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INTRODUCTION

There are several reports of investigations that relate the cause
or.factors that influence the corrosion of steel in concrete
brldges[lTLZ]. However, some alao contain laboratory[l,3,10,13-15]
types of investigations of field strxructures[2~12]. For the most
part, the published reports are not oriented to screening large
numbers of‘structures for an operational type of evaluation of

the corrosion condition,

As repqrted by Kliethermes[4), Hall[5]), and others[6,7], the
corrosion of steel in concrete bridge decks is related to the use
gf deicing salts and the problem was found in 46 states. Also,
in NCHRP Synthesis No. 4[6], concern was expressed for 200,000
bridge decks in the United States,

Because of the large number of structuraes that have been exposed
to deicing salts, it is obvious that raesearch techniques must be
streamlined to operationally determine the methods of repair
and/or preservation of the decks[2-6,8,10,15}. Except for
special cases, there are simply too many bridges and too few
people and dollars to spend a long period of time to thoroughly
evaluate each structure. Therefore, the intent of this investi-
gation wag to find a reasonable means to obtain the necessary
technical information with a minimum of effort and resources,

In general, it has been demonstrated that the corrosion activity
of steel in concrete can be nondestructively determined by half-
cell potential measurements[7,10]; evaluation of physical con-
crete distress by means of visual observation, sounding[l0], or
chaining [11]; ascertaining the chloride content asdociated with
the corrosion of steel in concrete[l,3,7-10,13]; and determining
the concrete cover over the corroding steel [2,6-10,12,13,16],

From a corrosion standpoint, with a few exceptions, concrete
quality in califorxnia is sufficiently good so that it is not of
gpecial significance. This is not to be inferred that concrete
quality does not affect the time to corrosion of the gteel. It
i= only pointed out that once the bridge is built, it cannot be
changed, and concrete that is structurally and physically sound
has no real function in correcting, controlling, or preventing
corrosion of steel in existing bridge decks.  Therefore, this
corrosion investigation was specifically oriented toward
evaluating corrosion investigation techniques and did not _
include a systematic evaluation of concrete gtrength, absorption,
air entrainment, etc., although these factors do have a gignificant
effect on performance if seriously deficient.
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SUMMARY AND CONCLUSIONS

Chloride, Potentials, and Delaminations

?he‘quantity of chlorides in concrete associated with the
incidence gf active corrosion of the steel is about 1 1lb./cu.yd.
(0.59 Kg/m?) of concrete,

It. was observed that the maximum gquantity of chloride at the 95%
confidence limits fiound at the average level of the steel related

. to other work[10] as the best indication of salt content in a
structure that is causing corrosion of the asteel.

Except for isolatedl cases, the data indicate that the chloride
content need not be determined if more than about 1% of the
surface area of the bridge deck concrete ig delaminated, or if
more than about 10% of the total potential measurements are
numerically greater than -0.35 volts to the saturated copper=-
copper sulfate halfcell (CSE).

The data also indicates that if the average chloride content

at. the level of the steel is greater than about 1.0 lb./cu.yd.
(0.59 Kg/m3), an analysis to determine the maximum statistical
amount may have no practical significance as the chloride content
is already too great.

Sampling for Chloride Determination

On six bridges it was observed that it did not seem to make any
significant difference in the accuracy of the chloride determination
when the concrete sample was obtained either by coring or drilling.
This would indicate that a major variable in concrete sampling is
controlled by the variation in the salt content, per se. In this
respect, it may be that the variations in salt content are
controlled by concrete properties, salting and snow removal practices,
drainage, etc., but the size of the sampling apparatus as used in
this investigation demonstrates that this latter variable, per se,
is not significant. Therefore, it is obvious that concrete samples
for chloride analysis could be obtained by recovering drilling dust
or by cutting and pulverizing concrete cores.

With a coefficient of variation of the chloride contents found to

be in the average range of 33% to 36%, no less than sig gamples
for chloride analysis should be obtained to make a valid survey.

Potentials and Concrete Condition

The average potential of the steel in nondelaminated concrete
was found to be =~0.180 volts saturated copper-copper sulfate .
halfcell (CSE). For delaminated concrete, the average potential

ClibPD TITTTITAastro.com


http://www.fastio.com/

BRIDGES INSPECTED

Twenty=-two bridges were inspected in 1972~73 to determine the
operational feasibility of using wvarious inspection technigues
to evaluate the corrosion behavior of the steel in the decks.
The overall results are shown in Tables 1 and la, Bridge
Condition Variables,

As shown on Tables 1 and la, the data accumulation for various
bridges consisted of: A chloride analysis[8,15], the measure-
ment of halfcell potentials[7], measurements of concrete delami-
nations[ll] and, where the concrete cover is shown to the
closest 0,01 inch, it was measured by a Pachometer; or the
indicated concrete cover was not measured but was that specified
when the value is shown to be plus or minus,

As will be recognized, when dealing with a random investigation
of individual field structures, the data obtained does not always
result in information that is suitable for an overall analysis.
For example, the investigation was directed at evaluating
inspection techniques for structures that had been exposed to
deicing salts; howewver, one older bridge was found to have been
constructed with calcium chloride added to the concrete. In
addition, another bridge deck, selected as a bridge in "good
condition", was found to have an average of five pounds gf
chloride per cubic yard at the level of steel (2,97 Kg/m°)

and corrosion was neither active nor was there evidence of past
distress. The reason for the passive condition of this latter
bridge deck was not investigated although previous work[10] has
shown that corrosion may be dormant for a period of time in
salt contaminated concrete under conditions of low moisture

content,

As shown in Tables 1 and la, the chloride content at the level
of the steel is shown in terms of the average, the maximum
content analyzed in any sample, and the maximum content that
would be indicated by calculating a statistical distyibution
and deriving the maximum gquantity at the 95% confidence limits
of the data. The 95% confidence limits was used to define a
repeatable maximum limit of chloride content rather than to
depend upon a randomly obtained maximum value. In Tables 1 and
la, there is fair agreement between the actual maximum c¢hloride
content found in a Dbridge deck as compared to the maximum

A calculated from the 95% confidence limit of the data.

To obtain the chloride content at the level of the steel, the
original data was plotted on semilog paper., The ch;orlde content
was plotted on the log scale ordinate vs. its assoclateq depth
below the surface of the deck on the linear gcale (abscissa).
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and Qelaminations. Since the ztructures are those that have
received deicing salts over a period of time, increasing salt
content only reflects upon a gain of salt in the concrete with
time. The continuing corrosgion of the steel in concrete is time
dependent and not necessarily reflected to increasing salt content
above some threshhcld level. For example, it is not required that
the brlége shown on Tablgs 1 and la have more than 3 lbs. chloride
per cubic yard (1.8 Kg/m?) in order to contain 26% corrosgive
potgntla;s and 13% of its area delaminated. Once corrosion
begins, it is time dependent in that it becomes more extensive

as time increases. In concrete, the primary function of the
ch%orxde—ion is to destroy the passivity of the steel. Once

this occgrs,_the actual corrosion rate of the steel is controlled
by polarization and other effects as well as the continuance of
Fhe concrete to be an electrolyta., An increase in salt content

ig not necessary to keep corrosion active.

For example, on Takles 1 and la, one bridge is listed with eight
vears of service, containg a maximum of 9.9 lbs, Cl/cu.yd. (5.8
Kg/m3), and the relative area of corrosion caused concrete
dglamination on the deck is 6.7%., Conversely, another bridge
with six years of service has a maximum chloride content of 1.6
lbs., Cl/cu.yd. (0.94 Kg/m3) and also has 6.7% of its deck
Qelaminated by corroding steel. From these and other data shown,
it is obvious that once the concrete becomes chloride contaminated,
the corrosion caused distress is not controlled by chloride
content beyond that needed to depassivate the steel, but is
controlled by other variables that specifically relate to the
corrosion process and its effect.

Chloride Sampling

On six bridges, the chloride content of cores, which were sliced
and then pulverized in the laboratory, were compared to that
obtained by drilling the concrete and analyzing samples of
concrete that are pulverized in-situ. Results are shown on
Tables 2 and 2a.

At each bridge, 3-inch (7.6 cm) diameter cores were obtained
and sliced into l=-inch thick discs that wexe then pulverized
and analyzed. At each core location and approximately l-inch
(2.5 cm) from the edge of the core hole, four drill samples
were made at 90° intervals about the circumference of the core
hole. The drillings of the two different diameter drills were
first made to a L~inch depth (2.5 cm) below the surface, then
the pulverized congrete was removed with a small spoon. The
hole was then air blown to clean out the rasidue, and the process
was repeated for the depth of between l~-inch (2.5 cm) and 2
inches (5.1 cm) below the deck surface,

TWATW.Tastio.com
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POTENTIALS AND CONCRETE CONDITION

Halfcell potentials were measured and tabulated (Table 3) for
eight bridges having concrete delamination. In large delami-
nated areas where two or more measurements were made, the
potentials were tabulated for a maximum and minimum value, In
small areas of delaminations where only one potential measure-
ment was made, it was listed as an "isolated" potential.

In general, where the length in area of delamination was about

3 feet (1.0 m) or more, at least two potential measurements were
made. The average of the maximum potentials was —-0,453 volts
CSE, and the average of the minimum potential within the same
delaminations was =--0.334 volts CSE. At concrete delaminations
that had a diameter (roughly) of about one foot (0.3 m) or less,
the average of the single potential readings made in these
locations was =0.385 volts CSE.

Ag shqwn on Table 3, in locationg where the concrete was not
delaminated, the average of all potential measurements was
-0.180 wvolts CSE.

On a field structure, as compared to laboratory specimens, there
is a greater possibility of error in defining corrosive and
noncorrosive potentials. This is because of the polarizing
effects of betwean the anodes and c¢athodes on the large masses
of steel in a field structure. This effect will reduce the
actual open circuit. potentials of the anodes and simultaneously
increase the potentials of the cathodes.

The maximum measured potential in any corxrosion cell should be
used as a criterion for analysis., In this regard, since con-
crete delamination on the eight bridges surveyed was observed,
when the average of the maximum values was -0.453 and the average
of the isolated values was -0,385 volts CSE, it is obvious that
these values signify active corrosion of the steel. Even though
these values indicate the potential of corroding steel, it must
be recognized that they represent an advanced stage of gorrosion
and are of a numerically greater potential than when corrosion
was initiated.

The determination of noncorroding potentials of steel is not
defined by the criterion that the concrete ig not delaminated,
This is because the corrosion of the steel may not as yet have
progressed to the stage where it causes the concrete to
fracture. This fact is illustrated on Table 3 where the ayerage
potential of the steel in nondelaminated concrete for one brlﬁge
(6. Mt. Shasta) was -0,382 volts CSE while the average for all
structures was —=0.180., Although nondelaminated concrete cannot
be used to clearly establish either an active or Qassive
potential of the steel, it is obvious that the bridge deck
concrete was observed to be sound when the average potential

was ~0.,180 wvolts Ci5E.
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POTEN'TIAL SURVEY METHODS AND DECK REPAIR

Halfcell potentials can serve two or more purposes which can
encompass (1) determination of the locations where steel is
corroding, and (2) classification of corrosion activity of
steel according to the percent of corrosive potentials; (3)
determining the effectiveness of a repair method.

In order to develop an economical method to classify the
condition of bridges, potentials were made on a grid pattern

of either 4 feet (L.2 m), 2 feet (0.6 m), and on a random
basis, The random selection method of obtaining potentials

was performed on the basis of obtaining the measurements in the
curb area of lowesi elevation at spacings of approximately 4
feet (lL.2 m) longit:udinally, and a minimum of 30 values was
regquired,

A complete potential survey was made of five bridges before
and after concrete repairs (see Table 4). The repairs were
only made at locations of delaminated concrete,

There appeared to be no significant difference in the percentage
of corrosive potentials when the potential measurement spacing
was either 4 feet {1.2 m) or 2 feet (0.6 m}). However, when
smaller intervals were used and results plotted on equipotential
contour maps (not shown), there was better definition of
corroding areas,

With regard to evaluating the corrosion activity of the decks,

as determined by the percentage of corrosive potentials (percent
of values numerically greater than -0.35 wvolts (CSE), the overall
average of corrosive potentials computed either by the complete
or random survey for all structures was 19%, However, as will

be noted in Table 4, the random survey did not detect any
corrosive potentials on two structures (Canyon Creek and Sawmill),
while the complete survey did detect corrosion activity. In

one case (Sawmill), the amount of concrete delamination of the
deck was 0.4%; in the other case, the bridge had 6.7% delaminated
area. It is obvious that the random survey, though a rapid system
for evaluating corrosion activity as compared to the time in-
volved in obtaining a complete potential record, will not be
perfect. Discrepancies can be minimized in the random type
survey by obtaining potential wvalues in areas of delamination.

A8 previously mentioned, the percentage of corrosive potentials
were determined for five bridge decks before and after repairs.
From these data, it is shown that after repairs are m§de, there
was a reduction in the percentage of corrosive poteqtléls by an
average of about 50%. Therxefore, this type qf repair is
basically a mechanical repair which can initially reduce but not
prevent or control additional corrosion of the steel.

11
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As a result, chloride analyses were made of the bridge deck
concrete to evaluate quality, effecta of sampling method, and
number of samples, relationship to concrete distresa, and to

the two techniques employed for obtaining halfcell potentials of
the steel. 1In addition, an evaluation was made on five struc-
tures to determine the effect of rapairs on the change in the
halfcell potentials of the gteel.

>
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in small isolated areas was ~0.385 volts, while the average of
the minimum and maximum values found in large corroding areas
was =0.334 and -0.453 volts CSE respectively, These values
confirm that there is great assurance of active corrosion when
the potential of the steel is numerically greater than -0.35
volts CSE,

The determination of active gorrosion at halfcell potential values
numerically less than ~0,35 volts CSE, will require interpreta-
tion and consideration of evidence, such as corrosion caused
concrete delaminations being present, or plotted equipotential
contours that indicate an anodic or corroding area at a lesser
maximum potential.

Potentials ~ Random Survey

It was found that a random survey of the electrical halfcell
potential could be a rapid and economical means for evaluating
the corrosion activity of the steel in numerous bridges, This
method has limitations as any other statistical sampling,

but it appears to be economically worthwhile where a rapid
evaluation of numerous structures is concerned.

Potentials - Before and After Repair

From potential measurements made on five bridge decks both
before and after the repair of concrete delaminations, it was
found that the percentage of corrosive potentials was reduced
by about one-half, Therefore, repairs of delaminations in
chloride contaminated concrete is a mechanical type of repair
which can initially reduce some but not all locations of
corrosion activity.
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For the approximate 4~inch (10.2 cm) depth of the cores, the best
fit of the points was made by a straight line, then the chloride
content at the level of the steel was obtained for the deter-
mined average depth of cover.

On Tables 1 and la, the column "Correosive Potentials - Percent",
represents the percentage of potential measurements of the steel
in the bridge deck relative to the saturated copper-~copper sulfate
halfecell (CSE) that are more negative than -0,35 voltsil3,14].
Also, on Tables 1 and la, the column "Delamination, Percent",
represents the percentage of the bridge deck of which the con-
crete was delaminated as determined by the chain drag[ll]. The
"Delamination" designation also included any surface area of the
deck from which concrete had already spalled as a result of
COrrogslon,

Chlorides vs, Potentials and Deck Delaminations

Data were grouped according to ranges of chloride content and
then the averages for potentials and delaminations for the

bridge decks were plotted against the associated chloride c¢ontent
as shown on Figures 1, 2, and 3.

As shown by Figure 1, when the _average chloride content was

0 to 1.0 lb./cu.yd. (0.59 Kg/m3) or leas, the average percentage
of corrosive potentials was 4.8% of the total measurements,
while the average percent of concrete delamination was 4.5% of
the total deck area.

On Figure 2, where the maximum chloride content in any sample at
the level of the steel was used as a critexrion, it will be
observed that for chlorxide contentg of less than 1.0 1b,/cu.yd,
(0.59 Kg/m?), the percentage of corrosive potentials was found
to average 4%, while the average area of delamination was 0,05%,

In Figure 3, which uses the maximum chloride content at the
average level of the steel calculated to the 95% confidence
limit, the average percentage of corrosive potentials was 4%,
and the average area of delamination was 0.05%,

From Figure 1 through 3, it is obvious that a maximum chloride
content at the average level of the steel is related to the
incidence of active corrosion potentiala and the resulting
concrete delaminations confirms the amount previously associated
with corrosion of the reinforcing steelllQ],

Figures 2 and 3 may give a misleading impression that increasing
chloride contents result in an increase in corrosive potentials
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As shown on Tables 2 and 2a, the mean values for the chloride
contents that were obtained either by drilling or coring do not
appear to be congistently statistically different as evidenced
by the standard deviation and coefficients of variation.

In some cases, as shown on Tables 2 and 2a, the coefficients of
variation for the results of the drilled samples are both greater
and less than that for core samples. For an egqual number of
observations, the greater the coefficient of variation, the less
the accuracy of the mean., Therefore, it seems that the major
variable is an inconsistent distribution of chlorides through the
structure rather than the diameter of sampling apparatus, per se.
This is further emphasized by the fact that the average of the
coefficients of variation for the chloride analysis of the drill
samples was about 33%, while the average of the coefficients of
variation for the cores was 36%. In a previous study[7] the
coefficient of variation for cores was about 30%, From this,

it is obvious that a sufficient number of samples (say, at least
six) should be obtained in order to evaluate the chloride

content with a much higher level of confidence than can be
obtained with a smaller number of samples,

Bridge Repairs

The five bridges listed on Table 4 were generally repaired in the
following manner:

1. The delaminated concrete was outlined on the gsurface of
the deck as indicated during sounding by means of chain
being swept over its surface;

2. Then the concrete in the delaminated areas was removed by
means of a jackhammer below the depth of the transverse
reinforcing steel in the top mati

3. Steel is then either sandblasted clean O replaced,

4. An epoxy adhesive is then used to coat all exposed concrete
and steel surfaces,

5. A high strength concrete moxtar igs then used to £ill the
heles,

after the concrete repairs were made, a waterproof membrane, and
2 2 or 3-inch (5.1 or 7.6 cm)} thick asphalt concrete overlay was

placed.

—_——
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For a high level of assurance that corrosion is active, poten-
tials numerically greater than =0.350 volts CSE seems to be a
reliable criterion. Ia certain cases, because of the probable
effects of polarization, etc., there will be measurement of
potentials of steel in the range of -0.25 to -0,.,35 volts CSE
and concrete distress may be evident.
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DISCUSSION

The corrosion of steel in concrete is a dynamic process, There
is a continual replenishment of oxygen; conversion of iron to
its final form of rust; polarization effects; variations in the
halfcell potential due to oxygen, chloride, and hydrogen-ion
concentrations; and variations in the moisture content of the
concrete which affects its resistivity and ability to act as an
electrolyte.

If the preceding is ignored, then the interpretation of the
influence of particular variables such as halfcell potential
values and chloride content of the concrete, can lead to erroneous
conclusions. For example, when the chloride~ion content of the
concrete ig greater than say 1.0 lb./cu.yd. (0.59 Kg/m3), there
is no reason to believe that there always is an automatic and
irrevocable start of the corrosion process. A corrosion thresh-
hold of amount of chloride is only a point in the concentration
where corrosion can begin. This is emphasized by previous
work[9,10] where it was demonstrated that corrosion activity

was mil when the specific electrical registance was greater than
60,000 ohm/cm in salt contaminated concrete{l0]. However, it was
alsc demonstrated that when nondistresged salt contaminated
concrete was painted, there were electrical potential [18] and
visual [10] indications that corrosion was accelerated. In
addition, evaluations of electrical potential measurements

have indicated that there is corrosion activity of steel in
concrete when corroding bridge decks are overlaid with concrete
or waterproof membranel[4,5].

When suitable data are available, the economics of bridge deck
repair or corrosion prevention with procedures such as epoxy
injection to bond the delamination[19,20], concrete removal and
replacement[4,5,6,8,11]1, cathodic protection{l2], or the use of
waterproof membranes[4,5,6,10] can be determined.
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FIGURE 2
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