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This report will be of interest to users of high-range water-reducing admixtures
(also known as superplasticizers) in portland cement concrete structures, particularly
bridges and pavements. Existing structures including sample cores were examined to
determine the relationship between durability and air-void characteristics of concrete
placed with high-range water-reducing admixtures. The factors that most likely produce high quality durable concrete are identified.

High-range water-reducing admixtures for concrete, also known as superplasticizers, were first introduced in Japan and West Germany in the 1960's and later in
the United States. These admixtures can markedly increase the workability of concrete
mixtures. They also have the potential for producing very high strength, durable
portland cement concrete by reducing the amount of water used while still allowing
conventional placement methods.
Research indicates that these admixtures may affect entrained air void systems.
However, the correlation between air void characteristics and durability as measured
in the laboratory under freeze-thaw conditions has not been well defined for concretes
containing high-range water-reducing admixtures. Furthermore, laboratory freezethaw testing does not appear to correlate well with field performance.
Under NCHRP Project 10-32, "Durability of In-Place Concrete Containing HighRange Water-Reducing Admixtures," Construction Technology Laboratories, Inc.,
Skokie, Illinois, conducted a study of concrete placed with high-range water-reducing
admixtures. Existing bridges and pavements, and cores from these structures were
examined to assess the relationship between durability and air void characteristics.
Although these admixtures have not been in use for very long, the examinations
identified factors that appear to influence the production of high quality, durable
concrete. The report is also an excellent resource regarding current and preferred
practice.
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DURABILITY OF IN-PLACE
CONCRETE CONTAINING HIGHRANGE WATER-REDUCING
ADMIXTURES

SUMMARY

This research program was carried out under NCHRP Project 10-32, "Durability
of In-Place Concrete Containing High-Range Water-Reducing Admixtures." The
long-term durability of portland cement concretes containing high-range water reducers (HRWR) has been questioned, mainly because of an alteration in the entrained
air-void system which frequently occurs when such admixtures are used and, secondarily, because of some early laboratory freezing and thawing tests which indicated
poor performance of air-entrained concretes prepared with HRWR. Because of these
concerns there has been a reluctance on the part of transportation professionals to
specify HRWR for projects such as highway bridge decks and overlays where they
may be of distinct advantage. The overall goal of this research project was to determine
the effects, if any, which HRWR have on the long-term durability of concrete exposed
to severe freeze-thaw (F/T) environments. The scope of this research was to survey
field structures where HRWR have been used, assess the durability of such structures,
and using specimens obtained from these structures, establish relationships between
entrained air-void systems, other characteristics of concrete, and the long-term durability of these concretes.
The research program consisted of (1) distribution of a questionnaire to highway
agencies in the United States, Canada, and overseas; (2) development of information
on extent of use and application areas for HRWR based on results of the questionnaire;
(3) selection of field structures for survey and sampling; and (4) laboratory analysis
of field samples. A total of 12 field "structures", including highway bridge decks,
bridge deck overlays, and pavements, were chosen for surveys and sampling. Age of
these structures ranged from 4 to 12 years. All were located in severe environments
where many freeze-thaw cycles are experienced each winter and where deicing agents
are frequently applied.
The major findings of this research were as follows:
At the present time, use of HRWR in the highway field is still rather limited.
Routine use is confined to only two agencies, where they are used primarily in "high
density" bridge-deck overlays, a relatively low volume application. The major impediment to increased use of these materials appears to be continuing instances of
slump loss, in spite of the introduction of newer types of HRWR which, it is claimed,
allow lower rates of slump loss in concrete.
Only a minor amount of the total area of concrete surface inspected in the field
surveys, less than 4 percent, exhibited scaling. Less than '2 percent of the total area
inspected exhibited scaling of sufficient magnitude that loss of surface mortar and
exposure of coarse aggregates were readily apparent.

In those cases where HRWR concretes and control concretes (i.e., those not
containing HRWR) had been placed in close proximity at the same point in time,
long-term durability of the concretes was essentially the same. The use of HRWR
had little or no intrinsic effect on the performance of concretes containing these
admixtures.
Air-void characteritics, as measured by linear traverse analysis (ASTM C 457),
in themselves had little influence on performance of the concrete included in the
surveys. Correlations between Standard ASTM C 457 parameters, other air-void
parameters, and scale rating were statistically insignificant. Many concretes failing to
meet minimum AC! recommendations on specific surface and spacing factors proved
durable in actual field service.
A three-parameter model, utilizing near-surface water-to-cement ratio, proportional amount of entrained air voids removed from the surface, and ASTM C 457
void spacing factor, was found to offer a reasonably fair predictor of field performance,
as measured by degree of scaling on core samples obtained from the survey structures.
By maintaining a w / c ratio below 0.40 when using HRWR, and keeping consolidation,
finishing, and texturing operations to the minimum necessary to achieve a satisfactory
surface, highly durable concrete can be achieved.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

INTRODUCTION

The past decade has seen the relatively widespread introduction of a new class of chemical admixture into the U.S. concrete
industry. Properly termed "high-range water reducers" (1),
they are also known as "superplasticizers" or "super-water
reducers." These materials are most commonly derived from
sulfonated naphthalene-formaldehyde condensates, sulfonated
melamine formaldehyde condensates, or modified (purified) hgnosulfonates. Blends of these types with conventional water
reducers and retarders are used to achieve modification in such
concrete properties as setting time and working time. Newer
products, based on acrylic acid-ester copolymers (2) have recently been introduced. All have the capability of either dramatically lowering the water content of a portland cement
concrete (PCC) mixture, or conversely, greatly increasing workability at a fixed water content. In the latter case, the result is
a highly fluid material called "flowing concrete."
Although HRWR's are being increasingly used in commercial
construction, their acceptance in the highway field has been
slow. Part of this is undoubtedly because of a certain degree of
conservatism and also because of cost considerations—HRWR's
adding substantially to the cost of concrete as compared with
moie conventional admixtures. However, it is likely that much
of the reluctance toward acceptance of more routine use of
HRWR stems from apprehension on the part of many in the

highway community as to the effect of HRWR on the longterm durability of concrete. This is of particular ,concern in
northern climates where winters are severe and large amounts
of deicing salt are used. In these areas, at least for the past 40
years or so, air entrainment has been the accepted technique
for providing PCC with the durability necessary to withstand
repeated cycles of freezing and thawing (3). Because of the
possible detrimental effects which HRWR may have on the air
content and characteristics of air-void systems, many have felt
that concrete containing HRWR would ultimately prove less
durable than conventional, air-entrained (A/E) PCC. Though
a number of laboratory studies have been carried out in this
area, there is little documentation of field performance of concretes containing HRWR, especially with respect to highway
bridge decks and pavements where these materials have been
used.
It was felt that the advantages to be gained from the use of
HRWR, including higher strengths and increased ease of placement, could be achieved if the concerns over durability were
addressed through actual field studies of concretes containing
HRWR located in severe environments. This research describes
such a study, and supplies the information needed by highway
agencies for future decisions concerning the use of HRWR in
transportation proje\cts.

BACKGROUND AND CURRENT KNOWLEDGE
HRWR had their origins in early work done in Japan and
Germany in the 1960's (4,5). Initial interest was in their use as
flowability agents, that is, in their ability to increase workability
of concrete while still maintaining water-to-cement (w/c) ratios
at levels consistent with strength and durability requirements.
In Japan, HRWR were developed to reduce water contents and
thus improve properties of concretes made with aggregates having high water demands. However, very low w/c ratio, high
strength concrete was not an immediate objective in these early
applications.
Research into and use of these admixtures began in the United
States about 1974. Foremost among the early research studies
were those carried out by Tynes at WES (6), Whiting at PCA
(7), and Malhotra at CANMET (8). Results of these studies
generally agreed with respect to the performance of these admixtures in terms of their ability to reduce water content of
concrete, to improve workability, to greatly increase strength,
and to reduce bleeding and shrinkage of concrete. The major
area of disagreement was in the effect these admixtures had on
the durability of concrete to freezing and thawing. While most
of these studies found no problems in this regard, Tynes (6)
reported on failures in freezing and thawing of concretes containing HRWR. Thus, even in the early period (i.e., 1974 to
1976) there was some concern as to the ultimate durability of
concretes containing HRWR.
Many of the durability concerns centered around an apparent
discrepancy over characteristics of the air-void system in concrete, as measured through use of ASTM procedures (9), and
results of freeze-thaw testing using rapid procedures. Normally,
interpretation of air-void analyses is aided by reference to the
recommendations of the American Concrete Institute (10),
which recommend: ( 1 ) calculated spacing factor less than about
0.008 in.,. (2) specific surface greater than about 600 in.2 /in.3,
and (3) number of voids per inch significantly greater than the
numerical value of air in the concrete. Most studies of HRWR
concretes, however, reported values for air-void system parameters inferior to these minimum recommendations. In spite of
this, durability, in general, was satisfactory. Whiting, in early
studies at PCA (7), found excellent durability to both freezing
and thawing and deicer scaling for a variety of air-entrained,
water-reduced concretes, although spacing factors were generally greater than the recommended maximum of 0.008 in. In
other studies on flowing concretes at PCA, Gebler (11) found
generally good durability for the flowing concretes prepared
with HRWR, although those concretes subjected to vibration
showed somewhat lower durability factors. Malhotra(5)studied
concrete prepared at increasing dosages of HRWR over a slump
range of 4 to greater than 10 in. In general, durability was good,
although in this study most spacing factors were equal to or
below the 0.008-in, criterion, even for concretes prepared with
HRWR. Studies also by Malhotra on the effect of repeated
dosages of HRWR on durability (12) were less favorable. Here
durability decreased in proportion to the amount of entrained
air lost during repeated redosing.
In a comprehensive research program (13) carried out at CTL
for FHWA, Whiting reported on some interesting effects when
HRWR were used to produce low w/c ratio, high-strength
concretes. The increase in spacing factor was correlated with
increased coarseness of the air-void size distribution. This coarse
air-void system was common to all types of HRWR and corn-

binations of HRWR and A/E agents studied. Whiting also
found that increasing the amount of air in the fresh concrete
to a level of 8 percent or greater allowed sufficient air to be
retained in the hardened concrete so as to mitigate the distribution shift effect and cause spacing factors to fall below 0.008
in. Extended vibration, however, degraded the quality of this
air-void system, resulting in loss of air and increase in spacing
factors. While all concretes containing HRWR performed well
when subjected to freezing and thawing in tapwater, problems
were encountered when resistance to deicer scaling (14) was
evaluated. In the latter case, poor durability of surface concretes
was encountered when air contents in the hardened concretes
fell below 5 percent. Other examples of laboratory studies in
which durability of concretes containing HRWR was questionable include those reported by Tynes (6) and by Ghosh and
Malhotra (15).
When HRWR are used to produce low w/c ratio concretes,
additional factors come into play which may impact on the
ultimate durability of the material. Low w/c ratio concretes
are inherently less permeable, and will require greater amounts
of time to become critically saturated. Therefore, restrictions
on maximum spacing factors might be relaxed at these lower
values of w/c ratio. Data developed by Okada et al. (16) indicated a need for spacing factors less than about 0.010 in. for
w/c ratios exceeding 0.45, but found that concretes prepared
at lower w/c ratios could tolerate increasingly greater spacing
factors as w/c was reduced. Results reported by Kobayashi et
al. (17) showed a very sudden decline in durability above a
spacing factor of 0.01 in. for concrete having a w/c ratio of
0.55, yet for w/c ratios of 0.42 and 0.32, this decline did not
occur until spacing factors exceeded values of 0.015 and 0.018
in., respectively. Recent studies by Whiting (18) indicate that
high-strength concrete with w/c of 0.31 will be durable up to
a spacing factor of 0.012 in., and even higher spacing factors
may be allowable if the concrete is given a period of air-drying
prior to initiation of freeze-thaw testing. Similarly, Sprinkel (22)
has shown that a period of drying prior to initiation of freezethaw testing increases the durability factor.

RESEARCH APPROACH
The overall goal of this research project was to determine the
effects, if any, which HRWR have on the long-term durability
of concrete exposed to severe freeze-thaw (F/T) environments.
Primarily, this was to be accomplished by assessment of the
relationship between durability and the air-void characteristics
of concrete placed with HRWR. Specimens for such assessment
were to be obtained from concrete structures made available by
state highway agencies (SHA) for this research program. A
secondary objective was to develop information concerning the
current extent of use and applications of HRWR in the highway
field. Development of such information was a logical extension
of the process of selecting field survey structures.
The research was divided into three primary phases. In the
first phase, information on use and applications of HRWR were
obtained from SHA's. Also questioned were agencies in Canada
and overseas (primarily European agencies). Excluded from the
survey were states located primarily in southern areas where
freezing is infrequent and deicing agents are seldom used. Detailed results of this survey are included in Appendix A. Based
on the information, a list of candidate structures where HRWR

had been used was developed. From this list (which numbered
about 30 structures) 12 structures were selected for detailed
surveys. These 12 structures were selected, basically, by a process
of elimination, as some of the structures had been waterproofed,
were nonvehicular, had been rebuilt, or were otherwise inaccessible. Also eliminated were structures where complex admixture systems had been used or where a significant number
of F/T cycles had not been accumulated by the date of survey.
The final 12 structures included full depth bridge deck placements, bridge deck overlays, and pavement sections. Age of the
structures ranged from 4 to 12 years, with most in the range
of 7 to 9 years. The structures were spread over a wide geographic area, ranging from New Brunswick, Canada, to northern
California.
The next phase of the research consisted of detailed condition
surveys of these 12 structures, discussed in Appendix B. All
surveys were carried out by the principal investigator, accompanied by SHA contacts. In these surveys, primary emphasis
was placed on extent and degree of surface scaling, manifested
as loss of mortar from the exposed surface. Surveys were confined to horizontal, wearing surfaces where the potential for
such scaling was expected to be greatest. In addition to surface
scaling, attention was paid to other secondary manifestations of
F/T damage, including cracking, spalling, and popouts of aggregate particles. Degree of scaling was estimated using a qualitative scale based on visual observation. Categories included
very light, light, medium, heavy, and severe scaling. The extent
of scaling was obtained by mapping the scaled areas and then
calculating this as a percentage of the area surveyed for each

structure. At the conclusion of each survey, four cores were
obtained from each structure.
The final phase of the research program involved measurement of the air-void systems in each of the core samples, petrographic examination, and analysis for chloride ion. In
addition to those parameters of the air-void systems specified
in ASTM Designation C 457, Standard Practice for Microscopical Determination of Air-Void Content and Parameters of
the Air-Void System in Hardened Concrete, a number of other
air-void characteristics were also examined. These included
amount of entrapped air voids, classification of air voids into
size categories, construction of a continuous distribution function, number of voids per cubic inch, Philleo's spacing factor,
and most frequent (modal) chord length. Petrographic examinations were performed and focused on the near surface regions,
where information on alterations of air-void characteristics complemented the linear transverse data obtained on the bulk of
the specimen. Chloride analyses (Appendix D) were performed
on two cores from each structure in order to verify that significant amounts of chloride salts had been used as deicing agents
on the structures surveyed.
The data obtained from air-void analyses and petrographic
examinations, coupled with information received from SHAs on
concrete composition and histories of placement, were used to
construct logical explanations for performance of concrete on
each structure. A generalized model was developed to illustrate
the effects of air-void parameters and concrete characteristics
on performance in a F/T environment.

CHAPTER TWO

FINDINGS

RESULTS OF QUESTIONNAIRE

The information received (see Table A-1, Appendix A) from
the 40 respondents to the questionnaire demonstrates that as of
1986, use of HRWR is still rather limited in the highway field.
This is more than a decade after their initial introduction into
the United States, and indicates a major reluctance on the part
of SHA to specify HRWR. The relative extent of usage is depicted in Figure 1(a). More than 80 percent of the respondents
classified use of HRWR in their jurisdictions as "limited" or
"experimental." "Extensive" use, which one might associate
with routine applications of these materials, was employed by
only 6 percent of the respondents. More specifically, these represented two agencies (Illinois DOT and Illinois Tollway Authority) who utilize HRWR almost exclusively in "high
density," low w/c ratio bridge deck overlays to improve workability during placement. While a large number of such overlays
are placed annually, on a volume basis, this type of use represents
only a miniscule fraction of the total amount of concrete placed
by these agencies each year.

Examples of other applications, and their relative use, are
shown in Figure 1(b). Results, expressed as percent of respondents, total over 100 because some respondents indicated use
in more than one area. The "largest" application is in bridge
decks, where nearly 40 percent of the respondents had used
HRWR. This figure must be viewed with caution, however, as
this represents, at most, only a very few decks within each state,
whereas many hundreds of decks are reconstructed or rehabilitated annually without the use of HRWR. Other application
areas include bridge girders (mainly prestressed) and the aforementioned overlays. There have been only a few pavement sections placed with HRWR. Miscellaneous applications include
piles, culverts, substructures, and median barriers.
A number of problem areas were noted. Chief among these
was slump loss, cited by about 50 percent of the respondents.
Other problems included difficulties in finishing and consolidation of HRWR concrete, and variability in air content.
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Figure 1(a). Relative extent of use of HR WR (1986 survey).

Figure 1(b). Application areas for HR WR.

FIELD SURVEYS

to light variety, which would represent a loss of from less than
1 to about 4mm of surface mortar. Medium scaling, representing
a loss of mortar between coarse aggregate particles, occurred
on about 40 percent of the sections surveyed. Heavy scaling,
which would result in almost complete exposure of coarse aggregate particles, was detected on somewhat less than 10 percent
of the sections.
A structure-by-structure comparison of relative amounts of
scaling is also of interest, and is presented in Figure 3(a). For
the great majority of structures, scaling of any variety occupies
less than 5 percent of the surface area. The very light scaling
on structure 8, which encompassed close to 100 percent of the
area, has been omitted for purposes of clarity. For nine of the
structures, very light scaling is the predominant variety. For
structures 3, 9, 10, and 12, however, other types are more
common. Only on structures 8 and 10 do the more severe
varieties of scaling affect 5 percent or more of the surface area.
The extent and severity of scaling on all scaled sections is shown
in Figure 3(b). Of the total scaling experienced by the selected

Scaling was present on the 12 structures chosen for this survey. Figure 2(a) affords an appreciation of the relatively minor
amounts of scaling encountered in relation to the total area of
concrete surface included in these field surveys. Approximately
100,000 sq ft of surface were visually inspected during the course
of this program. As shown in Figure 2(a), only 4 percent of
this area exhibited any scaling whatsoever, and 75 percent of
this was of the "very light" variety. Less than 1 percent of the
total area surveyed exhibited either of the other three categories
of scaling. Figure 2(b) shows the incidence of various categories
of scaling expressed as a percentage of sections surveyed. A
"section" was taken as that portion of a structure which was
treated as an independent unit during the surveys. This may
represent a single pavement slab, bridge deck span, or portion
of a deck. Figure 2(b) only denotes the detection of scaling of
a particular variety on a given section, not its areal extent. It
is seen that most of the scaling detected was of the very light
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Figure 3(b). Extent and severity of scaling on all scaled sections.

structures, almost 40 percent of the scaled area occurs on sections where between 1 and 5 percent of the area is scaled. Of
this 40 percent, more than half is categorized as "very light"
scaling. Furthermore, the scaling that occurred on about half
of the scaled sections affected less than 10 percent of the section
area. On two particular structures (Nos. 2 and 8) an inordinately
high amount of the area exhibited very light scaling. If these
structures were to be discounted, one could see that only a very
small percentage of the total scaled area is represented by sections where 10 to 20 percent of the area is scaled and none
where over 20 percent of the area is scaled.
Depending on whether structure 2 or 8 is included, from 85
to 90 percent of the total scaled area is represented by very light
or lightly scaled sections. This agrees well with results of bridge
deck surveys carried out in the 1960s (19) where it was noted
that "light scale, the least severe condition, accounted for about
90 percent of all the spans encountered in the survey."
The most severe conditions encountered in the present survey,
that is, medium and heavy scaling, account for only 5 percent
of the total scaled area for sections where scaling was less than
5 percent of the section surface area, and also about 5 percent
of the total where scaling was between 5 and 20 percent of the
section area. The percentage of all scaled surfaces represented
by these categories, therefore, is about 10 percent. This also
agrees exceedingly well with the previous surveys (19) where
about 10 percent of the spans specified to be air entrained
exhibited medium and heavy degrees of scaling.

carried out on all 48 cores. Variations in air-void characteristics
and concrete properties were often as great among the four cores
taken from each structure as they were between structures. A
detailed, structure-by-structure description of air-void and petrographic results on these specimens is included in Appendix
C.
Some relative distributions for three common parameters of
the air-void system, as measured by ASTM C 457, are presented
in Figure 4. These cores represented quite a wide range of total
air contents. Lower values, less than 4 percent, were predominantly associated with non-A/E concretes, although there were
some A/E cores with such low values. The distribution of air
content appears fairly normal, with a maximum in the range of
6 to 8 percent, within typical specification limits (3). There are
a substantial number of air contents over 8 percent, for both
HRWR and control concretes.
Spacing factors also exhibit a fairly wide distribution. Values
less than 0.004 in. are infrequent, yet factors between 0.004 and
0.008 in. are fairly common. Values over 0.008 in. predominate,
these being confined to the HRWR concretes.
The large majority of values for specific surface lie below the
ACI-345 recommended minimum of 600 in.2 /in.3 In spite of
this, the durability of many of these concretes was excellent.
In addition to the standard ASTM C 457 parameters, chord
size distributions were assembled and fitted to a zeroth-order
log normal function (20). Some examples of results using this
function are shown in Figure 5. Core 3-3, where the concrete
did not contain HRWR, shows a relatively narrow distribution
of chord lengths, with a "modal" (most frequently occurring)
chord length of 40 micrometers. Core 3-1, taken from a concrete
section on the same structure where HRWR had been used,
exhibits a wide distribution of chord lengths, with a modal value
of 80 micrometers, Core 8-2 is also taken from a section containing HRWR, and exhibits a very broad distribution, modal
chord length in this core being about 110 micrometers. It should
be noted that the HRWR specimens did not always exhibit
distributions, as broad as cores 3-1 and 8-2; typically, air void
distributions for HRWR concrete fell somewhere between those
shown in Figure 5 for core 3-1 and core 3-3. However, this
figure does illustrate that HRWRs can, in some cases, have a
dramatic effect on the distribution of air voids in concrete.

AIR-VOID SYSTEMS AND OTHER
CHARACTERISTICS OF CONCRETE SPECIMENS

A total of 48 core specimens were examined during the course
of this project. Four cores were taken from each of the 12
structures. Five of these cores were non-air-entrained (non-Al
E), four were intentionally non-A/E cores from structure No.
12, and one was apparently unintentionally non-A/E core from
structure No. 2. The remainder of the cores were A/E. Four
of these were taken from so-called "control" sections, that is,
sections of the same structure where HRWR had not been used.
Detailed air-void analyses and petrographic examinations were
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Figure 4. Relative distribution for three common parameters of
the air-void system in concrete cores taken from field structures.

These characteristics of the air-void system alone did not, in
general, provide a good explanation for the performance of the
survey sections, in terms of degree of scaling of concrete surfaces.
This was true of the standard C 457 parameters, as well as the
other, less widely used parameters included in this study. When
the entire test of 43 cores (non-A/E cores being excluded) was
treated as a whole, correlation coefficients between air-void characteristics and degree of scaling (on a scale of 1 to 5) were very
low, of the order of 0.2 or less, and statistically insignificant.
On a structure-by-structure basis, these parameters were informative in some cases, but not in others. At best, their relative
variation from core to core was more important than their
absolute magnitude. Examples of air-void characteristics for
cores taken from two of the structures are given in Table 1.
Structure 10 is a concrete bridge deck located in Brownville
Jct., Maine, completed in 1978. Concrete containing HRWR
and concretes without HRWR ("controls") were used to cast
various segments of the bridge. Those sections having the highest
total air contents performed best, represented by cores 10-1 and
10-4. However, as illustrated by cores 10-2 and 10-3, adequate

specific surfaces and spacing factors did not necessarily lead to
good durability. The relative magnitudes of spacing factors did
give an indication of performance on this structure; cores 10-2
and 10-3 exhibited the "highest" spacing factors and the highest
degree of scaling in the set.
Similar lack of correlation can be seen from examining airvoid parameters for cores taken from structure 3, a bridge deck
in Ackley, Iowa, constructed in 1977. Here, the control core
(3-3) showed good correlation between performance and airvoid parameters. Core 3-2, however, taken from HRWR concrete, had a poor air-void system; yet, perfdrmance was excellent.
Many of these apparent discrepancies were resolved after
consideration of results of petrographic examinations carried
out on the core samples. Close to 80 percent of the cores which
exhibited poor performance were found to have serious deficiencies in the near-surface regions, approximately the top 6mm
of concrete. These deficiencies included a low proportion of
entrained air in this region, predominance of elongated, nonspherical voids, high w/c ratio, and evidence of poor finishing
techniques.
To return to the examples given in Table 1, core 10-2 showed
a lack of entrained air in the near-surface region, which would
explain its poor performance in spite of the adequate air-void
system in the bulk of the sample. Likewise, core 10-4 showed
evidence of high w/c ratio, also leading to decreased durability.
Similarly, petrographic examinations helped explain differences
in behavior among cores taken from structure No. 3. The inferior
performance of core 3-4, as opposed to core 3-2, was attributed
to a lack of entrained air in the surface region of core 3-4, which
may have been worked out of the surface during finishing.

CHLORIDE ANALYSES

Analyses for total chloride ion were performed on samples
taken from two cores from each structure. Chlorides were analyzed at two depths, within 1 in. from the top surface and close
to the bottom to establish a "baseline" value. Results (Appendix
D) indicate that significant amounts of chloride were present
in all cores in the top surface layer (1/16 to 1/2 in. depth).
Values ranged from about 0.002 to 0.5 percent by weight of
concrete, with a mean of 0.2 percent, equivalent to approximately 8 lb of chloride per cu yd. These data indicate that large
amounts of deicing agents had been applied to these structures,
placing them in what would be classified (21) as a "severe"
exposure condition.

GENERALIZED PERFORMANCE MODEL

Using results of air-void and petrographic analyses, plus mix
design information supplied by SHAs for concretes used on each
structure, a generalized, linear performance model was constructed. "Performance," in this case, was measured by degree
of scaling in each core. The model takes the following form:
SC = —4.187 + 185.755 L + 8.939 w/c + 0.372 YR (1)
where SC = scale code, a measure of degree of scaling on a
scale of I to 5 (see Table 1); t = Powers' spacing factor, in
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Table 1. Mr-void characteristics for cores taken from structure No. 10 and structure No. 3.
1/

CORE

TYPE

SCALE CODE TOTAL AIR

ENTRAPPED

CONTENT

AIR

(%)

(% of total air)

SPECIFIC SURFACE SPACING FACTOR
(sq.in/cu.in.)

(in.)

VOIDS/ CU.IN. MODAL CHORD
(millions)

LENGTH
(xm)

10-1

HRWR

1

11.0

14.5

627

0.0033

1.57

56

10-b

HRWR

4

5.4

27.8

685

0.0070

1.93

45

10-3

Control

5

5.4

23.1

625

0.0085

0.85

57

10-4

Control

3

10.9

9.2

597

0.0037

1.70

62

3-1

HRWR

2

5.0

58.0

274

0.0170

0.18

80

3-2

HRWR

1

8.3

50.6

243

0.0125

0.30

70

3-3

Control

1

8.3

41.3

674

0.0068

2.09

39

3-4

HRWR

3

8.7

32.2

299

0.0096

0.39

75

1/ Scale code:
1 = no scaling

2= very light scaling

4= medium scaling

3= light scaling

5= heavy scaling

9
inches; w/c = water-to-cement ratio, by weight; YR = void
removal parameter, a measure of the relative absence of entrained air in the near-surface zone, on a scale of I to 5.
The void removal parameter, YR, was developed as a semiquantitative measure of the degree of removal of entrained air
from the near-surface regions, taken from estimates obtained
from
during petrographic examination. An arbitrary scale of I to 5
was chosen, with 1 representing no removal and 5 representing
complete removal of entrained air.
This model serves to illustrate the relative importance of void
spacing, mix design, and alterations in the surface region on the
potential for scaling of concrete surfaces in a severe environment.
Some relationships are illustrated in Figure 6 for spacing factors
of 0.005, 0.010, and 0.020 in. at four values of w/c ratio. The
importance of maintaining low w/c ratio is evident; when w/
c ratio exceeds 0.5, some scaling is invariably predicted, ranging
from "very light" at t = 0.005 to heavy at L = 0.020. For
spacing factors somewhat above the recommended maximum
of 0.008 in., which appear to be common for HRWR concretes,
scaling may be minimized by maintaining w/c ratio below 0.40
and reducing potential for loss of entrained air from the near
surface regions. The latter may be accomplished by holding
surface
consolidation, finishing, and texturing operations to the minimum necessary to achieve a satisfactory surface.
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CHAPTER THREE

INTERPRETATION, APPRAISAL, APPLICATION

INTERPRETATION

APPRAISAL

The results of this study indicate that there are no widespread
significant problems (as reflected by surface scaling) with freezethaw durability of PCC concretes prepared using HRWR. While
concretes prepared with HRWR in many cases exhibit air-void
characteristics significantly different from those seen in conventional concretes, these alterations appear to have little influence on long-term durability of the concrete. In cases where
HRWR concretes and "control" concretes not containing these
admixtures have been placed in close proximity in the same
environment, there was very little difference in performance
between the two concretes.
In more quantitative terms, of the nearly 100,000 sq ft of
concrete surface inspected during these surveys, less than 4
percent exhibited scaling and less than '2 percent could be considered to be of any consequence as far as surface maintenance
is concerned. Those cases where significant scaling did occur
could be associated with failure to achieve specified air contents
or to loss of entrained air from the near surface regions, presumably due to overworking of the concrete surface during
finishing. The use of HRWR, per se, cannot be said to have
been a contributing factor in these cases.
In earlier durability surveys carried out by the Portland Cement Association and the Bureau of Public Roads (19) on a
much larger number of structures, where air-entrained concrete
was specified, the relative area of concrete surface affected by
scaling was almost identical to that observed in the present
NCHRP study. While the number of structures included in the
present study was limited, this comparison suggests that since
the introduction of air-entrainment in the late 1940's, there has
been little change in the relative amount of concrete surface
experiencing scaling on highway structures. The introduction
of new materials, such as HRWR, has had negligible impact on
this situation.
The foregoing discussion is not meant to imply that significant
problems do not exist in the use of HRWR in PCC concrete.
The loss of workability with time, commonly referred to as
"slump loss," continues to be a valid concern. Concrete containing the newer formulations of HRWR, in spite of much
promotional literature to the contrary, still is affected by slump
loss, especially when the HRWR is used to substantially reduce
water contents and when haul times exceed 15 to 20 mm. This
loss of workability may interfere with the ability to place and
finish such concrete using acceptable practices. Because of these
difficulties, excessive vibration may be used in an attempt to
consolidate the concrete, and finishers may overwork the surface
or add water in an attempt to restore workability. These practices may lead to problems in durability which can be viewed
as being caused by, at least indirectly, the slump loss which had
occurred in the fresh concrete.

Utility of Air-Void Parameters in Predicting
Performance

As discussed in the introduction to this report, a large emphasis is placed on achieving "proper" air-void characteristics
in concretes exposed to F/T and deicing environments. It is
generally believed that concretes will be durable once these
criteria are met and, conversely, that concretes which do not
meet minimum values, such as those set forth in ACI 345 (10),
will not be durable. Results of the present study, described in
Chapter Two, indicate that this is not necessarily the case, at
least for concretes where HRWR are used. The poor correlations
between performance (as measured by degree of scaling) and
air void parameters (both conventional C-457 parameters and
more novel ones) indicate that other variables have a greater
influence on durability in these cases. The proportional amount
of entrained air removed from the near-surface regions was
found to be an important factor.. However, even for those cases
where the air-void distribution was more uniform, and little or
no air was lost from the surface regions, failure to meet the
ACI recommendations did not necessarily result in poor durability. It should be noted, however, that for the same set of
cores (i.e., those with entrained air uniformly distributed
throughout the core) those which did meet the ACI guidelines
did perform satisfactorily. More care and judgment must be
exercised in application of guidelines based on air-void characteristics, and final decisions concerning the durability of concrete must not be made solely on results of air-void analyses.

impact of Other Variables on Performance

The findings indicate that concrete mix design, specifically
the ratio of water to cement, plays a large part in determining
the ultimate surface durability of the in-place concrete. For that
subset of cores where air-void distribution was uniform, yet ACI
guidelines were not met, the good durability can be explained
by the low w/c ratio employed, in the range of 0.34 to 0.36 in
most cases. This low w/c ratio would result in a dense, impermeable concrete with a low amount of freezable water and
the ability to significantly reduce permeation of water into the
concrete prior to freezing. This would reduce degree of saturation where freezing did occur, and lead to a more durable
concrete.
The workability characteristics of concrete, based on the findings of this study, have a large impact on F/T durability. The
large majority of those cores which exhibited inferior performance were characterized by deficiencies in concrete quality in
the near surface ( < 6 mm) layers. These deficiencies included
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removal of entrained air voids from this layer, presence of high
w/c ratio paste, poor mixing and incomplete consolidation.
Concrete that is difficult to mix, place, consolidate, and finish
will be susceptible to such deficiencies. Such concrete will require additional consolidation efforts, and complete consolidation may be difficult to achieve. Conversely, in the case of high
slump concretes, the concrete may be overconsolidated, leading
to segregation. Such concrete will require extra finishing effort,
and may be overworked or sprinkled with water to aid in finishing. Such practices will reduce the durability of the surface
layers, and ultimately will result in scaling if the concrete is
exposed to severe environments. Detailed descriptions of proper
consolidation and finishing techniques are provided in ACI 345
and other documents; however, their importance with respect
to concrete durability is not emphasized to the same extent as
are air-void characteristics. More importance should be placed
on mix design and construction variables, and their relationship
to durability should be better discussed in standard documents
and recommended practices.

APPLICATION
Use of HRWR in Highway Applications

This study has demonstrated that high quality, durable concretes can be produced using HRWR and have been successfully
applied to construction of highway bridge decks, bridge deck
overlays, pavements, parking areas, and other wearing surfaces
exposed to severe F/T environments, as demonstrated by surveys carried out of the 12 structures included in this project.
These structures included those where large quantities of deicing
salts were used. While the presence of HRWR in an air-entrained
concrete mix does have an effect in many, but not all, cases on
the characteristics of the air-void system, these effects are secondary as far as the ultimate durability of the concrete is concerned. If the proper total volume percentage of air is achieved,
then other factors are much more important in terms of longterm durability. These include the w/c ratio of the concrete
and any alterations of concrete in the near-surface regions. These
alterations are most likely a consequence of improper placement,
consolidation, finishing, and mixing of the concrete. A given
concrete may meet all requirements for air-void characteristics
in the bulk of the material, but if the surface quality is poor it
will likely scale.
The findings of this study present the highway community
with something of a dilemma concerning the application of
HRWR in concrete. While results demonstrate that HRWR, in
themselves, do not have any significant negative effect on surface
durability of concretes, the concretes produced with HRWR
may be more difficult to handle, may suffer a more rapid loss
of workability with time than do conventional concretes, and
may be more difficult to properly finish. Construction workers
may therefore resort to certain expedients, including addition

of retempering water, vigorous finishing, and use of water as a
finishing aid, in order to achieve what appears to be a satisfactory
surface. In fact, these manipulations generally lead to a surface
having less than adequate durability. Therefore, although in
principle HRWR may be used to produce more impermeable
concretes of high durability, in practice the efforts made to
overcome marginal handling characteristics of such concretes
may negate any benefits achieved by using HRWR.
The actual situation is not as bleak as may be inferred from
the preceding discussion. Whiting (13), Sprinkel (22), and others
have issued guidelines for the use of HRWR in concrete. These
guidelines are based on extensive laboratory and field experience
in the use of HRWR in highway applications. These reports are
available and should be carefully studied by those wishing to
incorporate HRWR into their concrete placements. While all
of the recommendations need not be repeated here, it is worthwhile to point out some basic procedures that will help the user
to avoid problems that have occurred in past applications of
these materials.
If HRWR are added at a central-mixing plant, haul times
should be kept to a minimum, preferably less than 15 mm. This
is especially true in warm weather, or where HRWR are being
used to produce very low w/c ratio (<0.36) concretes.
All mixing trucks used to produce HRWR should be inspected prior to use. Trucks with worn mixing blades, buildup
on mixing blades, or other deficiencies that will reduce mixing
efficiency should not be used to mix HRWR concrete.
The minimum amount of HRWR needed to achieve the
specified w/c ratio and slump should be used. Excessive amount
of HRWR, in addition to being uneconomical, may result in
segregation of concrete, loss of air from concrete, or extended
setting times. Target slumps in the range of 4 to 6 in. are
recommended.
HRWR concrete responds very well to vibration. Consolidation should be kept to the minimum necessary to achieve
compaction; overvibration may result in segregation or loss of
entrained air from the concrete.
HRWR concrete produced at very low w/c ratios exhibit
essentially no bleeding if the mixture is properly designed and
placed. For this reason, finishing operations may, and should,
be carried out as soon as possible after placement of concrete.
Likewise, curing should commence immediately after finishing,
as loss of water from the surface layers may promote shrinkage
cracking in such mixtures.
It is believed that by following these guidelines, along with
maintenance of proper quality control and strict adherence to
recommended concrete production procedures, durable concretes can be produced using HRWR. These concretes offer
higher strengths and lower permeabilities than can be achieved
in conventional concretes, and may thereby speed the introduction of new, more efficient approaches to the design of highway structures.
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CHAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH
CONCLUSIONS

Based on work undertaken in this project, the following conclusions have been reached:
High-range water-reducing (HRWR) admixtures, in themselves, have no significant deleterious effects on the surface
durability of PC concrete exposed to freeze-thaw environments
and deicing agents. Behavior in these environments is similar
to "control" concretes prepared without HRWR admixtures.
Those qualities that lead to durable conventional concretes
also apply to concretes containing HRWR. Properly air-entrained, low w/c ratio concretes that are workable and easy to
finish will, in general, be durable even under severe environmental conditions. Factors that impact negatively upon these
qualities, such as additions of water at the jobsite, difficulty in
consolidation, overfinishing, or other poor construction practices, will result in a concrete of questionable durability, with
or without the inclusion of HRWR.
Those variables having the greatest effects on scaling of
concrete surfaces in this study include the w/c ratio of the
concrete, the proportional amount of entrained air removed from
the surface zone, and the spacing factor, t, in the concrete as
a whole.
By themselves, characteristics of the air-void system in
concrete, as measured by standard (ASTM C 457) and novel
techniques, show little correlation with durability of concrete
surfaces. Although spacing factors and specific surfaces in many

HRWR concretes fail to meet minimum guidelines established
by the American Concrete Institute, other factors, namely the
w/c ratio and amount of entrained air removed from the near
surface zone, have a greater influence on durability than do airvoid characteristics measured in the bulk of the concrete.

SUGGESTED RESEARCH

Results of this study indicate that it is the quality of the thin
(<6 mm), near-surface zone that determines the resistance of
the concrete to scaling. Traditional testing and qualification of
concretes, whether by laboratory freeze-thaw testing or linear
traverse analysis, includes the bulk of the concrete in the test,
and thereby dilutes the importance of the contribution from the
surface layer. Furthermore, laboratory testing does not include
the effects which deficiencies in concrete placement, consolidation, and finishing techniques may have on the durability of
in-place concrete. Better quantitative methods are needed to
evaluate certain characteristics of the near surface zone, including w/c ratio, extent of removal of entrained air, and other
alterations from the bulk of the concrete which may occur.
Techniques would, ideally, be applicable to freshly cast and
finished surfaces. If deficiencies were detected, this would allow
for corrective actions to be taken before the suspect concrete
had hardened and before subsequent deficient concrete had been
placed.
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APPENDIX A
SUMMARY OF RESPONSES TO QUESTIONNAIRE AND SELECTION
OF FIELD SITES

QUESTIONNAIRE

In order to select field sites for the study of durability of
HRWR, it was necessary to develop information on the use of
HRWR by state highway agencies (SHA) and use this information to select field sites on a rational basis. As a first step in
this process, a questionnaire was developed and mailed to Selected agencies in the United States, Canada, and abroad. In
the United States this included all SHA north of a line lying
roughly at 35N latitude. Below this line winters are generally
mild, a relatively low number of freeze-thaw cycles are experienced, and little deicing salt is used in winter maintenance. In
addition to SHA, tollway authorities in Illinois, New Jersey,
and New York were included in the mailing. The questionnaire
was also sent to all Canadian provincial AASHTO member
highway departments. Finally, through contact provided by the
International Road Federation, letters were sent to administrators of transportation agencies in Great Britain, Germany,
France, Sweden, Norway, Denmark, Netherlands, Austria, Iceland, and Japan. Although visits to field sites in these countries
were not contemplated, it was felt that information on international use of HRWR would prove of interest.
The questionnaire, as such, was rather brief and to the point.
Its main purpose was to identify those localities where HRWR
had been used in concretes subjected to significant freeze/thaw
exposure. While this goal was achieved, additional information,

beyond that needed simply for site selection, was also obtained.
This included information on applications of HRWR and problems encountered in their use. The data developed are certainly
not all-inclusive, and are not meant to represent all applications
in which HRWR are currently employed. However, the information does provide an interesting overview and places these
materials in perspective in terms of their importance in the
highway field.
The responses to the questionnaire are best presented in summary tabular format (Table A- 1). This includes all responses
except those from overseas agencies, which will be described
separately. The questionnaire itself is not reproduced in this
report, because the specific format and questions were tailored
more to location of field sites than to development of information
on application of the materials. A total of 49 agencies were
included in the United States and Canadian mailings.
Responses were received from 40 of the agencies surveyed.
Of these, 31(78 percent) had used HRWR on at least a limited
basis. This is a fairly high use percentage and certainly indicates
an interest in these materials in the transportation field. Relative
indications of the extent of use are shown in Figure A-i. It is
easily seen that use of HRWR can best be classified as limited.
Although not quantifiable in terms of the present survey, discussion with SHA personnel indicated that a "limited" use
would entail either use on a few jobs in a particular locality or
restriction of use to a particular class of concrete or type of
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Table A-i. Responses to questionnaire.
USE

STATE RESPONSE? USEDHRWR?
AK
NO
AZ
YES
YES
A
YES
CO
NO
I
I
NO
E
NO
D
YES
L
YES
IN
YES
A
SYES
YES
Y
YES
LA
YES
F
YES
D
YES
A
YES
V11
YES
N
YES
MO
NO
MT
NO
E
YES
V
YES
H
YES
YES
Y
YES
D
YES
H
YES
K
YES
R
YES
PA
YES
DYES
YES
UT
YES
VT
NO
A
YES
RC
A
YES
WY
V
YES
YES
YSTEYES
NO
tim
YES
LToll

-

LB

MAN
N. B.
N.S
ONT
ASK

YES
YES
NO
YES
YES
YES
YES

-

YES
YES
NO
YES
NO
YES
YES
YES
YES
YES
NO
YES
YES

APPLICATIONS

PROBLEMS

I

ISUPPLYDATA? COOPERATE I

?
------------------------------- ---------------------------------------

Limited
Limited

YES
YES
NO

YES
YES
YES
NO
YES
YES
YES
YES
YES
YES
YES
NO

I

Decks, overlays
lExtensive
Girders
Limited
Experimental Decks

-- ---------------- -----------------

Limited
Experimental
Moderate
Limited
lLimited
limited
lLimited

No
Yes

None

lGirders.overiays

lCracking

I

Placing, finishing
Yes
N/A
None
Yes
Placing
---------------------------------

-

I

COMMENTS

No
Yes

Not used in FIT areas
Rec'd 2 dataforms

Yes
No
Yes

Rec'd 6 data forms
Rec'd 2 data forms

Girders
Precast Piles
Decks
Bridge
Girders
Box girders, overlays
Girders, culverts

None
None
Placing, finishing
Placing, finishing
Slump loss
Slump loss
None

No
Yes
Yes
No
No
Yes
Yes

No
Yes
Yes
No
No
Yes
Yes

Overlays
Decks, overlays

Map cracking
Air content

Yes
No

Yes
No

Age<1 year

Approach slab

Finishing

Yes

Yes

Rec'd

Air content
None
None
None
Slump loss

Yes
No
No
Yes
No
No__

Yes
No
No
Yes

Age< 3 yrs

None

?

Yes
Yes

Yes
Yes

lAqe<3yrs
I Rec'd 1 data form

Slump loss, consolidatior

Yes

Yes

I Rec'd 8 data forms

Yes
No

Yes
No

I Rec'd 1 data form

No F/T
Rec'd 2 data forms

Overlaid with latex

---- -------------- -----------------

Limited
Limited
I
lExperimental
----------Moderate
Limited
Limited
Limited
\/oderate

Overlays

?

Girders
Substructures
Decks

i

data form

Agee 3 yrs, No FIr
Age<3 yrs

-- --------------------- -------------------------------

?

Limited
Experimental Median Barriers
Limited

YES

_____________
Decks, pavements

I

- ------------------------- --------------------

NO
YES
YES
NO

Limited
IMOderate

Pavement, bridges
Girders

Slump loss, finishing
None

YES

I Extensive

Overlays

Placing, finishing

No

Yes

Overlays

CANADIAN AGENCIES
Durability
Strength, finishing

Yes
Yes

Yes
Yes

Rec'd 4 data forms

Yes
Yes
Yes

Yes
Yes
Yes

Reed 1 data form
Rec'd 1 data form
Rec'd data form

I

---------- --------------

YES
YES

Limited
Limited

YES
YES
YES
NO

Deck
Limited
Deck
Limited
Experimenta 3ridge

?

-------------------

None
I Slump loss
Air content

----- --------------------------

structural element. For instance, a number of states would allow
their use in precast elements, such as bridge girders, but not in
cast in-place pavements or bridge decks. Only a few agencies
supported "moderate" use of HRWR, and only two (Illinois
DOT and Illinois Toliway Authority) used them extensively.
In these two cases, the major use was in " high-density " bridge
deck overlays.
As can been seen in Table A- 1, HRWR have been used in a
wide variety of applications, although, as previously noted, most
of the use is of limited extent. Without more quantitative statistical data a detailed discussion of applications would be inappropriate; however, it is clear that HRWR have been
incorporated into concrete used for many types of structures,
including bridge decks, median barriers, piles, girders, culverts,
substructures, overlays, and pavements.
Problems relating to the use of HRWR appear to be confined
to those associated with production and manipulation of the
fresh concrete. Slump loss was cited as a concern by a number

-

i

6%
USAGE

•
D
D

65%

Experimental
Limited
Moderate
Extensive

Figure A-i. Relative
use of HR WR
(1986 survey).
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of agencies. Although new, so called " extended-life " HRWR
are now on the market, such problems persist and continue to
be an impediment to more widespread use. Other problems cited
included difficulties in finishing, placing, and consolidating of
HRWR concrete (some of this may be the result of slump loss),
and problems in maintaining air content. Only two agencies
(California and Alberta) cited direct evidence of durability problems. The California experience is discussed in detail in Appendix B; the problems in Alberta were tied to overvibration of
high slump fiber-reinforced concrete mixtures, which lead to
loss of entrained air and poor durability. Other information
supplied related to data maintained by the agencies and willingness to cooperate in the field durability surveys. These items
were used in the selection of field sites, described in the next
section.

I

SEND QUESTIONNAIRE I

I

1

I
I

I

RECEIVE RESPONSE
YES
NO
(40)
(9)

#OFAGENCIES(

I

I

USED HRWR
YES
(31)

NO
(9)

COOPERATEINSUIIVEYS
NO
YES
(10)
(21)

I

I
AGE<3YRS

FIRSTSORT
(AGENCIES)

OUT

NO FIT

(8)

SELECTION OF FIELD SITES
IN (13)

The responses to the questionnaire were used to select those
agencies which might have suitable candidate structures for
surveys. Because of time and budgetary constraints, a maximum
of 12 structures was selected as a target number for surveys.
The process by which the final set of structures was selected is
shown diagramatically in Figure A-2. Of the 31 agencies that
had used HRWR, 21 expressed a willingness to cooperate in
field surveys. Of these 21, sufficient information was available
in the responses to eliminate 8. These agencies either had structures whose age was less than 3 years, or where freeze-thaw
conditions were not severe. The 3-year limit was chosen as the
point at which distress due to freeze-thaw damage might first
become apparent. This admittedly is highly subjective, as poor
quality concrete may exhibit damage after only one severe winter, and in milder climates damage may take longer to accumulate. However, some age criterion was needed, and 3 years
age was chosen as an reasonable value.
Contacts were made with the remaining 13 agencies in order
to determine how many candidate structures existed within each
jurisdiction. Once this was established, detailed data forms were
sent to contacts at each agency. The following information was
requested:
Background information on structural type, identification,
location, dates of original construction and reconstruction.
Environmental information, including estimated numbers
of freeze-thaw cycles, deicing salt applications, and ADTC.
Information on concrete materials and mix designs.
Actual batch information on delivered concrete, including
slumps, and air contents.
Results of other tests performed on concrete.
Information on construction procedures.
Any problems or delays encountered.
A total of 30 completed data forms was received. After review
of this information, a second sort was made. Twelve structures
were eliminated from consideration for a variety of reasons. On
some (notably Canadian structures) a waterproofing asphaltic
layer had been applied, making surveys impossible. Some structures were nonvehicular in nature. Others had been rebuilt or
the elements containing HRWR were inaccessible. Finally, those
structures where unusual mixtures had been used (such as incorporation of steel fibers in the mix) were also eliminated. This

#OFSTRUCTURES(

SEND DATA FORMS
RECEIVED
(30)

SECOND SORT

IN

9

I
I

I

OUT
(12)

IWATERPROOFII4G APPLIED
INON-VEHICULAR STRUCTURES
ISTRUCTURE REBUILT OR INACCESSIBLE
UNUSUAL MIXTURES

(18)

:
FIN:
ALSELECTION

OUT

I OTHER ADMIXTURES USED
J FIT CYCLESe200

(6)

IN

)12(

Figure A-2. Process for selection of field survey sites.

left a total of 18 candidate structures. Reduction of the 18
candidates to the final 12 structures to be used in the surveys
was more difficult. A decision was made to eliminate structures
where admixtures other than HRWR and air-entraining agents
had been used. It is recognized that such admixtures as waterreducers and retarders may exert their own influences on airvoid systems and durability (23,24) and that such compounding
factors might complicate interpretation of the data. Reduction
of the remainder down to 12 structures was accomplished by
eliminating those that had experienced less than 300 freeze-thaw
cycles by the expected survey dates. The value of 300 cycles
has been established as a limit (25) for laboratory testing, it
being assumed that if concrete is able to withstand 300 cycles
of freezing and thawing, it will be durable.
The final 12 structures chosen for evaluation are given in
Table A-2. They consist of three overlays, six decks, two pavements, and one approach slab. They are widely distributed (from
New Brunswick to California) and range in age from 4 to 12
years. All are located in severe weathering regions, and are
subjected to frequent applications of deicing salt during winter
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Table A-2. Structures selected for surveys.

-

-/
_Arte I Freeze/Thaw TotalF/T
Type
Structure Location
(cycles/yr)
Cycles
Number
46
322
Deck
7
IL
1
46
322
Pavemext
7
IL

Deicer

1

i-

Deck
Deck

9
8

80
80

720
640

Applicationr
Total Salt
ADTC
(per year) Applications
25
175
5700
10
70

NaCl
NaCl
NaCl
NaCl

1

-

Cement
WIG
(lb/cu yd)
600
0.44
540
0.44

—

-

25
25

225
200

1

2400
2730

710
710

51
N

034
0.36

N
N

0.79
0.68

5.0
5.3

FV

Approach

4

80

320

NaCl

60

240

2300

648

040

N

036

7.8

7

VA
VA
VA

Overlay
Overlay
Pavement

10
9
12

40
40
35

400
360
420

CaCI
CaCI
NaCl

10
10
12

100
90
144

7672
7672
778

635
635
658

0.34
034
0,35

N
N
N/SI

0.50
0.50
1.00

5.7
4.8
5.0

l

NB

Overlay

7

100

._ZQQ_

NaCl

25

150

500

750

045

N

0.62

10
11

ME
ME

Deck
Overlay

8
6

100
90

800
540

NaCl
NaCI

20
20

160
120

1440
2200

611
635

0.40
040

N/SI
NiM

0.53
00

12

CA

Overlay

8

110

880

1 NaCI 1

40

752

10.281

N/A

1

1

320

1

960

1

I

Pn±krss?
Admixture Av. Slumpl
Placement
Durability
Dosage-% _j(j_
5.4
No
No
021
No
0.35
7.0
No

HRWR

1

0.55

Yes
Yes

No
No

No

No

Yes
Yes
No

No
No
No

9.3

No

No

2.8
33

Yes
No

Yes
No

1

Yes

I

No

1/
N: Naphthalene-sultonate
M: Melamine-sultonate
N/SI: Blend of naphthalene and melamine sulfonates
N/A: Information on chemical type not available

months. Daily traffic counts vary from 500 to approximately
7,600. Cement contents of the concretes are fairly high, all but
one exceeding 600 lb per cubic yard. Water-to-cement ratios
are all relatively low, all 0.45 or less, with many less than 0.35
and one (in California) equal to 0.28. Admixture (HRWR)
dosages are expressed on a solid basis (percent admixture solids
by weight of cement) and vary widely between structures.
Slumps also show a wide range, from less than 1 in. on a "dense"
overlay to 8 in. on an overlay and an approach slab. State
personnel indicated problems in placement on a number of these
jobs; however, durability was mentioned as a problem in only
one instance prior to the actual surveys, which are described in
Appendix B.
Information received from foreign agencies was also reviewed.

In spite of the fact that HRWR were first developed in Japan
and Germany, use in these countries, at least for highway applications, was stated as "experimental" and "limited" respectively. The main impediment to more widespread use appeared
to be a reluctance to run the risk of early stiffening of concrete
induced by HRWR. In Denmark and the Netherlands, such
problems were common in the past; however, responses indicate
that use is now increasing due to introduction of extended life
products and incorporation of retarders. In Norway, their primary use is as workability aids and in steel-fiber concrete materials. In Sweden, Great Britain, and Denmark there is little
use of HRWR. Finally, response received from Iceland indicated
"extensive" use; however, further details were not supplied.

APPENDIX B
FIELD SURVEYS

SURVEY TECHNIQUES

Prior to carrying out field surveys on the 12 structures selected, a survey package was assembled. This package was modeled on those used in the bridge deck surveys carried out by
the Portland Cement Association in cooperation with The Bureau of Public Roads and various state highway agencies in the
mid-1960's (19); however, the current package was designed to
be specific towards durability of concrete, as manifested by
scaling and cracking brought about by freeze-thaw damage.

The package consisted of four sections. In the first section,
data forms (as completed by the SHA contact) were included
for easy reference during the actual survey. In addition, any
auxiliary information, such as original inspector's reports, batch
sheets from suppliers, or test data developed by the SHA were
also included. Only two of the agencies developed in-depth
reports on their structures. These were not included in the data
packages but were made available to the investigators for reference.
The second section consisted of a summary sheet (Table B-
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Table B-i. Field survey summary table.
EII1I-

IIP[SI:1aar.i:44.

I------CXI[C

------

I-------

_____----U
------__

PI•1IuII.1Th
_____------__
COMMENTS:
Values shown for scaling are estimated
percentages of span involved.
Severity of cracking reported as light (L),
medium (M), or heavy (H).
Values shown for surface and joint spalls
are number of spaMs in span.
Popouts reported as few (F) or many (M).
Few: <50per lOUsq.ft.
Many: >50 per 100 aq.ft.

1) which was completed after the survey had been carried out.
Included in this summary sheet are identification of structure,
lengths of sections surveyed, semiquantitative estimates of scaling, information on other defects (cracking, spalling, and popouts) and remarks. It should be noted that a "section" could
represent a bridge deck span, a pavement or approach slab,
depending on the structure surveyed.
The primary manifestation of freeze-thaw damage, especially
on horizontal surfaces, is a loss of surface material commonly
termed "scaling." This distress can proceed from very light
scaling, which involves loss of surface mortar (or paste), to very
severe scaling, which involves loss of coarse aggregate and may
lead to disintegration of large portions of concrete. To aid in
evaluation of surfaces in the field and later interpretation of the
results, a series of definitions and associated photographic illustrations were developed. These were similar to terms developed by the PCA survey (19); however, revised terminology
was more specifically defined to the current program. The terminology is presented below, with photographs shown in Figure
B- 1.
Very Light Scale (V. L. Sc. )—Loss of a very thin paste layer
from the surface such that larger sand grains are clearly
exposed. Normally, represents loss of less than 1 mm of surface material. Also referred to as "paper scaling."
Light Scale (L. Sc. )—Loss of sufficient surface mortar such
that tops of some coarse aggregate particles are exposed.
Represents loss of between 1 to 4 mm of surface mortar.
Medium Scale (M. Sc.)—Loss of surface mortar up to about 6
mm in depth. Some loss of mortar between coarse aggregate
particles occurs so that moderate relief is imparted to the
surface.
Heavy Scale (H. Sc. )—Loss of surface mortar greater than 6
mm so that coarse aggregate is clearly exposed and stands
out in strong relief from the surface.

Severe Scale (S. Sc. )—Loss of coarse aggregate particles as well
as mortar between aggregates. Represents loss of mortar
greater than 12 mm from original surface, which may no
longer exist.
The definitions for other defect types are identical to those
used in the PCA survey (19), and similar to definitions given
by ACI (26). Cracking is denoted as transverse (Tv.), longitudinal (Lg.), diagonal (Dg.), pattern (Pt.), "d-cracking" (D),
or random (R.). Spalls are classified according to their location
on the surface, as small surface spall (S. S. Sp.) or large surface
spall (L. S. Sp.) OJ at the joints (J. Sp.).
The third section consists of distress maps (Fig. B-2) that
were constructed at the field sites. This was done by laying out
a grid (normally at 5- to 10-ft intervals) along the section of
interest in the direction of traffic flow. In the majority of cases
a transverse grid was not constructed, as this shorter direction
was normally defined by traffic lane markings. Maps were purposely not drawn to scale, so as to add clarity and the presentation of distress features. Areas affected by varying degrees
of scaling were denoted by the fill patterns depicted in the legend.
Cracks occurring on the concrete surfaces also were mapped
using terminology shown in Figure B-3.
The fourth section of the survey package was included as a
visual aid and consisted of the photographs shown in Figure B1 along with accompanying definitions.
In the following sections, detailed description of the field
surveys carried out on the 12 structures are described. They are
presented in the order in which they were surveyed. The surveys
were carried out between the months of June and October of
1986. All surveys were conducted by the principal investigator,
who was accompanied by the SHA contact who supplied the
information for the data forms. Core samples were obtained by
SHA personnel.

STRUCTURE NO. 1—Bridge Deck—Vandalia,
Illinois

The first structure surveyed was a bridge deck on eastbound
1-70 on the northwest edge of Vandalia, Illinois (Fig. B-4(a)).
This was a cast-in-place deck on wide-flanged steel beams constructed in November of 1979, and had experienced seven winters by the date of survey. The area undergoes approximately
46 F/T cycles annually, and ADTC is 5,700 vehicles. Sodium
chloride is applied about 25 times each winter for deicing purposes. The concrete mix consisted of 600 lb/cu yd of Type I
cement, and crushed limestone and natural sand meeting IDOT
standard specifications for superstructure concrete. Water-cement ratio was 0.44, slump was specified at 3 ± I in. prior to
dosing with a melamine-based HRWR (Melment L-lOA). Air
was specified at 5.5 ± 1.5 percent using a saponified wood-resin
AEA. Specifications required a minimum modulus of rupture
of 675 psi at 14 days.
Concrete was truck-mixed, haul time averaging 15 min in
60°F weather. HRWR was added at the site at a dosage of 14
fi oz/cwt (0.21 percent s/c). Twenty 7-cu yd loads of concrete
were pumped to form the deck slab. Air contents and slumps
were measured before and after addition of HRWR to the concrete. Air contents prior to addition ranged from 4.0 to 5.8,
with a mean of 4.8. After addition of HRWR, air contents
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ranged from 4.2 to 6.1, with a mean value of 5.2. Slumps after
addition of HRWR ranged from 3.25 to 6.25 in., with a mean
value of 5.4 in.
The concrete slab was finished by an artificial turf drag followed by tyning. Moist burlap was used to cure the slab for 7
days.
For the most part, the deck surface was in good condition
(Fig. B-4(b)). Tyne depth was still adequate ('/16 to Y, in.), and
exposure of aggregate was minimal. In some areas, however,
moderate amounts of surface scaling had occurred (Fig. B-4(c)).
A map of scaled areas is shown in Figure B-S. Most of the
scaling ranges from light to very light. Only two small areas
exhibit "medium" scaling. The summary statistics (Table B-2)
demonstrate that only very minor percentages of the deck area
are affected by scaling. Some very fine transverse cracks (<0.01
in.) were visible at the initiation of the survey, just after a rain
shower had occurred. However, when the deck dried these
cracks were no longer visible. Small numbers of popouts were
visible through some coarse aggregate particles, but these were
minor.

area (Fig. B-6(a)) for a roadside rest stop on westbound U. S.
50 near Lawrenceville, Illinois, about 4-mile west of the Wabash
River dividing Illinois from Indiana. The area was constructed
of approximately 200 slabs, each 20-ft long by 12-ft wide. The
area selected for survey included 160 of these slabs, the remainder being obstructed by vehicles during the survey period.
The slabs were cast in October, 1979, and had experienced
seven winters by the date of survey. The area undergoes approximately 46 F/T cycles annually; sodium chloride is used
for deicing purposes about 5 to 10 times each winter. The concrete mix consisted of 540 lb/cu yd of Type I cement, washed
gravel, and natural sand. Recent F/T testing of these aggregates
by Illinois DOT has yielded a rating of "not-acceptable" based
on expansion of concrete test prims during F/T tests. However,
at the time the pavement was constructed these specifications
had not yet been developed.
Water-cement ratio was 0.44, slump was specified at
1.75 ± 1.25 in. prior to addition of HRWR. Air was specified
at 5.5 ± 1.5 percent using a Vinsol-resin-based AEA. Specifications required a minimum modulus of rupture of 650 psi at
14 days.
Concrete was central-mixed; haul time averaged about 2 mm
in 60°F weather. A naphthalene-formaldehyde condensate (subsequent chemical analysis of samples of this concrete indicated
that a melamine-based HRWR had actually been used) HRWR
(WRDA-19) was added at the plant at a dosage of 10 fi oz/
cwt (0.35 percent s/c). Approximately 9 loads of concrete were

STRUCTURE NO. 2—Rest Area—Lawrenceville,
Illinois

The second field site was also provided by the Illinois Department of Transportation. This was located in the parking

21
DISTRESS MAP -SCALING
STRUCTURE 10.- ILJFAI-70;Sect 26-2HBR-2
1

SPAN NOS.-

LEGEND
(

__

VeryLight
Scale.

N
U)

U)

Light

I Scae

-

Moderate
Scare

le

mme

Figure B-4(a). View of structure No. 1.

Heavy

Expansion
Joint

cj

t

-

'r

1

e

0

Core Locations

SURVEY DATE 6.10/86

.

if

J.,

tL
r

.•

. ' ., \'..

\•

. :

•

.

INSPECTOR- D. Whiting
\\.\•

.

\

_i

,.-

•\4..,•

Figure B-5. Scaling distress map—structure No. I

•

..•%\

it

'

'

'•':if

I

'

I
\

. V.

.

\\

"V\\b\

Table B-2. Summary table—structure No. 1.
I.D. NO.-FAI-70:Sect.26.2HBR-2
STATE-ILLINOIS
STRUCTURE TYPE- BRIDGE DECK
REMARKS
SPAN NO.
1
LENGTH, FT.
130
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after dosing with HRWR. For these five tests, slumps ranged
from 6 to 7.5 in. with mean of 7.0 in. Air contents ranged from
4.2 to 6.4 with a mean of 5.6 percent.
The slabs were struckoff, floated, and finished with a burlap
drag. A curing compound was applied after finiching wnn 'nm
pleted.
Finished surfaces of the majority of slabs were in generally
good condition, although finishing was apparently applied somewhat too vigorously in some areas (Fig. B-6(b)). Scaling, where
it occurred, was very light, although in a few areas more substantial surface distress had occurred (Fig. B-6(c)). Cracking
(Fig. B-7(a)) was detected on four of the slabs; these were
located in areas used by semi-tractor-trailer vehicles for parking,
and may be load-related. A single joint spall (Fig. B-7(b)) was
noted.
Scaling distress is mapped on Figure B-8. There are a number
of areas of very light scaling, and only a few that are lightly or
medium scaled. Subsequent examination of core No. 2, taken
from a medium-scaled area, showed the concrete in this slab to
be nonair entrained.

Figure B-6(a). Parking area—structure No. 2.
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Figure B-6(c). Area of scaling on pavement—structure No. 2.

OF

used on each lane to cast the 20 slabs. Slump and air content
data were available for about two to three of each of these loads
used on each lane. Of these, only five tests represented concrete

Figure B-7(b). Joint spa/i_structure No. 2.
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Figure B-9. Crack map—structure 2.

Cracking is mapped on Figure B-9. As previously noted,
cracking was encountered in those slabs used by semi-trailer
vehicles. A single joint spall was noted on slab 6 in lane 1. A
summary of distress features for structure No. 2 is given in
Table B-3. Scaling for most of the lanes is less than 5 percent
of surface, with the exception of lane 8, where nonair-entrained
concrete was present in slab No. 19, and could possibly have
been present in slab Nos. 16 and 17 as well. As cores were not
obtained from these slabs, this cannot be documented. Popouts
through coarse aggregate particles were present on many of the
slabs. This may be attributable to the low resistance of the
aggregate to freezing and thawing, as reported by IDOT.

Table B-3. Summary table—structure No. 2.
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STRUCTURE NO. 3—Bridge Deck—Ackley, Iowa
The third field structure was provided by the Iowa Department of Transportation and is located on U. S. 20 in the town
of Ackley, Iowa. The structure consists of a multiple span (four
36x24 ft I-beam spans plus two 90x24 ft plate girder spans)
crossing over the Illinois Central Gulf Railroad (Fig. B-10(a)).
The bridge was originally constructed in 1932 (some concrete
railings from this date were still in place and badly deteriorated)
and replacement of the deck was carried out in August of 1977.
The reconstructed sections had experienced nine winters by
the date of survey. The area undergoes approximately 80 cycles

_____-----U—
ieu.iuuis
COMMENTS:
Values shown for scaling are estimated
percentages of span involved.
Severity of cracking reported as light (L),
medium (M), or heavy (H).
Values shown for surface and joint spells
are number of spells in lane.
Popouts reported as few (F) or many (M).
Few: <50per lOOsq.ft.
Many: >50 per 100 sq.ft.
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of F/T annually, and long periods of intense cold (<0°F) occur
on a frequent basis during many winters. Sodium chloride is
applied as a deicing agent about 25 times each winter. Average
daily traffic count is 2,400 vehicles.
A detailed report on construction and testing of concrete on
this project has been issued by Iowa DOT (27). Much of the
Iowa report includes discussion of unsuccessful attempts to
pump HRWR concrete onto other spans on the east end of the
bridge. Standard concrete mixtures were used to place the remaining spans. Two spans at the west end of the structure were
chosen for survey. These are designated as span Nos. 5 and 6.
Span No. 5 was placed using HRWR, and span No. 6 used a
standard concrete mixture. The HRWR mix consisted of 710
lb/cu yd of Type I cement, crushed limestone, and natural sand
meeting Iowa class 3 durability specifications (ASTM C 666,
Procedure B). The w/c ratio was 0.34, and slump was specified
at 2.5 ± 0.5 in. after dosing with a naphthalene-based HRWR
(Sikament). Air content was specified at 6.5 ± 1 percent using
a Vinsol-resin-type AEA.
Concrete was truck-mixed, haul time averaged 30 min in 60
to 75°F weather. HRWR was added at the plant prior to transport, at a rate of 25.6 11 oz/cwt (0.79 percent s/c), and no
redosing was employed. Four 6-cu yd loads were used to place
span No. 5. Air contents ranged from 5.8 to 7.5 percent; slumps
ranged from 2.75 to 8.5 in. The variability in slump was due
to using decreasing amounts of water in each successive load.
The final loads were placed with w/c ratios of 0.30.
The slab was finished using a rotating drum finishing machine
with a pan float behind the drum. The Iowa report (27) notes
that the mix was very sticky, with much concrete adhering to
the rotating drum. Large amounts of air also were apparently
released from the surface during finishing. Transverse grooving
was difficult due to "crusting over" of the surface immediately
after passage of the finishing drum.
The "control" section (span No. 6) utilized a concrete mixture almost identical to span No. 5, except that no HRWR was
used and w/c ratio was 0.41. Slump ranged from 1.75 to 4 in.,
air contents from 5.6 to 6.0 percent. Placement and finishing
employed the same techniques and equipment as used on span
No. 5.
In spite of the problems encountered, the surface condition
of span No. 5 was excellent (Fig. B-10(b)). Only a few small
areas of very light to light scaling were encountered. The deck
was crack-free and no other distress features were evident. Span
No. 6 ("control"), on the other hand, did exhibit a few areas
of medium scaling in the gutters on both sides of the deck (Fig.
B-l0c). As a percentage of total deck area (Table B-4), however,
these could also be considered minor; distress maps for both
spans are shown in Figures B-lI and B-12. Light wear was
noted in the wheelpaths of both spans.

Figure B-10(a). View of structure No. 3.

l

:\
Figure B-10(b). Surface of span No. 5—structure No. 3.

STRUCTURE NO. 4—BrIdge Deck—Atlantic, Iowa

The fourth field structure was also provided by the Iowa
Department of Transportation and is situated just west of Atlantic, Iowa, on State Route 83 over Buck Creek (Fig. B-l3(a)).
This structure is a single span (180x30 ft) pretensioned concrete
I-Beam bridge with cast-in-place deck. The bridge was constructed in November, 1978. The deck had experienced 8 winters
by the date of survey. The area undergoes approximately 80
cycles of F/T annually, with sodium chloride applied as a

Figure B-10(c). Scaled area near curb on span No. 6 of structure
No. 3.

deicing agent approximately 25 times each winter. Average daily
traffic count is 2,730 vehicles.
A detailed report on construction and testing of concrete on
this project has been issued by Iowa DOT (28). All of the
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Figure B-12. Scaling distress map—structure No. 3, span No. 6.

concrete used contained HRWR. The mix consisted of 710 lb/
cu yd of Type I cement, crushed gravel, and natural sand. The
gravel was not as durable as the crushed limestone used in
structure No. 3, and numerous popouts were evident. The w/
c ratio was 0.36; target slump was 4 in. after addition of a
naphthalene-based HRWR (Mighty-150). Air content was specified at 6 ± 1 percent using a Vinsol-resin-based AEA.
Concrete was truck-mixed, with haul time averaging about
25 min in 35 to 45°F weather. HRWR was added at the plant,
with no redosing except on a single batch. Rate of addition of
HRWR was 20.5 fi oz/cwt (0.68 percent s/c). A total of 19
loads (from 6 to 7 cu yd each) were used to place the deck.
Air contents ranged from 5.3 to 9.0 percent, with a mean of
7.6 percent. Slumps ranged from 2.75 to 8.75 in. with a mean
of 5.3 in. There was some retempering in the initial loads before
control over slump was achieved.
The deck was consolidated by external vibration using a double oscillating screed machine. A wood float was used to smooth
the surface prior to texturing. There were no problems reported
in consolidation, finishing, or texturing of the slab.
The surface condition was generally good (Fig. 13-13(b)),
although numerous popouts detracted from the appearance.
There were some areas where limited amounts of scaling had
occurred (Fig. B-13(c)), although these were very few in number. Distress maps for scaling and cracking are shown in Figures
B-14 and B-15, respectively. Cracks-were tight (mostly less than
0.02 in.) and short in length. The cracking is not surprising in
view of the long continuous span, and is not believed to result
from any inherent problems in durability of the concrete. The
summary (Table B-5) shows that only a very small percentage
of the deck exhibits scaling and this is generally of the very
light to light category.
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Air contents ranged from 5.8 to 8.5 percent, with a mean of
7.0 percent. Slump ranged from 6.5 to 9.25 in., with a mean of
7.75 in.
The concrete was struck-off with a roller, followed by a pan
float. Finishers indicated that the concrete had a "yogurt"-like
consistency and was somewhat difficult to work. The surface
was tyned and a white pigmented curing compound applied. In
addition to the curing compound, the slabs were covered with
burlap/polyethylene for 7 days after casting.
The surfaces of the slabs were generally in very good condition. The only problem appeared to be irregularities in the
tyning depth and sharpness (Fig. B-16(b)), apparently due to
the difficulty in maintaining a sharp groove in a highly fluid
concrete. There were some very small areas of what appeared
to be very light scaling (Fig. B-16(c)), although this could also
have been a manifestation of tyning in a fluid mix. These areas
are shown on the distress maps (Figs. B-17 and B-18) and
represent only 1 percent of the area of each slab (Table B-6).
No cracking or other distress features were encountered. Although no detail surveys or cores were obtained from the deck
itself, this "control" area appeared to be in the same condition
as the approach slabs, although tyning impressions were perhaps
a bit sharper.

STRUCTURE NO. 5—Bridge Approach Slabs—
Schenectady County, New York

The fifth field structure was provided by the Schenectady
County Department of Highways and is located in Schenectady
County, New York, on County Road 83, approximately 15 miles
west of Albany. The structure is a two-span composite steel
plate girder bridge 185 ft long crossing The Bath and Hammondsport railroad. The bridge (including piers and abutments)
was constructed in 1982. The structure had experienced four
winters by the date of survey. The locality undergoes approximately 80 F/T cycles annually, with a mixture of sodium chloride and sand used for deicing purposes about 60 times each
winter. The ADTC is 2,300 vehicles.
The east and west approach slabs were used for the survey
(Fig. B-16(a)). These were the only wearing surfaces on the
structure where HRWR was used. Originally, it was planned
to use the HRWR on the deck; however, because of the high
degree of superelevation on the deck, a flat surface could not
have been maintained with the "flowing" concrete. Therefore,
a standard concrete was used for the deck slabs.
The HRWR mix was designed for high-slump "flowing"
concrete using Rheobuild-716, a retarded version of a naphthalene-based HRWR. The mix consisted of 648 lb/cu yd of Type
II cement, crushed gravel, and natural sand. There was no
history of durability problems with these aggregates. Watercement ratio was 0.40, slump was specified at a maximum of 9
in., and air was specified at 7 ± 2.0 percent using a Vinsol-resin
AEA. Laboratory F/T testing carried out on trial mixes using
these materials showed less than 0.5 percent weight loss.
Concrete was truck-mixed, haul time averaging 5 to 10 mm
in 65F weather. HRWR was added at the plant prior to transport, at a dosage of 11 fl oz/cwt (0.36 percent s/c), no redosing
was employed. Six 10-cu yd loads were used to place th2 slabs.
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Figure B-16(a). View of structure No. 5.
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Figure B-16(b). View of approach slab surface showing irregular
zyne pattern—structure No. 4.
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STRUCTURE NO. 6—Bridge Deck Overlay—
Norton, Virginia

The sixth field structure was provided by the Virginia Department of Highways and Transportation. Technical assistance
on this structure, as well as on the subsequent two structures,
was also provided by the Virginia Highway and Transportation
Research Council. The structure (Fig. B-19(a)) is located in
Norton, Virginia, on Route 58A in the southwest corner of the
town. The structure is a three-span prestressed concrete T-beam
bridge with a cast-in-place overlay (4-in, minimum thickness)
which serves as the wearing surface. While technically classed
as an "overlay," this element, as well as structure No. 7, differs
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0
Figure B-18. Scaling distress map—structure No. 5, east approach
slab.
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in function from the other three overlays included in this survey.
The overlays on structures No. 6 and No. 7 were included as
an integral part of a new construction project, while the other
overlays represent rehabilitation of existing bridge decks. Structure No. 6 had experienced ten winters by the date of survey.
The area experiences approximately 40 F/T cycles annually
with a mixturc of 25 perccnt calcium chloridc and 75 peiccilt
No. 8 limestone being used as a deicinp./trartion agent and
applied about 10 times each winter. The ADTC is 7,672 vehicles
with a large number of heavy trucks carrying lumber and coal.
A detailed report on this structure, as well as stnictiires 7
and 8, has been issued by VHTRC (22). This report includes
background on the use of HRWR. a summary of experiences
in Virginia, testing of laboratory trial mixtures, descriptions of
installations using HRWR, and test results. The reader is advised
to consult this report for information other than that included
in this appendix for structures 6 through 8.
Two spans at the west end of the structure, designated as
span Nos. I and 2 were selected for survey. The concrete mixture
iiitsi'.-d of 65 lb/cu yd of Type II cement, and crushed
limestone and natural silica sand meeting VDH&T specifications
for durability. Water-cement ratio was 0.34, slump was specified
at 6 ± 2 in. after addition of Mighty-150, a naphthalene-based
HRWR. Air content was specified at 6.5 ± 1.5 percent using a
Vinsol resin AEA. The concrete was truck-mixed in 8-cu yd
loads, haul time averaging 19 min in 48 to 60°F weather. HRWR
was added on site at a rate of 15 fi oz/cwt (0.5 percent s/c).
On-site mixing procedure involved addition of 16 lb/cu yd of
water withheld at the plant, mixing 70 revolutions, addition of
the HRWR, followed by additional mixing for 30 revolutions.
Initial slump and air content were then recorded. Initial slumps
ranged from 6.5 to 9.5 in. Air contents averaged 5.4 percent
with a standard deviation of 1.9.
An average of 39 min was required to mix and place the
concrete from each truck. The consistency of the concrete
dropped to as low as 2 in., representing a slump loss of 50
percent in about 20 mm. On some loads, the HRWR was not
mixed thoroughly into the concrete, resulting in fluctuations in
consistency and air content. Because of the nonuniform consistency of the concrete, the contractor had considerable difficulty
in properly consolidating, screeding, and finishing the concrete.
A loiagitudiiial oscillating screed and several internal vibrators
were used. Areas of the overlay containing concrete placed at
a high slump bled crmsiderahly and flowed behind the screed,
even though the finish grade was only 2 percent. Areas containing concrete placed at a low slump could not be properly
consolidated or finished. Segregation was apparcnt in some of
the high slump concrete.
A manually applied broom texture was used for HRWR
concrete. A liquid membrane curing compound was then applied.
The surveys conducted in July, 1986, were the first detailed
examinations of these slabs since the initial placement 10 years
previous. In the nontraffic areas on the two 5-ft shoulder sections, the surface was in very good condition (Fig. B-19(b)),
with only a few isolated areas of very light to light scaling. In
the wheelpath areas, however, more extensive wear of the surface
was observed (Fig. B-19(c)). This was attributed to the effects
of vehicular abrasion, augmented by the limestone particles used
in the deicing mix, as well as to spilloff of coal slag from hauling
trucks. The regularity of this wear along the slabs (Figs. B-20
and B-2 1) reinforced this hypothesis. A few other surface dis-

Figure B-19(a). View

Figure B-19(b). Surface
of traffic lanes.
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Table B-7. Summary table—structure No. 6.
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Figure B-20. Scaling distress map—structure No. 6, span No. 1.

tress features, such as surface spalls and popouts, were noted
on span No. 2 (Fig. B-21); however, these were very minor.
Table B-7 summarizes the observations on this structure.
When the effects of abrasion are discounted, it is seen that only
a small percentage of the deck has exhibited scaling. There were
regular, longitudinal cracks encountered over every joint between T-beams. This is apparently a reflection-type cracking
and not related to F/T durability of the concrete.
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STRUCTURE NO. 7—Bridge Deck Overlay—
Norton, Virginia
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Figure B-21. Scaling distress map—structure No. 6, span No. 2.

The seventh field structure was located approximately 1/4
mile east of structure No. 6 on Route 58A in Norton, Virginia
(Fig. B-22(a)). This structure was identical in design to structure No. 6, and also utilized a 4-in, cast-in-place HRWR overlay.
This bridge was constructed in March, 1977, and had experienced nine winters by the survey date.
All three spans on this structure were selected for survey.
Materials and mix designs used were identical to structure No.
6, with the exception of an increase of 3 percent in the percentage
of fine aggregate (by total weight of aggregate). The concrete
was truck-mixed, with haul time averaging 20 min in 56 to 68°F
weather. Batch size was reduced from 8 cu yd to 6 cu yd and
the HRWR was added on-site as for structure No. 6. In contrast
to structure No. 6, redosing on-site was permitted for structure
No. 7. Although exact records were not available, Sprinkel (29)
indicates that the HRWR was added at a redose of about 24 fl
oz/cwt (0.3 percent s/c) to two or three loads of concrete.
The use of a higher percentage of fines seemed to alleviate the
segregation problems seen on structure No. 6; however, proper
mixing still was not always achieved. The redosing did not
alleviate batch-to-batch fluctuations in consistency, and bleeding
was encountered on some pours. The VHTRC (22) reports an
average slump of 4.8-in. (std.dev. = 2.3) and average air content
of 6.1 percent (std.dev. = 1.4) for this structure.
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Figure B-23. Scaling distress map—structure No. Z span No. 1.

DISTRESS MAP -SCALING
STRUCTURE ID- VA11803

C

Figure B-22(b). Wear patterns on traffic lanes of structure No.

0

CO
__-

SPANNOS -

L.
LEGEND

z
-.-

-

Very Light

----

Scale

w

,

F ID
-

....

.-

ItflT
NI!II

Light
_j Scale

Mediunr
Scale

-.

Heavy
Scale
Wheelpath
Wear
ConsIruclion
JOOt

Q

:.

Coro Locations

I
SURVEYDAIEu 7(29/86

Figure B-22(c). Medium scaling on span No. I of structure No.
7.

INISPFCTOR- D. Whiting

Figure B-24. Scaling distress map—structure No. 7, span No. 2.

32
DISTRESS MAP -SCALING
STRUCTUREID- VA/1803
SPANNOS - __

Very La5rr
__________ Scale
LaN
Scale

The surface of this structure exhibited the same type of wear
pattern (Fig. B-22(b)) as seen on structure No. 6. While the
surfaces outside the wheel paths were in generally good condition, small areas of medium scaling were observed on span
No. I (Figs. B-22(c) and B-23) and span No. 2 (Fig. B-.24).
Cracks were also observed along the t-beam joints as in structure
No. 6. Span No. 3 (Fig. B-25) was in good condition, with only
two areas of light scaling. The summary (Table B-8) indicates
that scaling is very minor for this structure.
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Figure B-25. Scaling distress map—structure No. 7, span No. 3.

Table 8-8. Summary table—structure No. 7.
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STRUCTURE NO. 8—Pavement Turning Lane—
Lynchburg, Virginia

The eighth field structure consisted of a turning lane from
U.S. 29N left onto State Route 130W, approximately 2 miles
north of Lynchburg, Virginia (Fig. B-26(a)). The "structure"
is a 9-in, thick reinforced PCC pavement placed on existing
remnants of asphaltic pavement and base course. The section
is approximately 200 ft long and 11 ft wide. A total of five slabs
were cast to form this lane in November, 1974. The lane had
experienced 12 winters by the date of survey. The area undergoes
approximately 35 F/T cycles annually, with a mixture of 65
percent sodium chloride and 35 percent calcium chloride plus
sand used as a deicing agent and applied about 12 times each
winter. The ADTC given by VDH&T is 778 vehicles. As was
the case for structures 6 and 7, detailed information on construction of this section can be found in the reports by VHTRC
(22) and in Sprinkel's paper (29).
The three slabs furthest from the intersection (where heavy
traffic presented some safety hazards) were designated slabs 3,
4, and 5 and were selected for survey purposes. The concrete
mixture used for these slabs consisted of 658 lb/cu yd of Type
II cement, crushed stone, and natural silica sand. W/C ratio
was 0.35, slump was specified at 5 ± 2 in., after addition of FX32, a powdered HRWR reported by Whiting (13) to be a blend
of sulfonated naphthalene and melamine-formaldehyde condensates. Strength was specified at 3,000 psi.
The HRWR was added to the concrete at the batch plant,
where it was truck-mixed in 8 cu yd loads. Haul time to the
site was about 5 min in 50°F weather. The dosage of powdered
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Figure B-26(a). View of structure No. &
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Figure B-27. Scaling distress map—structure No. 8, slab No. 3.

Figure B-26(c). Area of deeper scaling on structure No. 8.

FX-32 used was 1.0 percent by weight of cement. Concrete was
discharged directly into the forms, as opposed to the crane and
bucket technique used on structures 6 and 7. This direct discharge greatly reduced placement time and helped avoid much
of the slump loss that was seen on the later placements in
Virginia. Slumps ranged from 3 to 7 in. Data on air contents
of the fresh concrete were not available.
The concrete was consolidated by internal vibration, struckoff
with a wooden straightedge, and given a broom finish. A liquid
membrane curing compound was applied. Cylinder strengths
averaged 5,100 psi after 3 days of field curing. A survey was
carried out by VHTRC approximately 6-1/2 years after construction. Several major transverse cracks were visible, and the
surface was "moderately" scaled. The pavement was judged to
be in satisfactory condition.
The present survey was carried out in July, 1986, almost 12
years after construction. Most of the slabs exhibited an overall
very light degree of scaling (Fig. B-26(b)). In some areas, deeper
scaling was evident (Fig. B-26(c)). These are shown as areas
of "medium" scale on Figures B-27, B-28, and B-29. Larger
areas of light scaling were also encountered, with some exposure

of coarse aggregate. Tight (0.01 to 0.03 in.) transverse cracks
were observed about every 8 to 10 in. along each slab (Fig. B30(a)). Additionally, a fine pattern of map cracking was also
observed (Fig. B-30(b)). Finally, some larger transverse cracks
(1/16 to 1/8 in.) were also encountered (Fig. B-30(c)). Crack
maps are shown in Figures B-31, B-32, and B-33. Not every
crack is shown, only the typical patterns are illustrated.
Summary information is presented in Table B-9. It is easily
seen that this structure exhibited the highest amounts of scaling
seen up to this point in the surveys. Almost the entire surface
exhibits very light ("paper") scale, and slab 3 shows large
amounts of light scale. However, more serious forms of scaling
are minimal, and there is no heavy scaling which might lead to
disruption of the riding surface. The cracking, though fairly
extensive, apparently had not increased in severity since the 6year survey by VHTRC, and had not resulted in spalling or
significant disruption of the riding surface.

STRUCTURE NO. 9—Bridge Deck Overlay—Bum's
Corner, New Brunswick

The ninth field structure was provided by the New Brunswick
Department of Transportation and is located in Burtt's Corner,
New Brunswick, on Route 617 crossing the Jones Fork Creek
about 15 miles north of Fredericton, NB (Fig. B-34(a)). The
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Figure B-28. Scaling distress map—structure No. 8, slab No. 4.
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Figure B-29. Scaling distress map—structure No. 8, slab No. 5.
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Figure B-33. Crack map—structure No. 8, slab No. 5.
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Table B-9. Summary table—structure No. 8.
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and one spot where scaling had proceeded to the "medium"
category (Fig. B-34(c)). Maps of scaled areas are shown in
Figure B-35. Percentages of deck area affected by scaling are
given in Table B-b.
Numerous cracks were also present on the overlay (Fig. B36). These were mostly fine (<0.03-in.) short cracks occurring
in varying directions. A few pattern cracks were also observed.
These did not appear to be progressive, as our contact informed
us that they had developed shortly after construction.
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Figure B-34(a). View of structure No. 9.
structure is a 50-ft single-span cast-in-place deck on prestressed
concrete beams. Originally constructed in 1971, a 3-in, overlay
was placed on the existing deck in August, 1979. The overlay
had experienced seven winters by the date of survey. The locality
undergoes approximately 100 F/T cycles per year, with sodium
chloride applied as a deicing agent about 25 times per winter.
The ADTC is 500 vehicles.
The east side of the deck (northbound traffic lane) was chosen
for survey. The west side of the deck represented an attempt to
construct a "control" section with which the HRWR section
could be compared; however, poor supervision and construction
practices led to severe durability problems on this section. Durability problems included extensive cracking, a large number
of spalls, and obvious deficiencies in finishing and poor tolerance
on flatness. For these reasons, the surveys and sampling were
confined to that portion where HRWR had been used.
The HRWR mix was designed for high slump "flowing concrete" using WRDA-19, a naphthalene-based product. The mix
consisted of 750 lb/cu yd of Type 10 cement, crushed dolomite
(3/8-in, max-size), and natural sand. W/C ratio was 0.45,
slump was specified at 8 ± 1-in., and air was specified at 6.5 ±
1 percent using an alkyl-sulfonate AEA. Strength was specified
at 4,000 psi.
Concrete was truck-mixed, haul time averaged 45 min in 82°F
weather. HRWR was added on-site at a dosage of 18 fi oz/cwt
(0.62 percent s/c). Two 6-cu yd loads were used to place the
slab. Initial slumps were 2.5 and 3 in.; final slumps (after addition of HRWR) were 8.5 and 10 in. for the two loads. Air
contents were 6.5 and 6.8 percent, respectively.
Concrete was consolidated using internal vibrators. There
were some delays in finishing, which led to tearing of some
areas of the surface. Moist burlap was used to cure the overlay.
The surface of the overlay was in satisfactory condition, although finishing problems imparted a very rough texture to the
surface (Fig. B-34(b)). There were a few areas of light scaling,

Figure B-34(b). Rough textured surface on structure No. 9.
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Figure B-34(c). Area of medium scaling and small crack, structure No. 9.
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STRUCTURE NO. 10—Bridge Deck—BrownvilIe
Junction, Maine

The tenth field structure was provided by the Maine Department of Transportation and is located at Brownville Junction, Maine, on State Route 11 crossing the Pleasant River (Fig.
B-37a). The structure is a steel riveted truss bridge with a castin-place concrete deck originally constructed in 1935. A major
portion of the deck was replaced during July and August of
1978. The replacement concrete had experienced eight winters
by the date of survey. The area experiences approximately 100
FIT cycles per year, with sodium chloride applied as a deicing
agent about 20 times each winter. The ADTC is 1,440 vehicles,
with much heavy truck traffic.
The east side of the bridge (northbound traffic lane) was
chosen for survey. On this particular structure, Maine DOT
personnel kept a log of placement of concrete, so that there was
excellent documentation on placements of loads on the deck. A
total of eight sections were cast. Five of these (loads 1, 3, 5, 7,
and 8) contained HRWR, three (loads 2, 4, and 6) represented
a standard "control" concrete.
The HRWR was designed to lower the wlc ratio of the
standard mixture from the normal values of 0.46 to 0.50 down
to the range of 0.40. A powdered, mixed component product
(FX-32) was used. The mix consisted of 611 lblcu yd of Type
I cement, screened gravel, and natural sand. Slump was specified
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Figure B-36. Crack map—structure No. 9.
at 3 ± 1 in., and air was specified at 6 ± 1 percent using a
Vinsol-resin type AEA. Strength was specified at 4,000 psi minimum at 28 days.
The concrete was truck-mixed, haul time averaged 5 miii in
85°F weather. HRWR was added at the plant at a dosage of
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0.53 percent by weight of cement. A total of five 6-cu yd loads
were used to place the control sections. A summary of w/c
ratios, slump, and air contents for each load of concrete is given
in Table B-li.

Table B-Il. Slumps, air contents, and w/c ratios of concrete by
load-structure No. 10.
LOAD NO, HRWR ADDED
1
3
5
7
8

YES
YES
YES
YES
YES

SLUMP
(inches)
2.5
3.0
3.0
2.5
N/R

2
4
6

NO
NO
NO

4.5
N/R
2.0

AID CONTENT
(percen))
N/R
8.0
N/R
4.1
NIR

WiC RATIO

8.3
N'R
4.3

046
0.45
050

0.40
0.40
0.40
0.41
0.44

Concrete was consolidated using internal vibrators. A vibrating screed was used to strike off and finish the sections. No
unusual problems in placement or finishing were reported. The
slabs were cured for 7 days under moist burlap.
There were significant differences in the conditions of the slab
surfaces among those surveyed. Load 3, delivered at the relatively high air content of 8 percent, exhibited only very light
scaling; most of the surface was in excellent condition (Fig. B37(b)). Conversely, load 7, delivered at a relatively low air
content of 4.1 percent, exhibited significant areas of medium
scaling (Fig. B-37(c)). Although the air content was not documented for load 8, the presence of large areas of heavy scaling
(see Fig. B-38), indicate that this load was most probably also
delivered at a low air content.
The control sections exhibited similar trends. The slab placed
using load 6, delivered at an air content of 4.3 percent, exhibited
numerous areas of heavy scaling (Fig. B-39(a)) and severe
disruption at a construction joint (Fig. B-39(b)). The widespread scaling for this section can be seen in Figure B-39(c).
Again, where air content was higher (load 2-8.3 percent) only
light scaling was observed (Fig. B-40).
A summary of distress features is given in Table B-12. This
table illustrates the importance of maintaining relatively high
air content levels in concrete exposed to severe conditions. To
reiterate, loads 2 and 3 were supplied at air contents near 8
percent, and little scaling was observed. Loads 6 and 7 were
supplied at air contents near 4 percent. Scaling was much more
severe for these concretes.

Figure B-37(a). View of structure No. 10.

Figure B-37(b). Surface of concrete cast from load 3, structure
No. 10.

':.'-•.
STRUCTURE NO. 11-Bridge Deck OverlayBangor, Maine

The eleventh field structure was also provided by the Maine
Department of Transportation and is located at Kenduskeag
Avenue over 1-95 in Bangor, Maine (Fig. B-41(a). The structure
is a 4-span bridge composed of cast-in-place concrete deck on
steel beam supports. The bridge was originally constructed in
1960. In September of 1980 a 3-in, thick bonded overlay utilizing
HRWR was placed on the north side (westbound lanes) of the
deck. The eastbound lanes had been overlaid with a conventional

Figure B-3 7(c). Surface of concrete cast from load 7, structure
No. 10.
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Figure B-38. Scaling distress map—structure No. 10, HR WR
sections.

mix 1 month earlier. The concrete had experienced six winters
by the date of survey. The area experiences approximately 90
F/T cycles per year with sodium chloride applied as a deicing
agent about 20 times each winter. The ADTC is 2,200 vehicles.
The westbound lanes were chosen for survey. As was the case
for structure No. 10, state personnel had retained detailed records showing slump and air contents for most of the concrete
placed on this job. A total of five loads were delivered. Air
contents were available on four of these, representing concrete
placed on spans 1, 3, and 4. These spans were selected for the
survey.
The mixture used consisted of 635 lb/cu yd of Type II cement,
a crushed ledgerock coarse aggregate, and washed natural sand.
Slump was specified at 2.5 ± 1 in., and air was specified at
7 ± 1 percent using a Vinsol-resin based AEA. Strength was
specified at 4,000 psi minimum at 28 days.
The concrete was truck-mixed, haul time averaging 20 to 30
min in 60°F weather. A mixed component, powdered admixture
(FX-32), was added at the jobsite at a dosage of 0.50 percent
by weight of cement. A total of five 6-cu yd loads were used
to place the deck. A summary of w/c ratios, slump, and air
contents is given in Table B-13. Significant amounts of water
were added on-site, making the actual v/c ratio considerably
higher than initially desired.
The consolidation and finishing procedures were the same as
used for structure No. 10, and no serious problems were encountered. Slabs were cured for 7 days under moist burlap.
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Figure B-39(b). Severe deterioration ofjoinf within load 6, structure No. 10.
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Figure B-39(c). Overall view of section cast from load 6, structure
No. ia

Most of the deck surface was in excellent condition (Fig. 1341(b)). There were a few areas of very light and light scaling
(Fig. B-41(c)); however, these were not at all numerous. Distress maps (Figs. B-42, B-43, and B-44) show the small amount
of scaling on all sections. The deck was virtually crack-free.
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Figure B-40. Scaling distress map—structure No. 10, control
section.

Figure B-41(b). Typical surface on structure No. 11.

Table B-12. Summary table—structure No. 10.
IUIgI•.rP
..

IMUR'E.

rTRre
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COMMENTS.

Values shown for ocOling are esrimuled
percentages of load involved.
Seventy of cracking reported as light (L).
mediam (M), or Seavy (H).
Values showS 101 Surface and joint spats
are number of spalls in load.
Transverse cracks soled every 4.11 assocalvd
with siruclural supports.

Figure B-41(c). Isolated area of very light scaling, structure No.
11.

Table B-13. Slumps, air contents, and w/c ratios of concrete by
load-structure No. 11.
LOAD NO. HRWR ADDED

2
3
4
5

YES
YES
YES
YES
YES

SLUMP
(inches)
4.25
NIR
3.10
2.75
325

AIR CONTENT
(percent)
7.0
N/R
7.2
6.8
7.2

W/C RATIO
0,47
0.54
0.55
0.55
050
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Figure B-43. Scaling distress map—structure No. 11, span No.
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While no detailed surveys were done on the eastbound lane
(control sections), the surfaces appeared almost identical to the
HRWR sections. The summary table (Table B-14) shows the
very low percentages of scaling encountered on this structure.
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Obviously, the good control over air content on structure No.
11, as opposed to structure No. 10, allowed placement of a highquality, durable concrete. The addition of extra water at the
jobsite, at least in this case, appeared to have had little adverse
effect on durability, although the writers certainly would not
recommend retempering as a standard practice.
STRUCTURE NO. 12—Bridge Deck Overlay—
Yreka, California

The twelfth (and final) field structure was provided by the
California Department of Transportation (CALTRANS) and
is located on State Hwy 263, approximately 9 miles north of
Yreka, California. The structure is a 6-span, reinforced concrete
box beam bridge with cast-in-place structural lightweight deck
(Fig. B-45(a)) spanning the Klamath river. The bridge was
originally constructed in 1931. In June, 1978, a 2.5-in, thick
overlay utilizing HRWR was placed on the deck. The concrete
had experienced eight winters by the date of survey. The area
experiences approximately 110 F/T cycles annually, and sodium
chloride is applied as a deicing agent about 40 times a year.
The ADTC is 960 vehicles.
The concrete mixture consisted of 752 lb/cu yd of Type II
cement, natural gravel, and sand. The mix was designed to yield
a very low slump, between 0 and 1 in. and low \v/c ratio (below
0.30). The concrete was nonair-entrained. No data on load to
load variations in slump or air content were available.
The concrete was mixed at the jobsite in 3-cu yd batches using
an 8-cu yd transit mixer. Weather was cool, about 60F. A
HRWR known as "Tufchem DP" was added at a dosage of 34
fi oz/cwt. This product is no longer available, and no data on
chemical composition could be found.
A bonding grout containing the HRWR was placed on about
25 ft of the first span. This was the only span where a bonding
grout was used. On the rest of the placement the existing surface
was simply wetted prior to placement of the overlay. A CMI
Bidwell 400 finisher was used to place and consolidate the
concrete. This machine is similar to those used to place "Iowa
low-slump-dense" overlays (30). While the finishers noted that
the mix was "sticky," the resident engineer observed that the
dry, low slump mixture did not have any apparent free grout,
and did not wet the surface very well. The failure to use a
bonding grout on the majority of the deck may have contributed
to the problems discussed in the next section. The surface was
given a broom finish and cured with moist burlap for 7 days.
Four out of the six spans were chosen for survey. These are
designated as spans 3 through 6, with span 6 representing the
north end of the structure. Only the northbound lanes were
included in the detailed surveys.
The major problem appeared to be extensive pattern cracking
occurring over much of the surface of each slab (Fig. B-45(b)).
The cracking was somewhat less severe on span 6 (where a
bonding grout had been used), and CALTRANS personnel
indicated that the cracking had developed later on this span.
Subsequent petrographic examination of this concrete indicated
that this cracking was likely caused by inadequate curing and
drying shrinkage.
Scaling was relatively minimal on all spans surveyed. There
were a few areas of light scaling, such as shown in Figure B45(c); however, as can be seen from the distress maps in Figures
B-46 through B-49, these areas were isolated. Even for span 3,
where the most scaling was encountered, the area represented

less than 4 percent of the surveyed surface (see Table B-IS).
These results are quite interesting, when one realizes that the
concrete was nonair-entrained. The good resistance to scaling
must therefore be the result of the low w/c ratio of this concrete.
The low w/c ratio would reduce permeability and freezable
water, thereby reducing the level of air-entrainment needed for
frost protection. However, it should be recognized that in normal
practice air entrainment is specified even for "dense" overlays,
and the authors would recommend the continued use of airentrainment until more data on field durability of nonair-entrained overlays are available.

Figure B-45(a). View of structure no. 12.

Figure B-45(b). Overall pattern cracking on surface of structure
No. 12.
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Figure B-45(c). Area of light scaling on surface of structure No.
12.
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Figure B-47. Scaling distress map—structure No. 12, span No.
4.
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APPENDIX C
AIR VOID AND PETROGRAPHIC ANALYSES

INTRODUCTION

Field measurement of air content in fresh concrete is required
as a means to ensure that specifications are being met. It may
also be necessary to examine specimens of hardened concrete
to be certain that the proper air content and quality of the air
void system have been achieved. Numerous studies (31, 32, 33)
have shown that such parameters as spacing factor, specific
surface, and distribution of air voids can affect durability of
concrete under freeze-thaw conditions. Most of these studies,
however, relate to concretes produced under well-controlled
laboratory conditions. in actual field production and placement
of concrete many other variables may influence the final durability of the concrete. These may include additions of water
at the jobsite, efficiency of mixing, consolidation, finishing, and
curing practices. Microscopic examination of concrete by a
trained petrographer can uncover deficiencies in these procedures as manifested in microstructural characteristics of the
concrete. Thus, analysis of the air-void system and petrographic
analysis are complementary techniques that allow an investigator to interpret behavior of a concrete in terms of its structure
and composition. If adequate job records have been maintained,
this information plus results of air-void and petrographic examinations may enable one to arrive at a reasonable scenario
for the behavior of a given concrete under a particular set of

field conditions. Thus, the objective of this phase of the research
was to obtain a complete set of data on air-void characteristics,
perform detailed petrographic analyses, and, by considering information developed during placement of the concrete, arrive
at an explanation of the behavior of the concrete in each of the
survey structures. In addition, it was further hoped that some
generalized relationships between durability, air-void parameters, and construction variables could be derived.

SAMPLE RECEIPT AND PREPARATION

Samples for air-void analyses and petrographic examinations
were obtained in the form of cores, nominally 4 in. in diameter,
from each of the 12 structures surveyed. Four cores were obtained from each structure, core locations being shown on the
distress map associated with a given structure (see Appendix
B). The depth of core was dependent on the particular section
being sampled. For overlays, cores were taken down to, or
slightly below, the bond line. For full depth sections cores were
taken either down to the level of the lower mat of reinforcing,
or from 4 to 6 in. deep in the case of unreinforced sections. All
coring was done by SHA personnel under the supervision of
the principal investigator and SHA contact. A few additional
cores were obtained from structure Nos. 1, 3, 4, and 8 for
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possible F/T testing under NCHRP Project 10-32A at a later
date. Samples were prepared for air-void, petrographic, and
chloride analyses by sectioning, as shown in Figure C-l(a). First,
all cores from structures other than No. 12 had a longitudinal
side piece sawed from each core. From the larger of each of
these pieces three 1-in, diameter plugs were obtained for chloride
analyses (plugs A, B, and C). The first 1/16 in., representing
near-surface material, was discarded. The next 1 / 2-in. sections
from A and B were crushed and reduced to a powder passing
the No. 50 sieve. Powder from A and B was then thoroughly
mixed to form a uniform composite sample. The same procedure
was applied to the next 1/2-in, increments. Finally, Plug C was
crushed and powdered in a similar fashion. This represented,
in most cases, the baseline chloride content at a depth reasonably
removed from the surface of the concrete.
The smaller side piece from each core was lapped to a smooth
finish using 1800 and 2600 silica carbide grits in an oil-based
lapping vehicle. Excess oil was removed with a light wash of
isopropanol. Excess grit was removed from voids by ultrasonic
cleaning.
Cores from structure 12 were treated in a slightly different
manner. The depth of overlay was such that an area meeting
the requirements of ASTM C 457 for linear traverse analysis
could not be obtained from a single face. In this case a 1-in.
thick slice was removed from the central portion of the cores
as shown in Figure C-1(b). Both sides of this slice were lapped
and used for air-void and petrographic analyses. Chloride samples were obtained by sectioning one of the remaining slices as
shown in Figure C-l(b).
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Figure C-1(a). Sectioning of cores for air-void and chloride analyses.
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EXPERIMENTAL TECHNIQUES
Linear Traverse

Equipment and techniques used for the linear traverse measurements followed those specified in ASTM Designation: C
457-82a, Standard Practice for Microscopical Determination of
Air-Void Content and Parameters of the Air-Void System in
Hardened Concrete. The examinations were carried out at a
magnification of 90X using the computer-assisted equipment
shown in Figure C-2. This equipment differs from standard C
457 apparatus in that the exact chord length of each air void
traversed (in micrometers) is transferred to a magnetic disk file
at the completion of each line of traverse. This computer facility
allows for calculation of standard C 457 parameters, as well as
parameters associated with the distribution of chord lengths, to
be described in a following section. Prior to placement on the
measurement stage the lapped surface of each specimen was
given a light coating of glycerol. This enhances the visibility of
the paste phase and improves the accuracy of paste content
determination during point counting. After point counting was
concluded, the glycerol was removed with a wash of isopropanol.
Most specimens were placed lengthwise in the stage, the top
face oriented to the right side, so that traverse lines ranged from
4 to 6 in. in length. A total of 100 in. were traversed on each
core. For specimens obtained from structures 9, 11, and 12, the
HRWR overlay depth was less than 4 in. In order to maintain
traverse length and spacing consistent with the rest of the specimens, these cores were rotated 90 deg on the stage, and traverse
carried out parallel to the finished surface.
In order to calculate certain air-void parameters, an accurate
value for paste content of the specimen under examination is

Figure C-1(b). Sectioning of cores (structure 12 only) for airvoid and chloride analyses.

necessary. Determination of paste content via linear traverse is
quite tedious, as it involves obtaining lengths of lines traversed
across every aggregate particle, thus significantly increasing time
needed to complete a linear traverse. To make the examinations
more efficient, the cores were subjected to point count analyses
across 90 lineal in. of surface prior to running full linear traverse.
Point count allows a rapid and accurate determination of paste
content to be made. The values for paste content determined
via point count were then used in the linear traverse compu-
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of the unlapped portion of each core. One side of the block was
hand ground flat using adhesive backed Nos. 210, 320, and 600
silica carbide grit papers placed on a revolving grinding plate.
The ground surface was cemented to a glass microscope slide
with epoxy resin and reduced to a thickness of approximately
20 micrometers using a cut-off saw and thin section grinder,
lubricated by a kerosene-based lapping oil. Water was avoided
as a lubricant during thin section preparation, because of the
potential for microstructural alteration of cement paste by additional hydration. The resulting thin section was covered with
a drop of cover slip mounting medium, followed by a glass cover
slip. The thin section was placed on the polarized-light microscope stage and examined.

DEFINITIONS OF TERMS

Figure C-2. Computer-assisted air-void analyses instrument.
Linear Traverse (Air-Void Analysis)

tations. In addition, for those air voids encountered upon stops
during the point count analyses, a distinction was made as to
the nature of the void (i.e., entrapped or entrained). Criteria
for this classification are described in a subsequent section of
this appendix.
Petrographic Analysis

Equipment and techniques used for the petrographic examinations are given in ASTM Designation: C 856-83, Standard
Practice for Petrographic Examination of Hardened Concrete.
The examinations were done subsequent to air-void content
determinations.
First, the lapped side piece of each core was examined under
a stereomicroscope at magnifications ranging from 7 to 30X.
Freshly broken surfaces of concrete from each core were also
studied using the stereomicroscope. The purpose of the stereomicroscope examination was to identify constituents of the
concrete, their distribution, and to describe properties of the
concrete with particular emphasis on relating these items to
concrete distress.
In addition, thin sections and powder mounts of concrete
were prepared from each core and examined using a polarizedlight microscope at magnifications of 28 to 400X. Powder
mounts of concrete provide a quick means of studying microstructural characteristics in various areas of a concrete. Thin
sections allow detailed in-situ examination of microstructural
characteristics in various areas of a concrete specimen. Thin
sections also allow detailed in-situ examination of microstructural characteristics of paste and aggregates.
Powder mounts were prepared by plucking a small piece of
concrete from the core using a sharp metal probe while performing the stereomicroscopic examination. The minute piece
of concrete was placed on a glass microscope slide and crushed
with a metal spatula. A cover slip was set on the powder mount
sample and a refractive index oil was introduced by a glass
dropping rod at the edge of the cover slip. The refractive index
oil was drawn under the cover slip by capillary action. The
powder mount was placed on the polarized-light microscope
stage and examined. Thin sections were prepared by sawing a
45>< 25 mm rectangular block of concrete from a selected area

A variety of terms are associated with techniques of microscopical analysis of concrete. As an aid to the reader, and to
clarify subsequent discussion, it is worthwhile to define a number
of the more common terms at this time. Some of these parameters, already defined in ASTM C 457, require only a brief
explanation, others, more specific to the current project, will be
discussed in more detail. References are included for those readers interested in detailed mathematical derivations and historical
developments in this area.

Total Air Content
By penetrating a solid with a random traverse line, the sum
of the chord intercepts of any given constituent on the traverse
line has been shown by Rosiwal (34) to be a good approximation
of the total volume percentage of the constituent in the solid.
For the case of concrete, the total air content is expressed as
the ratio of void chord intercept to total length of traverse.
A = (L?,/T) 100

(C-l)

where A = total air content, in percent; /, = length of chord
intercept, in.; and T = total traverse length, in.

Entrapped Air Content
Any voids contained within hardened concrete that are not
stabilized as a result of addition of air-entrained agent are, by
definition, "entrapped" air voids. There is a lack of general
agreement, however, on the microscopical delimination of such
voids. Some analysts (35), including many at SHAs, set a criterion of 1 mm as the maximum size that can justifiably be
termed "entrained." All other voids are then entrapped. The
1-mm limit may be applied either to chord intercepts or to an
average (or maximum) diameter of the void as judged by the
analyst. The latter technique, of course, would tend to unduly
increase the time needed for a traverse if applied to every void,
and so is normally applied only to a fraction of the voids encountered along a traverse line, or to "stops" within a point
count analysis. Other criteria (36) may include the shape of the
void—irregular, nonspherical voids being indicative of en-
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trapped air. In the current study a combination of these two
approaches was taken. Voids were classified as "entrapped"
only if their maximum diameter was greater than 1 mm, and
shape was sub- to nonspherical. All other voids were considered
as entrained. The criteria were applied only during the point
count analysis at stops set by the counter.

Voids/In. (n)
This is simply the total amount of voids encountered along
the lines of traverse expressed per inch of total traverse.

Specific Surface of Air Voids

(a:)

This is the interior surface area of all voids, expressed as a
fraction of the total volume of the voids (in.2 /in.3). It is calculated as
(C-2)
cc = 4n/A
where a: = specific surface, (in.2 /in.3); n = number of voids
per inch of traverse; and A = air content (from Eq. C-i)

Spacing Factor L)
The spacing factor represents an attempt to define an average
spacing between air voids. As the actual air-void system in
concrete is composed of a variety of sizes of voids having a
complex spatial distribution, an average spacing would be difficult to quantify in a single parameter. Powers (37) offered two
approximations which have been generally accepted. The first
is simply the volume of paste per unit area of void boundary.

IL = p/4n

(6-3)

where IL = Powers' spacing factor, in.; p = fractional paste
content; and n = voids/in. As such, it represents the average
thickness of paste shells surrounding the air bubbles. To obtain
a closer approximation, Powers treated the air voids as a distribution of single-sized spheres, each at the center of a cube.
A "spacing factor" equal to one-half the distance between these
hypothetical bubble boundaries on the cube diagonals can be
expressed as:
= ±
OC

1.4 ( + i)" —
I
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where all quantities are as previously defined. Powers further
demonstrated that when p/A is less than 4.33, Eq. C-3 yields
a smaller value than Eq. C-4, and when p/A is greater than
4.33 Eq. C-4 yields the smaller value. This has been incorporated
into C 457, where the smaller of the two values is always calculated.

Voids/In.3
Powers' approach was based on a hypothetical, uniform void
size distribution and therefore cannot be used to calculate the
actual number of voids encountered within a unit volume of

concrete. Lord and Willis (38) showed that chord lengths obtained during a linear traverse could be related to sphere diameters through their moments of distribution. By selecting a
convenient chord interval (20 micrometers was chosen in the
present study) and tabulating the number of chords falling into
each interval, the expected values for the number of spheres
having a diameter equal to the upper limit of each chord interval
can be calculated. By summation, the number of voids per unit
volume is obtained. Normally, only the "entrained" air voids,
those with chord intercepts less than 1 mm, are included. In
addition, once the distribution has been derived, percentiles of
the distribution may be calculated; that is, the chord lengths
representing a given cumulative percentage of the total void
volume. In this study, these percentiles were chosen (somewhat
arbitrarily) at 75 and 95 percent. The first would give a good
indication of the chord length at which a majority of the volume
would be encompassed, and the latter would represent a practical upper limit to the distribution.

Philleo Factor
Philleo (39), using a probabilistic approach, calculated that
fraction of the paste which would be at a given distance from
the nearest void. This is termed the "protected paste concept,"
it being assumed that beyond a critical distance (later termed
the "Philleo factor"(S)) any given fraction of paste would no
longer be protected. The reader is referred to the original paper
for derivation and presentation of the complete formulas. Larson
et al. have shown (40) that the Philleo factors needed to include
90 percent of the paste into this protected zone can be expressed
as
(c-5A)
S = (1.087 - A/l.89)/N (A > 0.12)
or S = (0.474 - A/0.694)/N' (A < 0.12) (C-513)
where S = Philleo factor, in.; A = air content of paste; and N
= Voids per cubic inch (from Lord and Willis computations).
Larson, et al. found the Philleo factor to be a somewhat better
predictor of F/T durability than Powers' factor, at least in
laboratory studies. In general, Philleo factors range from 50 to
80 percent of Powers' factor for a given concrete. This may be
a consequence of the more realistic consideration of void size
distribution inherent in Philleo's approach, as actual voids of
varying sizes would be expected to yield greater packing density
than a simple cubic mono-disperse arrangement as postulated
by Powers.

Modal Analysis
Although the approach of Lord and Willis yields interesting
data on void size classification, functions which might be used
to obtain statistics of the distribution are not obtained. Efforts
have been made to approximate such functions, notably by
Warris (41) who used a logarithmic function, and Larson et al.
(40) who applied an inverse exponential function. Recently,
Roberts and Schemer (20) have applied a special case of the
logarithmic normal distribution, termed a "zeroth-order logarithmic distribution," to studies of air-void systems in HRWR
concrete. This function was developed for use in studies of
collodial systems (42), primarily because one of its parameters
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is the most frequent (modal) value and has the advantage that
distribution of different breadth and skewness are permitted for
the same most frequent size, allowing close fitting of the type
of chord size data most commonly encountered in linear traverse
analysis of hardened concrete.
The function has the form
P(C)

exp[—(ln c - ln c,,)2 / (2c7o2)]

(C-6)

a-0 . c,,, - exp(a-02 / 2)

where c = chord length, micrometers; c,,, = modal chord length,
micrometers; and o- = zeroth-order log standard deviation.
As the function is continuous, it is more appropriately applied
to those data which vary smoothly, and do not show significant
fluctuations or discontinuities. Examination of chord size classifications generated during typical Lord and Willis analyses
shows that this generally holds for chords less than about 500
micrometers in size. Above this value there are normally only
a very few voids encountered in a given class interval, and some
intervals may contain no voids. For this reason and, to exclude
effects of larger, perhaps nonair-entrained voids, only those with
chord lengths less than 500 micrometers were included in the
modal analysis.
The parameters of the distribution were obtained using an
iterative procedure. First, those chord lengths less than 500
micrometers were selected and classified into 10 micrometer
intervals. An average chord length of voids less than 500 micrometers was calculated at this time. A best guess of the modal
chord length, obtained by examination of the classification, was
then entered. Lower and upper limits within which trial values
could be chosen also were entered by the operator, the lower
limit generally ranging from 2 to 20 micrometers, the upper
limit ranging from 100 to 200 micrometers. A range of a-,, over
which to perform the iterations was then automatically calculated by the computer. This was done by choosing a starting
value based on the relationship between average (c) and modal
chord length, c,,,, given by Espenscheid et al. (42) as
inc = Inc, + 30_ 2 / 2

program was mainly concerned with durability under the action
of freezing and thawing, the terminology associated with distress
mechanisms such as chemical attack, sulfate reactions, etc., can
also be safely excluded. Therefore, the reader of this report need
only be familiar with those terms used by the petrographer to
characterize those features of concrete having a bearing on its
behavior under F/T cycling. For the most part, these relate to
characteristics of the air-void system, which have been previously discussed, and characteristics of the paste phase, which
primarily are used to obtain an estimate of the w/c ratio and
relative permeability of the concrete.
Color
The color of hardened cement paste may range from near
white to dark gray. Sometimes brown or beige colorations are
also seen. A lighter color tends, in general, to indicate a higher
w/c ratio. Dark gray, dense pastes indicate low w/c ratios,
usually below 0.40. High amounts of large crystals of calcium
hydroxide also tend to indicate a high ratio w/c ratio in the
paste.
Luster
The luster of paste ranges from dull to vitreous. The glassy,
vitreous pastes generally indicate a low w/c ratio.

Hardness
Hardness is judged by comparative scratch test against a steel
pick. Soft pastes are easily scratched and would tend to indicate
a high w/c ratio. Hard pastes are unscratched and indicate low
w/c ratios. Secondary classifications falling between these limits, such as "moderately soft" or "moderately hard," are often
made as well.

(C-7)
PRESENTATION OF RESULTS

The range was then chosen to include o,, values from 30 percent
less to 20 percent greater than the value obtained from Eq. C7. Computations of chord length using Eq. C-6 were carried
out for each class interval using values of Cm in increments of
1 micrometer, and values of o,, in increments of 0.02 units. This
computed value was then compared with the actual measured
value, and the square of the differences summed for all of the
50 intervals included in the chord classification. The values of
c,,, and o-,, associated with the lowest value of this sum were
then selected as the modal chord length and zeroth-order standard deviation for the particular set of data being analyzed.
Distribution functions were then constructed and plotted using
these calculated parameters.

Petrographic Examination

With regards to petrographic examination, a wealth of terms
are associated with this field. Many are specific to mineralogical
classification of aggregate types and, as such, are largely irrelevant to the current study. In addition, as the present research

Overview of Air-Void Parameters

Results of air-void analyses are presented in Tables C- 1
through C-3. This is admittedly a large compilation of data,
and although tabularization offers a ready means of reference,
it is not the intent to discuss each data item in sequence in these
tables. Discussion of these data in light of actual field behavior
and complemented by results of petrographic examination will
be carried out in a following section. At this point, however,
some general trends in the data are worth examining.
This review is best established by constructing histograms of
some of the major air void parameters given in these tables.
These plots are shown in Figures C-3 through C-S. In Figure
C-3, three major C 457 parameters (total air content, Powers'
spacing factor, and specific surface) are presented. For total air
content, a distinction has been made between control, nonairentrained, and HRWR concretes. The distribution is fairly normal, with a peak in the range of 6 to 8 percent air, which is
within the range presently specified by the majority of SHA (3).
The substantial numbers of cores exhibiting air contents greater

Table C-i. Results of air-void analyses-structures 1 through 4.
1/
CORE

>
< ------------ -------- AIR CONTENT-PERCENT- >--VOID PARAMETERS.------Total---- < ---------------------- Breakdown - -------> < ------------From Total Air-----------> < ----------- ------- From Airrlmm ---------------------- > < ------------From Air<0 5 mm-----------Zroth
Std Coo.

Entrapped
(mt-P.C.)

>1 iron

<1 trio

<0.5mm

Voids/in

Sp. Surf.
(sg.in/QJ.in)

Sp.Faclor
(in)

Voidsiaj.in
(nillions)

Pliliso Fact.
(in)

8.2
7.6
73
6.5

2.8
25
22
22

2.1
1.9
2.0
1.3

6.1
5.7
53
5.1

4.6
4.5
4.2
3,9

9.6
9.2
80
8.2

467
482
432
508

0.0075
0.0064
00076
0.0087

0.948
0.726
0615
0 866

0.0057
0.0050
0.0054
00051

220
230
220
160

640
580
660
560

131
134
145
127

48

59
09
66
7.0

1.7
0.4
21
30

1.5
0.3
19
1.9

4.4
06
4.7
5.1

35
0.2
32
2.9

10.1
0.4
86
7.1

677
184
517
405

00059
00520
0.0060
00071

1 651
0.037
1.086
0.950

00040
0.0193
0.0044
0.0045

110
150
130
220

540
630
620
740

92
190
106
12

35
non-AiE
32
39

3-1
3-2
3-3 (C>
3-4

50
83
63
8.7

29
4.2
26
2.8

1.3
3.9
12
3.1

3.7
4.4
5.1
5.4

1.9
2.6
3.5
3.4

3.4
50
10.6
6.5

274
243
674
299

0.0170
0.0125
00068
0.0096

0.184
0.290
2.093
0.386

0.0089
00073
0.0038
0.0064

480
420
100
500

830
820
400
910

189
166
90
161

80
70
39
75

091
070
0 67
7'i

4-1
4-2
4-3

88
7.6
85
76

1.8
22
3.2
39

32
2.7
3.1
2.5

5.6
4.9
5.4
5.1

2.9
2.2
3.2
3.0

6.1
4.9
59

276
256
277
278

0.0104
0.0140
00127
0.0129

0.444
0.352
0.401
0.430

0.0061
0.0069
00066
0.0064

380
400
340
380

860
860
880
760

159
157
167
179

46
51
58
64

1 00

1-I
1-2
M
14

4-4

1

5T

Void Dia..em)@
95th%ile
75th%ile

Ac. Cf-rd. Lit. M3dal Chrd. Lit
Jim
im

1.1.

51
51
47

0.06
085
0.93
065

0

non
0 90
083

-

092
696

1/ (C)= Core oned from consd secton (no HRWR used)

Table C-2. Results of air-void analyses-structures 5 through 8.
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than 8 percent, may in part, reflect the tendency towards use
of higher air content in HRWR concrete. Such a recommendation was included in an FHWA report (13) published in 1981,
and interim results of this study had been made available in the
late 1970's. Nonair-entrained concretes, as expected, fall mostly
below 4 percent in total air content.
Spacing factors show a more skewed distribution. While a
larger number of cores exhibit L in the range of 0.004 to 0.008
in. than in any other category, the majority of cores show L
greater than 0.008 in. This does not include non-A/E cores,
which are excluded from this and all subsequent histograms.
Although there is a very general trend of decreasing Z with
increasing total air content, almost half of the cores with L less
than 0.008 in. are associated with air contents of 8 percent or
less, not unusual in terms of present specifications. This indicates
that spacing factors less than 0.008 in. can be achieved in HRWR
concrete at realistic values of total air content.
Specific surface is another widely used C 457 parameter. ACI
guidelines for bridge deck construction (10) recommend that
specific surfaces not be less than 600 in.2/in.3 in harsh F/T
environments. Figure C-3 illustrates that the large majority of
cores analyzed in this study failed to meet this criterion. However, almost 60 percent of the cores analyzed exhibit either no
scaling or a very light amount of scale. This indicates that, at
least for these concretes, specific surface is not a good indicator
of ultimate durability.
Another widely used C 457 parameter, that of voids per linear
inch of traverse, is plotted in Figure C-4. ACT guidelines (10)
recommend a value "significantly" greater than the total air
content of the concrete. For the cores examined, voids/inch
ranged from about 3 to over 20. Approximately half of these
values were no greater than 1 percent above the corresponding
air content, and about 40 percent were actually less than the
air content in the same core. There was no general relationship
between this differential value (i.e., number of voids per inch
minus air content) and scale rating.
Entrapped air contents (expressed as a percentage of total air
contents) are also shown in Figure C-4. Whiting (43), using an
areal traverse technique, has developed data which indicate that
"entrapped" air in concretes of relatively high cement contents
(but not using HRWR) may range up to 30 percent of the total
air content. Although the majority of cores in the present study
fall below this value, there are a considerable number with
entrapped air contents between 30 and 40 percent, and a few
over 40 percent, of total air. This may reflect some of the
problems in consolidation and finishing that were reported during construction of many of the sections included in the surveys.
Some remaining parameters are presented in Figure C-S. The
majority of values for voids/cubic inch are less than about 1.2
million. Although not widely investigated, researchers such as
Larson et al. (40) and Klieger (44) have generally found that
concretes prepared at air contents in the range of 6 ± 1 percent
exhibit values of this parameter generally in excess of 2 x 106.
Apparently, in most of these concretes the HRWR contributed
to a coarser bubble size, resulting in fewer air voids per unit
volume of concrete.
Philleo factors had a "tighter" distribution than Powers'
spacing factors on the corresponding set of cores. The majority
of Philleo factors ranged within a relatively narrow band from
0.004 to 0.008 in. For the most part, these values are higher
than those measured by Larson et al. (40) on concretes not
containing HRWR. Therefore, it appears that Philleo factors
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are influenced by HRWR to the same extent that conventional
spacing factors (L ) are; that is, they are shifted towards somewhat higher average values.
Finally, modal chord lengths are also classified in Figure C5. The majority of values are in the range of 40 to 80 micrometers. These values appear lower than those reported by Roberts
(20) for concretes containing HRWR, where modal chord
lengths exceeding 100 micrometers were reported.

Discussion by Structure
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Cores 1 and 2, removed from areas where there was no apparent scaling, were judged by petrographic examination to be
only slightly weathered. Cement paste was gray in color, hard,
and of a vitreous luster. The w/c ratio was estimated at 0.40
to 0.45, confirming the batch information. Random microcracks
were present in minor amounts in these cores, possibly reflecting
some minor drying shrinkage. Air contents were 8.2 and 7.6
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Figure C-6. Near surface zone of core 1-4 showing lack of entrained air in the top 2 to 3 mm of surface.

percent in the hardened samples; spacing factors were 0.0064
and 0.0075 in.
Cores 1-3 and 1-4, removed from scaled areas, showed slightly
lower air contents and somewhat higher spacing factors (0.0076
and 0.0087 in.). Other factors, such as V/in.3, Philleo factor,
and modal chord length, were not that different for all cores
examined. The major difference between the two sets appeared
to be a significant reduction in the amount of entrained air voids
in the top 2 to 3 mm of cores 1-3 and 1-4 as compared to 1-1
and 1-2 (Fig. C-6) and a variability of air content within each
of the former cores. The appearance of the finished surface
suggested that more vigorous finishing was applied to the areas
where cores 3 and 4 were obtained, which may have promoted
removal of entrained air from the near surface region.

by the scaling, is not durable even under the low volume traffic
conditions and limited deicing applications on a pavement rest
area.
The remaining cores exhibited very light to light amounts of
scaling, in spite of the satisfactory air contents and air-void
systems. These cores exhibited similar properties in the surface
zone as did core 2-2; that is, evidence of high w/c ratio, possibly
due to improper finishing. Although the bulk of the concrete
was well air-entrained, some air voids had been worked out of
the surfaces. It may be concluded that the poor surface quality,
coupled with loss of some of the entrained air, resulted in the
light scaling seen in the remaining 3 cores from this structure.

Structure No. 3—Bridge Deck—Ackley, IA
Structure No. 2—Rest Area—Lawrenceville, IL
The cores obtained from structure No.2 offer some interesting
comparisons and demonstrate the usefulness of petrographic
examination in helping to explain durability behavior when airvoid analysis alone may not provide all the answers. Explanation
of the behavior of core 2-2, which exhibited medium scaling,
was relatively straightforward. The concrete was nonair-entrained (air content = 0.9 percent), cement paste at the surface
was white, soft, and dull, indicating a high w/c ratio. Paste
carbonation was present up to 1 cm. All of these properties are
indicative of a poor quality concrete, which, as demonstrated

Cores taken from this structure represented three from the
HRWR span (core Nos. 3-1, 3-2, and 3-4) and one from the
control span (core No. 3-3). The core taken from the control
span was unscaled, and had air content and air-void parameters
consistent with good quality conventional air-entrained concrete. The cores taken from the HRWR spans exhibited the
perturbations in air-void systems seen by other investigators.
This is illustrated in Figure C-7 where chord size histograms
and zeroth-order log distribution function are compared. It is
easily seen that the control core (3-3) shows a significantly
smaller modal chord length and a narrower size distribution. It
should also be noted that although the total air content of core
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Figure C- 7. Chord size distributions for cores taken from structure No. 3.

3-3 is less than that of two of the other cores, air content
represented by voids less than 0.5 mm is greater than that for
the other three cores, and the number of voids per cubic inch
exceeds 2 x 106. This is far above the values for the HRWR
cores, which average approximately 3 x 10.
The differences between performance of the HRWR specimens are not readily explained by the linear traverse data alone.
For instance, core 3-2 shows only a very light "paper" scale
when viewed under magnification, while core 3-4 was taken
from a region of light scale. The air-void parameters of core 34, however, are in general superior to that of core 3-2, with the
exception of a slightly higher modal chord length. Petrographic
examination, however, indicates a lack of entrained air in the
near surface region of core 3-4; thus, it appears that air may
have been worked out of the surface during finishing. This agrees
with the observations by state personnel reported in Appendix
B, who noticed large amounts of air being released from the
surface during finishing (Fig. C-8(a)). Core 2 exhibits a more

uniform distribution of air voids, although the lack of entrained
air voids may be contributing to the slight scaling. It should be
noted that 50 percent of the air voids in core 3-2 were classified
as large "entrapped" air voids (Fig. C-8(b)). Very light scaling
seen in core 3-1 is also most probably due to a low proportion
of entrained air voids.
In all the HRWR cores, cement paste was dark gray, hard,
dense, and vitreous, indicating a very low (<0.35) w/c ratio.
It is quite likely that this low w/c ratio, and attendant low
permeability, aided greatly in maintaining fairly good durability
of the concrete in spite of the poor air-void characteristics.

Structure No. 4—Bridge Deck—Atlantic, IA
Cores taken from this structure represented a range from no
scaling to light scaling. There were no strong correlations between results of air-void analyses and surface durability other

54

b

;•

- .. -

;,ç .. •-.

:-.

P.4'

i

;• £

'•

±

- - -. •,
p-

I

q :4.

m

-

'b
-r
:

:

I..

-

/

Figure C-8(a). Near surface zone of core 3-4 showing lack of entrained air.
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Figure ('-8(b). Irregular, nonspherical entrapped air voids in core 3-2.

than those two cores (4-3 and 4-4) showing the highest degree
of scaling also had a greater proportion of entrapped air voids.
Core 4-1, exhibiting no scaling, had marginally lower spacing
factors and modal chord lengths than the other cores in the set.
Again, petrographic analysis was more illuminating in terms
of explanation of performance. There was a deficiency of small,
spherical voids in all cores, which correlates with the relatively
high spacing factors and low values for specific surface and
voids per cubic inch. In core 4-2, the lack of small voids was
even more pronounced, which may explain its somewhat poorer
performance when compared with 4-1. In cores 4-3 and 4-4
there was a deficiency of all air voids in the near surface (0 to

6 mm) zone, suggesting air had been worked out of the surface
during finishing. This would explain the difference in performances when compared to cores 1 and 2, where the air voids
were more uniformly distributed.
Petrographic examination also detected the presence of numerous particles of coal, ironstone, chert, and sandstone in the
aggregate. These materials are susceptible to cyclic freeze-thaw
failure and may be cause of the popouts and staining seen on
the deck surface. The cracking, detailed on Figure 13-15, is likely
due to the relatively high proportion of sand in the mix, which
exacerbated early drying shrinkage.
It is believed that the overall good durability of this structure
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is attributable to the low w/c ratio of the concrete, given as
0.36 in the mix design. This reduced permeability and amount
of freezable water, and served to protect the concrete even where
there were deficiencies in the air void system.

Structure No. 5—Approach Slabs—Schenectady
County, NY
There were only slight differences in performance between
the cores obtained from this structure. Cores 5-1 and 5-2 showed
no scaling; cores 5-3 and 5-4 showed a very light degree of
scaling. Air-void parameters were for the most part, inversely
correlated with degree of scaling. For instance, cores 5-3 and
5-4 showed higher air contents, lower spacing factors, and lower
amounts of entrapped air than cores 5-1 and 5-2. Petrographic
analysis assigned the difference in performance to a lack of
entrained air in the top I to 2mm of surface in cores 5-3 and
5-4, possibly due to overtinishing of this "flowing" concrete
mixture. No other distress was observed.

Structure No. 6—Bridge Deck Overlay—Norton, VA
Of the four cores extracted from this structure only two (cores
6-1 and 6-2) can be used to compare performance with air-void
and petrographic characteristics. Cores 6-3 and 6-4 were taken
from the wheelpaths, where the concrete was worn smooth to
a depth of about 2 mm, thus obscuring any F/T scaling that
might have taken place. These latter two cores were included
so as to gain some information on concrete composition across
the structure, rather than limiting coring to the shoulder areas
where no wear had taken place. With respect to the first two
cores, 6-1 shows no scaling while 6-2 shows light scaling. There
is a lower total air content in 6-I, but there is a greater proportion
of entrapped voids in 6-2. Specific surface also is significantly
lower in 6-2. A greater percentage of the air voids in core 6-1
lies in the smaller size ranges. Petrographic analyses indicate
that there are fewer voids in the top I to 2 mm of surface in
core 6-2 than in core 6-I. All of these factors may explain the
inferior performance of core 6-2. Although it was not possible
to examine the near-surface region in much detail in cores with
worn surfaces, air-void analysis indicated that air-void parameters for core 6-4 are similar to those of 6-1. Core 6-3 was
intermediate between 6-I and 6-2 in terms of air void parameters.
The generally acceptable overall performance (excluding the
wear in the vheelpath areas) may be attributed to the low w/
c ratio obtained. The cement paste was found to be dark gray,
hard, dense, vitreous, and very well-bonded to aggregate particles. Carbonation was minimal, indicating very low permeability, which is consistent with the design w/c ratio of 0.34.

though cores 7-1 (medium scaling) and 7-3 (no scaling) had
approximately the same total air content, core 7-I has a greater
proportion of entrapped voids. Other parameters (i.e., a, L, V/
in.', S) are only marginally "worse" for core 7-1. However,
modal chord length for core 7-1 is significantly greater than
that for core 7-3. When core 7-3 is examined, use of air void
parameters is even more problematical. This core exhibits the
most inferior parameters of the set; yet its degree of scaling is
only "very light". Once again, petrographic examination was
used to resolve these inconsistencies.
Core 7-3, which was unsealed, contained a dark gray, hard,
dense, vitreous paste, characteristic of low w/c ratio material.
Air voids were abundant and uniformly dispersed throughout
the core (Fig. C-9(a)). Large, but spherical voids were abundant, which may account for the relatively low value of specific
surface (335 in.2 /in.3 ) in spite of the high air content. Core 7I, on the other hand, while still exhibiting evidence of low w/
c ratio in the bulk of the specimen, had a zone of light gray
paste at the top 3 mm of the core (Fig. C-9(b)), which is
characteristic of high w/c ratio material. In addition, air voids
were scarce in this zone. This appears to be consistent with
some of the observations in the VHTRC report (22) where
significant amounts of bleeding were noted on some areas of
this structure. Finally, the surface zone of core 7-4 was composed
primarily of a low w/c ratio paste phase deficient in air voids
(Fig. C-9c). This paste layer probably resulted from complete
segregation of aggregate from the paste phase. The low w/c
ratio in this zone apparently aided in providing a greater durability than in the high w/c ratio surface zone of core 7-1.
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Figure C-9(a). Adequate air-void system in core 7-3
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Structure No. 7—Bridge Deck Overlay—Norton,
VA

,.. .

:0,
Four cores were extracted from this structure. Of these, one
core (core 7-2) was located in a wheelpath area. Performance
comparisons could justifiably be made only between cores 7-1,
7-3, and 7-4, because of the worn surface on core 7-2.
The relative performance of these three cores is only partially
explained by air-void analyses. Table C-2 indicates that, al-
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Figure C-9(b). Near surface zone of core 7-1, composed of high
w/c ratio paste with few air voids.
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Structure No. 9—Bridge Deck Overlay—Burtt's
Corner, NB

Figure C-9(c). Near surface zone of core 7-4, composed primarily
of air-deficient paste.

Structure No. 8—Pavement Turning Lane—
Lynchburg, VA
Structure No. 8 exhibited the most generalized scaling of all
structures included in the surveys. Chord distributions, shown
in Figure C-b, illustrate the inferior air-void systems exhibited
by this concrete. The distributions are very broad, and modal
chord lengths range from 96 to 122 micrometers. Other air-void
parameters also fail to meet established criteria. However, it
should be noted that there was a considerable difference in
behavior between the four cores, which is not well explained by
differences in air-void parameters.
Petrographic examination helped to clarify the relative performance of these cores. The w/c ratio in core 8-I was higher
than that seen in the other cores. This fact, coupled with the
poor air-void system, may explain its poor performance. The
other three cores were similar in w/c ratio. Air-void content
in the bulk of the core was higher in core 8-3; however, the
near-surface zone was deficient in air voids. As was the case
for some of the cores taken from earlier structures, this surface
deficiency in air voids is believed to be a contributing factor
towards the scaling observed in core 8-3. Cores 8-2 and 8-4
showed negligible scaling. The low w/c ratio and uniformity
in the air voids at the surface most likely accounts for the
relatively good performance in spite of the inferior entrained
air-void system in these cores.
Other distress factors observed on these slabs included overall
light pattern cracking and transverse cracks. The cracks were
observed to pass around aggregate particles, indicating that they
were possibly formed early in the life of the concrete and could
be the result of plastic shrinkage or drying shrinkage. In addition, strained quartz particles present in the crushed schistose
marble comprising the coarse aggregate were judged to have
experienced alkali-aggregate reaction. Thin cracks and microcracks lined with alkali-silica gel frequently passed through aggregate particles.

F.omintion of results of air-void analyses obtained on the
four cores removed from this structure indicated that there was
littic correlation between air-void parameters and pet foiiiiaiic
of the concrete A pnscihle exception was the amount of entrapped air, core 9-2 having the lowest propo! (ion of entrapped
air and the least scaling. Petrographic examination, however,
provided more insight into the behavior of this concrete and a
better explanation of its performance.
Core 9-1 exhibited a light gray, moderately hard, slightly
porous paste with vitreous luster. Variable depths of carbonation
were observed. Based on these findings, w/c ratio was estimated
at 0.45 to 0.50. The near surface region (0 to 3 mm) was deficient
in entrained air. Many large, nonspherical voids were present.
Core 9-4 was very similar in appearance. Core 9-3, which exhibited the greatest degree of scaling in this set, had paste
properties consistent with a higher w/c ratio, probably 0.55 to
0.60. In addition, elongated, entrapped voids predominated in
the near surface zone. Core 9-2, on the other hand was characterized by small, spherical voids uniformly distributed
throughout the concrete with no alteration in the near-surface
zone. The relative F/T resistance of these cores, therefore, is
adequately explained by these petrographic observations.
Examination of cracks present in the cores indicates that they
were formed prior to development of significant paste-aggregate
bond. This could be due to plastic or early drying shrinkage.
The cracks were lined with alkali-silica gel due to reaction of
microcrystalline quartz within shale coarse aggregate particles.
Many of the coarse aggregates particles were cracked, especially
at depths removed from the surface.

Structure No. 10—Bridge Deck—Brownville
Junction, ME
The four cores obtained from this structure were evenly divided between HRWR and control concretes. Within each set,
a range of scaling was included. Cores 10-I and 10-2 represented
areas of no scaling and medium scaling, respectively, and were
taken from the HRWR sections. Cores 10-3 and 10-4 represented
areas of heavy and light scaling, respectively, and were taken
from the control sections.
For this structure, results of air-void analyses afford a fairly
reasonable explanation of performance, at least on a relative
basis. Air contents in the two cores exhibiting more significant
scaling are considerably lower than in the companion cores taken
from the HRWR and control sections. Spacing factors are higher
for these scaied cores although Z for core 10-2, which exhibited
medium scaling, is slightly below the 0.008-in, limit. Specific
surfaces, however, are equal to, or greater than, 600 in.'/in.'
for all cores.
Results of petrographic examination complement the air-void
data. The air-void system in the unsealed HRWR core 10-1 is
adequate and uniformly distributed. The w/c ratio, however,
is estimated to be within the range of 0.45 to 0.50, which is
somewhat higher than noted in the mix design (0.40). The air
voids in the scaled HRWR core 10-2 are infrequent in the nearsurface region. This may help explain the discrepancy between
the observed scaling and the seemingly satisfactory spacing factor and specific surface. For control core 10-3, little additional
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Figure C-JO. Chord size distribution for cores taken from structure. No. &

information was afforded by petrographic analysis, because the
concrete was so deeply scaled (up to 10 mm deep) that almost
none of the mortar in the near surface region remained. It is
likely that the low air content itself was the primary reason for
scaling in this instance. Core 10-4, which had a high air content
and low spacing factor (0.0037 in.), still exhibited light scaling.
This scaling was attributed to a lack of air-voids in the near
surface region as well as to a high w/c ratio paste.
A final item of interest with respect to this set relates to the
characteristics of the entrained air-void distribution. Modal
chord lengths were relatively low for all cores. In fact, cores
having the highest degree of scaling had average modal chord
lengths less than those of the more lightly scaled specimens.
The same was true for percentiles of the chord distributions.
While distribution of entrained air in the scaled cores was very
good, the concrete simply did not contain an adequate volume
of air for protection during freezing.

Structure No. Ji—Bridge Deck Overlay—Bangor,
ME
This structure was similar in many ways to structure No. 5,
in that scaling was so minimal that small differences in air-void
characteristics between cores may not be overly significant. The
air content of all cores was over 8 percent. Spacing factors were
less than 0.005 in., with the core (11-2) having the most scaling
(only of the "light" variety) and the lowest spacing factor. This
core, however, did have a significantly higher proportion of
entrapped air than did the other three cores. Petrographic examination also indicated that this core had a deficiency of air
voids in the near-surface region. These two factors may account
for its somewhat less than perfect performance. Air voids and
paste properties in all other cores were indicative of good quality,
durable concrete. Figure C- li illustrates the fact that concretes
containing HRWR do not always show the broad shift in chord
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Figure C-li. Chord size distribution for cores taken from structure No. ii.

59
size distribution seen in many studies. In this set, cores 11-1,
11-2, and 11-3 were HRWR concretes; core 11-4 is a control.
There are only very slight differences between these four distributions.

Structure No. 12-Bridge Deck Overlay- Yreka,
CA
As noted in Appendix B, this structure represents a low w/
c ratio, high cement content concrete which was not air entrained. Results of air-void analyses are consistent with this; air
contents of approximately 2 percent were detected in cores 121 and 12-3 and 12-4. Core 12-2 has a higher air content (5.9
percent); however, 80 percent of the voids are classified as
"entrapped." Spacing factors, specific surfaces, and other parameters are all typical of nonair-entrained concrete. In spite
of the fact that all concrete was nonair-entrained, only light
amounts of scaling were observed. Cores 12-2 and 12-3 exhibited
the highest degree of scaling observed. Cores 12-1 and 12-4 were
composed of dense, low w/c ratio concrete throughout, and for
this reason exhibited virtually no scaling.
Vertical cracks were observed in all four cores. These cracks
ranged from 5 to 24 mm in depth and passed around aggregate
particles. Such tight cracks, which do not propagate into aggregate, may be due to early drying shrinkage, and may reflect
a failure to provide moisture immediately after placement of
concrete. This is especially important for low w/c ratio concrete
such as used on structure No. 12, where bleed water, which will
normally protect conventional concrete from drying for some
period of time after placement, would be minimal. The absence
of disbondment cracking in the cores suggests that concerns
with debonding of this overlay expressed during the field survey
may be unwarranted.

GENERALIZED RELATIONSHIPS

Although the combination of air-void analyses and petrographic examinations allowed fairly reasonable explanations of
the performance of each individual structure to be formulated,
it would be highly advantageous if more general relationships
between air-void parameters and performance (in this case manifested by degree of scaling) could be developed. Currently, ACI
guidelines (10) offer the following recommendations as to characteristics of the air-void system which must be met to ensure
durability of concrete used for highway bridge decks in severe
F/T environments: ( 1 ) calculated spacing factor less than about
0.008 in., (2) specific surface greater than about 600 in.2 /in.3,
and (3) number of voids per inch significantly greater than the
numerical value of air in the concrete. As mentioned previously,
a number of additional parameters were included in this study,
and are given in Tables C-1 through C-3. Those included in the
subsequent data analyses were total air content, percent entrapped air, voids per cubic inch, Philleo factor, percentiles (75
and 95 percent) of the chord distribution, average chord length,
and modal chord length.
As a first step in developing relationships, a straightforward
multiple linear regression analysis was performed. The dependent variable was the degree of scaling, coded from 1 to 5 using
the following scale: (1) = no scaling, (2) = very light scaling,

(3) = light scaling, (4) = medium scaling, and (5) = heavy
scaling. The scaling was the value for each individual core as
assessed via petrographic examination. Nonair-entrained cores,
and cores taken from wheelpath areas, where severe wear obscured possible scaling effects, were not included in the analysis.
Independent variables were those air-void parameters identified
above. Simple correlation coefficients (i.e., coefficient of correlation between each independent variable and the dependent
variable with no account for interaction) are given in Table C4. It is easily seen that these coefficients are extremely low. This
is illustrated for some of the major parameters in Figure C-12.
It is extremely difficult to assign any obvious trends to these
data. For instance, in some cases 7. below 0.008 in. is associated
with no scaling; in a number of other cases similar L are associated with light to medium scaling. The same is true for the
other parameters shown in this illustration.
In Table C-5, results of the full multiple regression are shown.
Included are the regression coefficient, t-test for significance of
each coefficient, level of significance (levels less than 90 percent

Table C-4. Simple correlation coefficients for full set of independent variables.

Simple Correlation
Coefficient
-0.222
Total Air Content
0.106
Entrapped Air
0.233
Percentage Entrapped Air
-0.266
Voids per Inch
-0.215
Voids per Cubic Inch
-0.154
Specific Surface
0.204
Spacing Factor
0.151
Philleo Factor
0.067
75th Percentile
0.091
95th Percentile
0.136
Average Chord Length
0.170
Modal Chord Length
Dependent Variable

Table C-5. Results of multiple regression analysis on full set of independent variables.
Dependent Variable

t

Total Air Content
Entrapped Air
Percentage Entrapped Air
Voids per Inch
Voids per Cubic inch
Specitic Surtace
Spacing Factor
Philleo Factor
751h Percentile
95th Percentile
Average Chord Length
Modal Chord Length

1.092
1.008
1.482
1.379
0.269
1.080
0.837
1.468
0.694
0.576
0.268
1.934

Muilipie Correlation
Coefficient

F-Statistic

0.568

1.07

-not signhlicant at 90 percent level

Significance Semi-Partial Correlation
Coefficient
Level
•
0.030
•
0.026
•
0.053
•
0.048
•
0.002
•
0.029
0018
•
0.054
•
0.012
•
0.008
•
0.002
0.094
90

4

significance
Level

Standard Error of
Estimate

•

1.16
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Figure C-12. Relationships between air-void parameters and degree of scaling of cores.

are denoted by an asterisk), and semipartial correlation coefficients, a measure of the percentage of variance in the dependent
variable uniquely accounted for by the particular independent
variable in question. Also given are statistics for the regression
as a whole, including "F" statistic, its significance, multiple
correlation coefficient, and standard error of estimate. These
results are also poor, indicating little benefit for using such a
relationship for predicting durability. The "best" semipartial
correlation coefficient (for Philleo factor) explains only about
5 percent of the variance in performance. The regression as a
whole cannot be considered significant in light of the low F
value.
One possibility worthy of further explanation stems from the
fact that many of the independent variables were fairly highly
correlated with each other. Such behavior, termed "multicollinearity" (45), may mean that the model is over-specified, that
is, more parameters have been postulated than are needed to
explain the variance. Variables (and sets of variables) that were

highly intercorrelated included entrapped air, with entrapped
air expressed as a percent of total air, voids per linear inch with
voids per cubic inch, specific surface and the two spacing factors
(highly intercorrelated at r = 0.96) and specific surface with
percentiles of the distribution, among others. Another possible
reason for the poor correlation may have been that the number
of observations (40 cores) was simply not sufficient to explain
the effects of the 12 independent variables chosen. This may be
especially important if relatively low multiple correlation coefficients are to be expected (46).
In an attempt to develop a more useful model, trial regression
analyses were run with reduced sets of variables, consisting of
combinations of some of the original 12 variables. The variables
were combined into sets where intercorrelation would be minimized. Sets of four or fewer variables were investigated in order
to improve the power of the analysis. Results, however, were
not encouraging. Most of the sets had lower multiple correlation
coefficients than the original sets, and equivalent significance.
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The one set showing some improvement was a combination of
voids per inch, Philleo factor, and modal chord length. In this
case all variables were significant at the 90 or 95 percent level,
and the regression as a whole was significant at the 90 percent
level. However, the total unique contribution of these three
variables to an explanation of the total variance was only about
30 percent, leaving much of the performance still unexplained.
It was then postulated that much of the unexplained variance
might lie in variables not included in air-void analysis. These
would include components of the mix design (primarily w/c
ratio) and effects which concrete placement and finishing might
have on characteristics of concrete in the near surface zone.
Upon review of many of the petrographic reports, it soon became
apparent that the proportionate amount of air voids in the near
surface zone, and the shape and relative size of these voids,
appeared to be determining factors in the ultimate durability of
the surface region. As these observations were qualitative, an
approximate coded scale was developed to express these observations in at least a semiquantitative manner, which might be
amenable to analysis. A simple scale of 1 to 5 was chosen. A
value of 1 would indicate no alteration of air voids in the surface
zone; and a value of 5, complete removal of voids from the
surface. Likewise, for size and shape a value of 1 would indicate
small, spherical voids typical of air-entrainment; and a value of
5, large elongated voids which might result from poor compaction or improper finishing. These two new variables were termed
"void removal" and "void character," respectively. Models
were developed utilizing combinations of these new variables
were
with those air-void system parameters showing highest degrees
of significance in the previous runs. Results indicated that a
three-variable model, namely one based on spacing factor,
w/c ratio, and void removal, yielded the highest levels of significance and correlation coefficients. Summary statistics are
given in Table C-6. Each of the variables, as indicated by the
semipartial correlation coefficients, explains somewhat over 25
percent of the variance in scaling performance. The levels of
significance, as can be seen in Table C-6, are significantly improved over the previous models.
The model can be expressed as a linear combination of variables in the following form:
SC

An illustration of the use of this model is shown in Figure
C-13. Each diagram depicts the increase in scaling brought about
by an increase in the proportion of voids removed from the
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near-surface region for various levels of w/c ratio. Three spacing
factors are shown. In the top diagram, the case of a satisfactory
spacing factor is illustrated. The concrete may suffer appreciable
void removal; however, scaling will still be very light except for
w/c over 0.5.
For the case of marginal spacing factor (L = 0.010 in.),
scaling can be held to the very light condition by use of low
w/c ratios (approximately 0.3) or by minimizing void removal
from the surface. For high spacing factors, illustrated for the
case of L = 0.020 in. scaling will exceed very light values even
for no void removal unless w/c is held below about 0.35. In

most cases, HRWR would be needed to achieve such low values
of w/c ratio and still maintain sufficient workability in the
concrete mixture. Those representations, as well as the model
itself, are intended only to illustrate the influence of these three
important variables, and should not be used as a method for a
priori prediction of actual performance of any given concrete.
Such prediction must await the development of more exact and
quantitative techniques for estimation of w/c ratio and void
characteristics in the near surface regions of concrete. Development of rapid techniques to accomplish this may aid greatly
in assessment of the long-term durability of in-service concrete.

APPENDIX D
CHLORIDE ANALYSES

INTRODUCTION

In areas where snowfalls or icing conditions are frequent,
deicing agents are applied to riding surfaces in order to restore
safe driving conditions. Most commonly, chloride salts are used
for this purpose. This may include sodium chloride (as "rock"
salt), or a mixture of sodium chloride and calcium chloride,
which has a greater effect on depression of freezing point and
therefore will be more effective at lower temperatures than
straight rock salt. In some areas, a mixture of deicing salts and
abrasives, such as sand, grit, or cinders, may also be used. On
rural roads, where traffic is light, abrasives alone may be used
with little or no salt application.
Extensive testing by the Portland Cement Association (47
48), the Bureau of Public Roads (49), and others have demonstrated the deleterious effects deicing salts have on the durability of concrete surfaces. Damage resulting from deicer salt
solutions is caused primarily by accretion of ice crystals within
the capillary spaces of the cement paste matrix. The growth of
these crystals is promoted by the difference in free energy between sites of freezing and sites of unfrozen solution in smaller
spaces. When deicer solutions are present during freezing, the
concentration of the solution increases as water is frozen out of
solution. This tends to draw more water to the freezing sites as
the osmotic potential is increased. Because of this effect, scaling
becomes more pronounced as the deicer solution concentration
is increased up to a level of about 2 to 4 percent. Beyond this
concentration, the simultaneous effect of the deicer salt in reducing the actual amount of freezable water that forms predominates; thus, the net damage is reduced.
Both field (19) and laboratory (50) research indicates that
the rate and amount of scaling is not related to the residual
amount of chloride retained in the concrete over the period of
salting. This is not surprising, as the higher concentrations of
salt solution, while not as effective in promoting scaling, would
be expected to increase rate of diffusion of salt into concrete

and promote a higher final concentration within the concrete.
Thus, by measuring chloride contents in samples taken from inservice structures, one can determine whether or not the concrete
was exposed to significant amounts of deicing salts, and thereby
was put at greater risk than concrete exposed to freezing conditions in the absence of salt. However, the total amount of
chloride within the concrete does not necessarily reflect the
cumulative damage done.

RESULTS

Chloride analyses were performed on the powder samples
obtained from two cores on each structure. Samples were prepared as described in Appendix B. Analyses were performed
using the potentiometric methods developed by Clear and Harrigan (51). Results are reported as total (acid-soluble) chloride
ion by weight of concrete sample. These data are presented in
Tables D-1 through D-3.
It is easily seen that significant amounts of chloride are present
in all samples. Regression analyses carried out on these data
with respect to scale ratings on each core indicate no significant
correlation between the amount of chloride present at any level
in the concrete and degree of scaling, thus confirming results
of the studies previously cited. The data do indicate, however,
that the information supplied by SHAs was correct; that is, the
structures selected for these surveys were indeed exposed to
frequent applications of deicing salts and do represent structures
exposed to a very severe environment.
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Table D-1. Results of chloride analyses-structures 1 through 4.

Table D-2. Results of chloride analyses-structures 5 through 8.

Core No.

Sample Depth
(in.)

Total Chloride Content
(% of sample)

Core No.

Sample Depth
(in.)

Total Chloride Content
(% of sample)

1-2

1/16101/2
1/2 to 1
3-1/2 to 4-1/2

0.190
<0.006
<0.006

5-1

1/16 to 1/2
1/2101
4 to 5

0.240
0.116
<0.006

1-3

1/16101/2
1/21o1
3-1/2 to 4-1/2

0.253
0.133
<0006

5-4

1/16101/2
1/2 to 1
4-1/2 to 5-1/2

0.214
0.061
<0.006

2-1

1/16 to 1/2
1/2to1
4-1/4105-1/4

0.023
0.017
<0.006

6-1

1/16101/2
1/2101
4-1/4 to 5-1/4

0.110
0.019
<0.006

2-2

1/16 to 1/2
1/2to1
4-1/4 to 5-1/4

0.047
0.037
<0.006

6-4

1/16101/2
1/2 to 1
5 to 6

0.100
<0.006
<0.006

3-2

1/16 to 1/2
1/2 to 1
3-1/2 to 4-1/2

0.147
<0.006
<0.006

7-1

1/16 to 1/2
1/2 to 1
3-1/2 to 4-1/2

0.299
0.050
0.007

3-3

1/16 to 1/2
1/2to1
3-3/4 to 4-3/4

0.478
0.220
0.016

7-3

1/16 to 1/2
1/2101
4to5

0.061
0.016
0.006

4-1

1/16101/2
1/2 to 1
4 to 5

0.263
0.025
<0.006

8-1

1/16to1/2
1/2 to 1
4-1/4 to 5-1/4

0.028
<0.006
<0.006

4-3

1/16 to 1/2
1/2 to 1
4-1/2105-1/2

0.239
0.033
<0.006

8-2

1/16 to 1/2
1/2 to 1
6-1/4 to 7-1/4

0.175
0.027
0.008

Core No.

Sample Depth
(in.)

Total Chloride Content
(%of sample)

9-2

1/16 to 1/2
1/2to1
1-1/2102

0.321
0.187
0.035

9-3

1/16 to 1/2
1/2to1
2 to 2-1/2

0.387
0.248
0.092

10-1

1/16 to 1/2
1/2 to 1
3-1/2104-1/2

0.355
0.279
0.016

10-3

1/16101/2
1/2101
3-1/4 to 4-1/4

0.248
0.227
0.030

11-1

1/16 to 1/2
1/2to1
1-3/4 to 2-3/4

0.230
0.012
0.032

11-2

1/16101/2
1/2101
1-3/4 to 2-3/4

0.206
0.101
0.038

12-2

1/16 to 1/2
1/2 to 1
1-1/4 to 1-3/4

0.055
0.027
0.016

12-4

1/16 to 1/2
1/2 to 1
1-3/4 to 2-1/4

0.206
0.059
0.031

Table D-3. Results of chloride analysesstructures 9 through 12.
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