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ABSTRACT 

Concrete bridge decks subjected to corrosive environment because of the application of 
de-icing chemical could deteriorate at a rapid rate. In an effort to minimize corrosion of the 
reinforcement and the corresponding delaminations and spalls, the Iowa Department of 
Transportation started using epoxy-coated rebars (ECR) in the top mat of reinforcing around 
1976 and in both mats about 10 years later. The overall objective of this research was to 
determine the impact of deck cracking on durability and estimate the remaining functional 
service life of a bridge deck. This was accomplished by conducting a literature review, visually 
inspecting several bridge decks, collecting and sampling test cores from cracked and uncracked 
areas of bridge decks, determining the extent to which epoxy-coated rebars deteriorate at the site 
of cracks, and evaluating the impact of cracking on service life. 

Overall, 8 1 bridges constructed with ECR were sampled. Fick's Second Law was applied 
in this study to estimate the time required to reach the corrosive threshold of chloride 
concentration at the rebar level, i.e., the time length of the corrosion initiation stage. 

No signs of corrosion were observed on the rebars collected from uncracked locations. 
Rebars that had surface corrosion undercutting the epoxy coating were those collected from 
cores that were taken from cracked locations. In general, no delaminations or spalls were found 
on the decks where these bars were cored. The surface chloride concentration at 0.5 inches below 
the deck surface and the diffusion constant were found to be 14.0 1blyd3 and 0.05 in21yr, 
respectively. For a corrosion threshold range from 3.6 to 7.2 1blyd3, the predicted service life for 
Iowa bridge decks considering corrosion of ECR was over 50 years. This illustrates that ECR can 
significantly extend the service life when compared with bridges constructed with black rebars. 



1 INTRODUCTION 

1.1 Background 

Corrosion is a natural phenomenon that occurs when the substance of a material 
reacts with the surroundings in a chemical or physical process. This would eventually 
result in an unwanted compound. Such a process is known as oxidation, i.e., metal reacts 
with oxygen and the unwanted compound is rust. Corrosion can take place without 
visible change in a material's weight and volume. However, a corrosive material can alter 
its inherent physical properties and, in many cases, such as in reinforced concrete 
structures, will result in structural failure. According to published literature, up to 20 
percent of the annual iron production in the United States is used to replace the steel that 
is subjected to corrosion damage (1). A corrosive environment can speed deterioration of 
materials. Nevertheless, necessary precaution procedures can be taken to prevent or delay 
the corrosion of a material. 

Concrete bridge components constructed with uncoated reinforcement and 
exposed to chloride salt solutions can suffer accelerated deterioration. For example, in 
bridge decks, these problems stem from the use of de-icing chemicals during the winter 
season. Because of concrete's permeability and its natural tendency to crack, these de- 
icing chemicals can infiltrate the concrete and come into direct contact with the 
reinforcing steel, resulting in corrosion. Steel can expand three to six times its original 
volume when it corrodes, which could result in delaminations and spallings of some areas 
of the concrete (2). The delaminations and spallings further increase the corrosion rate of 
the steel by allowing even more chloride to penetrate through the concrete. To repair 
these problems, many bridges decks may require replacement of the upper portion of 
concrete and in some cases the top mat reinforcement, i.e., performing class A type 
repair. In some instances, bridge deck repair requires replacement of the entire depth of 
the deck at some location, i.e., performing class B type repair after a few years of service. 

In an effort to minimize corrosion of the reinforcement and the corresponding 
delaminations and spalls, the Iowa Department of Transportation (Iowa DOT) and many 
other transportation departments started using epoxy-coated rebars as the top mat 
reinforcing steel in bridge decks around 1976. Approximately 10 years later, ECR were 
used in the top and the bottom mats. Although the performance of epoxy-coated rebars in 
corrosive environments is thought to be superior to typical black steel rebars, the 
presence of cracks in bridge decks have caused some concern as to the condition of the 
reinforcement and epoxy coating in these areas. 

In a study conducted by the Federal Highway Administration (FHWA) in 1996 
(3), the performance of epoxy-coated rebars in bridge decks was evaluated in various 
states and in some parts of Canada. The study concluded that epoxy-coated rebars were 
performing well, except in some circumstances. For example, the study determined that 
defects in the epoxy coating at cracked locations and other areas with high chloride 
concentrations can result in corrosion of the reinforcement that could affect the 
performance of a concrete structure. There was also some evidence that exposure to high 



chloride concentrations tends to make the epoxy coatings more brittle and weakens the 
bond between the epoxy and steel (3). 

A study was conducted in 1995 by the Structure Quality Management Steering 
Committee of the Iowa DOT to evaluate the condition of epoxy-coated rebars at cracked 
locations. The study revealed that corrosion of epoxy-coated rebars was occurring at 
some locations along these bars. Although the findings were valuable, the study only 
represented the conditions of very few bridge decks that were included in the study. The 
committee recommended further research to evaluate the performance of epoxy-coated 
rebars in Iowa's bridge decks. 

1.2 Objectives 

The objectives of this work were to determine the impact of deck cracking on 
durability and estimate the remaining functional service life of a bridge deck. In addition, 
the results from this research need to be presented in a manner that can be used as a guide 
for maintenance engineers to determine when to conduct preventative maintenance or 
overlay bridge decks. These objectives were accomplished by completing the following 
tasks: 

Review related literature. This task consisted of reviewing previous studies related to 
the causes of cracking and the methods used to evaluate the performance of bridge 
decks. 
Analyze Iowa DOT bridge decks inspection records. This process involved analyzing 
data for hundreds of bridges constructed with epoxy-coated rebars in Iowa. Inspection 
records and ratings were used to determine what bridge characteristics had the largest 
impact on deck conditions. 
Select several bridge decks for evaluation. In this procedure, bridges were grouped 
according to age, structure type, and location within the state. From these groupings, 
bridges were selected so that the sample would be representative of Iowa's bridges. 
Select bridge evaluation procedures. This task involved choosing and implementing 
evaluation techniques that would be economically feasible and provide the data 
necessary to assess the bridge and reinforcement conditions. 
Conduct field and laboratory evaluation. The field and laboratory evaluation process 
consisted of several procedures and tasks conducted on the bridges during coring and 
in the laboratory during sample analysis. 
Study the effect of using two-course placement construction and sealed bridge decks 
on chloride diffusion through decks. 
Compile and analyze data. This task involved compiling the collected data to 
determine the diffusion constant for estimating chloride infiltration through a bridge 
deck and the condition of ECR. 
Evaluate the impact of deck cracking on deck durability. This task investigated the 
effects of deck cracking on the durability and the performance of a bridge deck in the 
state of Iowa. 



10. Evaluate the performance of ECR in Iowa bridge decks. This task compared the 
performance of ECR in Iowa bridge decks in comparison with that using plain steel 
reinforcement. 

The results obtained from this research will help to determine the impact that deck 
cracking is having on service life. The information regarding current conditions of 
bridge decks constructed with epoxy-coated rebars will be an asset to engineers to 
determine when an overlay for a bridge deck is needed. 



2 LITERATURE REVIEW 

The chloride ion-induced corrosion damage of bridge decks has been known to 
highway agencies for several years. In the following sections, the corrosion mechanism, 
the corrosion process, and a model that can be used to determine the chloride ion 
diffusion in Iowa bridges are summarized. This information is necessary to develop a 
model that can be used to determine the service life of bridge decks. 

2.1 Corrosion Process 

The corrosion of reinforcement in bridge decks results from an electrochemical 
process (4). For this process to occur there has to be a current flow, which results from a 
potential difference between two nodes. In most cases, the top mat of steel in a bridge 
deck acts as the cathode and the bottom mat acts as the anode. 

The amount of corrosion present and the rate at which the steel corrodes depend 
on various factors. Wet and dry cycles accelerate the corrosion process and, thus, make 
the environment an important factor (4). It has been found that the corrosion rate is 
highest during the spring season and lowest during the winter (5, 6). These rates can vary 
by a factor of about four or five times during the year (5). 

The degree of interconnection between the rebars also has a direct impact on the 
corrosion rate. Decks without epoxy-coated rebars normally conduct current throughout 
the reinforcement quite well because the reinforcing steel is in direct contact with the 
surrounding concrete. This acts to significantly increase the corrosion of the 
reinforcement and reduce the life span of a bridge deck. The use of epoxy-coated rebars 
in bridge decks could decrease this type of continuity, but defects in the epoxy coating 
and careless material handling still allow contact between the reinforcing bars and 
concrete (4). Another significant factor that has an effect on the corrosion rate is the 
cathode-to-anode ratio of the steel found within the bridge deck (5). 

The problems that result from corrosion of the reinforcement are the decrease in 
the structural capacity of the steel and the increase in the volume of the steel due to the 
corrosion products. Since the volume of the corrosion products is much larger than the 
volume of the original steel, significant stresses within the concrete can be induced, 
resulting in delaminations and spalls of the surrounding concrete (2). 

The point at which delaminations and spalls start to occur is subject to some 
variability. According to Broomfield (7), "It has been shown that cracking is induced by 
less than 0.1 mm of steel section loss, but in some cases far less than 0.1 mm has been 
needed." Broomfield (7) also stated that once these cracks occur, they allow for even 
more exposure of the steel to de-icing chemicals and the environment. This acts to further 
increase the corrosion of the reinforcement and can have a noticeable impact on the 
bridge deck and underlying structure. 



2.2 Corrosion Mechanism 

To investigate the performance of ECR in a bridge deck, one needs to understand 
the concept of the corrosion mechanism of reinforcement in the concrete. This knowledge 
provides insights and addresses the causes of the corrosion of reinforcement in concrete. 
Appendix A summarizes in some detail the corrosion mechanism of reinforcing rebars. 

2.3 Condition Evaluation Methods for Bridge Decks 

There have been many test methods and procedures devised to evaluate the 
condition and future performance of concrete bridge decks. Some of the tests mentioned 
by the FHWA (8)  include 

visual inspection, 
delaminations survey, 
depth of cover measurements, 
determination of chloride content in concrete, 
electrical continuity tests, 
corrosion potential mapping, 
corrosion rate measurements, 
determination of cross-section loss on reinforcing steel, 
petrographic analysis, and 
rebound number and penetration resistance tests. 

Although all of these procedures were not used directly in this work, knowledge 
of the various tests available was important in developing tests that would be beneficial 
and economical in the analysis used in this study. Furthermore, some of the tests 
discussed here may be incorporated into future work. Descriptions of the evaluation 
techniques follow. 

2.3.1 Visual Inspection 
The visual inspection of a bridge is a systematic procedure that includes locating 

and recording all defects found in the structure (8). Cracking, spalling, pop-outs, scaling, 
rust stains, and patches are the main concerns documented, and the location, type, and 
severity of these defects are noted on standard data sheets developed for the inspection. 
To aid in this process and other evaluation procedures, a grid system can be laid out on 
the surface of the deck or other structural members. 

2.3.2 Delaminations Survey 
There are several testing methods that can be used to determine where concrete is 

delaminated (8). The most common technique used is sounding, although other more 
expensive and elaborate methods may be more accurate and should be used if possible. In 
the sounding method, a steel hammer, rod, or chain is used to create sound vibrations 
within the concrete. If a sharp ringing sound is produced, the concrete is not delaminated. 



If a dull, hollow sound is produced when a hammer strikes the concrete or when a chain 
is dragged across the surface of the concrete, the concrete is likely to have delaminations 
present. Areas of delaminations are then marked directly on the surface of the concrete or 
mapped and recorded for future investigation. After delaminated areas are marked on the 
bridge deck, the percentage of delaminated areas can be computed. 

It should be noted that operator judgment and the presence of overlay can 
influence the results of the sounding method (8). The sounding method should not be 
used on bridge decks overlaid with asphalt. When the sounding method is used on bridge 
decks overlaid with cement concrete mixtures, it will detect debonding of the overlay, 
which will affect the validity of the results. 

The Iowa DOT had not noticed any delaminations or spalls on bridges built with 
epoxy-coated rebars. Therefore, a delaminations survey was not recommended for the 
work presented herein. 

2.3.3 Depth of Cover Measurements 
The depth of cover can be obtained by using a nondestructive pachometer or a 

"covermeter," by drilling small diameter holes to expose reinforcing steel for direct 
measurement, or by measuring the cover depth in extracted cores (8). Covermeters 
determine the depth of cover by measuring variations in magnetic flux caused by the 
location of steel. For the covermeters to be accurate, the size of reinforcing steel has to be 
known so that the readings can be interpreted for depths. 

Any of the above methods could be used in bridge deck evaluations, although 
using a covermeter may provide more depth measurements and, thus, give a better 
understanding of the true depth of cover over various parts of the bridge deck. Currently, 
there is no standard practice available for this technique (8). 

2.3.4 Determination of Chloride Content in Concrete 
The chloride concentration in the concrete at the reinforcing bar level is a major 

factor in the corrosion of reinforcing steel. Chloride ions can reach the reinforcing bar 
level by permeating through the concrete or by penetrating through cracks in the 
concrete. To initiate corrosion in the concrete, the concentration of chloride ions in the 
concrete must reach the corrosion threshold value for black bars of about 1.2 lblyd3 (0.71 
kg/m3) (9, 10). 

The chloride content of concrete can be evaluated using several different methods. 
The American Association of State Highway and Transportation Officials (AASHTO) T 
260-94 gives three procedures for determining the chloride content in concrete (8). In 
procedure A, which is a very time consuming and complicated test, the chloride content 
is determined by potentiometric titration in a laboratory. Procedure B, utilizes an atomic 
absorption process in a laboratory to determine the chloride content in concrete. In 
procedure C, the chloride content is determined using a specific ion probe in the 
laboratory or the field. Procedure C was recently developed by the Strategic Highway 
Research Program (SHRP) and is simpler and easier to use than the other two procedures. 
It is supposed to give relatively accurate results. 



Procedure C involves using an impact hammer with a stopping gage to drill out 
concrete powder at the desired depth and using a vacuum system with a collection unit to 
retrieve the powder. Three grams of the powder sample is then placed in 20.0 milliliters 
of digestion solution and shaken vigorously. Next, 80 milliliters of stabilizing solution is 
then added to the sample and shaken. Finally, a specific ion probe is inserted into the 
solution and voltage readings are taken. To determine the chloride content, the millivolt 
readings are mathematically converted into percent chloride by weight of concrete. 
Another alternative is to use an X-ray fluorescence spectrometer to analyze the chloride 
content in the samples. 

2.3.5 Electrical Continuity, Corrosion Potential, and Corrosion Rate Tests 
Electrical continuity testing must be performed on a bridge deck prior to 

performing corrosion potential mapping and corrosion rate measurements (8). The 
electrical continuity of the reinforcing steel must be known in order for corrosion 
potential and corrosion rate results to be valid. The corrosion potential and corrosion rate 
tests are useful for determining the state of corrosion and rate of corrosion of reinforcing 
steel on bridge decks without epoxy-coated rebars. These tests can also be run on decks 
with epoxy-coated rebars, but it is very arduous and is not recommended because there 
are no data interpretation guidelines developed for evaluating the voltage measurements. 

The state of corrosion of reinforcing steel is found by malung electrical 
connections to the reinforcement with a half-cell and taking voltage readings at various 
locations on the deck (8). The half-cell potential readings are then used to interpret the 
state of corrosion of the reinforcement. If enough readings are taken, a map of 
reinforcement corrosion can be developed for the deck that shows the reinforcement 
condition along the entire deck surface graphically. 

The rate of corrosion of reinforcing steel is found by using a corrosion rate device 
(8). The corrosion rate device induces small currents or voltages into the reinforcing steel 
and measures the corresponding response. The voltage or current measurements are then 
mathematically converted into corrosion rates. The results of this test can be used to 
approximate the life of the bridge deck or to decide when it should be repaired. 

2.3. 

due 

6 Determination of Cross-Section Loss on Reinforcing Steel 
The cross section loss in rebars is found by directly measuring the loss in diameter 

to corrosion and comparing it with the original diameter (8). During this procedure, it 
is very important that corroded material is cleaned from the surface and that accurate 
measurements are taken. The results obtained from several of these measurements could 
give a direct indication of the deck's condition. 

2.3.7 Petrographic Analysis 
A petrographic analysis requires drilling concrete cores from the bridge deck and 

examining them with the unaided eye and with a microscope. This allows for detection of 
deterioration that could otherwise not be found. Information that can be obtained from a 
very thorough petrographic analysis is as follows (8): 



condition of material; 
causes of inferior quality; 
identification of distress or deterioration caused by chloride induced 
corrosion, carbonation, alkali-aggregate reactions, freeze-thaw cycles, etc.; 
probable future performance; 
compliance with project specifications; 
degree of cement hydration; 
estimation of water-cement ratio and unit weight; 
extent of paste carbonation; 
presence of fly ash and estimation of amount of fly ash; 
evidence of sulfate and other chemical attack; 
identification of potentially reactive aggregates; 
evidence of improper finishing; 
estimation of air content and how much of the air voids are entrained versus 
entrapped; 
evidence of early freezing; and 
assessment of the cause of cracking. 

2.3.8 Rebound Number and Penetration Resistance Tests 
The rebound number and the penetration resistance tests are conducted to 

determine the strength of the concrete at various locations on the deck (8). In the rebound 
number test, a device with a spring driven hammer is used. The distance the hammer 
rebounds after being dropped indicates the hardness of the concrete, which can be 
correlated to compressive strength. The penetration resistance test involves using a 
special gun to drive a small rod into the concrete. The further the rod penetrates the 
concrete, the smaller the strength of the concrete. 

These tests were not run on the bridges evaluated in this work because the 
presence of cracks near the area being tested can influence the results. Since about half of 
the cores dnlled came from cracked locations, the results could have been deceiving if 
these tests were run. 

All the tests outlined above give important information on the condition of bridge 
decks, but some of the techniques only apply to bridges with certain characteristics and 
aren't necessary or feasible for the work presented herein. 

2.4 End of Functional Service Life of Bridge Deck 

The estimate of bridge deck durability involves defining the time at which 
rehabilitation of a bridge deck is required. For a bridge deck the end of functional service 
life is reached when severe deterioration occurs. Although a deteriorated deck can still 
serve for traffic and it poses no immediate danger of collapse, the public insists that the 
traffic agency provide a smooth riding surface. Rehabilitation can range ffom patching 
deteriorated areas to overlaying an entire bridge deck with a new riding surface when the 



cracks, delaminations, spalls, and patching on the concrete deck exceed a reasonable 
limit. 

Weyers et al. (12) conducted an intensive opinion survey of 60 bridge engineers 
to quantify the end of functional service life (12). The study concluded that, "based on 
recommended practices, it is likely that the end of functional service life for concrete 
bridge decks is reached when the percentage of the worst traffic lane surface area that is 
spalled, delaminated, and patched with asphalt ranges fi-om 9.3% to 13.6%." Also 
Weyers et al. (12) also documented that "based on current local practices, it is likely that 
the end of functional service life for concrete decks is reached when the percentage of the 
whole deck surface area that is spalled, delaminated, and patched with asphalt ranges 
from 5.8% to 10.0%." 

According to Iowa DOT practice, overlaying is performed when the whole deck 
surface that is spalled, delaminated, and patched with asphalt reaches about 8 to 10 
percent (1 3). 

2.5 Models for Estimating the Bridge Deck Service Life 

Weyers et al. (14) summarized two methods of estimating the service life of a 
deteriorated bridge deck. The first approach, referred to as the diffusion-cracking- 
deterioration model, estimates the service life using the concepts of chloride diffusion 
period, and corrosion cracking and deterioration period. The other method is referred to 
as the diffusion-spalling model. This two-step procedure assumes that rehabilitation will 
take place only after spalling or delaminations have occurred on 9 to 14 percent of a deck 
surface, which was defined as the end of functional service life. Because of its simplicity, 
the latter was selected and was used in this work. The following section discusses the 
corrosion process of this model. 

2.6 Corrosion Process Model 

Corrosion of reinforcing steel in concrete can be modeled as a two-stage process. 
The first stage is known as the initiation or incubation period, in which chloride ions 
transport to the rebar level. In this stage the reinforcing steel experiences negligible 
corrosion. The time, T I ,  required for the chloride concentration to reach the threshold 
value at the rebar level can be determined by the diffusion process of the chloride ion 
through concrete following Fick's Second Law (see section 2.6; 14). In the second stage, 
known as the active and deterioration stage, corrosion of reinforcing steel occurs and 
propagates, resulting in a noticeable change in reinforcing rebar volume that could induce 
cracking and spalling of the surrounding concrete. The length of the second stage, T2, 
depends on how fast the corroded reinforcing rebars deteriorate resulting in an observable 
distress. Figure 2.1 illustrates an arithmetic plot of cumulative percent deterioration 
versus time based on the above model generated an S-shaped (ogive) curve (1 5). 
Although it is not an easy task to predict, once again, the length of the second stage, 
eventually a deck will reach a condition at which some types of maintenance activities 
must be taken. 



The corrosion model discussed above was often used to assess corrosion of 
uncoated rebars (14). This concept was assumed herein to be applicable to estimate the 
service life of a bridge deck constructed using ECR. However, the corrosive threshold 
initiating corrosion of ECR and the length of the active and deterioration stage should be 
higher than those of uncoated steel bars. The determination of the length of these two 
stages is outlined in sections 4, 5, and 6 of this report. 

Time 

FIGURE 2.1 General Deterioration Curve versus Time 



2.7 Corrosion Threshold 

As discussed previously, chloride ions penetrate through concrete capillaries. As a 
result of chloride ion ingress, the chloride concentration may reach a corrosive threshold 
at the reinforcing bar level. This will initiate corrosion resulting in concrete distressed 
due to the change of reinforcing rebar volume. Ultimately, spalls and delaminations 
accelerate the deterioration of bridge deck and reduce its durability. The corrosion 
threshold at the steel bar level was determined to be 0.2 percent by weight of the cement 
content of concrete (1 6, 17). Cady and Weyers (18) estimated the corrosion threshold for 
unprotected reinforcement to be 1.2 1blyd3 (0.73 kg/m3) of concrete based on 6.5 sacks of 
cement per cubic yard of concrete. However, it is believed that the use of ECR will delay 
the time required to initiate corrosion. As a result, the corrosive threshold should be 
higher than that for the bare steel bar. Sagues et al. (19) suggest a range of the corrosive 
threshold for ECR from 1.2 to 3.6 lbiyd3. These limits will be investigated in this research 
using the chloride concentration-rebar rating relationships of ECR collected fiom bridges 
across the state of Iowa. 

2.8 Fick's Second Law for Chloride Ions Ingression in Concrete 

Fick's Second Law is the most common technique used to determine the length of 
the initiation stage, i.e., the time, TI ,  it takes chloride ions to migrate through a bridge 
deck and reach the top reinforcing steel. Fick's Second Law assumes that the chloride ion 
diffuses in an isotropic medium (20). The fundamental second order differential equation 
of Fick's Second Law is as follows: 

where C = chloride concentration with depth (in inches), t = time (in years), x = depth (in 
inches), and D, = diffusion constant (in in2&). 

A closed form solution of the above differential equation for a semi-infinite deck, 
i.e., a small ratio of depth to length or width of a deck, can be expressed as follows (21): 

where C(x,Q = measured chloride concentration at desired depth, C, = constant surface 
concentration measured at 0.5 inches below the deck surface (in lbsiyd3; see section 2.8.1 
for further discussion of C,), 



t = time (in years), and x = depth measured from the deck surface (in inches). 
The erf(y) function is the integral of the Gaussian distribution function from 0 to 

y. Utilizing Matlab (21) program generated values of the integration of equation 2.3 and 
the results are given in Table 2.1. 

2.8.1 Surface Chloride Content 
As can be seen, the application of Fick's Second Law to assess the initial time to 

corrosion requires the determination of the surface chloride content, C,, and the diffusion 
constant, D,. Weyers et al. (20) investigated the chloride concentration in bridge decks 
and concluded that the chloride content measured at 0.5 inches from the deck surface 
reached a stable condition after it had been in service for four to six years. For this reason 
Weyers et al. recommended using a chloride concentration measured at 0.5 inches from 
the deck surface as the surface chloride concentration, C,, in equation 2.2. 

One should realize that the steel bars will not commence corrosion when the 
chloride content ingress reaches the rebar level, but rather it takes some time to initiate 
the corrosion and break the passive protection layer formed by the concrete alkalinity. 
Thus, it is reasonable to assume that corrosion begins when the chloride ion penetrates to 
another 0.5 inches below the top layer of the reinforcing bar and reaches the corrosion 
threshold. Consequently, the depths of 0.5 inches below the deck surface and 0.5 inches 
below the top layer of reinforcing bar are canceled out (1 4). 

2.8.2 Chloride Diffusion Constant 
The transport of chloride ions in concrete is assumed to be a diffusion process in 

one dimension, downward in the case of bridge decks. In reality, the ingress of chloride 
ions in concrete can be attributed to the means of concrete capillaries and cracking. 
Apparently, the concrete quality affects the phenomenon of the diffusion process in terms 
of time needed for chloride content to reach a certain level. The omnipresent cracking 
that increases the rate of chloride diffusion is affected by many factors, such as traffic 
volume, water-cement ratio, temperature fluctuation, and the curing and construction 
process. For example, Herald (23) observed the strong correlation between the diffusion 
constant and the water-cement ratio in controlled experimental specimens. Moreover, 
Brown (21) concluded that temperature has a significant impact on the diffusion process 
of chloride in hardened cement paste. Thus, the diffusion constant is characterized by the 
construction practice from state to state. The following sections briefly summarize some 
factors that influence the diffusion of chloride in concrete decks. 



TABLE 2.1 Error Function Values y for the Argument of y 



2.8.2.1 Permeability Although concrete is a dense material, it contains pores. 
Ultimately pores form a network of paths, allowing salt, water and oxygen ingress into 
concrete, which initiates the corrosion of steel bar. Conventional concrete without special 
treatment is permeable. The permeability of concrete is the physical property of concrete 
to resist the migration of water or ions through concrete. Thus, low permeability concrete 
provides sufficient resistance for the penetration of chloride ions dissolved in water and 
other chemical attacks. 

Generally the permeability of concrete is the function of pore size, water-cement 
ratio, type of cement, length of adequate moisture curing periods, degree of 
consolidation, and the relative proportion of paste to aggregate (24). Data reveal that type 
I cement (low C3A), quartz fine and coarse aggregates and silica fume show the excellent 
ability to resist concrete deterioration (25). The low permeability of concrete is attainable 
if proper care is practiced (e.g., low water-cement ratio, adequate moisture curing, and 
good quality of consolidation). Studies have shown the correlation of water-cement ratio 
and degree of consolidation on the rate of transport of chloride ions through concrete 
(26). Concrete with a water-cement ratio of 0.4 had significantly lower permeability than 
that of a water-cement ratio of 0.6 and 0.7 (24). Seven days of moist curing can also 
reduce concrete permeability compared to one day of moist curing. Appropriate 
consolidation is equally important to produce good quality concrete that resists the 
penetration of chloride ions since proper consolidation practices can reduce the amount of 
pores and segregation. 

Moreover, as a rule of thumb, a low water-cement ratio mix design leads to higher 
compressive strength concrete and could provide better resistance to cracking resulting 
from the distress by steel corrosion and could extend the life of the structure. 

2.8.2.2 Environmental Factors The published literature recognizes those corrosive 
environmental factors such as temperature, humidity, and applications of salt that have 
significant impacts on deterioration of concrete bridge decks. However, the interaction of 
these three variables is too complex to exclusively incorporate them into the deterioration 
model (27). Nevertheless, Thompson et al. (27) document that the presence of any 
chloride concentration, temperature, and humidity can induce noticeable impacts on 
corrosion of steel in concrete. This fact serves to explain why corrosion of steel in 
Florida, a humid and marine climate, is considerably more severe than in some other 
states. 

2.8.2.3 Cracking on Bridge Decks Concrete cracks have many causes and have been 
studied to a large extent (28, 29). Several investigators [30, 31, 321 have pointed out that 
that a few bridge decks with epoxy-coated reinforcing bars have developed an excessive 
amount of deep cracks during the early stages of curing. This is attributed to the higher 
volume of cement contents and the lower water-cement ratio of the concrete. 

Cracking can adversely affect structure durability and hence shorten its service 
life since it could facilitate a direct path for corrosive chemicals to attack the steel 
reinforcement embedded in concrete. In some cases, deck cracking appears along the top 
reinforcing steel because of the inadequate cover depth or the steel bar depicts a 



weakened plane. This phenomenon increases the potential for corrosion of reinforcement 
and hence reduces the durability of the structure. 

Correlation between crack width and concrete deterioration was documented by 
Krauss and Ernest (33).  Concrete with cracks, particularly when the crack is wide and 
extended to the depth of unprotected steel bars, shows a rapid rate of deterioration of 
steel. Many factors can contribute to the width of the crack: the origin of the crack, 
amount of cover depth, stress in the steel, concrete creep, reinforcement ratio, 
arrangement of reinforcement, bar diameter, and stress profile in the deck (33).  

2.9 Surface Chloride, Co, and Diffusion Constant, D,, for Some States 

Weyers et al. (34) conducted an analysis of the diffusion constant and the surface 
chloride constant in several states. This database consists of over 2,700 powdered 
samples from 321 bridges in 16 states. Table 2.2 presents ranges for Co based on the 
severity of climatic exposure conditions. Table 2.3 shows the calculated mean values of 
the diffusion constants, D,, for bridges in several states (34).  Weyers et al. (34) also 
reported that bridge decks in the state of Iowa have a diffusion constant D, = 0.05 in21yr 
and a mean surface chloride content Co = 9.0 1blyd3. 

TABLE 2.2 Corrosion Environment: Chloride Content Categories, Co 

Low Moderate High Severe 
(lblYd3) (lblYd3) (lblYd3) (lblYd3) 

c o  o < c 0 < 4  4 s C 0 < 8  8 s  Co< 10 10 5 Co < 15 
Mean 3 .O 6 9.0 12.4 
States Kansas, Minnesota, Delaware, Iowa, Wisconsin, 

California Florida West Virginia, New York 

TABLE 2.3 Mean Diffusion Constants, D, 
- -- 

Mean 
California 0.25 
Delaware 0.05 
Florida 0.33 
Indiana 0.09 
Iowa 0.05 
Kansas 0.12 
Minnesota 0.05 
New York 0.13 
West Virginia 0.07 
Wisconsin 0.11 



2.10 Epoxy-coated Rebar Condition Rating 

The surface condition of ECR extracted from the bridge decks reflects directly on 
ECR effectiveness. Thus, visual inspection of the ECR surface provides the assessment 
to evaluate ECR performance. The rating scale shown in Table 2.4 is adopted from a 
Pennsylvania Department of Transportation study (35). One can use these rating scales 
to develop relationships between ECR rating and age. This process was adopted herein to 
predict the performance of ECR in the state of Iowa bridge decks. 

TABLE 2.4 Rebar Rating Description 

Rating Description 
5 No evidence of corrosion 
4 A number of small, countable corrosion 
3 Corrosion area less than 20 percent of total ECR surface area 
2 Corrosion area between 20 to 60 percent of total ECR surface area 
1 Corrosion area greater than 60 percent of total ECR surface area 

2.11 Rebar Cover Depth 

To utilize Fick's law for determining the length of the initiation stage, one needs 
to calculate the time required for the chloride ions to reach the rebar level. A sufficient 
cover depth can effectively provide corrosion protection for the reinforcement. As 
reinforcing steel cover depth increases, the corrosion protection increases and hence the 
initiating time, TI (see Figure 2. I), increases. Studies have shown that the chloride 
concentration decreases significantly along with increasing depth from the deck surface 
(36). 

A cover depth is defined as the clear distance from the surface of deck to the top 
of first layer of steel bars. However, to calculate a realistic time TI for chloride ion to 
reach the rebar level, one must make full use of the end of functional service life through 
the realization the rehabilitation will take place only after spalling or deterioration has 
occurred. Weyers (1 1) recommended use the average of 9 to 14 percent, i.e., 1 1.5 
percent, damage in the worst traffic lane as an indication of the end of a bridge deck 
functional service life. In this case, Weyers (1 1) recommends not to use the mean value 
of the cover depth in equation 2.2 to determine the time TI.  Rather a more realistic value 
for the cover depth that accounts for the possibility that some bars could be located at a 
depth less than the mean value. This can be calculated as 

where x = mean reinforcing steel cover depth (in inches) and a = values corresponding 
to a given cumulative percentage. This can be selected as the percent damage of the worst 
traffic lane as suggested by Weyers (1 I), and o = standard deviation of the cover depth. 



Statistical analysis of the measured reinforcing cover depth taken from several 
bridge decks illustrates a normal distribution (this is verified later herein, as summaries in 
section 6.3). Therefore, one can use a standard normal cumulative probability table to 
establish a. Table 2.5 lists the a values associated with the cumulative percentage for a 
concrete cover depth that is less than the calculated mean concrete cover depth. 

TABLE 2.5 Standard Normal Cumulative Probabilities (38) 

Cumulative a 
Percentage 

38.0 -0.305 
38.5 -0.292 
39.0 -0.279 
39.5 -0.266 
40.0 -0.253 
40.5 -0.240 
41.0 -0.228 
41.5 -0.21 5 
42.0 -0.202 
42.5 -0.189 
43 .O -0.176 
43.5 -0.164 
44.0 -0.151 
44.5 -0.138 
45.0 -0.126 
45.5 -0.1 13 
46.0 -0.100 
46.5 -0.088 
47.0 -0.075 
47.5 -0.063 
48.0 -0.005 
48.5 -0.038 
49.0 -0.025 
49.5 -0.0 13 
50.0 -0.000 

Cumulative a 
Percentage 

25.5 -0.659 
26.0 -0.643 
26.5 -0.628 
27.0 -0.613 
27.5 -0.598 
28.0 -0.583 
28.5 -0.568 
29.0 -0.553 
29.5 -0.539 
30.0 -0.524 
30.5 -0.5 10 
3 1 .O -0.496 
3 1.5 -0.482 
32.0 -0.468 
32.5 -0.454 
33.0 -0.440 
33.5 -0.426 
34.0 -0.412 
34.5 -0.399 
35.0 -0.385 
35.5 -0.372 
36.0 -0.358 
36.5 -0.345 
37.0 -0.332 
37.5 -0.3 19 

Cumulative a 
Percentage 

0.5 -2.576 
1 .O -2.326 
1.5 -2.170 
2.0 -2.054 
2.5 - 1.960 
3.0 -1.881 
3.5 -1.812 
4.0 -1.751 
4.5 -1.695 
5.0 -1.645 
5.5 -1.598 
6.0 -1.555 
6.5 -1.514 
7.0 - 1.476 
7.5 -1.44 
8.0 -1.405 
8.5 -1.372 
9.0 -1.341 
9.5 -1.31 1 

10.0 -1.282 
10.5 - 1.254 
11.0 - 1.227 
11.5 - 1.200 
12.0 -1.175 
12.5 -1.15 

Cumulative a 
Percentage 

13.0 -1.126 
13.5 -1.103 
14.0 - 1.080 
14.5 -1.058 
15.0 -1.036 
15.5 -1.015 
16.0 -0.994 
16.5 -0.974 
17.0 -0.954 
17.5 -0.935 
18.0 -0.915 
18.5 -0.896 
19.0 -0.878 
19.5 -0.860 
20.0 -0.842 
20.5 -0.824 
21.0 -0.806 
21.5 -0.789 
22.0 -0.772 
22.5 -0.755 
23 .O -0.739 
23.5 -0.722 
24.0 -0.706 
24.5 -0.690 
25.0 -0.674 



3 BRTDGE SELECTION 

Review of the Iowa DOT'S bridge records indicated that there were 71 1 bridge 
decks in Iowa that were constructed with epoxy-coated rebars in either the top mat or 
both the top and bottom mats. These bridges were built between 1978 and 1995 and are 
located all across the state of Iowa. Inspection records for these bridges were obtained 
from the Bridge Maintenance office and were utilized in selecting the bridges to be 
included in this work. 

In deciding which bridges to select for evaluation in this work, the following data 
were obtained from the Iowa DOT for each of the 71 1 bridges. The effects of many 
characteristics, such as bridge span, average daily traffic (ADT), bridge type, and 
geographic location, on the deck condition rating of each bridge were analyzed. Although 
the deck condition ratings given by Iowa DOT inspectors were rated according to surface 
characteristics of the decks, they were the best sources of information available 
describing deck conditions. 

In phase I of this project, the bridges were categorized into various groups to 
examine the impact of certain characteristics on deck condition ratings. The mean deck 
condition ratings were then calculated for the groups, and hypothesis tests (t-tests) were 
used to determine whether differences in deck condition ratings were impacted by certain 
bridge characteristics. 

Many factors that could have an impact on the rating of bridge decks were 
examined. The analyses showed that the age, the geographic location, the type of 
structure (concrete or steel), and the average daily traffic volume have the most 
significant impact on the deck condition rating (see Table 3.1 and Figure 3.1). For this 
reason, the selection of bridges was grouped in two-year intervals starting from 1987 and 
taking into account the geographic location (northern or southern Iowa) and the type of 
structure (concrete or steel), as shown in Figure 3.2. The average daily traffic was not 
included in the grouping process because this would have restricted the sample size of 
each group so much that many of the groups would be too smaIl to be represented in the 
sampling process. 

Because the long-term durability of bridge decks with epoxy-coated rebars was 
the most important part of this project, more percentage of older bridges were selected 
over newer bridges. About 50 percent of the bridges sampled were built from 1978 to 
1983, about 30 percent were built from 1984 to 1989, and about 20 percent were built 
from 1990 to 1995. Within each period, bridges were selected from their respective group 
randomly. The number of bridges selected from each group depended on the total number 
of bridges within the group. Thus, large groups had a proportionately larger amount of 
bridges selected than small groups in the same time period. 

As an initial rough estimate, it was assumed that 80 bridges could be sampled 
throughout the course of the project. However, as the testing procedures and evaluation 
processes became more apparent, the target number of bridges that would be evaluated 
for the entire duration of the project was changed to 40. In selecting 40 of the 80 bridges 
previously chosen, the inspection records of bridges selected in each group were further 



TABLE 3.1 Summary of Main Deck Condition Rating Factors 

Mean Deck 
Condition Rating 

TraRc Volume 
ADT < 5750 7.73 
ADT > 5750 7.49 

Structure Type 
Concrete 7.69 

Steel 7.52 
Geographic Location 

Southern Iowa 7.71 
Northern Iowa 7.64 

7.2 . 
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 

Year Built 

FIGURE 3.1 Average Deck Condition Rating versus Year Built 



FIGURE 3.2 Bridge Grouping Used in Phase I 

examined. The bridges with the most deck cracking were chosen from each group. This 
allowed the selection of bridges based on cracking severity without having to compare 
inspection records for all 7 1 1 bridges. 

After the results of phase I were examined and presented to the Project Advisory 
Committee, it was concluded that it is necessary to build a broader database regarding the 
condition of ECR. This would allow one to develop a more reliable relationship that can 
be used to interpret the condition of ECR and its age. 

For this purpose, the selection of bridges utilized in phase I was not followed. 
Rather, additional bridges were selected so that the number of bridges with common age 
would be at least five per each one-year interval. This grouping resulted in 37 and 43  
bridges that were selected in phase I and phase TI, respectively. Table 3.2 summarizes the 
number of bridge selected according to their geographical locations. More detailed 
information regarding the selected of bridges is summarized in appendix B. 

TABLE 3.2 Summary of Bridge Selection 

North South Subtotal 
Phase I 23  14 3 7 
Phase II 2 4  19 43  

Total 80 

One can notice that the selection contained more bridges located in northern Iowa 
than in southern Iowa. This is because there were more bridges constructed with ECR in 
northern Iowa than southern Iowa. The locations of bridges being evaluated and the 
divided line for north and south are shown in Figure 3.3. As can be seen in the figure, 



bridges from all across Iowa were selected. The figure illustrates that a larger proportion 
of bridges was selected from eastern Iowa. This is due to the fact that a significantly 
larger number of bridges were built between 1978 to 1993 in that part of state. This can 
be attributed to the construction of Interstate Highway 380 during this time period. 

FIGURE 3.3 Locations of the Selected Bridges 

3.1 Additional Bridges 

The Project Advisory Committee suggested to investigate a bridge located in 
Lyon County during the study of phase I. This bridge was built in 1976, and it was one of 
the first bridges in Iowa built with ECR in the deck. Furthermore, three Tama County 
bridges that were built in 1968 with black reinforcing steel were investigated during the 
study of phase 11. Sealer was first applied to the deck at one of these bridges in 1984 and 
thereafter at each five-year intervals, i.e., 1989, 1994, and 1999 (39). This bridge was 
designated as Tama 1. The sealer was not applied to other two bridges. Hence, it is of 
special interest to know the effectiveness of sealer resisting the diffusion of chloride ions 
and the condition of rebars in these bridge decks. Furthermore, the Project Advisory 
Committee recommended to include an evaluation of three bridge decks that were 
constructed using black rebars in two-course placements. In this method, approximately 
three-fourths of deck thickness was cast and was allowed to cure and deflect (40). The 
remaining concrete of the deck slab thickness was added using Iowa low slump overlay 



mix design concrete. The effect of this construction method on the permeability of the 
chloride ion through the bridge decks was investigated. For detail information of these 
additional bridges, the reader is referred to appendix B. 

3.2 Bridge ID Designation 

The identification of Iowa bridges consists of the combination of numbers and 
letters. Each portion of the identification number has a unique representation (41). For 
instance, a bridge ID designated as 0475.48002 can be explained as follows: The first two 
numbers, 04, represent the county ID number. The three digits following the county 
number, 75.4, represent the milepost at which the bridge is located. The single letter 
indicates the type of bridge, in this case, 8, a single two-lane bridge. The last three 
numbers, 002, represent the highway where the bridge is sited. Table 3.3 s 
characteristics represented by the letters. Table 3.4 lists counties with their designated 
numbers (41). 

TABLE 3.3 Characteristic of Bridge Designation (41) 

Characteristic 
A Bridges located in a highway ramp 
L Bridges located in a four-lane or wider divided highway at which the bridge 

oriented to the left side of highway when one faces the increasing miles 
0 Bridges overhead a highway 
R Bridges located in a four-lane or wider divided highway at which the bridge 

oriented to the left side of highway when one faces the decreasing miles 



TABLE 3.4 County Identity (41) 



4 FIELD AND LABORATORY EVALUATIONS 

4.1 Field Evaluations 

The field evaluation for the selected bridges involved conducting the visual 
inspection of bridge decks for spallings and delaminations as well as collecting four cores 
from each bridge deck 

4.1.1 Coring Location 
Four cores were taken from each bridge deck. Two cores were taken directly at 

crack locations, while the other two cores were taken from locations of the deck that 
showed no signs of cracking. One of the cores taken from the "cracked" and one from the 
"uncra~ked)~ locations were taken near the gutter line, while the other two were taken 
near the center line of the deck. To simplify traffic control and to allow traffic to flow 
smoothly over the bridge during the coring process, all cores on each deck were taken 
from only one side of the bridge. The side of the bridge selected for coring was arbitrarily 
chosen. 

4.1.2 Coring Collection 
Reinforcing bars in each bridge deck were located using a pachometer. As often 

as possible, cores were taken at locations where longitudinal and transverse top mat 
rebars intersected. Photographs of the core locations were taken and sketches of the 
general cracking pattern were made prior to drilling the cores from each bridge deck. The 
bridge identification number and a core letter were recorded on each core. Also the 
orientation of each core within the deck was recorded. Photos of the cores were then 
taken, and any visible spots of rust or other types of deterioration were documented. The 
cores were allowed to air dry after coring and were not stored in sealed containers prior to 
examining them in the lab. 

Prior to coring, a pachometer, as shown in Figure 4.1, was used first to locate 
reinforcing bars in the concrete. The coring drill bit was then centered at the intersection 
of transverse and longitudinal reinforcing bars (see Figure 4.2). The diameter of the 
extracted core was four inches and the length varied depending on the breaking depth of a 
core. The height of a core ranged approximately from 3 to 6 inches. Figures 4.3,4.4, and 
4.6 illustrate the process used in collecting the cores and patching the holes in a cored 
bridge deck. 

4.1.3 Powder Sample Collection in the Field 
In phase I, while the cores were being drilled, concrete powder samples at five 

locations across each bridge deck were collected. Two samples were drilled with a three- 
eighths-inch drill bit at each location. One sample at each location contained concrete 
powder drilled from a depth of 0.5 to 1.5 inches. The other sample contained concrete 
powder drilled from a depth of 2.5 to 3.5 inches. The five locations where powder 
samples were drilled are shown in Figure 4.7. 



FIGURE 4.1 Pachometer Used to Locate Reinforcing Steel in a Bridge Deck 

FIGURE 4.2 The Setup of the Coring Process 
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FIGUm 4.3 BreaMng the Core 

FBIGUm 4.4 Extractiag the Core 



FIGUIPE 4.5 Extracted Cores 

FIGUm 4.6 Patching the Cored Hole after a Core Being Extracted 



4.7 Field Concrete Powder Sample Loca~ons 

4.2 Laboratory Evaluations 

The lab evaluation included the following: general physical properties of cores, 
measurement of crack depth and length, collection of powder sample, rebar rating, epoxy 
coating hardness, epoxy coating bond, and analysis of chloride content. 

4.2.1 General Physical Properties 
This task consisted of visual inspections and various measurements of cores. 

Measurements included the concrete cover depth over reinforcing bars, the diameter of 
reinforcing bars, the length of extracted cores, the orientation of rebars embedded in a 
core, and the orientation of cracks. The inspection of the extracted cores also included 
recording the number of rebars embedded in a core and the number of pieces per core if a 
core was broken. 

4.2.2 Cracked Dimension 
The width and the depth of cracks that penetrated in the cores collected from 

cracked locations were measured. The procedure to accomplish this is outlined as 
follows: 

1. sketch crack orientation related to traffic direction on the attached data sheet; 
2. locate on desired depth 0.5 inches below the surface; 
3. use hand micrometer to measure the widths along the core at each side and 

document two readings; 



4. average the readings to obtained the surface crack width; and 
5. use ruler to measure cracked lengths along the core and record the reading. 

4- 2.3 Collection of Powder Samples from tlze Cores 
Collection of powder samples is shown in Figure 4.8. At least 20 grams of powder 

were collected for chloride content analysis. Four powder samples were collected from 
each core using three-eighths-inch drill bit. The location of these samples were at 0.5 
inches below the surface, midway between the first sample and rebar level, rebar level, 
and one inch below the rebar level. 

Figure 4.8 Collection of Powder Samples 

The procedure used in collecting the sample was as follows: 

I .  mark down the location at the desired depth as described above; 
2. drill and collect powder from the marked locations in a pan; 
3. place the drilled powder in the zip-lock plastic bag; 
4. record the bridge ID, core letter, and the exact depth at the bag; 
5.  clean the pan and the bit thoroughly with a brush to avoid contamination 

between powder samples; and 
6. repeat the same procedure for each location. 

Powder samples from cracked cores were drilled from the uncracked quadrant to 
avoid splitting the cores into half. Drilling penetrated through the crack so that the sample 
contained powders collected from the cracked surface. However, the percentage of the 
powder sample collected from near the face of a crack was not determined. 



4.2.4 Rebar Condition 
After the powder samples were collected from the cores, the cores were broken to 

extract rebars for future investigation. A hammer was used to break out the core. This 
was done in a deliberate manner to avoid damaging the epoxy coating film on the rebars. 
The evaluation of rebars condition involved describing and classifying the condition of 
rebars in a core. A rebar was rated on the scale from one to five as described in section 
2.10. 

4-25 Epoxy Coating Hardness 
The epoxy-coating hardness was conducted to determine the correlation between 

the epoxy-coating hardness and other characteristics, such as chloride content, bridge age, 
and corrosion. The coating hardness of each rebar was tested using the pencil hardness 
test, as shown in Figure 4.9, described in NACE TM-0174, section 6.1.5. The procedure 
is outlined as follows: 

1. Strip the wood from the lead of each test pencil for about 0.25 inches (6.35 
millimeters), using care to prevent nicking of the lead. 

2. Flatten the tip of the exposed lead by pressing against number 400 carbide 
abrasive paper and rotating with a gentle motion. 

3. With the pencil held in the writing position or at an approximate 45 degree 
angle, push the lead forward against the coating. 

4. Remove the lead marks with soap and water or an art gum eraser. Any 
marring of the coating surface when viewed at an oblique angle in strong light 
indicates that the pencil lead is harder than the film. 

5. Express the hardness of the coating as the next softer grade of pencil to the 
pencil grade used in the test. Grades of pencil hardness from soft to hard are 
6B, 5B, 4B, 3B, 2B, B, HB, F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, and 9H. 

6. After each pencil hardness test, the pencil should be turned to produce a new 
edge. Three or four tests can be made without redressing the lead. 

4-26 E p o q  C o a ~ n g  Bond 
To determine the coating bond in between steel and coating film, the dry knife 

adhesion test was performed for each rebar as shown in Figure 4.10. The recommended 
standard procedure is described in NACE TM-0185, section 5.3.2.1, as follows: 

The recommended method for determining adhesion is to cut the coating 
to the base metal using a Number 22 hobby knife blade. The point of the 
blade shall be drawn across the film (using multiple cuts if necessary to 
cut a single V-shaped groove. Using the sharp side of the blade as a 
wedge, the coating film should be pried up within the groove. The exposed 
base should be observed under a 10 to 15X microscope to determine 
adhesion performance. An average of three attempts shall be used to rate 
the sample. 



FIGURE 4.9 Coating Hardness Test 

FIGURE 4.10 Epoxy Coating Bond Test 



The epoxy coating was rated following the reco endation given in the 
Pennsylvania Department of Transportation study (35). Table 4.1 summarizes the 
description of each bond rating value recommended by Sohanghpurwala et al. (35). 

TABLE 4.1 Coating Bond Rating Description 

Rating Description 
3 Well adhered coating that cannot be peeled or lifted &-om the substrate steel 
2 Coating that can be pried fiom the substrate steel in small pieces but cannot 

be peeled off easily 

4.2.7 Chloride Content Analysis 

Powder samples collected from cores were then sent to the Material Analysis and 
Research Laboratory for analyzing chloride concentration. The chloride concentration 
was tested by using the Phillips PW 2404 X-ray fluorescence ( ) spectrometer which 
is a nondestmctive analytical device used to determine and identify the concentration of 
elements contained in a solid, powdered, and liquid sample (42). 



5 CHLORIDE CONTENT AND DIFFUSION CONSTANT IN IOWA BRIDGES 

The chloride content data collected from the cores extracted from uncracked 
locations were used to determine the surface chloride content and diffirsion constant in 
Iowa bridges. As previously mentioned, these parameters are required to use Fick's 
Second Law to assess the diffusion process of chloride ions through uncracked bridge 
decks. This section summarizes the procedure used to estimate these two constants. For 
this purpose, the chloride content data in all samples collected from cores taken at 
uncracked locations were used. Appendix C summarizes the results of chloride 
concentration for cracked cores. 

5.1 Chloride Distribution along Bridge Decks 

Prior to examining the chloride content in Iowa bridge decks, it was expected that 
the chloride content would be higher in the samples taken near the bridge gutters than 
those collected from other areas of the decks. However, the results showed the exact 
opposite. Figures 5.1 and 5.2 show the chloride contents of powder samples analyzed 
from the first 20 bridges in this study (referred to here after as the P-powder samples). 
Figure 5.1 presents the powder samples taken from 0.5 to 1.5 inch depths, while Figure 
5.2 presents those taken fiom 2.5 to 3.5 inch depths. 

As shown on these graphs, the concrete powder samples taken adjacent to the 
gutters from a depth of 0.5 to 1.5 inches contained lower chloride content than those 
taken from the other locations at the same depth. At locations 2 through 5, there was little 
difference in chloride content from a depth of 0.5 to 1.5 inches. The concrete powder 
samples taken from a depth of 2.5 to 3.5 inches showed less variation across the bridge 
decks, although the samples taken adjacent to the gutters still contained significantly less 
chloride than those taken from other locations. 

In order to verify the above results, a different sampling scheme was used in 
collecting samples from the bridges that remained to be sampled in phase I. For these 
bridges, powder samples were taken from the locations shown in Figure 5.3. These are 
referred to as X-powder samples hereafter. Although the depths of the powder samples 
remained the same as the first set of bridges, the five locations were different. Location 1 
remained adjacent to the bridge gutter. Locations 2,3, and 4 were 1,2, and 3 feet away 
from the bridge gutter, respectively, and location 5 remained at the center line of the 
bridge deck. 

The chloride concentration results from these X-powder samples are displayed in 
Figures 5.4 and 5.5. These plots also show that the chloride content in the concrete near 
the gutter is less than in other areas of the deck. The samples taken at the gutter from a 
depth of 0.5 to 1.5 inches still lower chloride content than those taken at 3 feet from the 
gutter and at the center line of the bridges at the same depth* Figures 5.4 and 5.5 also 
show a general increase in the chloride content from the curblrailing to 3 feet from the 
gutter, with the largest increase between 2 and 3 feet from the gutter. 
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Figure 5.1 Chloride Content vs. Location (0.5 in. to 1.5 in. Depth) 
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Figure 5.2 Chloride Content vs. Location 
( 2.5 in. to 3.5 in. Depth) 
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5.3 Field Concrete Powder Sample Locations (X-powders) 

The reason that the chloride content in the samples taken from uncracked 
locations near the gutters was jess than those taken from other areas could be because of 
dilution of the de-icing mix caused by water running toward the gutter. The areas away 
from the gutter are probably subjected to higher concentrations of chlorides for longer 
periods of time. High water flow in the gutter could flush out chlorides on the surface of 
the concrete and slow the chloride infiltration. One also needs to realize that the powder 
samples in this study represent only uncracked areas of bridge decks. The Project 
Advisory Committee agreed not to pursue a similar investigation in phase I1 since the 
interest was to study the performance of the ECR rather than to try to predict the overall 
distribution of chloride over a bridge deck. 

5.2 Chloride Content 

5.2.1 Chloride Content versus Age 
The chloride content results from the P-powder and X-powder samples were also 

used to investigate the relationship between chloride content and bridge age. The graph of 
chloride content versus bridge age is shown in Figure 5.6 for 0.5 to 1.5 inch depths and in 
Figure 5.7 for 2.5 to 3.5 inch depths. Figures 5.6 shows that chloride content in most of 
the 0.5- to 1.5-inch-deep samples is significantly higher than the corrosion threshold for 
bare steel, i.e., greater than 1.2 1blyd3 (0.81 kgim3). The data recorded in Figure 5.7 
illustrate that a large number of samples have a chloride concentration greater than the 
corrosion threshold in the samples taken from depths between 2.5 to 3.5 inches. Figures 
5.6 and 5.7 also show that relatively high chloride contents were noticed in some of the 



Figure 5.4 Chloride Content vs. Location ( 0.5 in. to 1.5 in. Depth) 
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Figure 5.5 Chloride Content vs. Location 
( 2.5 in. to 3.5 in. Depth) 



newer bridges constructed from 1990 to 1993. Although these samples contained less 
chloride than the older bridges in the study, the amount of chloride was still significant 
when compared with the threshold value. This could be a result of large numbers of de- 
icing applications on these bridges, or it could be due to poor permeability properties of 
the concrete on these bridges. However, this principal investigator did not pursue to 
obtain such information so that a conclusive reason for that high chloride content could 
be reached. 

5.2.2 Determination of Surface Chloride Constant and Diffusion Constant 
To determine the chloride content at the given depth, one needs to establish the 

surface chloride concentration, Co, at 0.5 inches below the deck surface, and the diffusion 
constant, D,. Chloride contents at three different depths along the extracted core were 
measured and used to calculate these two constants. Once these values are obtained, one 
can then use equation 2.2 to estimate the time required for chloride to reach the corrosive 
threshold at the rebar level. 

The chloride diffusion constant D, can be calculated directly if the chloride 
concentration at 0.5 inches from the surface is known. However, in situations where the 
constant Co is not available, an iterative process needs to be utilized to determine the two 
constants Co and D,. 

Two alternatives to determine common Co and D, for Iowa bridge decks were 
investigated. In the first alternative (approach I), the chloride data collected from all cores 
in phase I and I1 were utilized to obtained a relationship that best fits equation 2.2. This 
was accomplished by specifying approximate ranges of Go and D, for each core samples 
and an iterative solution was carried out using the Matlab software (23). The solution 
continued until the sum of squared errors between the predicted and measured was within 
a specified tolerance. The programming code used to carry out this solution is listed in 
appendix C. Appendix D summarizes the results of this analysis and chloride 
concentration at different depths for each core extracted from bridge decks included in 
this investigation. 

However, when reviewing the chloride data, it was noticed that some data 
appeared to be unrealistic. For instance, the chloride analysis showed that, in some cases, 
higher percentage of chloride existed at deeper locations than at shallower locations. This 
could have resulted from some errors that could have occurred during sample collection. 
Therefore, it was decided to exclude such data prior to determining general values ibr C, 
and D,. In addition, it was decided to eliminate the chloride data that yielded an estimated 
Co that is less than 8 1blyd3 or larger than 20 1blyd3 and a D, that is less than 0.02 as 
calculated by approach I listed above. This approach is referred to as approach 11. The 
results of these two approaches are listed in Table 5.1. 

For illustrative purpose, based on equation 2.2, the results of chloride diffusion in 
three bridge decks are shown in Figures 5.8, 5.9, and 5.10 for bridges with ID numbers 
0668.7S02 1A, 8609.2S030B, and 078 1.5L2 18A, respectively. Shown in each figure are 
three relationships that were obtained using C, and D, from approaches I, using C, and D, 
from approach 11, and using Co and D, for each individual bridge. Also included in these 
figures is the chloride concentration measured in each bridge. 
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Figure 5.6 Chloride Content vs. Uear Built 
( 0.5 in. to 5.5 in. Depth) 
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Figure 5.7 Chloriide Content vs. Uear Built 
(2.5 in. to 3.5 in. Depth) 



As can be seen, the chloride concentration decreases to almost zero sharply at 
about depth of 4 inches regardless of what approach is used in developing the chloride 
concentration and depth relationship. In addition, although the three relations showed 
significant difference at surface chloride content between the measured and predicted 
chloride contents, these differences were insignificant at the rebar level. The figures 
reveal that approach 11 yields closer results to the measured values than those of approach 
I. 

Therefore, the results of approach 11 were recommended as a general surface 
chloride concentration and diffusion constant for the bridge decks in the state of Iowa, 
The surface chloride content, Coy and the diffusion constant, Dc, associated with this 
general relationship are of 14 lb/yd3 and 0.05 in2/yr, respectively. 

Table 5.1 Summary of C, and D, 

Mean Standard Deviation 

Nonfiltered, approach I: 

Filtered, approach 11: 
Co (lblYd3) 14.0 3.62 
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Figure 5.8 Chloride Concentration vs. Depth, 0668.7S021A 



- Approach I 

-Approach II 

Individual Bridge Data 

r, Field Measurements 

0.00 1 .OO 2.00 3 .OO 4.00 5.00 6.00 

Depth, in 

Figure 5.9 Chloride Concentration vs. Depth, 8609.2S030 B 
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Figure 5.10 Chloride Concentration vs. Depth, 0781.5L218 A 



6 PERFORlMANCE OF EPOXY-COATED REBARS IN IOWA BRIDGES 

6.1 Epoxy Discoloration 

Most if not all of the collected rebar samples exhibited some level of epoxy 
discoloration. In most of the samples, the epoxy coating was discolored more on the top 
region of the rebars than on the bottom and side regions. There were a few exceptions to 
this trend though. Most discolored rebar samples came from the older bridges in this 
study, although some of the rebar samples from the newer bridges showed significant 
levels of discoloration as well. Figure 6.1 shows five rebar with some discoloration. 

From analyzing some of the rebar samples on the scanning electron microscope, it 
was observed that the severely discolored epoxy coating areas have small micro-cracks 
on the surface of the epoxy as shown in Figure 6.2. The exact cause of these microcracks 
is not known. Exposure to weather prior to construction or from aging and exposure to 
chloride could have caused these microcracks and discoloration. The impact that these 
microcracks have on the epoxy coating s ability to protect against reinforcement 
corrosion is not known. Because these cracks appear to be only on the surface of the 
epoxy coating, their significance may be minimal. 

FIGURE 6.1 Rebar Samples Showing Some Discoloration 

6.2 Epoxy Coating Hardness 

The pencil hardness ratings (see section 4.2.5) of the epoxy coatings gave results 
ranging from four to seven, with most rebar samples exhibiting a rating of six. There was 
a slight trend showing an increase in hardness with bridge age. Also, the rebar samples 
with ratings of 7 (the hardest samples seen in the study) all came from bridges built from 
1980 to 1983. An insignificant difference in hardness between the most discolored areas 
and the least discolored areas of the epoxy coatings was noticed. Therefore, no 
relationship between epoxy hardness and rebar rating or epoxy hardness and chloride 
content was observed from the data. 



6.2 Microcracgng in Discolored Epoxy Surface 

6.3 General ObservaGons of Epoxy-coated Rebars 

Evaluation of the rebar samples collected h m  the bridge decks that were 
included in this study indicated a range of deterioration. The most corroded rebar samples 
were those collected from cracked locations. Although most of this corrosion was only on 
the surface of the steel, a couple samples were observed to have spots where corrosion 
product had built up slightly underneath the epoxy coating. The largest area of these spots 
observed was about two centimeters squared and bulged out to a depth of about one to 
two millimeters. One of the most significant findings from this study was that all of the 
rebar samples that were evaluated as having a rebar rating of one, two, or three came 
from cores that were taken from cracked locations. On all of the rebar samples rated one, 
two, or three, it appeared that surface corrosion was undercutting the epoxy coating. 
Figure 6.3 shows some of the rebar samples evaluated in this study that were given a 
rebar rating of one, two, or three. 



FIGURE 6.3 Rebars Samples with Significant Corrosion 

Of all the rebars taken fiom uncracked areas of the bridge decks, none had a reba 
lower than four. The rebar ratings of four and five represented relatively good re1 
conditions, although the defects in the epoxy coatings of rebars rated four or five 
lead to corrosion problems in the future. Thus, it appeared that the presence of cr 
the deck surface has an impact on the condition of the rebars below these cracks. 
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6.4 Epoxy-coated Rebar Rating versus Age Relationship 

As previously mentioned, several ECR samples from the top mat reinforcing steel 
in Iowa bridge decks were collected and were rated on the scale one to five as discussed 
in section 2.10. The result of rebar rating is arized in appendix E. 

To investigate the effects of deck c on rebar condition and hence on the 
durability on bridge decks, the collected rebar samples were grouped into two groups. 
The first group represented those bars retrieved from cores taken at cracked locations, 
while the second group included rebars samples obtained from cores drilled at uncracked 
locations. Only the first layer of top mat reinforcing steel was examined to develop the 
relationship between ECR rating and age since corrosion always co 
outennost layer near the deck surface. 

Examining the collected samples revealed that the rebar samples retrieved from 
cracked locations were more corroded than those obtained from uncracked locations. All 
the rebar samples collected from uncracked locations were evaluated as having rating of 
five or four, which indicated no corrosion appeared on the rebar surface. In contrast, five, 
10.7, and 2.9 percent of the rebar samples obtained from cracked locations were rated 
three, two, and one, respectively. This indicated that there was some degree of corrosion 
and distress appearing on some of these rebars samples. The distribution of rebar rating 
for the first layer of reinforcement is summarized in Table 6.1. 

TABLE 6.1 Distribution of Rebar Rating 

Percent of Samples Taken Percent of Samples Taken 
Rebar Rating from Uneraeked Areas from Cracked Areas 

5 92.9 76.4 
4 7.1 5.0 
3 0.0 5.0 
2 0.0 10.7 
1 0.0 2.9 

In general, the data collected in this investigation indicate that ECR performed 
well when no visible cracks were present in a bridge deck. In fact, no visible corrosion 
was observed on rebar segments collected at uncracked locations. The corrosion observed 
on the ECR at cracked locations can be amibuted to the presence of high chloride content 
at the rebar level. This was not surprising since presence of cracks in a bridge deck 
expedite the diffusion process through cracked concrete. 

Bars in each group were further subgrouped according to bridge age. According 
to the Federal Highway Administration ( 43 ,  bridges are inspected every two years. Thus, 
it was reasonable to subgroup the bridges according to age in two-year intervals. Since 
there is a range of possible values of rebar samples that can be rated at a specific rating 
condition, one would naturally be interested in some central value such as the average. 
However, since different numbers of rebars in each time interval can be associated with 



different rating conditions and probabilities, one needs to use a weighted average (44), 
i.e., the expected value of the rating within each interval, rather than just use a straight 
average value. The following describes how the weighted average for the rebar rating 
within an interval was calculated. 

Let No) be the number of rebar samples collected from bridge decks in the two- 
year interval, j .  Further, let n(k, j) be the number of rebar samples rated at condition, k, 
(where k = 1,2,3,4,  or 5) within the particular interval. Using these assumptions, one 
can then calculate the probability P(k, j) as 

The expected rating value E (r, j) for the bridges within the j interval can then be 
calculated using the following relation: 

Having calculated the expected rating value E(r, j), one can then utilize a second- 
order polynomial model to develop a rebar condition-age relationship. The second-order 
polynomial model used herein was expressed by the following formula (45): 

where r(t) - rebar rating at time t, t = bridge deck age (in years), p, = constants, i = I, 2, 

3, . . . , and E = an error term. 
For a new bridge deck, i.e., t = 0, the recorded rebar rating should be always five. 

Therefore, the intercept of the regression line integer Po was specified to be five. 

Calculation of the constants in the relationship in equation 6.3 was acconiplished 
using the calculated expected rating in conjunction with the Minitab software package for 
a second order polynomial model (38). It is worth noting that in equation 6.3 the error 
term represented the degree of uncertainty between predicted and measured values. The 
regression analysis yielded the following two relationships: 

1. ECR condition-age relationship for rebars collected from cracked locations 

2. ECR condition-age relationship for rebars collected from uncracked locations 



A graphical presentation of these two relations is shown in Figure 6.4. As can be 
seen from Figure 6.4, the point (cracked locations) at age 18 (combining bridges 
constructed in 1978 and 1979) seemed to be lower than the expected values for rebars 
extracted from cracked locations. The bridge IDS 3988.58025 and 5722.70380 
constructed in 1980 had exceptionally low rebar weighted averages of 1.5 and 2.0 
respectively, Examining the source of these particular data points revealed that the crack 
width was wide and extended to the rebar level. Thus, as time went by, moisture and 
chloride ions directly attacked the coating films, causing the deterioration of ECR. 
Tile accuracy of the regression model was checked to ensure its appropriateness of 
application when a model was selected for the analysis. The coefficient of determination, 
R ~ ,  associated with the regression analysis in equations 6.4 and 6.5 were found to be 
(from the output of Minitab regression analysis) 0.8 1 and 0.76, respectively. 

Furthermore, residual plots, i.e., the relationships between the residual error and 
the normal score, were obtained to check the constancy of variance (38). The residual 
plots are shown in Figures 6.5 and 6.6. These figures illustrated that the second order 
polynomial regression model on raw data of rebar rating appear to be reasonably 
acceptable. Neglecting the two "outliers" points designated a and b in Figures 6.5 and 
6.6, respectively, results in a fairly linear normal probability plots of the residuals, 
indicating a generally bell-shaped distribution of residuals (45). This indicates that the 
relationships in equations 6.4 and 6.5 are acceptable. These two points were those of the 
data obtained from bridges with age of 18 years old. Reviewing this data revealed that 
two of the five bridges with this age were rated low. These low conditions resulted in a 
low overall weighted average. In the author's opinion, one needs to collect more data for 
this particular age group to have more reliable results. 

6.5 Effect of Deck Cracking on Epoxy-coated Rebar Rating 

The relationships in equations 6.4 and 6.5 can be employed to estimate the effect 
of deck cracking on ECR conditions in bridge decks in the state of Iowa. Using these, one 
can estimate the time it takes an ECR located at cracked and uncracked locations to reach 
such a specific rating condition. For example, equations 6.4 and 6.5 yield approxiinately 
32 and 53 years for an ECR to reach condition two for rebars located at cracked and 
uncracked locations, respectively. 

One may notice that the relationships developed above do not directly account for 
the condition of the ECR prior to being placed in the deck. In other words, these 
relationships do not include terms that account for the degree of severity of existing chips 
in the coating, cracks in the coating film, thickness of the epoxy coating, or holidays. 

Direct inclusion of all of these factors in one relationship representing the 
performance of ECR in bridge decks would be a formidable task. However, the influence 
of these effects on the performance of ECR could have been reflected in the collected 
data. 
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Figure 6.4 Rebar Rating vs. Age (Equations 6-4 and 6-5) 
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FIGUKE 6.5 Normal Probability Plot of the Residuals for Equation 6.4 

Normal Score 

FIGURE 6.6 Normal Probability Plot of the Residuals for Equation 6.5 



6.6 Adhesion of Coating to the Steel 

The dry-knife adhesion test was performed on the collected rebar samples. The 
approach described in section 6.1 was utilized to determine the deterioration of the 
adhesion of the coating of the ECR in the state of Iowa. The result is summarized in 
appendix F. 

The test revealed that coating adhesion decreases as time increases. Table 6.2 
summarizes the distribution of the adhesion rating on rebar samples. Figure 6.7 illustrates 
how the adhesion decreased as time increased. In addition, the figure illustrates that there 
were significant effects of cracking on the adhesion of the ECR collected from cracked 
locations and these ECR were less bonded than those of uncracked locations. This reveals 
that the moisture and the high chloride concentration at cracked locations have some 
effects on the bond between the epoxy-coated film and the reinforcing bars. 

TABLE 6.2 Distribution of Coating Adhesion on Rebars 

Percent of Samples Taken Percent of Samples Taken 
Adhesion Rating from Uncracked Areas from Cracked Areas -- 
3 48 43 
2 47 40 
1 5 17 

6.7 Comparison between the Performance of Black Steel and Epoxy-coated Rebars 
in Iowa Bridges 

As previously mentioned, in section 2.3, the end of functional service life of a 
concrete bridge based on corrosion damage that influences riding quality is 9 to 14 
percent of the worst traffic, i.e., of the right lane (14). Following this definition and using 
the diffusion-spalling model discussed in section 2.4, one can estimate the service life of 
a bridge deck. To accomplish such a purpose, one needs the mean value and standard 
deviation of the cover depth as well as the rate of chloride diffusion and the chloride 
content at 0.5 inches from the top surface of the deck. Estimation of these elements was 
discussed in detail in section 5. The following sections summarize the measurements of 
the cover depth for Iowa bridges and examples of calculating the service life for a deck 
using black steels or ECR in Iowa bridges. 

TABLE 6.3 Means and Standard Deviations 

Mean (inches) Standard Deviation (inches) 
Phase 1 2.70 0.456 
Phase 2 2.77 0.433 

Overall 2.74 0.444 
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Figure 6.7 Rebar Adhesion Rating vs. Age 



5.7.1 Mean and Standard Deviation for Cover Depth in Iowa Bridges 
The cover of the top rebars for all sampled cores was measured. Table 6.3 

summarizes the average reinforcing cover depth through the project. Figure 6.8 shows the 
histogram plot as well as the reasonably bell-shaped normal distribution curve for the 
measured values. As expected, the cover depth appeared to be the normally distributed. 
To further verifL the normal distribution of cover depth, a normal probability plot (45) 
was developed using the Minitab software (38), and the results are summarized in Figure 
6.9. The figure illustrates a linear relation between the cumulative probability and the 
measured depth. This verifies the normal distribution of the cover depth. 

6.7.2 Corrosion Threshold for Epoxy-coated Rebars 
The corrosive threshold for ECR was defined by Sagues et al. (19) to be about 1.2 

to 3.6 lbiyd3; and for black steel bar it is 1.2 1biyd3. However, the data collected herein 
reveal that an average chloride concentration of 7.5 1biyd3 existed in locations where 
rebar samples having rating of three, i.e., the condition representing zero to 20 percent of 
corrosion on the ECR surface. This is the condition at which corrosion becomes 
noticeable on ECR. Using this fmding, a corrosive threshold for ECR ranges fiom 3.6 to 
7.5 1blyd3 can then be assumed. The example in section 6.7.4 illustrates how to calculate 
the service life of a bridge deck in the state of Iowa that is reinforced with epoxy-coated 
rebars. 

Cover Depth (inches) 

FIGURE 6.8 Histogram of Cover Depth with Normal Distribution Curve for Iowa 
Bridge Decks 
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FIGURE 6.9 Normal Probability Plot 

6.7.3 Time between Corrosion Initiation and Spalling 
As previously mentioned, Fick's Second Law can be used to calculate the time in 

which the chloride concentration at the rebar level reaches the corrosive threshold for 
either black or epoxy coated rebars. Assuming an additional time needed for spalling to 
take place in bridge decks, one can then estimate the service life of a bridge deck. For 
example, Larson et al. (15) documents that it take three to five years for spalling to occur 
in bridges reinforced with black bars after the chloride concentration reaches the 
threshold value. However, searching the literature did not reveal any date regarding the 
time required for spalling to occur in bridge decks with ECR. But because the main 
objective of using a thin coating on the reinforcing rebars is to prevent corrosion, one 
may safely assume a time longer than two to five years for the ECR to corrode to a 
condition that may result in spalling. 

In general spalling will occur after enough corrosion has built up, causing 
significant increase in the rebar volume. This was assumed herein to take place a few 
years after approximately 60 percent or more of the rebar surface was corroded, i.e., 
when the rebar rating reaches condition one. In addition, a period of approximately 5 to 8 
years was assumed for the time from corrosion build up to spalling. This time period is 
slightly longer than that associated with black bars. 

6.7.4 Illustrative Example to Calculate Service Life of a Bridge Deck 
The following example uses the diffusion-spalling model (see section 2.4) and 

illustrates how to incorporate the above assumptions to estimate the functional service 



life of a bridge deck in the state of Iowa: 

Given an Iowa Bridge deck with C, = 14.0 1b/yd3 and D, = 0.05 in2/yr: 
End of functional life = 11.5 percent, which is the average of 9 to 14 
percent damage in the worst traffic lane (1 4). Average concrete cover 
depth x = 2.74 inches, associated with standard deviation cr- 0.444 
inches. The corrosive chloride threshold ranged from 3.6 to 7.5 lb/yd3 for 
ECR. Assume that 1 1.5 percent of the rebar is contaminated by the 
chloride ion. The alpha value (Table 2.5) for calculating the rebar cover 
depth is a = -1.2. Calculate the time required to reach the corrosive 
threshold and the time to rehabilitation. 

Use equation 2.6 to calculate the cover depth, x: 

x = x + aa= 2.74 + (-1.2)(0.444) = 2.21 inches , 

Use equation 2.7 to calculate the time, t, required so that the chloride content at 
the rebar level reaches a threshold value of 3.6 1b/yd3: 

For the threshold of 3.6 1b/yd3, 

Solving for t, one estimates a time, t, of 38 years for the chloride to reach the rebar level. 
The corresponding rebar rating at that time following equation 6.4 is 3.6. In addition, 
equation 6.4 will yield an additional 22 years for the rebar to reach condition 1. 
Assuming five years from corrosion build up to spalling, one can then estimate the time 
for spalling of the above described bridge deck to be 65 years. 

In comparison to black steel bar, the corrosive threshold is 1.2 1b/yd3. Thus: the 
time to reach the threshold is calculated as follows: 

t = 17 years, 



The average time for spalling ranged between two and five years = 3.5 = (1 5) years for 
black steel. Thus, time required to rehabilitation for unprotected steel = 17 + 3.5 = 20.5 
years. Therefore, the example above illustrates the significantly increase in the service 
life of a bridge constructed with ECR. 

The above estimated time for spalling to occur can even be longer if one uses the 
fact that the data collected in this work reveal that an average chloride concentration of 
7.5 lb/~rd' existed in location where bar samples has condition rating of 3 (see section 
6.7.2). 



7 INVESTIGATION OF THE SELECTED BRIDGE DECKS WITH BLACK 
REBARS 

During the progress of this research, the Research Advisory Committee requested 
the inclusion of few bridge decks constructed with black bars. Especially, the committee 
requested the inclusion of three bridge decks that were constructed using what is referred 
to as a "two-course placements" construction approach. Three bridges in Tama County 
where sealer was applied to one of these bridge decks were also evaluated. To address the 
requests, the approaches outlined in previous chapters were used. The chloride 
concentration at different depths was measured, and the associated diffusion constants 
were computed. Appendix G summarizes the findings of the measurements. The 
determination of the diffusion constant and the rebar rating are summarized in the 
following sections. However, one should carefully interpret the results summarized 
herein since very small samples were included in the investigation. 

7.1 Two-Course Placements Bridges 

Three bridge decks constructed in 1976 and 1977 using two-course placements 
were evaluated. In this method, approximately three-fourths of deck thickness is cast and 
is allowed to deflect and cure. The remaining deck slab thickness was added later using 
Iowa low slump overlay mix design concrete. The effect of this construction procedure 
on the permeability of the chloride ion ingress was investigated. 

About 2.5 inches thickness of the low slump dense overlay concrete was observed 
from the extracted cores. The mean cover depth and standard deviation were found to be 
3.70 inches and 0.313, respectively. The mean cover depth is considerably greater than 
the eighty bridges included in this study. 

Table 7.1 summarizes C, and D, for the two-course placements bridge. The table 
shows that a two-course placements concrete deck has a lower diffusion constant, which 
coupled with larger cover depth will significantly delay the accumulation of chloride ions 
at the rebar level. The rebar ratings for two-course placements bridge decks are 
summarized in Table 7.2. These results illustrate that bridge decks constructed with two 
course placements are in good condition. 

TABLE 7.1 C, and D, for Two-Course Placements Bridges 

3966.48044 11.2 0.0395 
4039.6R020 12.8 0.0050 

Average 11.4 0.0176 



TABLE 7.2 Rebar Rating for Two-Course Placements Bridge Decks 

Rebar Obtained from Rebar Obtained from 
Cracked Locations Uncracked Locations 

2401.1~03F 3 .O 3.4 

Weighted Average 3.0 3.7 

7.2 Tama County Bridges 

The Three Tama County bridges included in this study were built in 1968 with 
black reinforcing steel. The first two bridges referred herein as Tama 1 and Tama 2 are of 
steel girder-type structure with a total length about 505 feet, whereas the third bridge, 
Tama 3, is a concrete slab--type structure with a span length of 39 feet. According to 
Tama County Engineer Office (391, sealer had been first applied only to the bridge, 
designated as Tama 1, in 1984 and thereafter at every five years interval, i.e., in 1989, 
1994, and 1999. The purpose of the application of sealer was to enhance the performance 
of bridge decks and thus to provide protection against deterioration of the reinforcing 
steel in the concrete deck. 

Tables 7.3 and Table 7.4 summarize the average diffusion constant and the 
weighted average rebar rating, respectively, for each bridge. As can be seen, Tama 1 had 
the lowest surface chloride concentration. This can be attributed to the effectiveness of 
the sealer, which prevented from more chloride ions to penetrate the deck surface. On 
other hand, a higher diffusion was estimated for this particular bridge than that of Tama 
2. This could have been caused by higher chloride concentration that existed in the bridge 
prior to the application of sealer. 

If the entrapped chloride concentration was high prior to sealing the bridge deck, 
the consecutive application of sealer will not provide the full protection against the 
ingress of chloride ions through the deck. Consequently, a sufficient chloride 
accumulation at rebar level could initiate corrosion of reinforcement. Therefore, a sealed 
surface will not prevent corrosion of rebars but rather only slow down the accumulation 
of chloride ions. 

TABLE 7.3 Summary of C, C,, and D, for Tama County Bridges 

C, @ Rebar Level CO DC 
.-- (lbfYd3) --.L. in2/yr) . -  

'Pama 1 
Tama 2 
Tama 3 



TABLE 7.4 Weighted Average of Rebar Rating for Tama County Bridge 

Rebar Obtained from Rebar Obtained from 
Cracked Locations Uncracked Locations 

Tama 1 3.0 4.0 
Tama 2 1.5 3.5 
Tama 3 4.0 4.0 

Table 7.4 reveals that Tama 1, with the application of sealer, had a better rebar 
rating in both uncracked and cracked locations when compared with Tama 2. One can 
notice that Tama 1 and Tama 3 have only one scale difference of the rebar rating between 
cracked and uncracked locations, whereas Tama 2 has two scales difference of the rebar 
rating. 

Nevertheless, Tama 3 has an excellent rebar rating even after 30 years of service 
without the application of sealer on the deck surface. During the coring it was observed 
that Tama 1 and Tama 2, i.e., the two steel girder bridges, had many transverse cracks on 
the deck surface, while the Tama 3 bridge had few cracks. Moreover, it was noticed that 
cracks on the extracted cores from cracked locations on Tama 3 did not extend to the 
rebar level. The presence of the cracks in Tama I and Tama 2 can be related to the large 
flexibility that is associated with the long span and the small dimensions of the steel 
girder used to construct these two bridges. Those findings can explain why the rebar 
rating in Tama 3 performed exceptionally well when compared with those of Tama 1 and 
Tama 2. 



8 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

8.1 Summary 

The use of epoxy-coated rebars was first used in the state of Iowa in 1976 as the 
reinforcing steel in the top mat of bridge decks. Although it was long believed that ECR 
has a superior performance over black bars, concerns of the effect of deck cracking on the 
durability of these decks still represent a concern to DOT engineers. The objective of this 
work was to address this concern and to estimate the time to conduct preventative 
maintenance or to overlay a bridge deck. 

Published literature was searched to review related work. Cause of cracking, 
corrosion mechanism, corrosion process, and the performance of ECR in bridge decks on 
other states were reviewed. The end of a bridge deck service functional life and the 
corrosion process were defined. In addition, the corrosion threshold was introduced and 
used in conjunction with Fick's Second Law to estimate the length of the corrosion 
initiation stage of the black rebar and ECR. 

Eighty-one bridges constructed with ECR in either top mat or both mats were 
selected for collecting core samples. Geographical location and age were considered 
when selecting these bridges. Two core samples from cracked locations and two cores 
from uncracked locations in a bridge deck were obtained. Powder samples from different 
depths through these cores were gathered and analyzed for chloride concentration, using 
an X-ray fluorescence spectrometer. Rebar samples in these cores were rated on a scale 
from one to five, with five being a rebar in perfect condition. The epoxy coating hardness 
and adhesion were also documented. 

The chloride analysis results were used to determine the surface chloride 
concentration and diffUsion constants required the utilization of Fick's Second Law. A 
chloride concentration--depth relationship was developed and calibrated using measured 
chloride concentration in different bridge decks. Data related to rebar rating were used in 
a statistical model to relate the condition of ECR to the age of a bridge deck taking into 
account the effects of deck cracking. These developed relations were then applied to 
estimate the service life of a bridge decks and the time when preventative maintenance 
will be needed. 

8.2 Conclusions 

The following conclusions can be drawn regarding the performance of epoxy- 
coated rebars in Iowa bridge decks: 

The average reinforcing steel cover depth was found to be 2.75 inches. 
@ Adequate concrete cover depth can significantly prolong the initiation of reinforcing 

steel corrosion. 
No delminations or spallings had been found in bridge decks constructed with ECR 
in which the oldest bridge deck is 20 years. No maintenance had been yet performed 
for those constructed with ECR in Iowa. 



The chloride content, C,, at 0.5 inch below the deck surface and the difision 
constant, D,, were found to be 14.0 1blyd3 and 0.050 in21yr, respectively. 
The corrosive threshold range from 3.6 1blyd3 to 7.5 1blyd3 can be used to estimate the 
service life of a bridge deck. Using ECR in bridge decks can significantly prolong the 
service life of bridge decks. 
Most of the corrosion was found on ECR extracted from cracked locations in bridge 
decks. 
All of the rebars extracted from uncracked locations showed no evidence of 
corrosion. 
The developed relationships (equations 6.4 and 6.5) between rebar condition rating 
and age illustrated that cracking in a bridge deck had significant impact on the deck 
durability. 
Sealers can slow down the accumulation of chloride ions in bridge decks and could 
effectively provide protection against corrosion. 
The rebar adhesion was found to decrease as time increases. 
The moisture and high chloride concentration are among the factors that can weaken 
the coating adhesion. 

8.3 Recommendations 

The followings are recommended for future work: 

* The overall condition of a bridge deck could not be exactly assessed using four cores 
taken from each bridge deck. Thus continued research involving detailed analyses of 
bridges with epoxy-coated rebars is needed. 

* The effect of coating defects, such as coating holiday due to manufacturing process 
and coating chip resulting from construct-ion practice, need to be investigated since 
the coating defect is a critical factor in the performance of ECR. 

* The density of the cracking on a deck in terms of cracking length per area needs to be 
defined and considered in estimating the durability of a bridge deck. 
The effect of bridge deck flexibility on the performance of a bridge deck needs to be 
investigated. 
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APPENDIX A: CORROSION MECHANISM 

A.1 Why Metal Corrodes 

Energy is required to derive metals from ores. Ores are the natural oxides, sulfides, and 
other reaction products of metals with the environment. Usually, the desired compounds or 
substances must be separated from large quantities of unwanted deposits by a chemical process 
to make the material useful. To be released fiom ores, metals absorb heats as the required energy 
to escape its original state. The energy is then stored in the metal and later released when 
corrosion takes place. This is the reversed process as metals return to its beginning stable state, 
the ore. The amount of energy needed to separate the desired metals from minerals is varied from 
one to another. Table A. 1 lists some metals in the order of diminishing amount of energy 
required converting them from their ores (4). 

Corrosion of iron is a naturally renewable cycle fiom mineral to iron and vice versa. The 
product of corrosion of iron is rust, which has the same chemical compounds as the ore, known 
as hematite (9, which is used for producing metallic iron. Hematite is an oxide of iron (Fe203). 

Figures A. 1 and A.2 illustrate the conversion cycles following the typical paths of 
refining and corrosion process (5). 

TABLE A.l Required Energy for Some Metals to Be Separated from Minerals 

-- 

Enerw Reauired 
Potassium 
Magnesium 
Beryllium 
Aluminum 
Zinc 
Chromium 
Iron 
Nickel 
Tin 
Copper 
Silver 
Platinum 

Most 

Gold Least 



IRON ORE + KEFlNIXG + MLLLI:JG -- STEEL 
(IROU OXIDE) 

FIGURE A.l Conversion of Iron Ore to Steel (5) 

STEEL 3. MOISTURE + UXIIrCEN + COIZROSIQF = RUST 
( I R O N  OXIDE) 

FIGURE A.2 Conversion of Steel to Rust (5) 

A.2 Electrochemistry of Iron Corrosion 

Electrochemistry deals with the relationships between transfer of electricity and chemical 
reactions. The understanding of the electrochemical process provides an insight into the cause of 
corrosion. Corrosion is defined as the conversion of a metal into other forms of metal compound 
by chemical reaction involved with metal and elements surrounding its environment. The mast 
common elements existing in the environment that react with metal are water, oxygen, acids, and 
salts. These elements are called reactants. 

When corrosion is taking place, the metal loses electrons and forms cations, which are 
ions with a positive charge. Oxidation is an ion loses electrons by a substance reacting with it. 
For example, the surface of the iron serves as an anode at which the iron undergoes oxidation. 
The following is the chemical reaction equation of iron that undergoes oxidation: 

where Fe is the chemical formula for iron, ~ e ' ~  is iron losing two electrons, known as the ferrous 
ion, and 2emare two lost electrons. 

At the presence of oxygen and water molecules contained in the atmosphere, for 
example, oxygen is transformed from a neutral molecular to an anion, which has become more 
negatively charged by gaining electrons. This process is called reduction. The gain of electrons 
comes from loses of electrons in two substances that react with each other. Oxidation and 
reduction are coupled together as electrons transferred between them. The following chemical 
equation illustrates the cathodic reaction: 



where 0 2  is an oxygen atom, Hz0 is water, and OH- is hydroxyl. 
Reaction of equation A. I forms ferrous ions, whereas reaction of equation A.2 forms 

hydroxyl ions. Both ions react and produce ferrous hydroxide [Fe(OH)2 1: 

In the course of corrosion, ferrous hydroxide is further oxidized to Fet3, forming ferric hydroxide 
[Fe(OH)31: 

As an effect of dehydration through the exposure to the environment, ferric hydroxide 
becomes ferric oxide (Fe203), known as rust. Combining with equations A.2, A.3, and A.4 and 
the effect of dehydration, the general chemical equation of corrosion of iron can be explained as 
follows: 

where Fe203 is the rust and H' is the hydrogen atom losing one electron. 
It is observed that anodic and cathodic reactions are coupled mutually when corrosion is 

taking place. One can possibly reduce corrosion by eliminating one of either anodic or cathodic 
reaction. This idea, for example, by eliminating cathodic reaction, can be achieved by insulation 
of air from contacting the aqueous solution or by removing the dissolved air. Iron cannot corrode 
in the water unless oxygen is present. Prevention of rusting is achievable if cathodic reaction can 
be eliminated by means of coating. Thus the use of epoxy-coated reinforcement is believed to be 
an effective means of preventing steel from the corrosion. 





TOP 9259.9821 8 5400 201 Washington Fairfield/ Washington Conc. S 1982 2.8 MI.N.OF HENRY CO, DRATNAGE DITCH 

TOP 8475.2S002 3 182 502 Apyanmse Charitont'Oltumwa Conc. S 1983 3.1 MI.E.OF CENERVf t.LE CIIARITON RIVER 
TOP 0727.5A020 lWOO 502 131ack Wctwk WamIoo Area Cow. N 1983 AT JCT.63 RAMP OVER US 63 
TOP 07?7.91,218 10100 201 Black Hawk Watcrloo Area Conc. N 1983 0.8 MI.S.OF JCT.380-20 SINK CRI;FK 
TOP SZY3.7L2 18 41 60 502 Johnson f &r Rupid.. Area Conc. S 1983 2.3 M1.N. OF JCT.l O\%R MBLROSE AVE 
TOP 6348.5S005 3530 502 Marion CharitoniOittrmwa Conc. S 1983 2.2 MI.N.OF MONROE CO. SOUTH CEDAR CREEK 

T O  0759.1I.31SO 10000 502 Black tlawk U'fitertcm Am Conc, N 1984 1.7 EW.N,OF BUCIIANAN CO. SPRING CREf?K 
TOP 61761 SO380 440 423 Black f 4awk Watcrioo Area Stml N 198.1. 3.5 M1.S OF E.fCT.20 1-380 
TOP 1253.3S014 2780 502 Rutier Waterloo Area Conc. N 1984 4.9 M . S .  OF JCT.3 W FK CEDAR RIVER 
TOP 1910.05346 1450 502 Chrckasita~ Waterloo Area Cow. N 1984 2.1 M1.W. Of: JCT.63 WAPSIPENICIIN RIVER 
TOP 23?6.2(M(it 130 502 Clinton Davenport Arco Cone. S 1984 1.6 Mf.N.OF SCOTT MUSKRAT RD OVER US 61 

TOP 1411.6S071 4090 201 Carroll Sioux City Area Conc. N 1985 IN CARROLL MIIID1,E RACCOON RIVER 

BOTH 6488.88030 9400 502 Marshall Ames Area Conc. N 1986 3.1 MI.W.OF JCT.146 OVER C&NW RR 
BOTH 7702.48160 14700 502 Polk Des Moines Area Conc. S 1986 AT Je'r.135 OVER 1-35 





T LOCATION 

BOTII 5704.2S001 4410 502 Linn Cedar Rapids Area Conc. N 1992 2.2 MI N OF JOHNSON CEDAR RIVER 

BOTH 7707.28435 3010 502 Polk Des Moines Area Conc. S 1993 1.8 MI.N.OF IOWA # I  60 ROCK CREEK 
BOTH 7783.1L065 4290 502 Polk Des Moines Area Conc. S 1993 1 .0 MI. S. OF JCT. 1-80 US#6 

Notes: Shaded areas represent the bridges sampled in phase I. Types: 201, continuous concrete slab; 282, continuous concrete 
culvert no fill on the top; 302, steel stringer multiple beam or girder; 402, continuous steel stringer multiple beam or girder; 423, 
steel continuous welded I girder with diaphragms; 502, prestressed concrete multiple beam. 

TABLE B.2 Selection of Bridges with Two-Course Placement Deck 

- BRIDGE ID ADT FFIWA COUNTY Maint. Uiv. CIS REG BUILT LOCATION CROSSED 
240 1.1 SO39 N.A 02 1 52 1 Crawford Sioux City Area Conc. N 1 977 1.1 MI. N. OF JCT. #59 BUFFALO CREEK 
3966.48044 N.A. 0261 91 Guthrin AtIanticlCreston Area Conc. S 1977 IN GUTHRIE CENTER RACCOON RIVER 
4039.6R020 N.A. 603680 Hamilton Ames Area Conc. N 1976 0.8 MI. W. OF JCT, 17 CORD R27 

TABLE B.3 Selection of Tama County Bridges 

BRIDGE ID ADT FHWA COUNTY Maint. Wv. CIS REG - BUILT LOCATION CROSSED 
TAMA 1 N.A. 316580 Tama Tama County Steel N 1968 082 13 17 Iowa River Overflow 
TAMA 2 N.A. 316610 Tama Tama County Steel N 1968 0821320 Iowa River 



APPENDIX C: CHLORIDE CONCENTRATION OF CRACmD CORES AT 
DIFFERENT DEPTHS 

TABLE C.l Chloride Concentration of Cracked Cores 









Bridge ID Core Year Age Cracked Depth (in) el.(%) 
7993.48063 A 1985 13 Y 1.40 0.351 14.21 



APPENDIX D: MATLAB PROGRAMMING CODES FOR CALCULATING 
SURFACE CHLORIDE CONTENT AND DIFFUSION CONSTANT 

%The following is the soarce code utillzed LE Matlab to compute 3c 
%values for each core at which Co was a known value through field 
%measurement. Three chloride concentration rneas~remepts were  take^: 
%along the core. 

%File name diffcons .- ph2 - 3.m 
format short, 
clear 
close 

%open data file 
fidl = fopen ( ' xph2-n-3. dat ' , ' r ' ) ; %depth 
fid2 = f open f ' Cxph2-n-3. dat , r ' ) ; %chloride concentration 
f id3 - f open ( ' ageph2-n-3. dat ' , ' r ' ) ; 

%age 
f id4 = fopen ( ' Coph2-n-3. dat ' , ' r ' ) ; %Co measurements 

%Read data file as input data 
x=fscanf (fidl, ' %g' ) '  

Cx=fscanf (fid2, ' % g ' )  ; 
t=fscanf (fid3, '%g' ) ; 
Co=fscanf (fid4, '%gl ) ; 

%depth 
%chloride concentration 
%age 
%Co measurements 

%Calculate best valce for D 
N=61; 
SSF=[ ] ; 
A=[ 1 ; 

D=linspace (0.0l10.2,N) ; 
for j=1:10 
for i=2* j-1: j*2 
for k=: : N 
Z=Co(j)* (1-erf ((x(i)-C.5)/(2*sqrt(D(k)*t(i)))) ) ;  
ERR(k, 1, i) = (2-Cx (i) ) "2; 
end 
end 
SSE(:, :,j)=ERR(:, :,I-I)+ERR(:,:,i); 
w(j)=min(min(SSE(:, :,j))); 
[ e(j),f(j)]=find(SSE(:,:, j) == min(min(SSE(:,:,j)))); 
3(e(j)); 
A($,l)=D(e(j)); 
A(j,2)=w(j); 
End 

%Output data 
A 
m=mean (A) 
s=std (A) 
t=cputime 
status=fclose ( ' all ' ) ; 



%The following is the source code utilized in Natlab to compute Dc 
%values for each core at which Co was a known value t-hrough field 
%measureme~t. Three chloride concentration neasurements were taken 
%along the core. 

%File name diffcons-phl-n.m 

clear 
close 
f ornat short 

%Open data files 
£id1 = fopen('xph1 n.dat','rl); %depth 
fid2 = fopen ( 'cxphi -- n. dat I ,  'r' ) ; %chloride ccncentracion 
f id3 = f open ( ' agepl-IT-~, . dat I ,  ' r1 ) ; %age 

%Read data files as input data for calculation 
x=fscanf(fidl,'%g'); %depth 
Cx=f scanf (fid2, ' % g '  ) ; %chloride concentration 
t=f scanf (fid3, ' % g l  ) ; %age 

%Compute Co and D 
N=61; 
SSE=[ ] ; 
A=[ j ; 
Co=linspace (5 ,35,  N) ; 
D=linspace (C.Ol,C .2,N) ; 
for j=1:49 
for i=j+2* (j-1) : j*3 
for k=l : N 
for n=l : N 
Z=Co(k)* (1.-erf((x(i)-0.5)/(2*sqrt(D(n)*t(i))))); 
ERR(k,n,i)=(Z-Cx(i) ) * 2 ;  
end 
end 
end 
SSE(:, :,j)=ERR(:, :,i.-Z)+ERR(:, :,i-l)iERR(:, :,i); 
w(j)=min(mi.n(SSE(:, :,jj) ) ;  

[ e(j),f(j)j =find(SSE(:,:,j) == min(min(SSE(:, :,j)))); 
Co(e(j)); 
n(f(j)); 
A(j,lj=Co(e(j)); 
A(j,2)=D(f (j)); 
A(j13)=w(j); 
End 

%Output data 
A 
m=mean (A) 
s=std (A) 
t=cpu t ime 
szatcs=fclose ( 'all' ) ; 



%The foliowicg is the source code utiiized in Matlab to compute 3c 
%vaiaes for each core at which Co was a knowc value through fleid 
%measurement. Four chloride c:oncentra~ion neasurements were taken 
%along the core. 

%File name diffcons-ph2-4 .m 
format short 
clear 
close 

%Open data files 
£id1 = fopen('xph2-~-4.dat',', '); %depth 
fid2 = fopen('Cxph2-n-4.datvr 'r'); %chloride concentration 
£id3 = fopen('ageph2-n-4.datq, ' r ' ) ;  %age 
fid4 = fopen('Coph2-n-4.dat1, 'r'); %Co measurements 

%Read data files as input data 
x=fscanf (f idl, ' %g' ) ; %depth 
Cx=fscanf(fid2,'%g1); %chloride concentration 
t=fscanf(fid3,'%g'); %age 
Co=fscanf(fid4,'%g'); %Co measurement 

%Calculate D best values 
pJ=6;1; 

SSE=[ ] ; 
A=[ ; ; 
D=linspace (0.01r0.2,N); 
for j=l:26 
for i=j+2* (j-I) :j*3 
for k=l : N 
Z=Co(j)* (I-erf( ( x ( i )  -0.5) / (2*sqrt (D(k)*t (i) ) ) )  ) ; 
ERR(k, 1, i) = (Z-Cx(i) } A2; 
end 
end 
SSE(:,:,j)=ERR(:,:,i-2)+ERR(:, :,i-1)i-ERR(:, :,i); 
w(j)=min(min(SSE(:, :,j))); 
[e(j),f(j)] =find(SSE(:,:,j) == min(min(SSE(:,:,j)))); 
ale(j)); 
A(], l)=E(e(j)); 
A(j,2)=w(j); 
end 

A 
m=mean (A) 
s=std (A) 
+ L-cputime - 
stat',us=fclose ( 'all ' ) ; 



APPENDIX E: COMPUTED DIFFUSION CONSTANT AXD SURFACE 
CHLORIDE CONCENTRATION FOR BRIDGE DECKS INCLUDED IN THE 
STUDY 

TABLE E.l Computed Diffusion Constant and Surface Chloride Concentration 



I Sridae ID , Core Year Age--Crack Depthtin) CI.(%) Clx.(lblc~D.(inL/vr) . C.[lblcv4) 
0781.5L218 A 1991 7 N 0.50 ' 0556 22.51 0.020 22.5 











Note: Shaded areas represent bridges sampled in phase I. 



APPENDIX F: THE RESULTS OF REBAR AND ADHESION RATING 

TABLE F.1 Results of Rebar and Adhesion Rating 





























APPENDIX G: COMPUTED DIFFUSION CONSTANT AND SURFACE 
CHLORIDE CONCENTRATION FOR TAMA COUNTY BRIDGES AND TWO- 
COURSE PLACEMENTS DECKS 

TABLE G.l Computed Diffusion Constant and Surface Chloride Concentration 




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



