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Comparison of Treatment Methods 
Involving Polymer Impregnation for 
Abating Corrosion in 
Overlaid Bridge Decks 

TAPAS DUTTA, RICHARD E. WEYERS, AND IMAD L. AL-QADI 

To investigate the corrosion of the reinforcing steel (rebars) in 
bridge decks, concrete laboratory specimens with re bars were cast 
and subjected to a chloride environment. The corrosion potential 
and rate were monitored with Cu-CuS04 half-cell and three elec
trode linear-polarization (3 LP) devices. When active corrosion 
had been initiated, five rehabilitation treatment methods were 
applied to the corroding specimens: latex-modified concrete (LMC) 
overlay, low-slump dense concrete (LSDC) overlay, polymer
impregnated concrete, LMC overlay with polymer impregnation, 
and LSDC with polymer impregnation. The monomer system 
used was 90 percent methyl methacrylate (MMA), 10 percent 
trimethylolpropene trimethacrylate and 0.5 percent of the above 
monomer mix of azobisiobutyronitrile. The irppregnated speci
mens were grooved and dried to 230°F before impregnation and 
subsequent polymerization. The posttreatment corrosion rates 
were used for analyzing the effectiveness of the various treatment 
methods. The treatment methods investigated were able.to reduce 
the corrosion rate dramatically compared with untreated speci
mens. However, the difference in effectiveness among the five 
methods was insignificant. 

Premature deterioration of reinforced concrete bridge decks 
was first recognized by highway agencies in the late 1950s. 
An initial study determined that the principal cause was spall
ing, which resulted from corrosion of the reinforcing steel 
caused by the high chloride content of the concrete and mois
ture intrusion (1,2). The major source of chlorides is the 
deicing salts applied to the roadways during winter. In 1970, 
more th4n 9 million tons of deicing salts were used in the 
United States (3), increasing to 12 million tons by 1979 (4). 
A second source of chlorides is sea water in direct contact and 
from spray on bridge components in a marine environment. 

By the 1970s, highway agencies had begun to identify the 
enormous cost involved in the repair and rehabilitation of 
.deficient bridges. It was found that the number of bridges 
that became deficient each year far exceeded the actual num
ber of bridges t_hat were repaired in the same time frame. As 
a result, an increasingly large backlog of deficient bridges was 
created with each passing year. A recent cost estimate of the 
rehabilitation of bridges deteriorated by corrosion was placed 
at $20 billion, at an annual increase rate of $0.5 billion (5). 

T. Dutta, California Department of Transportation, 120 South Spring 
Street, Los Angeles, Calif. 90012. R. E. Weyers and L L. Al-Qadi, 
Virginia Polytechnic Institute and State University, Blacksburg, Va. 
24061. 

An early response to the bridge deck deterioration prob
lems was to modify the design parameters. The cover depth 
was increased up to 3 in., which prolonged the time it took 
the chloride ions to reach the top mat of rebars. By reducing 
the ratio of water to cement to between 0 .40 and 0 .45, chloriqe. 
permeability of concrete was reduced and, hence, the rate of 
diffusion of chloride ions was diminished. These methods did 
not stop the corrosion process, however, but the time to 
initiate the corrosion of the rebars was extended. 

Rigid overlay systems on bridge decks have been used for 
some time as a rehabilitation technique. The most commonly 
used rigid overlays are latex-modified concrete (LMC), low
slump dense concrete (LSDC), and polymer concrete (PC). 
These overlay systems are also applied to new bridge decks 
as a means of corrosion protection. 

Electrochemical chloride removal in conjunction with the 
injection of materials such as penetrating sealants and cor
rosion inhibitors has been used recently. When corrosion in
hibitors such as calcium nitrite are injected into concrete they 
encapsulate the steel and act as a barrier to chloride ions. The 
application of coating materials, such as epoxy coating rebars, 
has -been extended to include parapet, substructure, and su
perstructure components of bridges. However, this method 
has not proved completely successful over long periods of 
time in severe environments such as the Florida Keys. The 
application of waterproofing membranes along with an as
phaltic concrete wearing surface has also been in use as a 
protection technique. Impressed current systems and galvanic 
cathodic protection systems have demonstrated their capa
bility of arresting the corrosion of steel in concrete. 

The only nonelectrocherriical method to abate corrosion of 
steel in concrete bridge decks is deep impregnation. Deep 
impregnation (depths of 3 to 4 in.) of monomer into concrete 
and subsequent in situ polymerization abates corrosion where 
it has started and prevents the start of corrosion in the steel. 
A deep grooving method of concrete bridge decks that was 
developed by Weyers and Cady (6, 7) resulted in the feasibility 
of polymer impregnating entire bridge decks. The monomer 
that was used in that study is MMA. The polymer encapsulates 
the concrete around the reinforcing steel and fills most of the 
void spaces, thereby stopping the flow of current, and con
sequently prevents the onset or continuation of any corrosion 
activity. Therefore, W/C and slump will not have any effects, 
whereas the percentage of air will affect the amount of mon
omer used. 
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PREPARATION OF SPECIMENS AND INITIATION 
OF CORROSION 

Eighteen laboratory concrete specimens were cast. The con
crete mix used is in accordance with Virginia A4AE bridge 
concrete mixture. They were 12 in. long and 10 % in. wide. 
Each specimen had two triad of rebars (Figure 1). To mini
mize the effects of manufacturing oil and existing rust on the 
rebars, the rebars were cleaned by soaking them in a hexane 
solution for about 20 min and then wiped clean. The rebars 
were then dried in an oven at 240°F for 10 min. To prevent 
corrosion from taking place at the exposed ends, the two ends 
were covered with electroplating tape so that the uncovered 
length of each rebar was 6.5 in. Thus, the exact surface area 
exposed for corrosion was known; hence, corrosion rates could 
be normalized to a square foot of surface area of the rebar. 

A thermocouple Type T junction was taped at the bottom 
center point of each top righthand rebar of each specimen. 
Type T plugs were attached to the other ends. Five treatment 
methods were used and one set of control specimens were 
not subjected to any treatment. Triplicate specimens were 

·cast for each treatment and for the controls. Therefore, a 
total of 18 specimens were cast. The two-letter codes assigned 
to each group were as follows: 

• CO: Specimens acted as controls, untreated, 
• LM: Specimens overlaid with LMC, 
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•LS: Specimens overlaid with LSDC, 
•PC: Specimens with polymer impregnation, 
• PM: Specimens overlaid with LMC and polymer impreg

nation, and 
• PS: Specimens overlaid with LSDC and polymer im

pregnation. 

The sides were coated with epoxy to prevent moisture loss 
and salt ingress from the sides. Plexiglass dikes 1 in. high and 
5/16 in. thick were fixed on top of each specimen using silicon 
rubber. Glass covers were used on the specimens to minimize 
moisture loss during wet cycles. A resistor of 100 n was con
nected between the top rebar and the bottom right rebar of 
each triad. A jumper cable was fitted between the two bottom 
re bars of each triad, resulting in a macrocell cathode-to-anode 
area of 2. 

Before the first wet cycle, potential and temperature read
ings were taken. Temperature readings were measured by a 
digital Type T thermocouple meter. Potential readings were 
taken with a copper-copper sulfate (CSE) half cell in accord
ance with the ASTM C-876 procedure. The interpretation of 
the potential values are given in ASTM C-876 and summarized 
as follows: 

•If the potential is more positive than -200 mV CSE, 
there is a probability of more than 90 percent that there is 
no active corrosion present. 
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FIGURE 1 Plan and elevation of specimens. 
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• If the potential is between - 200 m V CSE and - 350 m V 
CSE, corrosion activity is uncertain. 

• If the potential is more negative than - 350 m V CSE, 
there is a probability of more than 90 percent that there is 
active corrosion present. 

The three-electrode linear polarization device (3LP) man
ufactured by Kenneth C. Clear, Inc., was used to monitor 
the corrosion current. The corrosion rate of metal is directly 
proportional to the corrosion current (Faraday's first law). 
The 3LP device impresses a current in the reverse direction 
and polarizes the corrosion current. Knowing the impressed 
current and the corresponding value of the potential, the cor
rosion current is obtained using the Stern-Geary equation. A 
description of the test procedure is given in the 3LP manual 
(8). Interpretation of the obtained corrosion current Ucorr) 
values is given in the 3LP manual as follows: 

. . 
•/corr< 0.2 mA/ft2 ~no corrosion damage is expected. 
•/corr between 0.2 and 1.0 mA/ft2 ~ corrosion damage is 

possible in 10 to 15 years. 
•/corr between 1.0 and 10 mA/ft2 ~ corrosion damage is 

expected in 2 to 10 years. 
• /corr > 10 mA/ft2 ~ corrosion damage is expected in 2 

years or less. 

Five days after the concrete was placed, the first wet cycle 
was started. A 6 percent (by weight) sodium chloride solution 
was used as the source of chloride ions for the concrete. The 
wet cycle extended for a period of 3 days. At the end of that 
period, the solution was removed from the specimens using 
a .wet-dry shop vacuum. During the dry cycle the ambient 
temperature was raised to 120°F using several infrared lamps. 
The high temperature dried the concrete and made it moisture 
hungry so that the penetration of salt solution during the next 
wet cycle was at a higher rate. The duration of the dry cycle 
was 4 days. 

During the ponding period, chloride contents of some se
lected specimens were determined at various depths with a. 
specific ion probe test method developed by James Instru
ments, Inc. (9). The results obtained by the specific ion probe 
method are correlated to that obtained by the standard 
AASHTO test method (T-260-78) (JO). 

Literature review indicates that several different values of 
chloride ion concentration have been suggested as a threshold 
value for the initiation of corrosion. The authors have con
sidered the value of 1.2 lb/yd3 of chloride ions in concrete as 
a requirement to initiate the corrosion based on the research· 
performed by FHWA (11,12). 

Treatment activities were started when it was determined 
that there was active corrosion in most of the top rebars, all 
the potentials were more negative than - 350 m V, the mean 
corrosion current was 4.2 mA/ft2 with most of the values being 
over 2 mA/ft2 , and the chloride contents at the rebar level of 
selected test specimen~ were greater than 1.2 lb/yd3

• 

TREATMENT PROCESS 

During the treatment processes, the salt water ponding of all 
18 specimens was suspended. Twelve forms were made to 
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accommodate the 2-in. height overlay. LMC overlays were 
applied to the LM and PM series, whereas the LS and PS 
series were overlaid with LSDC. After the moist curing period 
(14 days), the sides of the overlays were coated with epoxy. 
Specimens from the PC, PM, and PS series were grooved in 
preparation for polymer impregnation. In an earlier study by 
Weyers and Cady (7), an empirical formula was developed 
to determine the g~ooving parameters: groove spacing, groove 
depth, and groove width for optimum polymer impregnation. 

For all the specimens, the groove width was 0. 75 in. and 
.the edge-to-edge distance between grooves was 2.5 in. Con
sidering the groove parameters already noted, there were 
three grooves on each specimen .. The depth of impregnation 
was 0.5 in. below the top rebars and the depth of the grooves 
was 0.5 in. above the top rebars. Two depths of impregnation 
were involved. The specimens of the PC series had the original 
cover depth of 1 in., and the final depth of polymer penetra
tion was 2 in. For these specimens, the depth of groove was 
0.5 in. The overlaid specimens (PM and PS series) had a cover 
depth of 3 in.; the final depth of polymer penetration for 
these specimens was 4 in. The groove depth for the overlaid 
specimens was 2.5 in. A masonry saw was used to cut along 
the groove lines that had been ~arked with a permanent ink 
marker. Concrete between the cut lines was then chipped out 
with a mason's chisel. 

A drying temperature of 230°F, at 0.5 in. below top rebar, 
was used. Polymer impregnation of concrete was used suc
cessfully at this temperature (13). Three propane-fired in
frared heaters, placed side by side, were used to dry the 
specimens. To monitor the temperature at a depth of 0.5 in. 
below the top rebar level, high-temperature Type T TC wires 
were encased in ceramic tubing and inserted into a hole made 
in the bottom of the specimens to such a depth that the TC 
junction was 0.5 in. below the top rebar. Nine specimens at 
a time were set up below the heaters at a distance of 9 in. 
from the heaters. Fiberglass insulation, 3.5-in. thick, was 
wrapped around the specimens. The fiberglass was supported 
by a layer of sand and gravel. The specimens were insulated 
to prevent the entry of heat from the sides. The TC wires 
were insulated to enable the TJ junction to measure the tern: 
perature at the proper location. A metal sheet with rectan
gular holes the same size as the specimens' surfaces was placed 
over the specimens to ensure that only their top surfaces were 
exposed to the heaters. Along with the nine specimens, three 
cylinders ( 4 in. in diameter and 8 in. long) cast from the same 
concrete mix design were also dried. The cylinders were used 
to. determine the rate of polymer impregnation through the 
concrete. Two probes were used to record the shaded ambient 
temperature and the temperature at the· surfaces of the 
specimens. 

Temperatures were recorded at regular ··intervals after the 
heaters were turned on. After 70 min of heating, the internal 
temperatures of two specimens reached 230°F. Because the 
internal temperatures of the other seven specimens were sub
stantially lower, the heaters could not be turned off. To rem
edy the situation, the two adequately heated specimens were 
covered with a metal sheet to prevent further heating of these 
specimens. The heaters were turned off at 150 min, when 
most of the specimens had the internal temperatures at the 
requisite value. Because concrete acts as a heat sink, the. 
internal temperatures of all the specimens continued to rise 
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(between 5°F and l0°F) until a thermal equilibrium was es
tablished. Additional temperature readings were taken for 
about 5 hr. The specimens were then covered with a layer of 
fiberglass insulation and left to cool for about 12 hr before 
impregnation was started. 

The ends of the grooves in the nine specimens were sealed 
wit~ epoxy putty that does not dissolve in MMA. The putty 
was also used to make 1-in.-high dikes on ~he three cylinders. 
The specimens and the cylinders were covered with plastic 
sheets taped around the edges with duct tape. A slit was made 
in the middle of each plastic cover. The slits were covered by 
duct tape. · 

A mixture of 90 percen~ MMA and 10 percent trimethy
lolpropene trimethacrylate (TMPTMA) was prepared by 
weight. Then 0.5 percent azobisiobutyronitrile (Azo), of the 
above mixture, was added. The monomer was ponded on the 
top surface of the specimens and cylinders using a 20-ml pi
pette and placed through the slit in the plastic cover. The slit 
was kept covered after the monomer was placed. 

The three cylinders had impregnation times of 6, 14, and 
23 hr. During that period more monomer was added as needed 
when all existing monomer had diffused into the concrete. 
After the designated impregnation time for each cylinder was 
reached, the residual monomer was drawn off with the pi
pette. The cylinders were then placed in a hot water bath at 
185°F for polymerization of the monomer. They were kept in 
the bath for. 4 hr. The cylinders were taken out of the bath 
and cut longitudinally in half using a masonry saw. The cut 
cylinders were then etched with muriatic acid. The acid etches 
all portions of the concrete except the area of impregnation. 
Thus, the depth of impregnation of the cylinders could be 
visually distinguished. 

The depth of polymer impregnation in concrete is a function 
of the square root of time of impregnation (13). Using this 
relation, the data obtained from the acid etching of the three 
cylinders indicated that the time corresponding to the required 
depth is 16 hr. Accordingly, the specimens were allowed to 
be impregnated for a period of 16 hr using the same proce
dure. At the end of that period, the residual monomer was 

· .drawn off with a pipette and the specimens were.polymerized 
in a water bath at 185°F for 24 hr. At the end of the 24 hr, 
the specimens were taken out of the water bath. The sped
mens' grooves in the PM and PS series were filled with latex
modified mortar (LMM). Application of salt solution was 
resumed with the same wet and dry cycles used before treat
ments. Posttreatment potential and corrosion current" mea
surements were taken periodically. 

EXPERIMENT RESULTS AND ANALYSIS 

After a number of potential and 3LP readings were taken, it 
was observed that the ambient temperature at the time of 
measurement had a significant effect on the resultant read
ings. The higher the temperature, the higher was the 3LP 
reading and the more negative the potential value. To analyze 
the data without developing a temperature correction factor, 
all readings were taken at room temperature, 72°F. 

The potential values and the corresponding 3LP corrosion 
current values before and after treatments indicated that post
treatment potential values did not reflect very accurately the 
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corrosion activity in the specimens. Although the corrosion 
current Ucorr) values in the treated specimens showed very 
little active corrosion, the corresponding potential values for 
most specimens were well into the 90 percent active corrosion 
region, more negative than - 350 mV (14). The !corr value is 
a more direct measure of corrosion activity than the potential 
value that is based on a probability function. · 

A total of 323 pairs of potential and corresponding !corr 

values were used in a simple linear regression model (SLR) 
analysis. The SLR analysis resulted in an F-observed value 
of 219.845 and a p value of 0.001. This means that at the 5 
percent significant level, the statistical test was significant and 
the F-observed value was well into the rejection region. Thus, 
there is a relationship between potential and !corr· However, 
R2 (the coefficient of determination) was 0.4065 and Pearson 
correlation coefficient was 0.64. This means that about 40 
percent of the variation in ]corr could be predicted from the 
potential in the given sample data or the population. These 
values suggest that the relationship between potential and (orr 

was not very strong. In view of the above results, only ]corr 

values were used for comparative analysis. 
For comparing the effectiveness of the various treatment 

methods, the percent change in each posttreatment value 
was computed on th~ basis of the last pretreatment value as 
follows: 

d = {(B - P)IB} x 100 

where 

d = percent change, 
B = last pretreatment !corr in mA/ft2 , and 
P = present !corr in mA/ft2

• 

(1) 

Therefore, a positive d value indicates that the corrosion 
rate has decreased from its pretreatment level, whereas a 
negative d value signifies a higher corrosion level compared 
wit~ its pretreatment value. 

At Day 181 after the application of the overlays, the control 
specimens (CO) had a d value of -223.4 percent, demon
strating the extreme deteriorated condition of the untreated 
specimens, as show~ in Figures 2 through 4. The latex (LM 
and PM) and polymer-impregnated (PC) groups demon
strated values of over + 50 percent at Day 1.81, as presented 
in Figures 2 and 4, respectively. The low-slump (LS and PS) 
group was well below + 50 percent improvement level, as 
shown in Figure 3. However, they remained in the positive 
range, indicating that the treatments had the desired effect 

· of reducing corrosion levels. The low-slump overlay speci
mens had a value of +22. 7 percent, whereas the low-slump 
overlay with polymer impregnation had a slightly higher value 
of + 36. 2 percent. However, at 41 days after overlays, all 
treated specimens, except for the polymer-impregnated spec
imens, had negative d values. A possible explanation is that 
a time lag is required before the overlays cause a decrease in 
the corrosion rates. 

The absolute difference in the d between the last and first 
values may be a useful measure of the effectiveness of each 
treatment procedure. Table 1 summarizes this relationship. 
The maximum value of this measure was 91.03 percent for 
the LSDC specimens, and the minimum value was 42.30 per
cent for the polymer-impregnated specimens with no well-
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defined trend among the three groups. This indicates that 
there was no appreciable difference in the effectiveness of 
any treatment method. The specimens with only overlays 
.demonstrated higher values than polymer-impregnated over
lays, which suggests that impregnation had decreased the ef
fectiveness of the overlays in abating corrosion. 

However, it was found that of both series with overlays and 
polymer impregnation, the PM series (LMC overlaid-polymer 
impregnation) and the PS series (LSDC overlaid-polymer im
pregnation) had the highest pretreatment corrosion rates of 
4.99 mA/ft2 and 4.92 mA/ft2

, respectively. It is conceivable 
that the higher corrosion rates had an effect on the "absolute 
difference" in A values. It is reasonable to expect that any 
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TABLE 1 Measures for Evaluating Effectiveness of Treatments 

PRE-TREAT. CHANGE CHANGE ABSOLUTE 
SPECIMEN Icorr @DAY41 @DAY 181 DIFF. 
(GROUP) (mNSQFT) (%) (%) (%) 

LATEX 
LM 1.76 -3.37 +79.85 83.22 
PM 4.99 -2.89 +55.84 58.73 

LOW SLUMP 
LS 2.82 -68.35 +22.68 91.03 
PS 4.92 -12.55 +36.19 48.74 

POLYMER 
IMPREGNAT. 

PC 2.07 +41.73 +84.03 42.30 

treatment method would be more effective if the initial cor
rosion rate were low compared with a relatively high initial 
corrosion rate. 

By comparing the actual A values; the low-slump group 
appears to be less effective than the other two groups. How
ever, this measure might not be an accurate representation 
·of the situation, because it does not indicate th'e "degree" of 
the A. 

The values of the_ A at Day 41 (see Table 1) indicate that 
the low-slump group had been least effective in abating cor
rosion at this age. The specimens that had been overlaid with 
LSDC (LS) had an unusual high 'negative A value ( - 68 .. 35 
percent) compared with the A values of the control specimens 
at the sa_me time ( - 79.47 percent). The much-lower negative 
A value ( - 12.55 percent) of the specimens with LSDC overlaid
polymer impregnation (PS) could probably be attributed to 
the polymer impregnation. However, this value for the PS 
series was more negative than for the other groups. The higher 
pretreatment corrosion rates could not be considered as a 
possible cause, because. the specimens with LMC overlaid
polymer impregnation (PM) also had similar high pretreat
ment corrosion rates. In the case of the PM series, the A at 
Day 41 was -2.89 percent, which was comparable to the 
-3.37 percent value for the LMC-overlaid specimens (LM). 

A possible explanation for the apparently lower effective
ness of the low-slump group is that the low design slump of 
LSDC overlay resulted in an imperfect compaction after the 
overlay was placed. The LSDC overlay had a rough surface, 
which suggests the presence of more void spaces, resulting in 
increased permeability for more rapid ingress of chloride ions 
after treatment. 

CONCLUSIONS AND RECOMMENDATIONS 

This study concluded that there was· insignificant difference 
in the effectiveness of the five treatment methods used in this 
investigation: LMC overlay, LSDC overlay, polymer impreg
nation, LMC overlay with polymer impregnation, and LSDC 
overlay with polymer impregnation. However, the treatments 
involving low-slump dense concrete overlay might be less ef
fective as a corrosion abatement technique compared with the 
other four methods investigated. 
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·Therefore, long-term studies should be performed to in
vestigate the nature of corrosion activities after treatment 
methods had been applied. This would lead to the develop
ment of life-cycle models for various bridge deck rehabilita-. 
tion techniques covered in the present study. Other practical 
factors could be considered in a future study of the effective
ness of the treatment methods used i.n this study: the influence 
of traffic volume and axle load. 
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