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ABSTRACT 

A major cause of concrete bridge deck deterioration is the 
corrosion of the reinforcing steel which, in turn, is caused by 
the presence of extremely high concentrations of chloride ions 
in the concrete. It was believed that the chloride came almost 
entirely from applications of deicing salts and that the 
contribution from the concrete mix was insignificant by comparison 
with the corrosion threshold value. A recent accidental finding 
of significant amounts of chloride in some concrete aggregates 
in Virginia, and reports of similar occurrences in other states, 
prompted a survey to determine the chloride contents of Virginia 
aggregates being used in concrete for highway construction and 
maintenance. 

Aggregates from 104 sources were analyzed for their total 
chloride and water-soluble chloride contents. The results were 
examined in the perspective of the current state of knowledge 
on the corrosion process. 
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INTRODUCTION 

A major expense in maintenance is-the repair of deterioration 
of concrete bridge decks caused by the corrosion of the reinforcing 
steel resulting from the intrusion of chloride ions from deicing 
salts. In the formulation of decisions regarding bridge deck 
maintenance, it has been suggested that when the total chloride 
content in the concrete is greater than 2.0 lb. Cl-/yd. 3 
(1.2 kg/m 3), 

or 510 ppm CI- by weight in a typical bridge, deck 
concrete having a cement content of 658 Ib/yd • (3•0 kg/m •), the 
concrete should be removed to a level below the top mat of rebars 
or the entire deck should be replaced,(1) if an effective, 
permanent repair is desired. (The corrosion threshold of 510 ppm 
total chloride is based on an assumed 50% water solubility.) The 
rationale is that steel in concrete contaminated with that amount 
of chloride, if not already exhibiting symptoms of active corrosion, 
will eventually corrode once the necessary factors of moisture 
and oxygen are present in sufficient amount in the concrete. 

Since almost anything contains at least a slight amount of 
chloride, the total chloride content in bridge deck concrete 
consists of contributions from the various ingredients of concrete, 
i.e., the cement, mix water, admixture and aggregate, in 
addition to that from deicing salts. It is believed that the 
normal contmibutions from the cement, mix water, and admixture 
are negligible since their total is estimated to be less than 
80 ppm CI- by weight of concrete. (2) The amount of chloride 
contributed by aggregates had also been considered insignificant 
until recently, when some aggregates in the Commonwealth of 
Virginia were found to have chloride contents as high as 280 ppm.(3) 
(Chloride-bearing aggregates had concurrently been found in Florida, 

*Presently with Perkin-Elmer Corporation, Houston, Texas. 



Ohio, Utah, and Quebec.) Since aggregate is a major constituent 
of concrete, even a small amount of chloride in the aggregate 
may prove significant in the total chloride content of the 
concrete. This finding of high chloride contents in some 

aggregates therefore disclosed a need to determine the chloride 
contents of other aggregates in the state. 

In addition, it was thought necessary to determine what 
portion of the total chloride in an aggregate is available to 
contribute toward corrosion, if it does. And, availability can 

vary with aggregates, depending probably on (I) how permeable an 

aggregate is to water, (2) how accessible the chloride is for 
water leaching, and (3) how strongly the chloride is bonded to 
the other constitutents in the aggregate. 

This report presents the findings of a survey made to 
determine the chloride contents of the different aggregates in 
Virginia and what portion of that chloride contributes to the 
corrosion process. 

SURVEY METHOD0 LOGY 

Included in the survey were 104 quarries, 6 of which are 
located in the neighboring states of West Virginia, Kentucky, 
and North Carolina, and the remainder in Virginia. Aggregates 
produced in these quarries .are being, or had been, used in concrete 
by the Virginia Department of Highways & Transportation. Figure I 
shows the locations of these quarries and the types of aggregates 
produced. 

The survey consisted of sampling the quarries and analyzing 
the aggregate samples for acid-leachable and water-leachable 
chloride. 
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Sampli,ng. Pr.o,,ge•dure• 
In sampling each quarry, the general rules given below were 

followed. 

I. All visible stratifications that appeared to vary in 
color and structure were sampled. 

2. A sample weighing more than 25 kilograms was taken from 
each stratum representing more than 10% of production. 

3. Strata representing less than I0% of production were 
combined on the basis of structure and location and 
randomly sampled .to yield samples weighing more than 
25 kilograms. 

4. Where the quarry consisted of many thin strata of varying 
character, the quarry face was sampled at a minimum of 
i0 selected locations. 

These rules were derived by combining sampling practices reported 
elsewhere. (4,5) 

Because of the recent tightening of safety regulations by 
a federal regulating agency, access to some quarries was impossible. 
In such cases, combined samples were taken from stockpiles. 

Chloride. Ana.lysis Procedure 

The total, or acid-soluble, chloride in each aggregate 
sample was determined by the procedure developed by Berman, (6) 
which involves digestion of the pulverized sample in dilute nitric 
acid and potentiometric titration of the filter extract with 
standard silver nitrate solution, using either a silver-ion or 
chloride-ion specific electrode as an indicator. 

The water-soluble chloride was determined b7• a procedure, 
described and suggested by Clear and Harrigan ( 

as a standard 
procedure to enable comparison of data from different studies, 
wherein a pulverized sample is boiled in distilled water for 5 
minutes, let stand for 24 hours, and then the filter extract 
titrated with standard silver nitrate as described above. 

In both analyses, the titration endpoint was determined by 
the application of a Gran plot as described by Cleme•a, Reynolds, 
and McCormick. (8,9) 



RESULTS AND DISCUSSION 

The Commonwealth of Virginia, as shown in Figure io, is 
divided into three major physiographic provinces" (i) the Valley 
and Ridge, (2) the Piedmont, and (3) the Coastal Plain.(10) 
These physiographic provinces provide aggregate materials that 
vary from the highly metamorphosed rocks of Precambrian age to 
the unconsolidated sand and gravel deposits of Recent age. The 
Valley and Ridge province is made up of sedimentary rocks, mainly 
limestone and dolomite formations with some siliceous sandstone 
coming from the west slope of the Blue Ridge Mountains. In the 
Piedmont province, aggregates are produced mainly from igneous 
and metamorphic rocks, including granite and various types of 
gneiss, diabase, basalt, slate, and marble. The sedimentary 
formations in the Coastal Plain province produce sand and gravel, 
composed mainly of quartz. 

Tables i through 3 present the determined total chloride 
contents of aggregates obtained from quarries in the various 
provinces. The tables indicate both a mean value for each quarry, 
or aggregate source, and the extent of variation from it, i.e., 
the low and the high values. It can be generally stated that the 
sedimentary rocks, mainly limestone and dolomite, of the Valley 
and Ridge province contain the highest levels of chloride, the 
igneous and metamorphic rocks of the Piedmont the next highest, 
and the sand and gravel of the Coastal Plain the least (Figure 2). 
The grand means for the three provinces, obtained by averaging 
total chloride levels for the quarries in each province, are 150 
ppm, 60 ppm, and 20 ppm for the Valley and Ridge, the Piedmont, 
and the Coastal Plain, respectively (Table 4). The grand mean of 
150 ppm for the Valley and Ridge province agrees with the 200 ppm CI- 
determined much earlier by H. N. Stokes as average in 345 
limestones. (ii) 

More important, the total chloride concentrations at 4 5-in. 
(11.4 cm) depths of concrete decks observed by H. Newlon 

(125 
for some Virginia bridges which have been in service for at least 
15 years show good agreement with the chloride concentrations 
observed in this survey (Table 5) for the aggregates known to 
have been used in the construction of those bridges. This agree- 
ment indicates that it is fairly logical to attribute most of the 
chloride present at an appreciable depth of a concrete deck to 
the aggregates used. 
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Figure 2. Percentage of quarries with average total 
chloride exceeding certain concentration. 
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TABLE 5 

Comparison of the Chloride Contents Observed in Some Existing 
Concrete Bridge Decks a•d the Corresponding Coarse 

Aggregates Used in Construction. 

_ij[llll•l 

B ridge 

2 
4 
5 

14 
16 

8 
ii 
17 

i 
6 

15 

Coarse Aggregate 
Source 

VR-54 
VR-25 
VR-25 

P-I 
P-5 
P-5 
C-i 
C-I 
C-5 

Total Chloride Contents, ppm 

4½" 
o f deck (a) 

230 
400 
370 
400 
560 
120 
160 
i00 
80 
60 
60 

Low High 

130 340 
160 490 
160 490 
160 490 
160 490 
40 80 
50 50 
50 50 
i0 30 
I0 30 
40 40 

(a)Adjusted to ppm in aggregate weight based on the known coarse aggregate 
contents in the original concrete mix as reported by Newlon. (12) 

(b)As observed in this survey and given in Tables 1-3. 

It is presently recommended by federal authority that when 
surveying the condition of a concrete bridge deck by chloride 
analysis, and if it is not known what aggregates were used in its 
construction so that the same aggregates cain be analyzed for their 
chloride content (which will be used to adjust the corrosion 
threshold value to account for the chloride that was already in 
the deck prior to service exposure), several concrete samples 
must be taken from about a 6-in (15.2-cm) depth through a sound 
concrete area and analyzed for their chloride contents. The 
resulting values will then be taken to represent the chloride 
contributed by the aggregates. Based on the agreement shown in 
Table 5, it can be concluded that this current federal recommendation 
constitutes a sound practice. 

This presence of relatively high concentrations of chloride 
in the sedimentary rocks in the Valley and Ridge province is not 
unexpected. The province, also known as the Appalachian Valley, 
is a large geologic trough (Appalachian geosyncline) formed by 
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the gradual subsidence of a natural belt in the eastern part of 
North America and extending at least from Newfoundland to 
Alabama. (13) The abundant marine fossils found in these 
sedimentary rocks indicate that a shallow interior sea partially 
covered the trough at numerous times in the past, and the lime- 
•stone and dolomite were precipitated in this ancient seaway from 
limy material, derived in part in solution from the bordering 
lands, throughout much of the Paleozoic era. During precipitation 
and subsequent deposition of the limestone and dolomite precipi- 
tate some chloride, mostly as the salt of sodium, was trapped 
in pores within the mass of the limy precipitate. 

A close examination of the different geologic formations from 
which quarries in the Valley and Ridge province are mining 
indicates generally that the Shady, Elbrook, Conococheague, and 
Beekmantown formations produce aggregates with the highest 
chloride concentrations. These formations happened to be relatively 
close to each other in geologic ages and spanned only about I00 
million years between the Cambrian and Ordovician periods. It 
is uncertain whether this correspondence was caused by the 
existence then of geologic conditions favorable to the entrapment 
of chloride. 

With the exception of a few aggregate sources, especially 
P-10, the remainihg sources in the Piedmont showed relatively low 
chloride levels. Again, this is not unexpected, nor were the relatively lower chloride levels shown by sand and gravel from 
the Coastal Plain. The exceptionally high chloride levels found 
in the granite gneiss produced by P-10 (Table 2) probably come from chloride-bearing minerals known to occur in some silicate 
rocks. 

When the total chloride content of an aggregate is high, it 
doesn't necessarily mean that the aggregate will contribute to 
corrosion when used in reinforced concrete, because the chloride 
may not be completely available. To provide an estimate of the 
chloride availability, all aggregates were also analyzed for 
their water-soluble chloride contents, which are presented in 
Tables 1-3 along with the ratios of average water-soluble 
chloride to average acid-soluble, or total chloride, for each 
aggregate source. A statistical summary of these data is shown 
in Table 4. 

Collectively, the grand mean water-soluble chloride contents 
are 70 ppm, 20 ppm, and 20 ppm for the Valley and Ridge, the 
Piedmont, and the Coastal Plain, respectively. Aggregates from 
the Valley and Ridge province exhibited water-soluble chlorides 
ranging from as low as 20% to as high as 100%, with a grand mean 
of 50%, of the total chloride. The corresponding values for the 
aggregates from the Piedmont and Coastal Plain are comparable 
to those of the Valley and Ridge. 
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Individual examinations of all aggregate sources listed in 
Table 1 indicated that, generally, the sources that have high 
total chloride contents have low percenZages of water-soluble 
chlomideo This would mean that only a small amount of the total 
chlomide may be leached out of the aggregates to induce coz•.•osion 
and, therefome, these aggmegates are safe to use, if the test 
condition in the standard analysis procedume for water-soluble 
chloride(?) approximates the leaching condition in which aggre- 
gates are normally subjected to in a meinforced concrete bmidge 
deck. As described earlier, it is obvious that the procedure 
doesn't; howevem, it pmovides a vigorous and accelemated leaching 
of the chloride through boiling of the gmound aggregate in 
distilled watem, and themefome may pmovide .an estimate of the 
upper limit of, or maximum, watem-soluble chlomide. 

Based on the present state of knowledge on the corrosion of 
reinforcing steel in concrete, American Concrete Institute 
Committee 201 suggests (I•) the following limits for water-soluble 
chloride ion concentrations in concrete prior to service 
exposure, expressed as a percentage by weight of cement" 

I. Prestressed concrete 0.06% 

2. Conventionally reinforced concr.ete 
in a moist environment and exposed 
to chlo-ride 0.10% 

If a resulting concrete has a water-soluble chloride level less 
than the applicable limit listed above, then the probability of 
corrosion of the rebar caused by chloride contained in the concrete 
mix will be low. Since even the highest water-soluble chloride 
concentration of 170 ppm (based on the weight of aggregate) 
observed in this survey will not result in a concrete, either 
conventional or prestressed, exceeding the above limits, it can 
be concluded that not one aggregate surveyed is likely to 
contribute to the corrosion of the rebar in whatever concrete it 
is used. 

As mentioned earlier, in the fommulation of decisions 
regarding the repair of existing bridge decks, the corrosion 
threshold value is 510 ppm total chloride, assuming that as low 
as 50% of the total chloride (i. e., 255 ppn0 is water soluble. 
Based on current federal recommendations, if the aggregate used 
in the deck being evaluated shows a total chloride content greater 
than 128 ppm and the soluble chloride is less than 50%, then the 
threshold value of 510 ppm total chloride should be adjusted 
upward to reflect a significant contribution of insoluble chloride 
from the aggregate. An examination of the survey results shows 
that when concrete bridge decks made with aggregates from 17 
sources listed in Table 1 and another • sources in Table 2 are 
evaluated for corrosion problems, the recommended adjustment to 
the corrosion threshold value applies. 
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CONCLUSIONS 

I. Among the 104 aggregate sources surveyed, the sedimentary 
rocks (mainly limestone and dolomite) of the Valley and Ridge 
province contain the highest amounts of chloride, both total 
and water-soluble. Then come the igneous and metamorphic rocks 
of the Piedmont and, lastly, the sand and gravel of the 
Coastal Plain, in order of decreasing chlomide contents. 

2. The chloride contents in most of the igneous and metamorphic 
rocks and all of the sand and gravel tested are generally so 
low that they can be safely ignored. 

3. Although some of the dolomite and limestone showed relatively 
high chloride contents, none of these aggregates are likely 
to cause corrosion of the rebar in concrete, .because none of 
these will result in a concrete exceeding the limitsfor 
chloride ion concentration, p•ior to service exposure, 
suggested by the American Concrete Institute and based on the 
current knowledge of rebar corrosion in concrete. 

4. Twenty-one sources showed average total chloride contents 
greater than 128 ppm, with less than 50% of the total being 
water soluble. When concrete bridge decks made with aggregates 
from any of these sources are being evaluated for corrosion 
problems, the corrosion threshold value of 510 ppm total 
chloride should be adjusted upward. 
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