of scissors. The use of a handheld magnification scope (10x) with a built-in
measuring scale was helpful in measuring the smaller rust flakes, but it may not be necessary for routine
field testing.

The tape test provided consistently good performance on all patina surfaces encountered, from index
Category 5 to Category 1, with one exception. A heavily chalked, or poultice, surface tends to inhibit
adherence of the tape to the patina. This results in a tape test specimen that holds fewer, smaller rust
flakes and more salts and dirt than a sample taken from a comparable patina without chalking. Figure 22
highlights the difference between a tape test on a typical patina and one taken over poultice corrosion. In
the latter case, care must be taken to distinguish between salt and dirt deposits and actual rust particles
when measuring flake size and assigning an index rating.

Tape Adhesion Testing Summary. While in lowa, WJE recorded tape test results for patina conditions
ranging from index Category 5 to Category 1. The specific test results for each bridge studied are
summarized in Appendix C. Figures 23 to 27 provide representative examples of tape tests for all patina
index rating categories. Surface areas with tape test flake size and density (an indication of overall patina
adherence) corresponding to the stated patina index criteria strongly match the appearance of the sample
photos for each category depicted in Figures 23 to 27.

Of particular interest are tape tests conducted on several of the girders to record patina variability from
structural element to element on a given bridge. When multiple tape tests were conducted on a given
bridge, WJE was able to identify trends in patina performance from one area of the bridge to another. An
excellent example of this was the four tape tests performed on Structure 9811.30035 which carries Farm
Road A34 over rural Interstate 35 (Field Selection 11). Together, these tape profiles assess how patinas
performed over the 40 year bridge service life by comparing results from exterior fascia surfaces to
interior surfaces in locations both directly above traffic and away from traffic near the abutments. The
index ratings for the girders of this bridge ranged from Category 4 to Category 1. The exposed, exterior
surfaces of the fascia girders performed considerably better than the interior surfaces, showing little to no
deterioration in the protective oxide layer after 40 years of service (typically rated as Category 4 to 3.5).
The interior girder surfaces exhibited considerably more rust flaking, particularly at the bottoms of the
girders (i.e., the bottom of the web and bottom flange, and especially the top of the bottom flanges, where
significant poultice corrosion was present). The deterioration recorded by the tape tests over traffic was
also markedly worse than that near the abutments. The tape tests directly over traffic rated about half an
index point worse on surfaces generally performing well, such as the exterior of the fascia and above mid-
height of the interior webs. However, at areas more prone to patina deterioration, such as the top of the
bottom flange, the index rating over traffic was up to 1.5 rating points lower than the rating near the
abutment.

Also of interest are tape tests of a fascia girder from an eastbound on-ramp adjacent to the 1-235 Bridge
over the Des Moines River, Structure 7708.5A235. The ramp crosses a minor access road parallel to the
riverfront. The tape adhesion tests performed on the ramp fascia girder adjacent to the 1-235 mainline
structure suggest that heavy salt spray from the adjacent interstate caused significant deterioration of the
exterior face of the fascia web and bottom flange. The middle portion of the exterior web fared reasonably
well with an index of 3, but the patina was increasingly distressed as we examined lower on the girder, as
shown in Figure 28. The bottom of the web, top of the bottom flange, and bottom of the bottom flange
rated at indices of 2.5, 2, and 1.5, respectively. This corrosion is concerning given that records indicate
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this ramp structure was constructed in 2003; however, the damage was limited to a relatively short portion
of the bridge where chloride-contaminated snow from plows on the 1-235 mainline is deposited onto the
ramp fascia girder. At other locations along the girder, the curvature of the ramp brought the exposed
fascia surface out of range of direct snow or close enough to the mainline structure that the concrete deck
shielded the girder from direct snow, as shown in Figure 29. The interior faces of the fascia girder were in
considerably better condition, with an index rating of 3.5. Though some poultice corrosion was present on
the interior bottom flange, the patina was adherent and showed no signs of flaking. This may be an
indication that the interior surfaces of the ramp have a relatively short time of wetness each year since
they see little moisture from the low-speed, minor traffic below.

The conditions noted on this ramp structure are in sharp contrast to trends typically observed, where the
interior surfaces perform comparatively worse than the outside of the fascia. The combination of heavy,
direct salt exposure from the adjacent structure and the lack of any significant traffic on the river access
road below likely caused this exception to the patterns observed on other sample bridges. Similar
conditions to those described above were also observed during our visit to Field Selection 8 in Council
Bluffs. The exterior faces of the north fascia girder of Structure 7802.4R080 carrying eastbound 1-80 over
Indian Creek likely saw heavy direct salt deposition from westbound snow plows due to the proximity of
the neighboring bridge (clear distance of approximately 19 feet). At the remaining locations of side-by-
side bridges inspected, the clear separation between the bridges was approximately 35 feet or more. As a
result, the snow thrown by snow plows from one bridge structure did not have a noticeable influence on
the condition of the fascia girder of the adjacent structure.

Chloride Testing

WIE conducted tests to determine the concentration of chloride ions on the majority of the bridges in this
study, including bridges in both lowa and lllinois. The primary field chloride test utilized in this study
was CHLOR*TEST, manufactured by CHLOR*RID International, Inc. After considering other
commercially available chloride field tests, including the Bresle Test Kit manufactured by Paint Test
Equipment, the Soluble Salt Meter manufactured by ARP Instruments, Inc., and the SaltSmart Sensor
manufactured by Louisville Solutions Incorporated, we selected CHLOR*TEST for its simplicity,
relatively low cost, flexibility in testing time, and ability to seal and adhere to the weathering steel
substrate. The primary goal of chloride testing was to correlate chloride ion concentrations measured on
weathering steel surfaces in the field with observed performance of the patina. WJE also performed
chloride testing to measure the effects of bridge washing techniques on chloride concentrations.
Additionally, by conducting chloride tests on adjacent areas of patina with similar surface and exposure
conditions, we assessed the variation in chloride extraction with exposure time.

Chloride Test Procedures. CHLOR*TEST procedures are outlined in the manufacturer’s documentation,
and WJE generally followed these procedures with the exception of testing time. Our field procedure
typically consisted of the following:

Select the test location and prepare the surface to which the sleeve will adhere.

Empty the extraction solution into the latex test sleeve.

Peel the backing off of the adhesive foam at the mouth of the sleeve.

Without spilling the solution, partially adhere the sleeve to the weathering steel surface.

Remove excess air from the sleeve, then firmly and completely seal the mouth of the sleeve to the
weathering steel.
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e Orient the sleeve such that the extraction solution is in constant contact with the steel surface, and
massage the sleeve against the steel to circulate the solution and work it into the pits and voids of
the patina. It is acceptable if loose rust flakes fall into the solution.

o Keep the solution in contact with the steel for 15 minutes, massaging occasionally.

e Once the extraction time is complete, carefully remove and hang support the sleeve upright.

e Using the provided steel tool, snap both ends off of the glass titration tube and place it into the
solution, arrow pointing up.

e Place the included rubber dropper head over the top of the glass tube and squeeze once to initiate
the flow of extraction solution through the titration tube.

e The test is complete when the solution has percolated through the top of the tube’s fill to the
cotton plug; the top layer of fill will appear bright yellow and typically stain the cotton.

The test results are indicated by the change in coloration of the fill in the titration tube. The chloride ion
concentration in parts per million (ppm) is read directly from the scale printed on the tube. The reading is
taken where the titration tube fill changes from white to pink. A sample extracting untraceable levels of
chloride ions will not display any white in the tube. The precision of the measurement decreases with
increasing concentration due to the variability of the scale on the titration tube. At the low end of the
scale, results can be reasonably read to the nearest 1-2 ppm, depending on the clarity and sharpness of the
color change in the fill. At higher concentrations, the precision of measurement may be closer to 3-5 ppm.
Readings at all concentrations reportedly have no inherent bias. Note that on a theoretically solid, smooth
surface, the CHLOR*TEST results in ppm would also correspond to an equivalent reading of micrograms
per square centimeter if chlorides were extracted from the surface with 100% efficiency. Actual chloride
extraction rates experienced by WIJE in the field on weathering steel surfaces were much lower (typically
10% or less), as determined by subsequent laboratory chloride tests.

During the course of testing, it was determined that careful pre-test surface preparation is essential to the
successful adherence of the CHLOR*TEST sleeve to the weathering steel substrate. Accordingly, the
time and equipment needed to execute each test is increased beyond that outlined in the CHLOR*TEST
product literature. Typically, WJE used a wire brush to clean the surface to which the CHLOR*TEST
sleeve was adhered. A circular metal stencil, approximately equal in size to the inner diameter of the
CHLOR*TEST sleeve, was used to protect the test area from wire brushing that might affect the chloride
extraction rate. Once the loose rust flakes and dirt were scrubbed off, tape was used to remove the
remaining rust particles and dirt from the test perimeter. Figures 30 and 31 generally illustrate the
extraction and titration tube stages of the CHLOR*TEST procedure, respectively.

CHLOR*TEST is capable of measuring concentrations of chloride ion below 60 ppm, which is the upper
limit of the titration tube. Higher concentrations could be verified with QuanTab test strips, produced by
Hach Company, Inc., and designed to measure higher chloride ion concentrations. The two measurement
tools generally showed good agreement at locations where chloride concentrations would register on both
devices. Lower levels of chloride ions measured by the CHLOR*TEST could not be independently
verified in the field, but laboratory verification of CHLOR*TEST accuracy (and extraction efficiency) at
low measured concentrations was performed on a limited number of core samples.

It should be noted that a series of chloride tests was performed in order to evaluate the extraction of the
CHLOR*TEST solution as a function of time. The CHLOR*TEST time profile was performed on a
small, uniform area of patina on an interior girder web near the east abutment of Structure 7731.5R080 of
Field Selection 5, which carries Interstates 35 and 80 over lowa Route 28. The tests were performed on
the bottom of the girder web facing the interior of the bridge. A tape test made in this area indicated rust
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flake size varied from 0.5mm to 5mm, corresponding to a Category 3. As expected, WJE observed a
relationship between CHLOR*TEST duration and chloride concentration measured; the results are
illustrated in Figure 32. Although the chloride extraction increases with increased time, a 15 minute test
time was selected for all chloride testing performed on weathering steel bridges in lowa in order to
provide consistent testing methods for possible future comparison of the results.

Evaluation of the Chloride Tests. During the lowa field investigation, chloride concentrations from 0
ppm to well over 60 ppm were measured on weathering steel patinas. In general, the presence of
measurable chloride ion concentrations was typically associated with some deterioration in patina
performance; however, the extent of deterioration in terms of rust flake size and patina index did not
always correlate closely with measured chloride concentration. We also found that vertical surfaces
typically had lower chloride levels than adjacent horizontal surfaces. Heavy concentrations of chlorides
were typically found on the tops of horizontal surfaces, particularly in areas with heavy poultice corrosion
or where advanced flaking and delamination of the patina appeared to be allowing excess chlorides to be
retained beneath the surface. Chloride test results for each sample bridge are summarized in Appendix C,
as applicable.

Chloride testing was also performed beneath the patina layer on several bridges during the lowa field
investigation. At these locations, the patina layer was removed with a wire wheel grinder to essentially
bare steel, as shown in Figure 33. These tests revealed chloride concentrations in the pits and on the
surface of the base metal that were comparable to the chloride concentrations on the surface of the
adjacent patina.

While the measurement of chlorides present in the CHLOR*TEST solution is likely accurate, laboratory
testing revealed that the extraction efficiency of the test is typically very low (10% or less of the total
water soluble chlorides) and may be heavily dependent on the surface condition of the patina itself. The
patina layer has varying degrees of permeability; as corrosion-related deterioration progresses in the
patina, this oxide layer becomes increasingly thick and porous. The permeability of the patina layer and
the amount of chlorides deposited on the surface during patina development also contribute to the
chloride levels within and/or below the patina layer. Based on the results of the chloride testing performed
in the field and laboratory, it appears that the CHLOR*TEST is not able to withdraw and measure
chlorides within or below the patina layer when practical extraction times are employed.

While the parameters and phenomena determining the rate of ingress of chloride ions from the surface of
a weathering steel patina toward the base metal are complex and not have been completely studied, one
simplified model that may be applied to the process is Fick’s Law of diffusion. In accordance with Fick’s
Law, the change in chloride ion concentration in the weathering steel patina over time is related to the
gradient between the surface chloride concentration and the chloride levels within the patina. The rate at
which the higher levels of surface chlorides diffuse into the patina layer is a function of time, the
permeability of the patina, and temperature. Following the deposition of chlorides onto a weathering steel
surface, Fick’s Law suggests a portion of the chlorides will permeate into the patina layer in order to seek
equilibrium. Over time, diffusion of chlorides through the patina would gradually result in more or less
uniform chloride concentrations throughout the thickness of the patina.

Because of the surface-based nature of the CHLOR*TEST and the corresponding low extraction
efficiency on porous weathering steel, quantitative comparisons of data between different patina
specimens are not practical. The fact that many of the chlorides in most patinas reside beneath the surface,
combined with the range of patina surface conditions and the possible change in surface salt deposits over
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time, makes meaningful bridge-to-bridge, element-to-element, and time-to-time comparisons based on
field chloride results infeasible.

Chloride Testing Summary. Chloride testing’s usefulness as part of a regular bridge inspection and
maintenance regimen appears to be very limited. The extraction efficiency of the field chloride test is too
low to allow quantitative comparisons between patinas to be made with any degree of confidence in their
accuracy. Given the complexity and variability of salt deposition, diffusion, and retention in weathering
steel, it is our opinion that field measurement of chloride levels on bridges will yield little information to
aid in predicting their future long-term performance.

Taken collectively, the chloride tests performed during our lowa field work demonstrate that patina
deterioration is the result of chloride exposure in areas that are not sufficiently cleaned by natural
washing. While the presence of chlorides undoubtedly accelerates the corrosion process and leads to
formation of harmful rust phases in lieu of the desired uniform, tightly adherent protective patina, field
chloride testing yields insufficient information for evaluating patina performance and predicting long-
term future behavior. Accordingly, it is our opinion that field chloride testing will not be effective in
prioritizing deteriorated structures for maintenance. Instead, the focus of any bridge maintenance effort
should be directed at identifying and eliminating conditions that promote corrosion due to chloride
contamination, such as conditions that prolong time of wetness and speed chloride penetration.

Color Testing

Color testing was performed on a limited number of bridges during the lowa field investigation. This
testing was undertaken as another means of quantitatively supplementing visual inspection results and for
potential correlation with the patina performance index rating scale. After utilizing the color testing
device on several bridges and evaluating the results, WJE elected to discontinue color testing in favor of
more productive tests.

Color Test Procedures. A Konica Minolta CR400 Chroma Meter Colorimeter was used to obtain color
measurements directly on the surface of the patina. When placed against the patina, the color testing
device flashes a light through its 8mm diameter aperture onto the weathering steel, recording the levels of
each primary light color component returned by the surface. These values are then interpreted in a
computer to derive a corresponding uniform shade representative of the test area.

Evaluation of the Color Tests. It was anticipated that a patina color could be quantified in an effort to
correlate patina color to performance. The color test results revealed that this would not be practical for
evaluation of patina performance. This determination is due to the testing scale rather than inaccuracies of
the testing equipment. The small area considered by the test still contains significant color variation due
to the flaky, semi-crystalline nature of rust products comprising the patina surface. However, the color
variation of interest is present on a much larger scale, such as mottling and non-uniform patterns in the
patina visible from a distance. The color test measures color on a scale where meaningful comparisons
from one patina area to another are not possible. Specifically, areas of good patina and bad patina might
still possess similar local color patterns on rust product flakes, but when viewed at arm’s length the two
regions could appear markedly different.

Color Testing Summary. Color test locations on individual bridges are noted in Appendix C, when
applicable. In general, WJE performed a cursory review of the results using computer post-processing of
the color data and determined that the information collected did not yield meaningful information about
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patina performance. More specifically, the collected color test data for a given sample corresponded to a
shade of brown identified by a computer, but comparison of these shades did not provide meaningful
information about the relative color variation in the weathering steel patina from regions of good
protective behavior to regions of poor protective behavior. One exception was noted in this pattern. Areas
of poultice corrosion, or heavily chalked surfaces, demonstrated a consistent, significant color difference
compared to non-chalked patinas, as measured by the Chroma Meter. However, this difference was also
readily discernible with the naked eye in all cases. In light of the fact that the color test does not yield
practical information, the significant cost of the test device, and the ability to distinguish important trends
in patina coloration with the naked eye, the color testing equipment is deemed to not be a practical
method to include as part of a routine field inspection program.

Physical Sampling

In addition to the field tests described above, WJE removed physical samples of weathering steel for
closer examination at our Northbrook laboratory. In all cases, these samples were collected adjacent to
field tests, such as tape tests or chloride tests, to facilitate direct comparison of the results. Two types of
physical samples were obtained during the field investigations in Illinois and lowa: through-thickness
cores of weathering steel members and scrapings of patina flakes. Both sample types could be used for
chemical analysis of the rust phases; however, only the cores were tested for chloride content.

Physical Sampling Procedures. Steel cores were obtained at a total of five locations during our field
investigation in lowa. The core locations were carefully selected to provide variability of patina
performance, field-measured chloride levels, and environmental conditions. At the request of lowa DOT,
steel cores were only removed from secondary bridge members such as diaphragms and cross-bracing,
and the cores were taken from non-critical locations on these members. Core sampling was performed
using a magnetic drill, and each sample was stored in a sample bag to prevent contamination. Core
samples were removed at the following locations:

e 7774.0L065, first cross-frame from west over eastbound Army Post Road, bottom WT brace,
stem of tee (Sample FS4).

e 7731.5R080, first cross-frame west of east abutment, between second and third interior girders
from south fascia, bottom WT brace, stem of tee (Sample FS5).

e 7708.20235, first diaphragm south of south pier, between second and third interior girders from
west fascia, channel diaphragm, bottom of web (Sample FS7-over).

e 7708.55235, over southbound River Road curb between fourth and fifth interior girders from
south fascia, channel diaphragm, bottom of web (Sample FS7-under).

e 9811.30035, between two center girders over northbound 1-35 right shoulder, channel
diaphragm, bottom of web (Sample FS 11).

WJE also obtained patina scrapings from various bridges in lowa and Illinois. Typical scraping locations
were in regions where substantial flaking or rust delamination was present; however, some scrapings of
tightly adhered patinas were also retrieved for potential comparison in the laboratory. Scrapings were
collected directly into sample bags using a stainless steel putty knife.

Evaluation of Physical Sampling. Sample removal allows for detailed laboratory investigation that is not
possible in the field. Core sampling is the most effective, since all characteristics of the in-situ patina are
preserved, including rust flake size, spatial distribution, flake orientation, adherence, voiding and pitting,
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and condition of the base steel substrate. In addition, all of the chlorides present throughout the thickness
of the patina can theoretically be extracted from a core sample.

Scrapings are less effective than cores, but they are still useful for chemical composition tests and
examination of the different rust phases present. Only the chlorides within and on the surface of the flakes
are removed, so comparison to field chloride testing is limited due to the amount of chlorides that remain
in-situ. Scraped flakes are also highly disturbed during removal, as these particles tend to break and will
not retain any of their spatial distribution or orientation.

Physical Sampling Summary. Coring locations are noted for each bridge studied in Appendix C, as
applicable. Since scrapings were not used in the laboratory testing program, they have not been included
in Appendix C. Physical sampling is not a practical method of evaluating patina performance as part of a
field inspection program; however, it has been used here to evaluate the effectiveness of the other test
methods employed in this study