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ABSTRACT

The effects of construction practices and material properties on the
performance of concrete bridge decks are evaluated. Emphasis is placed on
comparing bridge decks with silica fume and conventional concrete overlays and
determining if the silica fume overlays commonly used on bridges in Kansas are
performing at a level that justifies the extra cost and construction precautions. Forty
continuous steel girder bridges, 20 with silica fume overlays, 16 with conventional
overlays and 4 with monolithic bridge decks are included in the study. Field surveys
were conducted to document cracking patterns and crack density and to obtain
samples for chlornide content and rapid chloride permeability (RCPT) analysis.
Construction data was collected from construction documents, field books, and
weather data logs. Information from the current study is combined with data from a
1995 study by Schmitt and Darwin. Twenty-seven variables are considered, covering
bridge age, material properties, site conditions, construction procedures, design
specifications, and traffic volume. Comparisons are made based on the properties of
the upper surface and on the properties of the subdeck for bridges with overlays.

The study demonstrates that crack density increases with age for bridge decks
with silica fume overlays. Younger decks with conventional overlays, however,
exhibit increased cracking compared to older decks. The differences are attributed to
differences in construction procedures. The limited number of silica fume and
conventional overlay decks that are similar in age have similar crack densities,
effective diffusion coefficient values, and chloride contents, both at and away from
cracks. Chloride content increases with the age of the bridge deck, regardless of
bridge deck type. Chloride content taken at crack locations at depths just above and
below the transverse reinforcement exceeds the threshold level for corrosion in as
little as 1000 days, regardless of bridge deck type. Increased paste contents in bridge
subdecks result in cracking in decks with overlays, regardless of the quality of the

overlay, and neither higher cement contents nor compressive strengths are beneficial
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to the cracking performance of the concrete. Both fogging immediately after
finishing and the application of precure material should be specified for conventional
overlay and monolithic bridge decks, as they are now for silica fume overlay decks.
Because of the relatively high number of silica fume overlay decks with ages under
two years at the time of the study, these decks should be reexamined when they reach

the age of the conventional overlay decks in the study.

Key Words: bridge decks, bridge construction, chloride content, concrete
construction, concrete mix design, cracking, diffusion coefficient, durability, overlay,
permeability, rapid chloride permeability test, reinforced concrete, shrinkage, silica

fume
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CHAPTER 1
INTRODUCTION

1.1. GENERAL

Cracking in concrete bridge decks can be caused by a variety of reasons,
ranging from settlement of the concrete over reinforcing steel to plastic shrinkage of
the concrete. A predominant cause of cracking and premature deterioration in bridge
decks is the corrosion of the reinforcing steel because of the penetration of chlorides
from deicing chemicals in the concrete. A number of methods are or have been used
to slow or stop the diffusion of chlorides through concrete to the reinforcing steel.
One approach that has gained popularity in the United States and is being applied
with increasing regularity in the state of Kansas is the use of silica-fume concrete
overlays to decrease the permeability of the concrete. The reduction in permeability
is intended to slow the diffusion of chlorides through the concrete and consequently
delay the onset of corrosion in the reinforcing steel. Both the low diffusivity and
good bonding qualities of silica-fume concrete make it ideal for use in concrete
bridge decks. There are however, some concerns that the silica-fume concrete is

more susceptibie to both plastic shrinkage and drying shrinkage cracking.

1.2 TYPES OF CRACKING
Bridge deck cracking can be classified either by the causes of the cracking or
by the orientation of the cracks with respect to the centerline of the bridge or

roadway.

1.2.1 Crack Classification Based on Causes of Cracking

Cracking in concrete bridge decks results from a variety factors, in both the
design and construction phases of the bridge decks. The factors that lead to bridge
deck cracking are not fully understood, but specific types of cracking have been

identified, such as plastic shrinkage cracking, subsidence cracking, thermal shrinkage



cracking, drying shrinkage cracking, flexural cracking, and cracking due to corrosion
of reinforcing steel.

Plastic shrinkage cracking occurs when the surface evaporation rate exceeds
the rate at which bleed water rises to the concrete surface. When the top layer of the
concrete dries out because of the lack of surface water, it begins to shrink. However,
the top layer is restrained by the lower layer of concrete that has not dried, because it
is losing water at a slower rate. This difference in shrinkage creates tensile stresses in
the concrete that has essentially zero strength at early age, causing cracks to develop.
Several methods have been used to successfully avoid plastic shrinkage cracking
during construction, including fogging, using evaporation retarders, erecting wind
breaks, and the immediate application of curing compounds or wet burlap covered
with plastic.

Subsidence cracking occurs due to the presence of reinforcing steel near the
upper surface of a concrete slab. Fresh concrete subsides or settles after finishing and
during bleeding. Reinforcing steel near the surface of the concrete provides
resistance to the subsidence for the concrete directly above it. As the concrete on
both sides of the reinforcing steel subsides, it pulls on the concrete directly above the
reinforcing steel causing tensile stresses. Because the concrete has virtually no
tensile strength at this early stage in its development cracks can form where the
tensile stresses are greatest directly above the reinforcing steel. Subsidence cracking
increases as concrete shump and bar size increase and as concrete cover decreases
(Dakhil, Cady, and Carrier 1975).

Thermal shrinkage is due to the difference in deck and supporting beam
temperatures. When concrete is curing, its temperature rises, and the concrete tends
to expand. By the time the concrete has reached its peak temperature, it has also
hardened. As the hardened concrete cools to ambient temperature, it begins to shrink,
but the supporting beams or girders that are at ambient temperature provide resistance
to the shrinkage, causing tensile stresses to form in the deck. If the difference

between the peak concrete temperature and the temperature of the supporting



structure is great enough, cracks can form. (Babaei and Fouladgar 1997).

Drying shrinkage is sumilar to thermal shrinkage, because it occurs as the
result of the resistance to shrinkage of the deck provided by the supporting beams or
girders. After curing, hardened concrete dries and begins to shrink; however, the
process is very slow and may take more than a year. Because the process is gradual,
concrete creep helps to reduce the resulting tensile stresses. Therefore, the strain
needed to cause cracking by drying shrinkage is about two and a half times the strain
needed to cause cracking due to thermal shrinkage (Babaei and Fouladgar 1997).

Flexural cracking occurs in negative moment regions over internal supports in
continuous concrete bridge decks resulting from dead and live loads on the bridge
(Babaei and Fouladgar 1997).

When reinforcing steel corrodes, the corrosion products that form take up
significantly more volume than the original steel. The increase in volume causes

large pressures to be exerted on the concrete, causing it to crack.

1.2.2 Crack Classification Based on Orientation

In a study of bridge deck cracking, the Portland Cement Association (1970)
classified cracks into six categories: transverse, longitudinal, diagonal, pattern, D, and
random cracking.

Transverse cracking, perpendicular to the bridge centerline, is by far the most
prevalent type found on bridge decks (PCA 1970). Transverse cracks occur both in
new bridge decks, that have not been opened to traffic, and in older bridges. The
cracks frequently occur directly over reinforcing steel. Transverse cracking can result
from subsidence, thermal shrinkage, drying shrinkage, and flexure cracking.

Longitudinal cracking, parallel to the bridge centerline, occurs primarily in
hollow and solid slab concrete bridges (PCA 1970). One of the most significant
causes of longitudinal cracking is believed to be subsidence cracking that occurs over
longitudinal reinforcing steel in the top of the slab or over void tubes.

Diagonal cracking, roughly parallel cracks forming an angle other than 90



degrees with the centerline of the roadway, occurs primarily on skewed bridges at the
acute angled corners of abutments, but also occurs over single column piers of
concrete box-girder, deck-girder, and hollow-slab bridges (PCA 1970). Diagonal
cracking probably results from drying shrinkage or flexure cracking.

Pattern cracking is described as any size network of interconnected cracks. It
tends to be shallow and is generally believed to result from both plastic and drying
shrinkage (PCA 1970). In the PCA (1970) study, pattern cracking did not appear to
have a significant ¢ffect on the performance of the bridge deck.

D cracking, a series of cracks in concrete near and roughly parallel to joints,
edges, and structural members, is a result of deterioration at the base of concrete slabs
due to destruction of aggregates by frost. Itis not found on bridge decks (PCA 1970).

Random cracking is described as irregularly meandering cracks that have no
form and do not fit another classification. It can be found on most bridge decks, but
there is no clear relationship between random cracking and bridge deck

characteristics (PCA 1970).

1.3 CORROSION

The use of deicing saits since the early 1960°s has led to the increased
deterioration of concrete bridge decks as a result of the corrosion of reinforcing steel
(Weil 1988). It is a significant problem. Under normal conditions, the highly alkaline
environment in concrete creates a tightly adhering film that passivates the steel,
protecting it from corrosion. However, chloride ions, deposited as deicing salts, can
diffuse through the concrete. If the chlorides reach a level of concentration high
enough, called the chloride threshold level, they can penetrate the passivating layer
and cause corrosion of the reinforcing steel if both oxygen and moisture are present
(ACI Committee 222 1998). As described earlier, the corrosion products that form
can then cause cracking of the concrete. Many factors influence the rate of the
corrosion reaction and the protection provided to the reinforcing steel. However, the

degree of corrosion protection for bridge decks is primarily determined by the



thickness of the reinforcing steel cover and the permeability of the concrete (ACI

Committee 222 1998).

1.4 SILICA FUME

Silica fume is a pozzolanic material that is produced as a by-product during
the production of silicon metal or ferrosilicon alloys in electric arc furnaces. It is
approximately 100 times finer than portland cement. When it is used in concrete, it
acts both as filler and as a cementitious material. The small silica fume particles fill
spaces between cement particles and between the cement paste matrix and the
aggregate particles (Whiting and Detwiler 1998). The silica fume also combines with
calcium hydroxide (CH) to form additional calcium-silicate hydrate (CSH) through
the pozzolanic reaction. Both these actions result in a denser, stronger, and less
permeable material.

Silica fume is used to improve the durability, strength and bonding
characteristics of concrete, but it is predominately used, in bridge decks to reduce the
permeability of concrete. Significant testing has been performed to determine the
resistance of silica fume concrete to chloride ion penetration, and it is generally
agreed that silica-fume concretes show a reduction in permeability compared to
conventional concretes. There is some concern, however, because the addition of
silica fume to concrete reduces the pH of the pore solution, which could negatively
affect the passivation of the reinforcing steel. However, the reduction in pH
associated with the amounts of silica fume generally used in concretes is not large.
The increase in electrical resistivity and the reduction in permeability to chloride are
believed to be more significant than any reduction in the pH of the pore solution that
might occur. It should be noted that the permeability of concrete depends in large part
on the methods and length of time used for curing.

Although silica-fume concrete offers several advantages, several factors must
be considered before using it. The addition of silica fume to concrete may increase

the early age cracking of the concrete, and because silica fume has a very high surface



area, its addition results in an increased water demand, reduced bleed water and
greater cohesiveness. The reduction in bleed water, results in the loss of surface
water due to evaporation that is greater than the rate at which it is replaced by
bleeding, which can lead to plastic shrinkage cracking.

To maintain the same degree of workability as conventional concrete, ACI
Commiitee 234 recommends that the slump of the concrete be increased by about 50
mm (2 in.) above that used for conventional concrete. ACI Committee 234
recommends that water-reducing admixtures or high-range water-reducing

admixtures be used to achieve the added slump at a reasonable w/cm.

1.5 RAPID CHLORIDE PERMEABILITY TEST

One test that has become both popular and routine for determining the ability
of concrete to resist chloride ingress 15 ASTM C 1202 (AASHTO T277-93)
“Electrical Indication of Concrete’s ability to Resist Chloride Ion Penetration.” It is
frequently referred to as the Rapid Chloride Permeability Test (RCPT). The test has
become popular because of its low cost and because it is relatively fast. It measures
the total electrical charge in coulombs that passes through a concrete specimen during
a standard time period. The charge passed is then related to chloride permeability,
frequently with the use of a table that appears in both the ASTM and AASHTO
standards. The table provides an indication of chloride ion penetrability for several
ranges of charge passed, in coulombs. Chloride ion penetrability values are given as
high, moderate, low, very low, and negligible. What is not clearly indicated in the
standards is that the table is simply an example of results obtained from a very small
group of specimens and that it is not intended to be used as a standard. Whiting and
Mitchell (1992), the developers of the RCPT test, recommend, “that persons using
this procedure prepare a set of concretes from local materials and use these to
establish their own correlation between charge passed and known chloride
permeability for their own particular materials.”

It is important to note that this test only indirectly measures permeability. It is



actually a measure of the electrical conductance of concrete. Because the test
measures electrical conductance, the addition of materials to the concrete that make
the pore solution of the concrete less conductive will reduce the charge passed during
the RCPT, regardless of how the addition of the material affects the pore structure
and therefore permeability of the concrete.

This is one reason that recent studies have expressed concern over the use of
the RCPT with silica fume concrete (Pfeifer, McDonald, and Krauss 1994, Shi,
Stegemann, and Caldwell 1998). Pfeifer et al. (1994) reviewed 5 studies referenced
in ASTM C 1202 and examined the correlation between the results of the RCPT and
the results of AASHTO T 259, “Resistance of Concrete to Chloride Ion Penetration.”
Although the scope of ASTM C 1202 states that the RCPT is applicable only when a
correlation for the concrete types being tested has been made between the RCPT and
a long-term ponding test, such as AASHTO T 259, Pfeifer et al. (1994) found that, in
numerous articles published both by American Concrete Institute (ACI) and ASTM,
very few researchers had confirmed the correlation provided in the table in both
ASTM C 1202 and AASHTO T 277. They concluded that many researchers used the
results of RCPT to reach conclusions about permeability without confirming the
correlation. After studying and evaluating the results of the 5 articles, they concluded
that, “reliable and proper correlations do not exist between the six-hour rapid chloride
permeability test results and the 90-day ponding test results when different studies are
compared” (Pfeifer, McDonald, and Krauss 1994, p 46). They were especially
concerned about the uses of the RCPT to specify concretes containing pozzolanic
materials, such as silica fume and slag cements. They found that the charge passed
by conventional concretes may decrease 5 to 10 times with the addition of 7 percent
silica fume, but that actual chloride ingress as measured by the 90 day ponding test is
only decreased by one to two times. In addition, silica fume concretes could show
low values of “coulombs passed” despite being made with relatively high water-
cement ratios (0.45 to 0.55), indicating that the RCPT can err in favor of poor quality

concretes.



The permeability of concrete, an indication of how easily ions are transported
through the concrete, depends on the physical pore structure of the concrete. The
conductivity of concrete or its ability to pass an electric current depends not only on
the physical pore structure of the concrete, but also on the pore solution or fluid in the
pores. When Shi, Stegmann, and Caldwell (1998) examined the effect of
supplementary cementing materials such as silica fume on the RCPT, they found that
the addition of silica fume to concrete significantly reduces the conductivity of the
pore solution. Because the RCPT measures the electrical conductivity of the concrete,
it depends on both the pore structure of the concrete and the conductivity of the pore
solution. Consequently, the addition of silica fume will cause the RCPT results to be
much lower, regardless of physical pore structure or permeability of the concrete.
They concluded that the RCPT should not be used to evaluate concretes with
supplementary cementing materials, such as silica fume.

It should also be mentioned that the rapid chloride permeability test that was
originally developed as an in situ device for field testing of concrete bridge decks
(Whiting and Mitchell 1992, Whiting 1981). However, because of limitations in the
field test, an alternative laboratory test (ASTM C 1202, AASHTO T 277) was
developed. “It was not viewed as an accurate, standard laboratory test to determine
the absolute permeability of a given concrete...Because the laboratory test was
viewed as a fallback, it was not developed and tested nearly as thoroughly as the field
method, and no systematic investigations were carried out on the many variables that
might influence the test” (Whiting and Mitchell 1992). When the test was developed
the effect of variables such as aggregate type and size, cement content and
composition, density, and other factors were not studied. Whiting and Mitchell
(1992) state that the precision of the RCPT needs to be improved and statistical
acceptance schemes need to be developed for the test before it should be used with

silica fume concretes.



1.6 CHLORIDE CONCENTRATIONS

It is well known that the transport of chloride ions in concrete is controlled by
absorption, diffusion, and capillary action or wicking. “Except for the near-surface
region of concrete, where capillary forces may be active under drying conditions, the
predominant mechanism for transport of chloride ions in crack-free concrete is by
ionic diffusion through the water-filled pore system” (Whiting and Mitchell 1992).
Fick’s Second Law of Diffusion is commonly used to model the ingress of chlorides

into concrete.

x
Cix,1,C,, D, J=C, | 1—er
( .zr) f[z IDW} (1.1)
where
x = depth
t=time

C, = surface concentration
D, = effective diffusion coefficient

erf = error function

Although this equation generally fits chloride data well, it does have some
limitations. Fick’s model makes several basic assumptions that are violated by
concrete. First, it applies only to the diffusion process and does consider other
methods of chloride transport through concrete, such as sorption and wicking.
Second, it assumes that the material in which diffusion is occurring is both permeable
and homogenous. Concrete is indeed permeable, but it is not homogenous; there are
aggregates, cracks, microcracks and interconnected pores within concrete that can
affect the diffusion of chloride ions through the concrete. Third, the diffusion
properties of the material cannot change with time or concentration of the diffusant.
Concrete generally becomes less permeable as it ages and hydration proceeds.

Fourth, the diffusant cannot react chemically or physically with the material through
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which it is diffusing. Hydration products in cement are capable binding with chloride
ions and preventing their diffusion. Finally, Fick’s Second Law assumes the surface
concentration of the ions being transported is constant over time. Chlorides are
applied to bridges in the form of deicing salts, which are only applied during the
winter months of the year and can be washed away by rains. However, despite the
shortcomings of the equation, it does provide both useful and realistic information

that can be used to judge the performance of concrete (Whiting and Detwiler 1998).

1.7 OVERLAY SPECIFICATIONS

Because bridges with both silica fume and conventional overlays are studied,
it is important to understand the differences in the specifications used for the two
overlay types. Although contractors may take greater precautions to avoid poor
quality concrete than the minimum standards required by the specifications, the
specifications serve as a general indication of the construction practices followed.
The specifications are detailed documents that cover all aspects of the materials,
equipment, and procedures to be used when placing overlay concrete. However,
certain aspects, such as the mix design, finishing methods and curing practices are of
particular interest, especially where the specifications differ for the two types of
overlay. The following descriptions of specification requirements do not necessarily
indicate the requirements of the most recent specifications, but rather the
requirements of the specifications used for the bridges in this study.

The applicable silica fume overlay specifications (special provisions 90P-158-
R3 and 90P-158-R4) had several requirements with regards to mix design, finishing,
and curing of the concrete. They required Type Il or Type VI portland cement, a
minimum cement content of 354 kg/m® (595 Ib/yd?®), and a minimum silica fume
content of 18 kg/m® (30 Ib/yd*), equal to 5 percent of the total cementitious material.
The maximum water to cementitious material ratio was 0.40. The percent volume of
air required was 6.0 plus or minus 2 percent. The maximum coarse aggregate size

was 12.7 mm (1/2 in.), and the ratio of coarse aggregate to fine aggregate was 1:1 by
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weight. The contractor could choose a target stump between 50.8 and 127 mm (2 and
5 inches), with a 25.4 mm (1 in.) tolerance for the chosen slump. Because of concern
over plastic shrinkage cracking, fogging and/or application of a precure material was
required. Initial curing with liquid membrane forming curing compound and final
curing with wet burlap and polyethylene was required for at least seven days.

The conventional overlay (bridge deck wearing surface) specifications
(section 720 of the standard specifications and special provisions 90P-95, 90P-95-R1,
and 90P-95-R2) had several requirements with regards to mix design of the concrete,
finishing and curing of the concrete. They required Type II or Type I/II portland
cement, and a minimum cement content of 371 kg/m’ (625 Ib/yd3). The maximum
water to cementitious material ratio was 0.38, and the percent volume of air required
was 6.0 plus or minus 2 percent. The maximum coarse aggregate size was 12.7 mm
(1/2 in.), and the ratio of coarse aggregate to fine aggregate was 1:1 by weight. The
maximum slump allowed was 19.1 mm (3/4 in.) Fogging was not required. Initial
curing with liquid membrane forming curing compound and fmal curing with wet
burlap and polyethylene was required for at least 72 hours.

The two oldest silica fume overlays studied, bridges 89-184 and 89-187, were
constructed before the specifications for silica fume overlays were written. They
were most likely constructed according to the conventional overlay specifications.

The current silica fume overlay specification (special provision 90M-158-R&)
requires Type IP, Type Il, or Type /Il portland cement, a minimum cement content
of 346 kg/m’, and a minimum silica fume content of 26 kg/m®, 7 percent by weight
of the cementitious material. The maximum water to cementitious material ratio 1s
0.37. The percent volume of air required is 6.5 plus or minus 1.5 percent. The
maximum coarse aggregate size is 12.5 mum, and the ratio of coarse aggregate to fine
aggregate is 1:1. The contractor can choose a target stump between 50 and 125 mm,
with a tolerance of 25 percent or 18 mm, whichever is larger, for the chosen stump.
Because of concern over plastic shrinkage cracking, fogging and application of

precure material are required. Application of a liquid membrane forming curing
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compound immediately behind the tining float is required. The required final cure is
with wet burlap and polyethylene sheeting for at least seven days.

The current conventional overlay specification (special provision 90M-95-R4)
requires Type IP, Type 1I, or Type VII portland cement, and a minimum cement
content of 370 kg/m’. The maximum water to cementitious materjal ratio is 0.38, and
the percent volume of air required is 6.5 plus or minus 1.5 percent. The maximum
coarse aggregate size 15 12.5 mm, and the ratio of coarse aggregate to fine aggregate
is 1:1 by weight. The contractor can choose a target slump between 50 and 125 mm,
with a tolerance of 25 percent or 18 mm, whichever is larger, for the chosen slump.
Application of a precure material is required. Application of liquid membrane
forming curing compound immediately behind the tining float is required. The
required final cure is with wet burlap and polyethylene sheeting for at least seven

days.

1.8 PREVIOUS WORK

Numerous studies have been undertaken to study both cracking and the use of
silica fume in bridge decks. It is useful to examine these previous studies, both to
understand the previous work and to examine the conclusions of researchers. Studies
relating to both bridge cracking in general and to the use of silica fume and its affect
on cracking are reviewed.

Seven studies on bridge deck cracking are summarized. The first study
examines the causes of bridge deck cracking in Kansas and served as a template for
this study, in terms of collection of data and field surveying techniques. The second
study was performed by the Portland Cement Association. It was one of the earliest
studies to extensively examine the factors that affect bridge deck durability. The third
study, by Dakhil, Cady, and Carrier (1975) examined the affects of concrete cover,
concrete slump, and reinforcing bar size on cracking in concrete, The fourth study,
by Poppe (1981), examined the effect of several construction practices and site

conditions on bridge deck cracking. The fifth study was an extensive two part study
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that examined both various construction practices and structural considerations
{Cheng and Johnston 1985, Perfetti, Johnston, and Bingham 1985). The sixth is an
extensive study performed for the National Cooperative Highway Research Program
(Krauss and Rogalla 1996). A seventh study performed for the National Cooperative
Highway Research Program (Whiting and Detwiler 1998) provides an extensive look

at the use of silica fume in bridge decks.

1.8.1 Cracking in Bridge Decks

In 1995, Schmitt and Darwin completed a study of cracking in concrete bridge
decks. The study was performed to find the probable causes of cracking, to determine
the factors that contributed most to cracking, and to recommend alternate design
and/or construction procedures to improve the performance of bridge decks.

The study consisted of on-site field surveys of 40 bridge decks in northeastern
Kansas, and a detailed investigation of project files to examine construction
procedures, design specifications, material properties, and environmental or site
conditions. The scope of the study was limited to steel girder bridges, because it is
generally acknowledged that they show the most severe cracking problems and
because steel girder bridges account for a large percentage of bridges in Kansas. The
study examined 37 composite and three non-composite bridge decks. It also
examined both monolithic and two-layer bridge decks, two of which had silica fume
overlays.

For the on-site field surveys the researchers marked all of the cracks on the
bridge decks and then used a Fortran program to determine a crack density in meters
of crack per square meter of bridge deck. Values of crack density were determined
for each bridge deck, individual spans, individual placements and end sections of the
bridge decks. The crack densities were then compared with bridge properties
appropriate to those sections. For example, material properties of the bridge deck

placements were compared with the crack densities for the individual placements.
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From these observations, Schmitt and Darwin (1995, 1999) reached several
conclusions in regard to monolithic, conventional two-layer, and silica fume two-
layer decks. The deck type had only a small effect on the crack densities of the
bridges studied. The mean crack density for the two layer bridges was only 6 percent
greater than that for monolithic bridge decks. However, the effects of different
material, structural, and environmental factors were analyzed separately for the
different deck types and the trends found were not always the same for the different
deck types. Schmitt and Darwin were also able to draw some conclusions based on
design specifications.

Results for monolithic bridge decks showed several trends. Crack density
increased as concrete slump, percent volume of water and cement, water content,
cement content, and compressive strength increased. Crack density appeared to also
increase with an increase in water/cement ratio, although this trend was established
only for a small range of values. There was a decrease in cracking with increasing air
content, which was especially significant at air contents greater than 6.0%. As the
maximum daily air temperature and daily air temperature range on the day of
concrete placement increased, cracking increased. Monolithic bridges with top cover
of 64 mm (2.5 in.) showed less cracking than monolithic bridges with top cover of
76 mm (3.0 in.). However, a single concrete placement with a slump of 51 mm
(2.0 in.) showed much greater cracking than the concrete placements with slumps of
64 or 76 mm (2.5 or 3.0 in.). Cracking appears to increase with bridge length, but the
trend 1s not clearly defined. For monolithic bridge decks, there was almost no
variation in the size of transverse reinforcing steel bars used, and the spacing between
them, so no conclusion could be drawn with regard to transverse reinforcing steel.

Results for two-layer (overlay) bridges also showed several trends. Overlays
placed with zero slump concrete showed consistently higher levels of cracking than
overlays placed with slump greater than zero. As the average air temperature and
daily air temperature range on the day of concrete placement increased, so did crack

density. Cracking increased with increasing maximum daily air temperature, but the
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trend was not as clearly defined it was for monolithic bridge decks. As placement
length and bridge length increased, cracking in the overlay decks tended to increase,
although the increase in cracking with bridge length is most likely a result of the
increase in cracking with placement length, because most overlays were placed in
sections that extended the entire length of the bridge. There also appeared to be an
increase in cracking with increased skew. The crack densities of two layer bridges
with No. 19 (No. 6) transverse reinforcing steel bars was greater than that of two
layer bridges with either No. 16 (No. 5) bars or a combination of No. 13 and No. 16
(No. 4 and No. 5) bars. Crack densities were also greater in two layer bridges with a
transverse reinforcing bar spacing greater than 150 mm (6 in.)

Only two bridges with silica fume overlays were included in the study,
because of the limited application of the technique at the time of the study, but their
analysis indicated that the use of silica fume could significantly increase cracking, if
precautions were not taken to prevent plastic shrinkage cracking.

Certain results were established for all bridge types. There was increased
cracking near the abutments for bridges with fix-ended girders compared to bridges
with pin-ended girders. The magnitude of the cracking near the abutment increased
for bridges with longer lengths of attachment along the abutments, especially when
the length of attachment was greater than 14 m (45 ft). There also appeared to be an
increase in cracking with an increase in the average annual daily traffic (AADT). The
results showed that for both monolithic and two-layer bridges, the newer bridges
(those constructed after 1988) showed increased cracking compared to older bridges.

Based on the results of the study, Schmitt and Darwin (1995) made three
primary recommendations: (1) the volume of water and cement should not exceed
27.0 percent of the total volume of the concrete when generating mix designs for
monolithic bridge decks and the subdecks of two-layer bridges, (2) the air content of
concrete used for monolithic bridges should exceed 6.0 percent, and (3) concrete used
for bridge deck overlays should not be placed with zero slump.

In addition to the three primary recommendations, Schmitt and Darwin (1995)



16

also mentioned several other items that should be taken into consideration. Designers
should compare the advantages offered by fixed-end girders with the effects of
increased cracking. The effects of high air temperatures on concrete should be
considered when placing concrete, and proper precautions should be taken. For
monolithic bridge decks, concrete stump should be limited to approximately 50 mm
(2 in.). The use of shorter placement lengths should be considered, especially for
bridge deck overlays. Consideration should also be given to limiting the size of
transverse reinforcing steel to No. 13 or No. 16 mm (No. 4 or No. 5) bars spaced no
further than 150 mm (6 in.) apart. When silica fume concrete is placed, fog sprays
should be used to prevent plastic shrinkage cracking.

In 1961, the Portland Cement Association (1970) began an extensive study of
bridge deck durability. One of the primary reasons for undertaking the study was the
apparent connection between the increasing use of de-icing chemicals and the
increased rate of deterioration of concrete bridge decks. The four primary objectives
of the study were to determine the types and extent of bridge deck durability
problems, to determine the causes of the various types of deterioration, to develop
methods for improving the durability of future bridge decks, and to develop methods
for slowing the deterioration of existing bridge decks. The research had 3 major
parts: a detailed investigation of 70 bridge decks, a random survey of over 1000
bridges, and a theoretical study that computed the vibration characteristics of 46 of
the bridges examined in the detailed investigation. All of the bridges examined were
built between 1940 and 1960.

The primary purpose of the detailed investigation was to determine the causes
of deterioration. The 70 bridges were selected to obtain a wide range of types and
amounts of deterioration, ages, structure types, and locations. Representatives from
state highway departments, the Bureau of Public Roads, and the Portland Cement
Association, performed field inspections on each of the bridge decks, that included
making sketches of the bridge decks with the locations and types of deterioration

present. Types of deterioration recorded included scaling, various types of cracking,
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surface spalling, popouts, and pitting. During the field inspections, concrete cores
were collected from the bridge decks. The concrete cores were then examined in the
laboratory to determine properties such as air content, the depth and width of cracks,
chloride contents, and whether the cracks went through the aggregate particles or
around them (an indication that cracking probably occurred when the concrete was
still plastic). In addition to the field inspections and laboratory studies, the plans,
specifications, and construction records were examined to determine any possible
correlation with the observed deterioration.

The primary purpose of the random survey was to determine the types and
amount of deterioration on bridge decks. The bridges surveyed were selected at
random from the population of bridges in 8 states to get a representative sampling of
all the bridge decks in the states. Portland Cement Association engineers and state
highway department representatives used standard data sheets to classify the type and
amount of deterioration on the bridge decks in accordance with the same definitions
used in the detailed investigations.

The vibration characteristics of the bridges were calculated using a set of
equations that had previously been shown to correlate well with actual bridge
behavior. Once calculated, the vibration characteristics were interpreted only with
respect to transverse cracking and surface spalling. The results of the theoretical
study indicated that there was no correlation between transverse cracking or surface
spalling and the vibration characteristics of the superstructure, regardless of the
superstructure type.

Both the detailed investigations and the random survey classified cracking
according to its directional trend into one of 6 categories: transverse, longitudinal,
diagonal, pattern or map, D, and random. Results of the detailed investigation
indicated that transverse and longitudinal cracking were the most prevalent and most
significant because surface spalls were often associated with these two types of
cracking. Several factors were found to contribute to transverse cracking in decks,

but no single factor was more significant than the others. The detailed investigation
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showed that the major factors contributing to transverse cracking in decks supported
by steel girders are the restraint that the steel girders impose on both the short and
long term shrinkage of the deck slab, and the tensile stress rise in the concrete caused
by the top slab reinforcement. Both the field observations and the laboratory tests
indicated that transverse cracks frequently occurred directly over reinforcing bars.
Longitudinal cracks frequently formed directly over longitudinal reinforcement or
void tubes in hollow slab bridges.

Based on the results of the study, the Portland Cement Association made
several recommendations to improve bridge deck durability, especially in regard to
cracking. The largest practical maximum size of coarse aggregate should be used to
reduce paste content and thereby reduce concrete shrinkage. The maximum slump
should be between 2 and 3 inches, because large slumps can cause segregation,
increased bleeding, drying shrinkage, and therefore cracking tendency. Concrete
cover over the top reinforcing steel should be at least 2 inches in areas where de-icing
chemicals are used and at least 1.5 inches in areas where de-icing chemicals are not
used. Curing should be started as soon as the concrete has hardened enough to
prevent surface damage.

Because of the prevalence of cracking in bridge decks directly over
reinforcing steel bars, Dakhil, Cady, and Carrier (1975) investigated the effect of the
depth of concrete cover, concrete slump, and reinforcement bar size on the cracking
tendency of concrete bridge decks. The study included a laboratory investigation of
concrete specimens with varying depth of cover, concrete slump, and bar size, a
photoelastic evaluation of gelatin models to determine the type and quantity of stress
in the concrete specimens, and a corrosion study to evaluate how the formation of
cracks affected the rate of corrosion activity.

A total of 108 concrete specimens were made using three different concrete
slumps [51 mm (2 in.), 76 mm (3 in.) and 102 mm (4 in.)], four different depths of
cover [19 mm (0.75in.), 25 mm (1 in.), 38 mm (1.5 in.}, and 51 mm (2 in.)], and
three different reinforcing bar sizes [No. 13 (No. 4), No. 16 (No. 5), No. 19 (No. 6)].
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The specimens were inspected and photographed 4 hours after concrete placement to
determine the extent of cracking. The data indicated that both the occurrence and
severity of cracking increased with increasing bar size, increasing slump, and
decreasing cover. Depth of concrete cover was determined to be the single most
important factor controlling the cracking tendency. Specimens with 51 mm (2 in.)
cover resisted cracking in all cases except 1n combination with the largest bar size and
highest slump. It should be noted that the effects of water reducers were not studied
and higher slumps due to the use of water reducers may not exhibit the same
behavior.

The photoelastic evaluation of gelatin models indicated that the skin stresses
above the reinforcing steel bars are tensile and that the tensile stresses reach a
maximum over the bars.

The specimens for the corrosion study contained No. 16 (No. 5) bars with
19 mm (0.75 in.) and 38 mm (1.5 in.) covers. The specimens were exposed to salt
solutions, and the presence of active corrosion was determined by measuring the
potential of the steel to a standard reference electrode. The most important result of
the corrosion study was that corrosion was significantly greater in specimens that had
cracks above the reinforcement.

In a study on concrete bridge deck durability, Poppe (1981) examined several
variables including, bridge deck thickness, weather conditions at the time of
placement, type of curing, volume of entrained air, use of shrinkage compensated
cement, and reinforcing steel placement. To study the effects of the various variables,
the construction of bridge decks with different designs, construction practices, and
materials was observed.

To determine the performance of the bridge decks, crack surveys were
performed. The results of the crack surveys were used to calculate a deck cracking
index. The cracking index was calculated by dividing the bridge deck into a grid
system and determining the average number of cracks per grid square. However,

because large crack width was considered to be more harmful to bridge deck
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performance than thin cracks, a weighted average was used that assigned a greater
welght to wider cracks. The cracking index was then used as a quantitative indication
of bridge deck performance.

Based on the results of the study, Poppe (1981) made several conclusions.
Thicker bridge decks do not change cracking patterns, or eliminate cracking, but they
do crack less than decks of the standard thickness [158.8 mm (6.25 in.)]. Adverse
weather conditions, such as high wind, high heat, and low humidity, have a greater
affect on increased bridge deck cracking than any of the construction practice
variables studied. Both insufficient curing and late application of initial curing result
in increased cracking. The use of curing compounds reduces cracking when high
winds or low humidity occur during construction. The use of different amounts of
entrained air in concrete had no effect on bridge deck cracking. Bridge decks with
shrinkage compensating cement showed less cracking than those with Type II
portland cement. Placement of reinforcing steel had a minimal affect on cracking.

North Carolina State University completed a two part study on transverse
cracking in bridge decks in 1985 (Cheng and Johnston 1985, Perfettt, Johnston, and
Bingham 1985). The first part of the study examined construction procedures,
construction site conditions, and concrete properties. The second half of the study
examined the superstructure type, the deck casting sequence employed at the time of
construction, and the vibration characteristics at the time of construction. A total of
72 bridges constructed between 1972 and 1981 were evaluated. Twenty of the
bridges were supported by prestressed concrete girders. The other 52 bridges were
supported by steel girders. Thirty five of the bridges were simple spans, and the
remaining 37 bridges were continuous span units. Data was collected for each bridge
from a field survey, the final design plans, construction diaries, and material and test
records. During the field survey, the number of major, and minor transverse cracks
were recorded, and used to calculate “cracks per linear foot” of bridge deck (CLF),

based on the following expression:
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CLF = (MACR + (MICR/4))/LENGTH (1.2)
where

MACR = major transverse cracks, those cracks that could be followed
completely across the bridge deck surface, or that
propagated from one edge of the deck up to the roadway
centerline.

MICR = minor transverse cracks, those shorter transverse cracks that
typically occurred close to the edge of the deck at the parapet
joints or intersecting vertical drain pipes.

LENGTH = appropriate span of bridge length (ft)

The design plans were used to determine the superstructure type, girder type, girder
spacing, girder size, and support conditions. The construction diaries were used to
determine the order of the deck casting operation, and comments on construction
progress. The material and test records were used to determine concrete cylinder
strengths, and concrete mix design properties.

By comparing the data collected with the calculated CLF for each bridge,
Cheng and Johnston were able to draw several conclusions. The transverse cracking
problem was more significant in continuous girder bridges, both prestressed and steel,
than in simple spans. The length of concrete placement did not significantly affect
the rate of cracking observed. Low relative humidity, less than 60%, at the time of
concrete placement caused increased transverse cracking. Low ambient temperatures
at the time of concrete placement caused increased transverse cracking. Higher air
contents in the mix design reduced transverse cracking. Other than air content, they
found no significant correlation between mix design material factors and the amount
of transverse cracking.

The second part of the study (Perfetti, Johnston, and Bingham 1985)
examined the structural characteristics of the bridges. Perfetti et al. used the Nick-

Ramiery and Veletsos procedure to calculate the vibration characteristics (natural
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frequency and the dimensionless speed parameter that characterizes the dynamic
response) of each bridge. The vibration characteristics were then compared with the
CLF for each bridge. For simple steel spans, the fundamental natural frequency of
the bridge decreased and the incidence of transverse cracking increased as span
lengths increased. There was no correlation between span length and increased
cracking for continuous steel units. When all structural types were considered, there
was no consistent relationship between the vibration characteristics of the bridges and
the incidence of cracking.

Perfetti et al. (1985) also used a finite element technique to analyze the
bridges under dead and live load. For the dead load analysis, the maximum stress
was calculated for conditions during the concrete placement and for the residual
stresses in the deck after all concrete placement was completed. For the live load
analysis, the stresses due to an HS20-44 lane loading were determined from a static
analysis. They found no consistent relationship between the incidence of transverse
cracking and the residual maximum stresses in the bridge deck after the completion of
concrete placement. They found that transverse cracking increased as the calculated
combined dead and live load stresges increased.

Krauss and Rogalla completed an extensive study of transverse cracking in
newly constructed bridge decks in 1996. The study included a survey of 52
transportation agencies, a literature review, theoretical and finite element analysis of
numerous bridge designs, field instrumentation of a deck replacement, and laboratory
studies of the cracking tendency of different concretes. The project determined which
factors most significantly affect bridge deck cracking based on structural design
procedures, concrete material properties, and construction methods.

The survey of transportation agencies was used to determine what factors the
agencies perceived to be most important in the control of cracking. Sixty two percent
of the agencies considered early transverse cracking to be a problem. Although the
results were diverse, the factors that elicited the most concern in regard to perceived

causes of cracking were curing of the concrete and concrete material properties such
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ag drying shrinkage, plastic shrinkage, cement content, the use of retarders, and
environmental conditions, such as temperature and relative humidity. Construction
practices, other than curing, and design practices, other than deflections, were not
generally considered to be major causes of cracking.

The literature review studied articles and papers that examined transverse
cracking in bridge decks, and how cracking is related to corrosion of reinforcing steel,
the visual appearance of the decks, and structural deterioration of concrete.

The field study consisted of instrumenting the Portland-Columbia Bridge
between Pennsylvania and New Jersey to measure strains and temperatures in the
bridge deck and girders. Environmental conditions were also monitored. Data was
collected for several months, starting when the deck concrete was cast. The data
collected could not be generalized to all bridges, but the data was useful in
confirming the theoretical analysis.

The theoretical analysis involved the development of equations to “calculate
stresses in a composite reinforced concrete bridge subjected to uniform and linear
temperature and shrinkage conditions” (Krauss and Rogalla 1996). The behavior of
the Portland-Columbia Bridge was used to confirm the accuracy of the equations.
The equations were then used to examine more than 18,000 combinations of bridge
geometry and material properties. The factors that affect shrinkage and thermal
stresses were grouped into four categories: the concrete material, the geometry of the
bridge, construction techniques, and the bridge environment. The concrete material
properties had the greatest effect on shrinkage stresses. The shrinkage stresses were
generally linearly proportional to the shrinkage of the concrete, so that any changes in
the concrete material properties that reduced its shrinkage also directly reduced
shrinkage stresses.

Krauss and Rogalla developed a restrained ring test to determine cracking
tendency and used it to evaluate 39 different concrete mixtures. The effects of water-
cement ratio, cement content, aggregate size and type, superplasticizer, silica fume,

set accelerators and retarders, air entrainment, evaporation rate, curing, and
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shrinkage-compensating cement were examined.

Based on the results of the entire study, conclusions were drawn, and
recommendations were made with respect to design, material properties, and
construction practices to reduce bridge deck cracking. Design factors include girder
type, deck thickness, concrete cover, reinforcing bar size, type and alignment,
quantity of reinforcement, skew, and traffic volume. Concrete material property
factors include modulus of elasticity of the concrete, concrete strength, cement
content, water content, water-cement ratio, aggregate and cement paste content,
aggregate size and shape, cement type, use of silica fume, use of water reducers, use
of set retarders and accelerators, slump, and air content. Construction practice factors
include weather and time of placement, temperature, wind speed, placement
sequence, finishing, vibration of fresh concrete, construction loads, traffic induced
vibrations, and curing

The literature review indicated that cracking was more common on steel
girder structures, continuous structures were more susceptible to cracking than simple
spans. Higher temperature variations and, therefore, greater thermal stresses occur
with steel girders. Both the literature review and theoretical analysis suggested that
thicker decks are less susceptible to cracking. However, the analysis also showed that
the size of spans and girders can affect the relationship between cracking and deck
thickness. Reinforcing bar cover between 38 and 76 mm (1.5 and 3 in.) was
recommended. It was also mentioned that a minimum cover of 50 mm (2 in.) is
needed to avoid settlement cracks and is recommended for corrosion protection.
Reduction of reinforcing bar size and decreasing spacing (necessary to maintain the
same reinforcement ratio) reduced stress concentrations and the width of cracks.
Although the literature review indicated that epoxy-coated reinforcement caused
wider cracks, it also caused fewer cracks and performed better in corrosive
conditions, consequently improving deck performance. Krauss and Rogalla
recommended that bridges subject to deicing chemicals should contain some form of

corrosion resistant reinforcement, such as epoxy-coated bars. Offsetting top and
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bottom bars reduced the chances of full depth cracking, which usually occurred when
the top and bottom bars were aligned. Both the analysis and the literature review
indicated that the skew of bridge decks did not significantly affect transverse
cracking. The literature review indicated that some researchers found an increase in
cracking on bridges with higher traffic volumes, not all researchers agreed that traffic
volume affected cracking in bridge decks.

The restrained ring tests showed that concrete modulus of elasticity and creep
have a more significant affect on thermal and shrinkage stresses in concrete than any
other material properties. A reduction in the modulus of elasticity and an increase in
creep of the concrete reduce the risk of transverse deck cracking. This can be
accomplished by using lower strength concrete and decreasing its paste content. The
restrained ring tests showed that free shrinkage was directly proportional to paste
volume; therefore, decreasing the paste volume, decreased shrinkage and
consequently cracking. Although a slight relationship between lower water-cement
ratios and increased cracking was found, the affect of cement content was not
evaluated separately. The restrained ring tests showed that concretes with high
cement contents and low water-cement ratios were more likely to crack than
concretes with low cement contents and high water cement ratios. Therefore, Krauss
and Rogalla recommended that bridge deck concrete should have 28 day compressive
strength between 21 and 28 MPa (3000 and 4000 psi) to reduce cracking. They also
recommended, not only low cement contents, but also that transportation agencies
should specify a maximum cement content. The restrained ring tests showed no
correlation between water content and cracking tendency. However, Krauss and
Rogalla believe that, although concrete with higher water content and therefore higher
paste content shrinks more than concrete with a lower water content, it may not crack
sooner because it also has higher creep. To achieve a higher aggregate content, and
therefore lower paste volume, it was also recommended that the largest permissible
aggregate size be used, in accordance with ACI guidelines. Crushed aggregate

reduced cracking better than rounded aggregate in the restrained ring tests. Krauss
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and Rogalla found that the lower heats of hydration developed when Type II cements
were used led to reduced cracking. The restrained ring tests indicated that adding
silica fume to concrete increased the risk and/or severity of deck cracking. The
results also indicated that water reducers could help delay cracking. Although,
concrete specimens with accelerators cracked slightly sooner than concrete without
accelerators during restrained ring tests, Krauss and Rogalla state that accelerators
have minimal effects on cracking. Results on the effects of retarders were scattered
and inconclusive, but Krauss and Rogalla recommend that precautions should be
taken to avoid plastic shrinkage cracking when retarders are used. Although slump
did not appear to affect deck cracking, it was recommended that a slump of at least
75 mm (3 in.} be used so that adeguate compaction can be achieved. Restrained ring
test specimens with entrained air did not show a cracking tendency significantly
different from that of specimens without entrained air.

The report recommends that decks should be cast in cool, but not cold weather
to reduce cracking. High humidity and low evaporation rates reduce cracking. Wind
breaks and immediate water fogging were recommended in cases where the
evaporation rate exceeds 1 kg/m*/hr (0.2 Ib/ft%/hr). It was found that, although the use
of a placing sequence to avoid negative bending and tensile stresses is important,
negative bending stresses are not a primary cause of early bridge deck cracking. The
findings indicate that concrete should be thoroughly vibrated, and mechanically
screeded, and then floated after early bleeding. Effective vibration reduced voids and
cracking. Construction loads can cause cracking by overloading the deck at an early
age, but they are generally not a significant cause of transverse bridge deck cracking.
Traffic-induced vibrations were not large enough to cause cracking in early age
concrete. The research showed that curing is both a major cause of concern with
transportation agencies and has a significant effect on transverse cracking in bridge
decks. The optimum curing recommended for bridge decks includes the use of
windbreaks when evaporation rates are excessive, fogging to cool the concrete during

placement and finishing, misting or use of a monomolecular film immediately after
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screeding, applying curing compound in two directions after bleed water diminishes
but before the surface is dry, moist curing with wet burlap after the concrete can resist
indentation, for at least 7 days, using a curing membrane after wet curing, and
grooving with a diamond saw, instead of tining so that wet curing with burlap can

begin sooner.

1.8.2 Silica Fume in Bridge Decks

In 1998, Whiting and Detwiler completed a report investigating the use of
silica fume in concrete bridge decks. The study had several objectives: (1) to
investigate the effects of the different forms and amounts of silica fume used in the
concrete, (2) to examine the mix design parameters that most affect the behavior of
silica fume concrete, (3) to produce information regarding the ability of silica fume
concrete to reduce the diffusion of chloride ions, (4) to evaluate the tendency of silica
fume concrete to crack, as well as methods to reduce cracking, (5) to analyze how
well silica fume concrete overlays bond to deck concrete, and (6) to determine the
optimum mix design parameters for the desired overlay performance.

The research included preparing both “full depth” concrete mixtures that
contained 368 kg/m® (620 Ib/yd®) of cementitious material and “overlay” mixtures
that contained 415 kg/m3 (700 Ib/yd’) of cementitious material. Mix designs for both
cementitious material confents were prepared with a practical range of water-
cementitious material ratios (w/cm) and silica fume contents. The w/cm ratio was
varied from 0.35 to 0.45 for the “full depth” mixtures and from 0.30 to 0.40 for the
“overlay” mixtures. Silica fume content was varied from 0 to a 12 percent
replacement by weight of cement. Specimens were tested to determine drying
shrinkage, cracking tendency, chloride ion diffusivity, compressive strength, elastic
modulus, strength of bond to the concrete substrate, and the coefficient of thermal
expansion. The “full depth” mixtures were cured for 7 days, while the “overlay”
mixtures were cured for 3 days, before testing began. The test results for drying

shrinkage, cracking tendency, chloride ion diffusivity, compressive strength, elastic
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modulus, strength of bond to the concrete substrate, and the coefficient of thermal
expansion were then analyzed with respect to both w/cm ratio and silica fume
content.

Drying shrinkage was measured on beam specimens over a period of 64
weeks at regular time intervals. The results showed that the “overlay” mixtures
showed a greater degree of drying shrinkage than the “full depth” mixtures, especially
at later ages. Two reasons were suggested for this behavior: (1) the “overlay”
mixtures had higher paste contents, and (2) the “overlay” mixtures were only cured
for 3 days compared to 7 days for the “full depth” mixtures. Although the “overlay”
mixtures had lower w/cm ratios and exhibited greater drying shrinking, when the “full
depth” and “overlay” mixtures were evaluated separately, the results showed that the
mix designs with lower w/cm ratios exhibited less drymg shrinkage. The tests also
indicated that at fixed w/cm ratios, the changes in drying shrinkage are only sensitive
to silica fume content at the extremes of the w/cm ratios used, especially at the lower
extreme. The “full depth” mixtures exhibited minimal change in shrinkage with
changing silica fume contents at the midpoint of the w/cm ratio range.

Cracking tendency was measured with the restrained ring test developed by
Krauss and Rogalla (1996). When Krauss and Rogalla developed the test, they found
good correlation between cracking in concrete bridge decks and cracking in the ring
test specimens. “Full depth” mixtures were tested for different values of w/cm ratios,
silica fume content, and curing time. When the specimens were moist cured for only
1 day, there was a significant increase in cracking with increasing silica fume content.
After 7 days of moist curing, the difference in cracking tendency with increasing
silica fume content was no longer evident. The results supported the generally held
belief that silica fume concrete is more sensitive to moist curing times than
conventional concrete. The w/cm ratio had no significant effect on cracking tendency
as a function of curing time.

Chloride 1on diffusivity specimens were subjected to 180 days of ponding, in

accordance with AASHTO T259 “Resistance of Concrete to Chloride lon
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Penetration,” with the exception that the “overlay” mixtures were only moist cured
for 3 days and the “full depth” mixtures were only moist cured for 7 days compared
to the 14 days in the standard. After ponding, the specimens were milled in 1 mm
(0.04 in.) layers that were tested for chloride content. The apparent diffusion
coefficient was then calculated using a least-squares regression fit to Fick’s second
law of diffusion. The results showed a dramatic overall decrease in diffusivity as
silica fume content increased. However, for silica fume contents greater than
6 percent, a greater amount of silica fume was required to cause a given change in
diffusivity than at silica fume contents lower than 6 percent. Whiting and Detwiler
{1998} comment with regards to chloride diffusivity that, because “silica fume is
expensive, a point of diminishing returns may be reached as one adds silica fume over
about 6 percent.”

Compressive strength tests showed increases of up to 10 MPa when increasing
the silica fume content of the concrete from 0 to 6 percent. However, when silica
fume content was increased from 6 to 12 percent, there was little or no increase in
compressive strength. It should also be noted that the highest compressive strength
test results were obtained at the lowest w/cm ratio regardless of the silica fume
content,

Modulus of elasticity in compression was measured on the specimens that
were tested for compressive strength at 28 and 90 days of age. The modulus of
elasticity increased as the silica fume content increased. As might be expected
because of the approximate square root relationship between the modulus of elasticity
and compressive strength, there was less spread in the data for modulus of elasticity
than there was for compressive strength. “For example, at 28 days, the difference in
strength between mixtures having the highest and lowest compressive strengths was
52 percent of the mean strength, while the range in modulus for the same set of
mixtures was only 22 percent of the mean modulus.” Whiting and Detwiler (1998)
concluded that it is unlikely that the small increases in elastic modulus would lead to

an increased brittleness of the silica fume concrete compared to the conventional



30

concretes.

The bond strength of overlay concretes to the concrete substrate was tested
using a pull-off bond procedure described in ACI 503R-93. The specimens were
mixed and cast at 35 °C (95 °F) to simulate hot-weather conditions, which lead to
frequent problems with overlay placements. Although the results indicated that the
highest bond strengths occurred with silica fume contents of 6 percent and greater, the
differences in the test results were statistically insignificant.

Coefficient of thermal expansion tests showed small differences, of less than
1x10°8 °C™" between the smallest and largest values, for the “full depth” mixtures, as
silica fume content varied. The results for the “overlay” mixtures showed a slight
decrease in the coefficient of thermal expansion with increased silica fume contents,
but the resulting coefficients were within the expected range for conventional
concretes. Whiting and Detwiler (1998) concluded that the addition of silica fume to
concrete has a minimal effect on the coefficient of thermal expansion.

Although the study did not specifically address field practices, based on the
results of the investigation, a minimum cure time of 7 days was recommended. The
study also suggested that silica fume levels between 6 and 8 percent will yield
optimum results with respect to both cost and performance for highway agency

projects that use silica fume concrete.

1.9 OBJECT AND SCOPE

In this study, factors that contribute to cracking, and concrete permeability in
bridge decks are examined. The goal is to determine how construction practices and
material properties correlate with the performance of the bridge decks. It is also
desired to gage the performance of bridge decks with silica fume overlays relative to
bridges with conventional concrete overlays and to determine if the silica fume
overlays commonly used on bridges in Kansas are performing at a level that justifies
the extra cost and construction precautions. Forty bridges, 20 with silica fume

overlays, 16 with non-silica fume concrete overlays, and 4 monolithic bridges, were
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evaluated.

Field surveys were performed on each bridge. The field surveys consisted of
making detailed sketches of the observed cracking patterns on scale drawings of the
bridge decks. A computer program was used to calculate crack densities for each of
the bridge decks based on the completed sketches. Concrete samples were taken from
each concrete placement to determine chloride content at five different depths and for
rapid chloride permeability testing. Plans and construction diaries were examined to
determine the material properties of the concrete used, environmental conditions at
the time of placement, and age. The information taken from the construction
documents and determined from the concrete sample testing is compared to the crack
density data, calculated effective diffusion coefficients, and rapid chloride
permeability test results to identify the principal factors that contribute to the cracking

of the bridge decks and to evaluate the performance of the bridge decks.



CHAPTER 2
DATA COLLECTION

2.1 GENERAL

To determine the factors that contributed to performance of the 40 concrete
bridge decks evaluated in this study, design and construction data were collected and
compared to the cracking observed on each deck. Data on the material properties of
the concrete was also compared with the results of the rapid chloride permeability test
and calculated diffusion coefficients. Previous work by Schmitt and Darwin (1995,
1999) shows that several variables play an important role in crack formation on
bridge decks. Based on the earlier work several variables were considered in this
study. Data on design specifications, construction methods, site conditions, and
material properties were collected from project files, field books, bridge plans, and
weather data logs. Field surveys were performed to determine the extent of cracking,
the permeability and chloride content of the concrete, and the roughness of each of
the bridge decks in the study.

Most, but not all, of the data pertinent to this study were avatlable in KDOT
records. The type of curing materials was infrequently mentioned in bridge logs, and
the times of placement and removal were rarely mentioned. Concrete temperatures at
the time of placement were, on occasion, available in field books, but not often
enough to make use of the information. Daily high and low temperatures were
recorded in many daily logs, but wind speeds and relative humidity were not recorded

and only available through the Kansas State University Weather Data Library.

2.2 SELECTION OF BRIDGES

A total of 40 stee] girder bridges, predominantly in northeast Kansas, were
selected for evaluation from eight counties: 1 from Douglas; 8 from Johnson; 1 from
Lyon; 1 from Osage; 2 from Pottowatomie; 2 from Riley; 2 from Sedgwick; and 25

from Shawnee. Steel girder bridges were chosen because it is generally

32



33

acknowledged that cracking is more severe on steel girder bridges and because steel
girder bridges account for a large percentage of the bridges built in Kansas.
Additionally, Schmitt and Darwin (1995, 1999) surveyed steel girder bridges, and by
comparing results for the same type of bridges, the possibility existed of
incorporating data from the earlier report.

Bridges built between 1990 and 1998 were selected for evaluation. Because
field books and other construction data are often discarded or otherwise difficult to
obtain after 5 years, emphasis by necessity was placed on bridges built after 1993.
The lack of long-term construction records, noted earlier by Schmitt and Darwin
(1995), represents a weakness in the ability of an agency such as KDOT, to improve
its construction procedures based on field experience.

Twenty bridges with silica fume overlays and 20 bridges without silica fume
overlays were selected. The 20 bridges that did not have silica fume overlays
included 16 bridges with conventional concrete overlays and 4 monolithic bridges.
The bridges without silica fume were used to gage the performance of the silica fume
overlays. Of the 40 bridges evaluated in this study, 2 with silica fume overlays, 6
with conventional overlays and 3 with monolithic decks had been evaluated earlier by
Schmitt and Darwin (1995, 1999).

The first step in the selection of the bridges was to find the project files that
contained information on the bridges in either the Construction Management System
(CMS) database or the field books. The project files were necessary to be able to
examine factors such as mix design, construction dates, and the width, length and
location of concrete placements. Second, it was necessary to select bridges that could
be safely inspected. Third, in the selection process, it was considered desirable to
match the percentage of sample bridges of each structure type to the percentage of
bridges in the state of Kansas of that structure type. However, this proved unfeasible
because of the limitations set by the first two conditions. Four types of bridge
structures were evaluated: 11 (27.5%) SMCC (steel beamn, composite continuous),

26 (65%) SWCC (steel welded plate girder, composite continuous), 2 (5%) SWCH
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(steel welded plate girder, composite continuous and haunched), and 1 (2.5%)
WWCH (weathering steel welded plate girder, composite continuous and haunched).
Schmitt and Darwin (1995) found that in the state of Kansas the percentages of
structure types for steel composite girder bridges were 39 percent SMCC, 31 percent
SWCC, and 11 percent SWCH. Nine other structure types accounted for the
remaining 19 percent, with no single type accounting for more than 4 percent of the
total. Although, the percentages of structure type in this study did not match the
statewide percentages, it was not considered to heavily impact the results because
Schmitt and Darwin (1995) found that type of composite bridge had little or no effect

on bridge deck cracking.

2.3 DATA SOURCES

Information on the bridges surveyed was collected from a variety of sources.
The plans for the bridges came from the KDOT Burean of Design in Topeka.
Information collected from the plans included bridge length, width, number of spans,
span length, bridge skew, deck thickness, top cover thickness, thickness of the
overlays, and reinforcing bar spacing. The location of the bridge and AADT were
found in the KDOT Bridge Log. The older project files, which were available in the
KDOT District 1 office, contained material test reports that contained information on
the mix design, air content, slump, and cylinder strength of the concrete. Field books
and construction diaries provided information on both placement dates and locations.
They sometimes included daily temperature highs and lows and concrete
temperatures. For newer bridges, material test reports, daily air content and slump
reports, mix design, and daily diaries were available almost exclusively through the
CMS database, at KDOT area offices. Background information on bridges that had
been included in the work by Schmitt and Darwin (1995) was available from the
earlier report. Additional weather information, such as relative humidity, average
wind speed and daily high and lows (when not listed in daily journals), was obtained

from the Weather Data Library at Kansas State University.
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2.4 ON-SITE FIELD SURVEYS

An on-site inspection was performed for each of the 40 bridges selected. The
field inspection consisted of several steps. First, scale drawings of the bridge were
made from the plans. Second, once traffic control was setup, the bridge deck was
inspected to determine its general condition. Third, cracks in the bridge deck were
marked with lumber crayon. Fourth, the cracks were plotted on the scale drawing of
the bridge deck. The fifth step included taking cores for rapid chloride permeability
testing and concrete samples for chloride content testing. The fifth step generally
occurred concurrently with the third and fourth steps and was performed by the
KDOT Bureau of Materials and Research. The sixth step involved examining the
underside of the deck for cracking. In detail, the steps proceeded as follows:

Before going to each bridge, a scale drawing of the bridge deck was created
on engineering paper at a scale of 1 inch equal to 10 feet (the plans were all in
customary units). The drawing indicated compass directions and the dimensions and
boundaries of the bridge deck.

Once on site at the bridge, personnel from the KDOT Bureau of Materials and
Research provided traffic control. Generally one lane of traffic was closed and that
lane was completely surveyed before moving to the next lane. After traffic control
was established, the bridge was stationed in 5-foot increments, marking the total
distance from the end of the bridge to each station. Once the bridge was stationed,
the inspection team walked the length of the bridge in the closed lane looking for
cracks. When cracks were Jocated, tumber crayon was used to draw on top of the
crack or immediately adjacent to it, so that cracks could easily be seen, located, and
measured when making the scale drawings. Spalls, regions of scaling and small
repair areas were noted, but were not included in the sketches.

As the inspection teams moved along the bridge and finished marking cracks,
the cracks were marked on the scale drawing. The crack locations were measured
from the nearest station marking. The crack lengths were then measured or estimated

based on the length of nearby cracks of known length and added to the scale drawing.
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Once a portion of the deck was marked and mapped, the samples for the rapid
chloride permeability test and chloride content were taken by technicians from the
KDOT Bureau of Materials and Research. Three, 100 mm (4 in.) diameter concrete
cores were taken from each concrete placement on the deck. Samples for chioride
content were taken at 6 locations from each placement, 3 on cracks and 3 away from
cracks. At each location, powdered samples were obtained with a vacuum drill in 5
depth increments of 19 mm (3/4 in.) each: 0-19 mm (0-3/4 in.), 19-38 mm (3/4-
[.51n.), 38-57 mm. (1.5-2.25 in.), 57-76 mm (2.25-3in.), and 76-95 mm (3-3.75 in.).
Finally, the underside of each deck was inspected for cracks, which could be

easily identified by white efflorescence along their edges.

2.5 RAPID CHLORIDE PERMEABILITY TEST, CHLORIDE CONTENT,
AND PAVEMENT PROFILFE
2.5.1 Rapid Chloride Permeability
The KDOT Bureau of Materials and Research performed the rapid chloride
permeability tests (RCPT), the chloride content evaluation, and the pavement
profiling. The rapid chloride permeability test determines the electrical conductance
of concrete, which is used to provide an indication of the permeability of the concrete
to chloride ions. The test involves passing an electrical charge through a concrete
cylinder and determining the total charge in coulombs that passes through the
cylinder and was performed in accordance with ASTM C 1202 “Standard Test
Method for Electrical Indication of Concrete’s Ability to Resist Chloride lon
Penetration,” with the exception that the cores were not 51 mm (2 in.) thick. The
concrete cores were cut approximately 38 mm (1.5 in.) thick and the exact
thicknesses were recorded. The cores were not cut to the standard 51 mm (2 in.)
thickness because silica fume overlays are only 38 mm (1.5 in.) thick. The final
readings from the RCPT test were then linearly scaled to artive at results

approximately equivalent to a standard 51 mm (2 in.) thick cylinder.
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2.5.2 Chloride Content

Chloride content was determined using a silver nitrate titration process similar
to that described in ASTM C 1218. The samples for testing are placed in a small
plastic cup and include the filter paper used in the vacuum drill when the sample is
obtained. The procedure is as follows: (1) Place a 400 ml beaker onto a top loading
balance and tare the balance. (2) Retrieve the filter paper from the sample cup and
using scissors, cut the filter paper into at least 3 pieces, placing the pieces into the
beaker. (3) Add the remaining material from the sample cup into the beaker. (4) Note
and record to +/- 0.02 grams the mass of the sample. (5) Add approximately 150 ml
of distilled water to the beaker. (6) Place a lid onto the beaker and place the beaker
onto a hot plate on a high heat setting. Allow the solution to come to a boil and boil
for approximately 20 minutes. (7) Remove the beaker from the hot plate and allow it
to cool near room temperature. (8) Once cool, vacuum filter the solution through
No. 1 Whatman filter paper in a 2 piece Buchner filter funnel into a 500 ml vacuum
flask. Clean and rinse the beaker with hot distilled water. (9) Pour the filtrate in the
vacuum flask into a 250 ml plastic Mettler titration beaker. Rinse the flask 3 times
with distilled water pouring the rinse into the plastic beaker. (10) Add 5 ml of
concentrated nitric acid to the beaker. Then add distilled water to the beaker until the
total volume is approximately 300 ml. (11) Titrate the sample on the Mettler DL70
Automatic Titrator using a chloride ion specific electrode in combination with a
silver/silver chloride reference electrode and 1.0 N standardized silver nitrate titrant
solution. Chloride content (kg/m®) is then calculated by dividing the product of the
volume of the silver nitrate titrant (ml), the normal concentration of titrant (mmol/ml),
and a constant [81.27 kgeg/(m*-mmol)] by the difference between the mass of the

concrete sample and filter paper (g) and the mass of filter paper (g).

2.5.3 Pavement Profile

The pavement profiles were performed according to Kansas Test Method

KT-54 “Determination of Pavement Profile with the Profilograph.” The primary
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apparatus used in the test is a California type 7.6 m profilograph with pointer. It is a
rolling straight edge, that measures vertical deviations from a moving 7.6 m reference
plane. The pavement profile is graphically recorded on a profilogram with scales of
300:1 longitudinally and 1:1 vertically.

The test is run by moving the profilograph at walking speed (approximately
5 km/h) along an appropriate path for each section of pavement (1 meter inside from
the lane edge or construction joint). The pointer is used to maintain the required trace
path. As the profilograph moves forward, both the longitudinal and vertical
displacement of the profile wheel are measured and recorded on recording paper. The
vertical displacement includes both rises and drops. The roughness of the profiled
pavement is then determined by summing the vertical rises and dividing the result by
the length over which the recording was made. This yields a profile roughness index
(PRI) in mm/km (in./mi) that indicates the vertical deviation from the surface over a

unit distance and is used to evaluate the roughness of the entire path that was

measured.

2.6 CALCULATION OF CRACK DENSITIES

It was necessary to calculate the crack densities of the bridges to obtain
quantitative values to compare the performance of the bridge decks. In the earlier
study, Schmitt and Darwin (1995,1999) used a FORTRAN program to evaluate the
crack densities of bridges. Because the code was available, it was possible to recreate
the earlier FORTRAN program and make necessary changes. The program was
useful because it could be used to calculate crack densities for a bridge deck more
rapidly and consistently than doing the equivalent work by hand. It could also
calculate separate crack densities for the entire bridge, individual placements and
individual spans; and determine crack densities for cracks with specific angles with
respect to the bridge axis.

The program operates essentially by identifying cracks as groups of "dark"

pixels and then determining the distance and angle between the endpoints of the



35

cracks. The process of using the program to create crack densities involved several
steps. First, the scale drawings of the bridge were photocopied onto white paper to
provide a clean image for scanning. The images were then converted to digital TIFF
images using an HP scanner and scanning software. The images were scanned at 100
dpi as grayscale images with 256 shades of gray. Once the picture was in digital
format, all of the boundary lines and other markings that did not represent cracks
were removed with Paint Shop Pro 5, an image editing software program. A single
dark line was added from the top of the page to the top left corner of the bridge to
indicate the starting point for the FORTRAN program. Because the program
calculates the length of a crack by the distance between its endpoints, any cracks that
were bent or infersecting needed to be separated into cracks that were essentially
straight so that the program could accurately determine the length of the cracks. This
was accomplished by removing individual "dark pixels" to separate bent cracks into
two or more approximately straight cracks. After the TIFF image was configured, the
image was then converted to ASCII using two programs created by Associate
Professor John Gauch at the University of Kansas. The ASCII file represents each
pixel of the image file with a number indicating its level of darkness (0 for black and
255 for white). Miscellaneous information at the beginning and end of the converted
ASCII file needed to be removed to get a file that consisted of only the pixel gray
levels.

Once the ASCI file was prepared, the FORTRAN program was run. The
program operated by grouping pixels darker than a gray level of 200. These "dark"
pixels represented cracks on the bridge deck. The program then determined distances
between the endpoints of the pixel groups. Finally, the crack density, in linear meters
of crack per square meter of bridge deck, was calculated based on the total length of
cracks and the area of the chosen portion of the deck. A listing of the crack

measurement program, as modified for this study, appears in Appendix B.
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2.7 DATABASES

Several databases were created to help analyze the data. Because crack
densities were calculated for entire bridge decks, individual placements, and
individual spans, information was separated into categories with data relevant to these
three divisions. The first database included information on design specifications
relevant to the enfire bridge, such as structure type, deck type, number of spans,
traffic volume, bridge length, age, deck thickness, top cover thickness, overlay
thickness, reinforcing bar size and spacing, and girder end condition. The second
database contained information relevant to the individual placements. This included
mix design information, weather data, material test results, permeabilities, and
chloride contents. The third database contained variables relevant to individual spans

including span length and span type (interior/exterior).



CHAPTER 3
EVALUATION AND RESULTS

3.1 GENERAL

Bridge deck performance is evaluated based on crack density, the rapid
chloride permeability test (RCPT), and the effective diffusion coefficient (Des).
Crack densities are determined for the entire bridge deck, individual placements,
individual spans, and end sections. Charge passed in coulombs during the RCPT test
and Deyr are determined for individual concrete placements. The effects of variables
related to bridge design specifications, construction site conditions, and material
properties of the concrete are analyzed by comparing those variables with crack
densities for the appropriate section of bridge deck. In addition, the effects of
material properties are compared with the RCPT results and the Deg determined for
the appropriate concrete placements.

The variables were first plotted against the appropriate crack density, RCPT
result, and/or Des. These plots generally show a large amount of scatter, because of
the combined effects of the many factors that affect these measures of deck
performance. To better visualize the trends in the data, further analysis is performed
using bar charts.

The bar charts, starting with Fig. 3.10, follow a standard format. Each bar or
category represents a range of values of the variable under consideration and is
defined by the midpoint of that range. The size of the range is equal to the difference
between the midpoints of consecutive categories. Deviations from this format are
noted in the text.

Because sample sizes are often small and the differences between the means
of different categories are frequently small, the Student’s t-test is used to provide
guidance in determining whether the means of two groups are statistically different
from each other. The t-test is frequently used for hypothesis testing when only small

samples are available and the true population standard deviations are not known.
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In using the t-test, a decision can be made by testing the null hypothesis that
the measured means of two samples, X; and X, represent populations with means, y,
and i, that are equal. A value, t, is calculated that takes into account the difference
in the means of the two groups, the size, and standard deviation of each group. To
test the statistical significance of the result, a “level of significance” (o) is chosen.
An o of 0.05, which is commonly used, indicates that there 1s a 5 percent chance that
the test would indicate a statistically significant difference between means even if
there were none [a 5 percent chance of rejecting the null hypothesis (i, = ;) when it
is true]. Larger values of o make it easier to reject the null hypothesis and conclude
that X, and X; represent populations with real differences in their means p; and p,.

Once the t value has been calculated and o has been chosen, the value of t is
compared with a value determined from the Student’s t-distribution for that level of
significance. If the calculated t value is greater than the t-distribution value, then the
null hypothesis (i = p2) is rejected at that level of significance. When the null
hypothesis is rejected the two sample means may be regarded as being significantly
different (“Y” in Tables 3.1 - 3.43). If the null hypothesis is not rejected (“N” in
Tables 3.1 - 3.43) then the two sample means being compared may be treated as
being not significantly different at that particular o. In the current analysis a two
sided test is used, meaning that the null hypothesis (j; = 12) is compared against two
hypotheses, g > u; and |y < pa, each of which have a level of significance o/2.

Because of the small samples sizes used for the bar chart categories and the
generally small differences in values between samples, the differences are not always
statistically significant. However, trends in the data can still be distinguished, even if
the differences are not statistically significant.

The data collected from the bridge decks is divided into three categories: silica
fume overlays (SFO), conventional overlays (CO), and monolithic bridge decks
{Mono). This is done, in part, because of the significant differences in materials,
construction procedures and age ranges of the three groups. However, it is also done

so that the effect of the variables on silica fume overlays can be evaluated separately
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and the trends in the data for silica fume overlays can be compared to the trends in the
data for both conventional overlays and monolithic bridge decks.

Analysis of the effects of material properties and site conditions includes a
fourth category, bridge subdecks. This is done because the performance of a bridge
subdeck can have a significant effect on the performance of the deck overlay. Cracks
in the subdeck can “reflect” into the overlay and reduce overlay performance.
Because the bridge subdecks could not be directly observed, crack densities
determined for the section of the bridge deck above the overlay are used. In all but 6
cases, the entire bridge deck crack density is used to represent the crack density of the
subdeck, because the bridge subdeck was placed on one day and is treated as one
placement. In 3 of the remaining 6 cases (bridges 46-289, 46-290, and 75-49), the
bridge subdeck was placed on 2 separate days, but the location of each placement is
not known. Therefore, the entire bridge deck crack density is used for both subdeck
placements. In the remaining 3 cases (bridges 46-317, 81-50, and 89-245), the crack
density determined for the section of deck directly above the subdeck placement is
used.

Two of the silica fume bridges (89-184 and 89-187) are included in evaluation
of bridge age, construction date, and deck type versus crack density, but are not
included in the analysis of other variables. Construction of these two bridges was
finished in 1990, much earlier than the other bridges with silica fume overlays in this
study. Not only do these two bridges show significantly higher crack densities than
other silica fume bridges in the current study, but they were also constructed
according to different specifications. The overlay thickness for these two bridges is
57 mm (2.25 in.). However, all other silica fume overlays in this study have 38 mm
(1.5 in.) thick overlays. Although there is no record of the finishing procedures used
on these two bridges in the daily journals and/or project files, the bridge deck wearing
surface specification in use at the time they were constructed did not require fogging.
The specifications for all other silica fume overlay bridges in this study require, as a

minimurmn, either fogging or application of a precure material.



44

3.2 INCLUSION OF DATA FROM SCHMITT AND DARWIN

The earlier study by Schmitt and Darwin (1995) used similar methods to
evaluate 40 bridges in Kansas. It was considered desirable to be able to use the
bridge data from the earlier study to increase the sample size. However, because the
survey methods used can be subjective, it was necessary to establish a comparison
between bridges from the current and earlier study, to determine if data from the
earlier study could reasonably be included.

The current study examined 11 bridges that had also been examined in the
earlier study. The crack densities determined for these 11 bridges are compared and a
reasonable correlation is found. The scatter in the data is not considered excessive and
the data from Schmitt and Darwin (1995) is included with the data from the current
study when possible. Fig. 3.1 shows a bridge by bridge comparison of crack densities.
Fig. 3.2 shows a plot of the crack densities from the current study versus the crack
densities from Schmitt and Darwin (1995). The crack densities from the current
study are greater for 6 of the 11 bridges. Of the remaining 5 bridges, the crack
densities for 4 of them differ from Schmitt and Darwin (1995) by 0.05 m/m? or less.
In general, crack densities from the current study are nearly equivalent or greater than
those determined by Schmitt and Darwin, but greater values of crack density are
considered reasonable because of the increased age of the bridges.

Bridges 89-184 and 8§9-187, the silica fume overlay bridges with significantly
higher crack densities than the other silica fume overlay bridges in this study, were
also part of the study by Schmitt and Darwin, but for reasons mentioned, the data
from those two bridges is only included in the analysis of bridge age, construction
date, and deck type versus crack density.

The current study only includes 4 monolithic bridge decks. Therefore, it does
not add a significant amount of data to that from Schmitt and Darwin (1995).
Because Schmitt and Darwin (1995) did not collect samples for analysis of RCPT or
chloride content, there is not enough data on monolithic bridges to evaluate trends

with respect to RCPT or Deg.
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3.3 BRIDGE AGE VERSUS CRACK DENSITY

Bridge age is equal to the interval between the date of concrete placement and
the date the bridge was surveyed. The silica fume overlay bridges evaluated in the
current study are, with 2 exceptions (bridges 89-184 and 89-187), all younger than the
conventional overlay bridges evaluated. The silica fume overlay bridges, except for
bridges 89-184 and 89-187, range in age from 4 to 33 months, while the conventional
overlays range in age from 36 to 97 (Fig. 3.3). This difference in age limits the direct
comparison of silica fume overlay bridge decks with conventional overlay and
monolithic bridge decks. When the data from Schmitt and Darwin (1995) are
included, there are more conventional overlay bridges in the same age range as the
silica fume overlay bridges, but the silica fume bridges are still younger than most of
the conventional overlay bridges (Fig. 3.4).

Although there is scatter in the data, plots of crack density versus bridge age
exhibit a trend of increased crack density with age for silica fume overlay bridges
(Figs. 3.5 and 3.6). Conventional overlay bridges do not exhibit a clear trend, but
crack density appears to be generally lower for older bridges (Fig. 3.7 and 3.8).
Monolithic bridges do not exhibit a discernible trend (Fig. 3.9).

The bar charts for crack density versus bridge age for silica fume overlays
very clearly show the trend towards increased crack density with increased age
(Fig. 3.10). The crack density for bridges in between 20 and 40 months old, 0.42, is
nearly double that of the crack density for the bridges between 0 and 20 months old,
0.19. Although bridges older than 40 months have a crack density, 1.00 mfmz,
significantly higher than all other silica fume overlay bridges, only 3 bridges are
represented by the category. Because the 3 oldest bridges were built to different
material and construction specifications, they are probably not an accurate
representation of the future performance of the younger silica fume overlay bridges.
The differences between all age categories are statistically significant for a = 0.05

(Table 3.1).

For both conventional overlays and monolithic bridges, older bridges show
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slightly lower crack densities than younger bridges (Figs. 3.11 and 3.12). Although
counter intuitive, this trend was also observed by Schmitt and Darwin (1995), who
stated that the trend most likely reflected changes that had occurred over the years in
construction procedures, material properties, and design specifications. Thirty-month
old (20 to 40 month old) silica fume overlay bridges exhibited a crack density, 0.42
m/m’, almost equal that for 90-month old (60 to 120 month old) conventional
overlays, 0.43 m/m?, and 30-month old (0 to 60 month old) monolithic bridge decks,
0.39 m/m*. Although it is difficult to make accurate predictions, if the silica fume
overlay bridges continue to follow their current trend, it is likely that their
performance, in terms of crack density, will not be any better than that of
conventional overlays, or monolithic bridge decks.

It is also useful to examine crack density versus the construction date of the
bridges, even though the age of the bridge at the time it was surveyed is not taken into
account. Fig. 3.13 shows that the most recently constructed silica fume bridges,
between 1997 and 1998, have the lowest cracking. For conventional overlays, bridge
decks constructed between 1993 and 1995 have higher crack densities, 0.77 m/m’,
than all earlier constructed bridge decks, and more than double the crack density,
0.28 m/m?, of conventional overlay bridge decks constructed between 1985 and 1987
(Fig. 3.14). Monolithic bridge decks show the same pattern as conventional overlay
bridges. Monolithic bridges constructed between 1989 and 1993 have a crack
density, 0.47 m/m? more than twice the crack density, 0.19 m/m?, of monolithic
bridge decks constructed between 1984 and 1987 (Fig. 3.15). All the differences
between categories based on date of construction are statistically significant (Table
3.2). The trends in crack density with construction date probably indicate that
changes have occurred that reduce the performance in the more recently constructed

conventional overlay and monolithic bridge decks.

3.4 RAPID CHLORIDE PERMEABILITY TEST

Coulomb readings from the rapid chloride permeability test were taken after
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the first half hour and at the end of six hours. As discussed in Chapter 1, the addition
of silica fume to concrete appears to cause spurious readings, because the test
measures the electrical conductivity/resistivity of the concrete and not actually its
permeability to chloride ions. Pfeifer et al. (1994) suggest that concrete resistivity
can be determined by simply using the initial AC resistivity reading after the power
supply is activated. They also state that changes in current after the initial reading are
probably due to changes in the temperature of the concrete.

To avoid the effects of both temperature rise, and changes in resistance of the
concrete with time, the coulomb reading recorded during the first 30 minutes of the
test is multiplied by 12 and used in this study in place of the coulomb reading for the
full 6 hour test.

A low coulomb reading indicates that the concrete has a low electrical
conductivity. This is typically interpreted to mean that the concrete has a higher
resistance to chioride penetration. However, certain factors can cause the test results
to be very low without necessarily increasing the resistance of the concrete to
chloride penetration (as discussed in Chapter 1). Consequently, although silica fume
overlays have lower RCPT values than either conventional overlay or monolithic
bridge decks, as shown in Fig. 3.16, comparisons with the concretes used in
conventional overlays or monolithic bridge decks that do not contain silica fume, may
not be valid.

As discussed in Chapter 1, several researchers (Pfeifer et al. 1994, Shi et al.
1998) object to the use of the RCPT test to compare concretes with and without silica
fume. Whiting and Mitchell (1992), the developers of the RCPT test, expressed
concern over the use of the RCPT without developing a correlation between charge
passed and known chloride permeability for the particular materials being tested,
especially for silica fume concretes.

The average RCPT results for the three bridge decks types, taken after 6
hours, vary from 1371 coulombs, for silica fume overlays, to 3596 coulombs for

monolithic bridge decks (Fig. 3.16). The RCPT results, based on the readings taken
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after 30 minutes, are lower and vary less than the readings taken after 6 hours,
varying from 1082 coulombs, for silica fume overlays, to 2457 coulombs, for
monolithic bridge decks. The RCPT results for conventional overlays, for both cases,
are approximately halfway between the values for silica fume overlays and

monolithic bridge decks.

3.5 CHLORIDE CONCENTRATION AND EFFECTIVE DIFFUSION

COEFFICIENT

Although Fick’s Second Law of Diffusion {Eq. (1.1)] is not an exact model for
the transport of chloride ions in concrete, it does provide a useful method for
comparing the relative concrete permeabilities based on the measured chloride ion
concentrations. The chloride concentrations of the samples taken from crack free
areas of the bridge decks are used to calculate an effective diffusion coefficient (Deg)
and surface chloride concentration (C,) for each concrete placement using a least-
squares curve fitting technique. The midpoints of the depth increments for the
chloride samples [9.5 mm (0.375 in.), 28.6 mm (1.125 in.), 47.6 mm (1.875in.),
66.7 mm (2.625 in.), and 85.7 mm (3.375 in.)] are used as the depth x in Eq. (1.1).
The ages of the bridge decks are used as the total time . The minimization solver in
Microsoft Excel 97 is used to determine the values of Dy and C, that minimize the
squared difference between the actual chloride concentrations and the chloride
concentrations predicted by Fick’s Second Law.

Because bridge deck concrete can contain chlorides that occur because the
aggregates, the water, or admixtures contain chlorides, a base level chloride content
for each bridge is subiracted from the chloride concentrations for that bridge before
solving for D and C,. The base level chlorides are estimated for each placement by
observing the chloride contents at all depths and locations for that placement. Values
that do not differ significantly (more than 0.05 kg/m3) from the chloride concentration
at the deepest level are considered to be base level chlorides. To determine the base

level chloride used for each placement, the chloride concentrations considered to be
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base level for that placement are averaged. Base level chloride contents generally
range between 0.20 and 0.40 kg/m’.

A lower D.g indicates slower diffusion of chlorides or a higher resistance 1o
chloride penetration and, therefore, better performance. The values of C, and Dy for
each placement can be found in Table A.9. The chloride concentrations at all
locations and depths, for all placements, can be found in Table A.10.

Relatively new bridge decks that had riot been exposed to more than one
winter rarely had chloride contents above the base level at depths below the 28.6 mm
(1.125 in.) sample. Although Fick’s equation takes the age of the bridge deck into
account, there is concern that the Dey and C, are not as accurate for the younger
bridges as for the older bridges, because the total time variable is relatively small.
The mean effective diffusion coefficients (Des) for silica fume overlays and
conventional overlays were compared for bridges in different age ranges (all bridges,
age greater than 500 days, age between 500 and 1500 days, and age between 900 and
1500 days) in Fig. 3.17. The only case in which there is a statistically significant
difference between the Deg for silica fume and conventional overlays is when all
bridges are considered (Table 3.4). This is due to the fact that the values of mean Dy
for the older age ranges are close and because the number of bridge placements in the
sample becomes smaller as the age range is narrowed. When all of the bridges are
considered, the mean Deg is significantly higher for silica fume overlays than for
conventional overlays. However, when bridges younger than 500 days are
discounted, the silica fume overlays show values comparable to those for the
conventional overlays. The mean value of Dy for silica fume overlays older than
500 days (0.115 mm?/day) is slightly higher than that for conventional overlays
(0.101 mmzlday), but the difference is not statistically significant. For decks between
500 and 1500 days old, the mean D for silica fume overlays (0.115 mm>/day) is
smaller than that for conventional overlays (0.153 mm?%day). For bridge decks
between 900 and 1500 days old, the mean D.g is lower for silica fume overlays (0.124

mmz/day) than conventional overlays (0.153 mmz/day), but the difference between
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the mean values of Des is smaller than for bridge decks between 500 and 1500 days
old.

The age range between 500 and 1500 days includes both silica fume and
conventional overlays and provides the most accurate comparisons of mean Deg for
the two bridge deck types. The analysis indicates that silica fume overlays, in the
best case, have a mean value of Dy only slightly lower than that for conventional
overlays. Overall, the silica fume overlays do not appear to provide significantly
higher resistance to chloride penetration and may actually perform worse than the
conventional overlays.

Based on the analysis of the mean Dey for bridges in the different age ranges
and because the Deg are considered to be more accurate when the bridges younger
than 500 days are disregarded, only bridges older than 500 days are used to compare
the effects of different material properties on Degr. This does not eliminate any bridge
decks with conventional overlays from the analysis (35), but it does remove several
bridge decks with silica fume overlays from the analysis (leaving 19).

Figs. 3.18, 3.19, and 3.20 show chloride content of locations away from
cracks, at mean depths of 9.5 mm (0.375 in.), 28.6 mm (1.125 in.), and 47.6 mm
(1.875 in.), plotted against the age of the bridge deck placement. All bridges in the
current study are included in the plots. There is a clear trend, regardiess of bridge
deck type, towards increased chloride content with age. In the figures, “Old SFO”
refers to bridges 89-184 and 89-187, the two silica fume overlay bridges built at an
earlier date, to different specifications than the other silica fume overlay bridges
evaluated in the study. The chloride contents of bridges 89-184 and 89-187 fall within
the range of chloride contents for conventional overlay placements of the same age,
indicating that their resistance to chloride penetration is not significantly higher than
the conventional overlays.

Figs. 3.21 and 3.22 show chloride contents taken at cracks at mean depths of
66.7 mm (2.625 in.), and 85.7 mm (3.375 in.) plotted against the age of the bridge

deck placements. Transverse reinforcing steel is placed at a depth of 76 mun (3.0 in.).
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Thus, the samples shown in these figures represent the concrete just above and at the
level of the reinforcement, respectively. Although certain factors affect the chloride
threshold level for the corrosion of steel it is generally believed to be between 0.60
and 0.90 kg/m® (1.0 and 1.5 Ib/yd®). McDonald et al. (1998) used a value of 0.74
kg/m® (1.25 Ib/yd?®) for black reinforcing steel. They found that the chloride threshold
level for damaged epoxy-coated bars is similar to that of black bars. Figs. 3.21 and
3.22 not only show a nearly linear increase in chloride content with age, regardless of
bridge deck type, but they also show that chloride contents at cracks, exceed chloride
threshold levels in as little as 1000 days (2.7 years) for all deck types. This indicates
that even concretes with high resistance to chloride penetration will not perform well
if there is a high level of cracking.

Desr 1s compared with the RCPT results for each bridge deck placement, but
there is no clear correlation (Fig. 3.23). However, as will be discussed in the next
section, Deg and RCPT results show the same trends for certain material properties.
For percent volume of water, cement and silica fume, water content, and water to
cementitious materials ratio, the trends for Deg and RCPT are nearly identical. It is
possible that the quality of construction affects both properties of the concrete in a

stmilar manner.

3.6 EFFECTS OF MATERIAL PROPERTIES

The material properties analyzed include concrete slump, percent volume of
water and cementitious materials, water content, cement content, water/cementitious
material ratio, air content, and compressive strength. The bridges are divided into
four groups for analysis of the material properties: silica fume overlays, conventional
overlays, monolithic bridge decks, and bridge subdecks. Material properties for all
bridge deck and subdeck placements are compared with RCPT values, effective
diffusion coefficients, and crack density for the appropriate section of deck.

The analysis of the effects of material properties on RCPT results, effective

diffusion coefficient, and crack density for silica fume overlays includes all silica
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fume overlays in the current study, except those of bridges 89-184 and 89-187, for
reasons mentioned earlier. The analysis of the effects of material properties on RCPT
results does not include bridges 89-184 and 89-187, monolithic bridges, or bridges
from the study by Schmitt and Darwin (1995, 1999).

The analysis of the effects of the material properties on effective diffusion
coefficient includes only bridges from the current study older than 500 days, but does
not include monolithic bridges, or bridges 89-184 and 89-187. Bridges younger than
500 days are not used because of the assumed lower accuracy of the effective
diffusion coefficients, as discussed earlier. Bridges from the study by Schmitt and
Darwin (1995, 1999) are not included because effective diffusion coefficients are not
available for those bridges. The analysis of crack density includes all bridges in the
current study and all relevant bridges evaluated by Schmitt and Darwin (1993, 1999),
except bridges §9-184 and §9-187.

The analysis of the effects of material properties includes 38 silica fume
overlay placements, 58 conventional overlay placements, 36 monolithic bridge deck
placements, and 50 subdeck placements. Because Dy and RCPT data was not
collected by Schmitt and Darwin (1995, 1999), only 35 conventional overlay
placements are analyzed with respect to D and RCPT values. The analysis of Deg
with respect to silica fume overlays includes only 19 silica fume overlay placements,
because bridges younger than 500 days are not analyzed, but all 38 silica fume
overlay placements are analyzed with respect to RCPT values. Because information
on material properties of the concrete placements was not always available, not all the
conerete placements are included in the analyses of the various factors.

Detailed analyses of the effects of material properties are presented in the
balance of this section. The key observations from these analyses can be summarized
as follows:

For silica fume overlays, there is no apparent correlation between Deg
and concrete slump. RCPT values tend to increase as slump increases, and

crack density increases significantly for slumps greater than 90 mm (3.5 in.).
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Dest, RCPT values, and crack density decrease as the (1) percent volume of
water, cement and silica fume, (2) water content, and (3) water/cementitious
material ratio increase, observations that are counter to the expected trends.
This may be due to the fact that only two mix designs are represented in the
data for silica fume overlays, resulting in only two categories, with identical
populations. Thus, comparisons based on these three parameters really
represent comparisons based on all properties of the two distinct groups of
bridges and may not accurately represent the effects of these three parameters.
Des and crack density increase as air content increases, but no trend for air
content with respect to RCPT values 1s apparent. Dey increases with
increasing compressive strength. RCPT values and crack density tend to
decrease as compressive strength increases.

For conventional overlays, there is no apparent correlation between
Desr, RCPT wvalues, or crack density and concrete slump. Deg and RCPT
values exhibit no trend with respect to percent volume of water and cement, or
water content. RCPT values tend to increase as water/cement ratios increase.
Crack density decreases as percent volume of water and cement, water
content, and water/cement ratio increase. Deg remains nearly constant for air
contents between 4.375 and 5.875 and then increases for 6.625 percent air.
RCPT values tend to increase as air content increases, but there is no trend for
crack density with respect to air content. No trend is apparent between Deg
and compressive strength. RCPT values decrease and crack density increases
as compressive strength increases.

For monolithic bridge decks, crack density increases as slump
increases. Crack density also increases as percent volume of water and
cement, water content, cement content, and water/cement ratio increase.
Crack density is nearly constant for air contents between 4.875 and 5.625, but
drops significantly for 6.375 percent air. Crack density increases as

compressive strength increases.
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For bridge subdecks, there is a slight trend towards higher levels of
cracking as slump increases. Crack density increases as percent volume of
water and cement, water content, and cement content increase. There is no
significant change in crack density with respect to water/cement ratio. Crack

density increases as air content and compressive strength increase.

It is important to recognize that because of the limited variation in cement
content in the mix designs of silica fume and conventional overlays, the comparisons
for percent volume of water and cementitious material, water content, and
water-cementitious material ratio always compare the same bridges (with the
exception of three conventional overlays that change categories for water content
comparisons). Although silica fume and conventional overlays exhibit counter-
intuitive trends for these material properties, the comparisons are not necessarily of
the material properties, but rather the individual bridges. The results are not unbiased

and may be dominated by unknown construction procedures.

3.6.1 Slump

For silica fume overlays, concrete slump varies from 19 to 127 mm (0.75 to
5.0 in.), with categories ranging from 26 to greater than 90 mm (1.0 to > 3.5 in.). For
conventional overlays, concrete slump varies from 0 to 160 mm (0 to 6.25 in.), with
categories ranging from 0 to 19 mm (0 to 0.75in.). For monolithic bridge decks,
concrete slump and categories for mean crack density both range from 38 to 76 mm
(1.25 to0 3.0 m.). For bridge subdecks, concrete slump varies from 6 to 160 mm (0.25
to 6.25 in.), with categories ranging from 38 to 76 mm (1.25 t0 3.0 in.).

3.6.1.1 Dy versus Slump

Mean effective diffusion coefficient (Deg) for individual placements is shown
as a function of concrete slump for silica fume and conventional overlays in Figs.

3.24 and 3.25. One silica fume overlay is outside the range of concrete slumps
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analyzed. Therefore, only 18 silica fume overlay placements are included in the
analysis. Because of missing data, only 25 conventional overlay placements are
included in the analysis.

Neither silica fume overlays nor conventional overlays show a trend for
effective diffusion coefficient with respect to slump. The Dt does not appear to be

sensitive to concrete stump.

3.6.1.2 RCPT versus Slump

Mean RCPT values for individual placements are shown as a function of
concrete slump for silica fume and conventional overlays in Figs. 3.26 and 3.27. One
silica fume overlay is outside the range of concrete slumps analyzed, therefore, only
37 silica fume overlay placements are included in the analysis. Because of missing
data, only 25 conventional overlay placements are included in the analysis.

For silica fume overlays, the RCPT values tend to increase as slump increases
(Fig. 3.26), but the differences in means are generally not statistically significant
{Table 3.6). The RCPT results for conventional overlays exhibit no clear trend (Fig.

3.27). The mean value is lowest for a shump of 19 mm (0.75 in.).

3.6.1.3 Crack Density versus Slump

Mean crack density for individual placements is shown as a function of
concrete stump for silica fume overlays, conventional overlays, and monolithic bridge
decks in Figs. 3.28, 3.29, and 3.30. Mean crack density for bridge subdecks is shown
as a function of concrete slump in Fig. 3.31. One silica fume overlay is outside the
range of concrete slumps analyzed. Therefore, only 37 silica fume overlay
placements are included in the analysis. Because of missing data, only 25
conventional overlay placements, 34 monolithic bridge deck placements, and 48
bridge subdecks are included in the analysis.

For silica fume overlays, no trend is apparent, except that the highest mean

crack densities are obtained for the highest slump category [» 90 mm (> 3.5 in.)], an
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observation that is statistically significant (Table 3.7).

For conventional overlays, there is also no clear trend for levels of crack
density as a function of slump (Fig. 3.29). The highest levels of crack density are for
zero slump concretes and the lowest levels of crack density are for 3 mm (0.125 in.)
stlump concrete. Schmitt and Darwin (1995, 1999) found that the crack densities for
zero slump concrete were nearly three times greater than densities at any other slump
and that the lowest levels of cracking were obtained at a slump of 13 mm (0.50 in.).
The differences i the levels of cracking based on the combined sample are not as
large as those found by Schmitt and Darwin (1995, 1999), but they demonstrate that
using zero slump concrete may lead to increased cracking.

For monolithic bridge decks, there is a clear trend towards increased cracking
as concrete slump increases (Fig. 3.30).

For bridge subdecks, there is a slight trend towards higher levels of cracking
as slump increases (Fig. 3.31). The values of crack density for 64 and 76 mm (2.5
and 3.0 in.), 0.49 and 0.46 m/m’, respectively, are higher than the crack densities for
38 and 51 mm (1.5 and 2.0 in.), 0.38 and 0.45 m/m?, respectively. Although the trend
is not statistically significant (Table 3.7) and the levels of cracking are not as great as
those seen for monolithic bridge decks, it is the same as that for monolithic bridge
decks. The similarity of the trends indicates that reflective cracking from subdecks
may be a significant factor in the performance of bridge decks.

The results for monolithic bridge decks and subdecks are consistent with
research by the Portland Cement Association (1970) and Dakhil et al. (1975). Krauss
and Rogalla (1996) found no correlation between concrete slump and shrinkage

cracking.

3.6.2 Percent Volume of Water and Cementitious Material
Water and cementitious materials are the constituents of the cement paste
component of concrete; for concrete types other than the silica fume overlays, the

cementitious material consists only of cement. For silica fume overlays, the values
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for volume of water and cementitious materials are 26.0 and 26.8 percent as a
percentage of concrete volume. For conventional overlays, the values for volume of
water and cement are 25.1, 25.9, and 26.6 percent. For monolithic bridge decks, the
volume of water and cement ranges from 26.0 to 29.0 percent, and for bridge

subdecks, the volume of water and cement ranges from 26.0 to 30.0 percent.

3.6.2.1 D g versus Percent Volume of Water and Cementitious Material

Mean Desr for individual placements is shown as a function of percent volume
of water and cementitious material for silica fume overlays and conventional overlays
m Figs. 3.32 and 3.33. For silica fume overlays, the mean D.g is lower for
26.8 percent than it is for 26.0 percent (Fig. 3.32). For conventional overlays, there is
no clear trend (Fig. 3.33). The mean Dy is lowest at 25.9 percent and highest at
26.6 percent. None of the differences in mean Dy, however, are statistically

significant at o = 0.05 (Table 3.8).

3.6.2.2 RCPT versus Percent Volume of Water and Cementitious
Material

Mean RCPT values for individual placements are shown as a function of the
percent volume of water and cementitious materials for silica fume overlays and
conventional overlays in Figs. 3.34 and 3.35. For silica fume overlays, the RCPT
value is lower for 26.8 percent than it is for 26.0 percent (Fig. 3.34). These
differences are statistically significant in spite of the small differences in the cement
paste volumes. For conventional overlays, the lowest mean RCPT values are
obtained at 25.9 percent and the mean RCPT values for 26.6 percent are significantly
higher than those for either 25.1 or 25.9 percent (Fig. 3.35) (Table 3.9).

Although no direct correlation is found between the Deg and the RCPT results
(Fig. 3.23), both properties show the same trends with respect to percent volume of

water and cementitious material (Fig. 3.32, 3.33, 3.34, and 3.35).
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3.6.2.3 Crack Density versus Percent Volume of Water and Cementitious

Materials

Mean crack density for individual placements is shown as a function of the
percent volume of water and cementitious materials for silica fume overlays,
conventional overlays, and monolithic bridge decks in Figs. 3.36, 3.37, and 3.38.
Mean crack density for bridge subdecks is shown as a function of the percent volume
of water and cementitious materials for bridge subdecks in Fig. 3.39. For silica fume
overlays, the level of cracking is lower for 26.8 percent than for 26.0 percent
(Fig. 3.36), but the difference is not statistically significant (Table 3.10). For
conventional overlays, there is a clear trend towards a lower level of cracking with
increased percent volume of water and cement (Fig. 3.37). For monolithic bridge
decks, the level of cracking at both 28 and 29 percent is almost four times greater
than it is at 26 and 27 percent (Fig. 3.38). For bridge subdecks, the level of cracking
increases as the volume of water and cement increases.

The volume of water and cementitious materials in the initial mix provides a
close approximation of the paste volume of concrete. Because paste 1s the component
of concrete that shrinks, a larger paste volume is expected to cause greater levels of
shrinkage cracking. The study by the Portland Cement Association (1970)
recommended reducing paste content to reduce shrinkage cracking. Krauss and
Rogalla (1996) found that paste content was directly proportional to free shrinkage,
and that decreasing paste volume decreased shrinkage and consequently cracking.
Both the silica fume and conventional overlays show trends contrary to this research.
However, the range of values of percent volume of water, cement, and silica fume is
relatively small for silica fume and conventional overlays (26.0 to 26.8%, and 25.1 to
26.6%, respectively) compared to the range of values for monolithic bridge decks and
subdecks (26 to 29%, and 26 to 30%, respectively) and may not be an accurate
representation of the trend that would be observed with a greater range of values. The
trends for both monolithic bridge decks and subdecks show increased cracking with

increased paste volume, in agreement with previous research. It is clear, based on the
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results in Fig. 3.39, that increased paste contents in bridge subdecks will cause

cracking in decks with overlays, regardless of the quality of the overlay.

3.6.3 Water Content

For silica fume overlays, the water content values are 141 kg/m’® (238 Ib/yd?)
and 148 kg/m’ (250 Ib/yd®). For conventional overlays, the water content values are
133 kg/m® (224 Ib/yd®), 139 kg/m® (235 1b/yd®), and 145 kg/m® (245 Ib/yd®). For
monolithic bridge decks the water content ranges from 147 kg/m® (248 Ibryd®) to
165 kg/m® (278 Ib/yd’). For bridge subdecks, the water content ranges from
147 kg./m3 (248 1b/yd®) to 174 kg/m’ (293 lb/yda). Because there is minimal variation
in cement content, the trends for water content do not vary significantly from the

trends for percent volume of water and cementitious materials.

3.6.3.1 Dy versus Water Content

Mean Deg for individual placements is shown as a function of water content
for silica fume and conventional overlays in Figs. 3.40 and 3.41. For silica fume
overlays, the mean Deg is lower for 148 kg/m3 (250 lb/yd3 } than it is for 141 kg/m3
(238 Ib/yd’) (Fig. 3.40). For conventional overlays there is no clear trend (Fig. 3.41).
The mean Deg is greatest at 145 kg/m3 (245 lb/ydB), but not significantly greater than
it is at 133 kg/m® (224 Ib/yd’). The differences in mean Dy are not statistically

significant at o = 0.05 (Table 3.11) for either silica fume or conventional overlays.

3.6.3.2 RCPT versus Water Content

Mean RCPT values for individual placements are shown as a function of
water content for silica fume overlays and conventional overlays in Figs. 3.42 and
3.43. For silica fume overlays, the RCPT result for 141 kg/m® (238 Ib/yd”) is almost
twice the value for 148 kg/m’ (250 Ib/yd®) (Fig. 3.42). The results are statistically
significance at o = 0.05. For conventional overlays, the lowest mean RCPT result is

obtained at 139 kg/m’ (234 Ib/yd®) (Fig. 3.43). The value at 145 kg/m® (245 Ib/yd®) is
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significantly greater than that for the other categories (Table 3.12).
‘The trends for Degr and RCPT results are the same, indicating once again that

there is some degree of correlation between the two properties.

3.6.3.3 Crack Density versus Water Content

Mean crack density for individual placements is shown as a function of water
content for silica fume overlays, conventional overlays, and monolithic bridge decks
in Figs. 3.44, 3.45, and 3.46. Mean crack density for bridge subdecks is shown as a
function of the water content in Fig. 3.47. For silica fume overlays, the level of
cracking 1s lower for 148 kg/m3 (250 Ibtyd®) than for 141 kg/m’ (238 Ib/yd®) (Fig.
3.44). However, the difference in the two values, 0.08 m/m’ is small and not
statistically significant (Table 3.13). For conventional overlays, there is a clear trend
towards a lower level of cracking with increased water content {(Fig. 3.45). The crack
density for a water content of 133 kg/m> (225 b/yd®) is nearly twice that of a water
content of 145 kg/’m3 (245 ib/yd3); the difference 1s statistically significant
(Table 3.13). For monolithic bridge decks, there is a clear trend towards increased
cracking with increased water content (Fig. 3.46) with statistically significant
differences between the means of all categories (Table 3.13). For bridge subdecks,
the differences in level of cracking are not statistically significant (Table 3.13), but
there is a clear trend towards increased cracking with increased water content (Fig.
3.47).

As discussed in section 3.6.2.3, the paste volume of concrete depends on both
the water and cementitious material content. However, because there was little
variation in cement content for the concrete placements studied, a higher water
content also indicates a higher paste content. Both silica fume and conventional
overlays show trends towards decreased cracking with increased water content, which
contradicts previous research. In restrained ring tests, Krauss and Rogalla (1996)
found a direct correlation between increased paste content and increased shrinkage.

However, they did not find a clear correlation between water content and cracking
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tendency. They suggested that, although concretes with higher water contents and
therefore higher paste content shrink more than concretes with lower water contents,
the higher water content may increase the creep of the concrete and delay cracking.
Both monolithic bridges and bridge subdecks showed trends towards increased
cracking with increased water content. Because the trend for monolithic bridge decks
and bridge subdecks agrees with previous research, that recommends reducing paste
content, it can be concluded that the performance of subdeck concrete may control the

performance of overlay concrete.

3.6.4 Cementitious Material Content

Cementitious material content did not vary significantly for silica fume or
conventional overlays. For silica fume overlays, cementitious material contents range
only from 370 kg/m® (623 Ib/yd®) to 371 kg/m® (625 Ibl/yd®). The cementitious
material content of all conventional overlays is 371 kg/m3 (625 lb/’yd3). Therefore,
the effects of cementitious material content on Deg, RCPT results, and cracking are
not evaluated for silica fume or conventional overlays.

For monolithic bridge decks, cement contents include 357 kg/m® (602 Ib/yd?®),
359 kg/m® (605 Ib/yd®), 379 kg/m® (639 Ib/yd?), and 390 kg/m® (657 Ib/yd®). The
difference between 357 kg/m® (602 Ib/yd®) and 359 kg/m® (605 Ib/yd’) is negligible.
Therefore, the two cement contents were grouped together. Although there are two
data points for 390 kg/m> (657 Ib/yd®) of cement, they represent only one bridge, one
surveyed both in the current study and by Schmitt and Darwin (1995, 1999).
Therefore, the data for a cementitious material content of 390 kg/m® (657 Ib/yd?) is
neglected.

For bridge subdecks, cement contents vary from 357 kg/m’ (602 1b/yd®) to
413 kg/m3 (696 Ibfyd®). Only one bridge has a cement content of 390 kg/m3
(657 Ib/yd*). Therefore, it is grouped with bridges with a cement content of
379 kg/m® (639 Ib/yd®). Although, four subdecks have cement contents of 413 kg/m®
(696 1b/yd™), they represent a single bridge.
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The mean crack densities for monolithic decks and subdecks are shown as a
function of the cement content in Figs. 3.48 and 3.49. Monolithic bridge decks with
higher cement contents show significantly greater levels of cracking (Table 3.14).
The crack density for a cement content of 379 kg/m® (639 Ib/yd®) is nearly four times
greater than that for cement contents of 357 and 359 kg/m’ (602 and 605 Ib/yd”) (Fig.
3.48). Although the differences in mean crack density for bridge subdecks are not
statistically significant at o = 0.05 (Table 3.14), the level of cracking increases as
cement content increases (Fig. 3.49), and the increase in crack density between
concretes with cement contents of 357 and 359 kg/m® (602 and 605 Ib/yd®) and 413
kg/m® (696 Ib/yd®) is statistically significant at o = 0.1 (Table 3.14).

The trend towards increased cracking with increasing cement content,
observed for both monolithic bridge decks and bridge subdecks, agrees with the
findings of Krauss and Rogalla (1996). They found that high cement content
concretes with low water-cement ratios were more likely to crack than low cement
content concretes with high water-cement ratios.

The similarity in trends between monolithic bridge decks and bridge subdecks
again indicates that the performance of bridge subdecks plays a significant role in the

performance of the bridge deck overlays.

3.6.5 Water/Cementitious Material Ratio

Only the silica fume overlays contain cementitious materials other than
cement. For concrete types other than the silica fome overlays, the cementitious
materials consists only of cement. For silica fume overlays, the water/cementitious
material ratios are 0.38 and 0.40. For conventional overlays, the water/cement ratios
vary from 0.36 to 0.40. For monolithic bridge decks and bridge subdecks, the
water/cement ratios vary from 0.40 to 0.44. Because there is minimal variation in
cement content, the trends for water/cementitious material ratios vary little from the

trends for percent volume of water and cementitious materials.
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3.6.5.1 D versus Water-Cementitious Material Ratio

Mean D for individual placements is shown as a function of the
water/cementitious material ratio for silica fume overlays and conventional overlays
in Figs. 3.50 and 3.51. For silica fume overlays, the mean Deg is lower for 0.40 than
it is for 0.38 (Fig. 3.50). However, the difference is not statistically significant at
a=0.05 (Table 3.15). For conventional overlays, there is no clear trend (Fig. 3.51).
The mean Desr is highest at 0.40 but not significantly higher than it is at 0.36, and the

differences are not statistically significant at o = 0.05.

3.6.5.2 RCPT versus Water/Cementitious Material Ratio

Mean RCPT values for individual placements are shown as a function of the
water/cementitious material ratio for silica fume overlays and conventional overlays
in Figs. 3.52 and 3.53. For silica fume overlays, the RCPT values are significantly
lower for 0.40 than it is for 0.38 (Fig. 3.52) (Table 3.16). For conventional overlays,
the general trend is an increase in the RCPT value with statistically significant
increases from water/cement ratios of 0.36 and 0.38 to water/cement ratio of 0.40
(Fig. 3.53) (Table 3.16).

The trends for Degr and RCPT results are once again the same, indicating that
there is some degree of correlation between the Des and RCPT values for both silica

fume and conventional overlays.

3.6.5.3 Crack Density versus Water/Cementitious Material Ratio

Mean crack density for individual placements is shown as a function of the
water-cementitious materials ratio for silica fume overlays, conventional overlays,
and monolithic bridge decks in Figs. 3.54, 3.55, and 3.56. Mean crack density for
bridge subdecks is shown as a function of the water/cementitious material ratio in Fig.
3.57. For silica fume overlays, the level of cracking is lower for 0.40 than for 0.38
(Fig. 3.54). But the difference, 0.08m/m? is small and not statistically significant

(Table 3.17). For conventional overlays, there is a clear trend towards a lower level
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of cracking with increasing water/cement ratio (Fig. 3.55). For monolithic bridge
decks, the level of cracking increases as the water/cement ratio increases (Fig. 3.56).
No trend is apparent for bridge subdecks. The level of cracking does not change
significantly with changes in water/cement ratio (Fig. 3.57) (Table 3.17).

Although both silica fume and conventional overlays with higher water-
cementitious materials ratios appear to perform better than those with lower water-
cementitious materials ratios, the range of values for water/cementitious material ratio
is small. It may not be accurate to draw conclusions for such a small range of values.
In addition, water/cementitious material ratio alone should not be strongly correlated
to cracking due to shrinkage. Higher water/cementitious material ratios (especially in
an overlay) may result in less cracking due to a lower modulus of elasticity and

greater tendency to creep.

3.6.6 Air Content

For silica fume overlays, air content varies from 3.5 to 7.25 percent, and the
categories range from 4.5 to 6.5 percent. For conventional overlays, air content
varies from 2 to 7.1 percent, and the categories range from 4.375 to 6.625 percent.
For monolithic bridge decks, air content varies from 4.5 to 6.5 percent, and the
categories range from 4.875 to 6.375 percent. For bridge subdecks, air content varies

from 2.25 to 7.5 percent, with the categories ranging from 4.125 to 6.375 percent.

3.6.6.1 Dy versus Air Content

Mean Deg for individual placements is shown as a function of air content for
silica fume and conventional overlays in Figs. 3.58 and 3.59. One silica fume overlay
is outside the range of air contents analyzed. Therefore, only 18 silica fume overlay
placements are included in the analysis. Because of missing data, only 24
conventional overlay placements are included in the analysis.

For silica fume overlays, Deg increases slightly as air content increases (Fig.

3.58). For conventional overlays, D.s remains nearly constant for air contents
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between 4.375 and 5.875 percent and then increases for 6.625 percent air (Fig, 3.59).
The differences in mean D.g for both silica fume and conventional overlays are not

statistically significant for either type of overlay (Table 3.18).

3.6.6.2 RCPT versus Air Content

Mean RCPT values for individual placements are shown as a function of air
content for silica fume and conventional overlays in Figs. 3.60 and 3.61. Three silica
fume overlays are outside the range of air contents analyzed and data is missing for
one silica fume overlay placement. Therefore, only 34 silica fume overlay
placements are included in the analysis. Because of missing data, only 24
conventional overlay placements are included in the analysis.

For silica fume overlays, there is no trend with respect to air content (Fig.
3.60). For conventional overlays, there is a general increase in coulombs passed as
air content increases (Fig. 3.61); the RCPT values increase only slightly as air content
increases form 4.375 to 5.875 percent, but increase about 50 percent for a 6.625
percent air content. The differences in mean RCPT values, however, are not

statistically significant for either type of overlay (Table 3.18).

3.6.6.3 Crack Density versus Air Content

Mean crack density for individual placements is shown as a function of air
content for silica fume overlays, conventional overlays, and monolithic bridge decks
in Figs. 3.62, 3.63, and 3.64. Mean crack density for bridge subdecks i1s shown as a
function of air content in Fig. 3.65. Three silica fume overlay are outside the range of
alr contents analyzed and data is missing for one silica fume overlay placement.
Therefore, only 34 silica fume overlay placements are included in the analysis.
Because of missing data, only 24 conventional overlay placements, 34 monolithic
bridge deck placements, and 47 subdeck placements are included in the analysis.

For silica fume overlays, the level of cracking increases slightly with

increasing air content (Fig. 3.62). The increase in level of cracking is small and not
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statistically significant (Table 3.20). For conventional overlays, the level of cracking
does not vary significantly with air content and no trend is apparent (Fig. 3.63) (Table
3.20). For monolithic bridge decks the level of cracking is nearly constant for 4.875
and 5.625 percent air, but the level drops by more than half for 6.375 percent air (Fig.
3.64); the difference is statistically significant. For bridge subdecks, the level of
cracking increases about 50 percent for an increase in air content from 4.125 to 6.375
percent (Fig 3.65), but the differences are not statistically significant (Table 3.20).
Schmitt and Darwin (1995,1999) found reduced levels of cracking at higher
air contents for monolithic bridge decks, and recommended a minimum air content of
6.0 percent for monolithic bridge decks. They did not find any correlation between
cracking and air content for conventional overlays. Cheng and Johnston (1985} also
found that higher air contents in concrete mix designs reduced transverse cracking.
Poppe (1981) showed air content to have a neutral effect. Krauss and Rogalla (1996)
found that concretes without entrained air did not show cracking tendencies
significantly different than that for concretes with entrained air. In the current study,
the only case in which there are statistically significant differences in mean level of

cracking is for monolithic bridge decks.

3.6.7 Compressive Strength

For silica fume overlays, compressive strength varies from 36 to 62 MPa
(5200 to 9000 psi). Categories range from 38 MPa (5500 psi) to 59 MPa (8500 psi).
For conventional overlays, compressive strength varies from 34 to 57 MPa (4900 to
8200 psi), with categories ranging from 38 MPa (5500 psi) to 52 MPa (7500 psi). For
monolithic bridge decks, compressive strength varies from 29 to 51 MPa (4200 to
7400 psi), with categories ranging from 31 to 45 MPa (4500 to 6500 psi), and for
bridge subdecks, compressive strength varies from 29 to 52 MPa (4200 to 7500 psi),
with categories ranging from 31 to 52 MPa (4500 to 7500 psi).
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3.6.7.1 D¢gr versus Compressive Strength
Mean Deg for individual placements is shown as a function of compressive
strength for silica fume and conventional overlays in Figs. 3.66 and 3.67. Because of
missing data, only 12 silica fume overlay placements, and 18 conventional overlay
placements are included in the analysis.
For silica fume overlays, D.s increases as compressive strength increases (Fig.
3.66). For conventional overlays, Dey varies only slightly with changes in
compressive strength (Fig. 3.67). In neither case are the changes statistically

significant (Table 3.21).

3.6.7.2 RCPT versus Compressive Strength

Mean RCPT values for individual placements are shown as a function of
compressive strength for silica fume and conventional overlays in Figs. 3.68 and 3.69.
Because of missing data, only 22 silica fume overlay placements, and 18 conventional
overlay placements are inciuded in the analysis.

In both cases there is a general trend towards lower RCPT values with
increasing compressive strength such a trend is expected, but the current results are

statistically significant only for the silica fume overlays at o = 0.10.

3.6.7.3 Crack Density versus Compressive Strength

Mean crack density for individual placements is shown as a function of
compressive strength for silica fume overlays, conventional overlays, and monolithic
bridge decks in Figs. 3.70, 3.71, and 3.72. Mean crack density for bridge subdecks is
shown as a function of compressive strength in Fig. 3.73. Because of missing data,
only 22 silica fume overlay placements, 39 conventional overlay placements, 32
monolithic bridge deck placements, and 37 bridge subdeck placements are included in
the analysis.

For silica fume overlays, there is a drop in cracking with increasing

compressive strength (Fig. 3.70), but the changes are not statistically significant at
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o =0.05 (Table 3.23). In the other three cases, to varying degrees, the level of
cracking increases as the compressive strength increases (Figs. 3.71, 3.72, and 3.73).
These trends are statistically significant at o = 0.05 only for monolithic decks (Fig.
3.72) (Table 3.23).

Schmitt and Darwin {1995, 1999) found the same trend for monolithic bridge
decks and suggested that the trend towards increased cracking with increased
compressive strength reflected the increased cement content associated with higher
compressive strengths. Krauss and Rogalla (1996) found that concretes with high
cement contents and low water-cement ratios were more likely to crack than
concretes with low cement contents and high water-cement ratios.  They
recommended not only using low cement contents, but also that specifications include
maximum cement contents. Based on the results, it is reasonable to conclude that
increased compressive strengths are not beneficial to the cracking performance of

bridge deck concretes.

3.7 EFFECTS OF SITE CONDITIONS

Site conditions for the date of concrete placement analyzed include average
air temperature, low air temperature, high air temperature, daily temperature range,
relative humidity, and average wind velocity. Air temperature, relative humidity, and
wind speed all play a role in the rate of evaporation of water on the concretes surface.
The rate of evaporation is also very sensitive to concrete temperature. Unfortunately
concrete temperatures were not recorded in the daily journals or project files. The
information was unavailable and evaporation rates could not be calculated, and are,
therefore, not analyzed. Site conditions can serve as an indication of the rate of
evaporation, but without concrete temperature the data is incomplete and trends in the
data may not accurately reflect rates of evaporation.

Because high levels of evaporation can lead to plastic shrinkage cracking, site
conditions are compared with crack densities, Concrete placements are divided into 4

categories: silica fume overlays, conventional overlays, monolithic bridge decks, and
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bridge subdecks. The site conditions are not believed to play a significant role in the
chloride permeability of concrete and are, therefore, not compared with Deg or RCPT
results.

Detailed analyses of the effects of site conditions are presented in the balance
of this section. The effects of site conditions varied significantly and few correlations
are found in the data. The key observations from these analyses, some of which are
counter to expected behavior, can be summarized as follows. However the
observations followed by a (Y) are statistically significant at o = 0.05.

For silica fume overlays, crack density increases as the temperature
range increases. Crack density decreases as relative humidity increases (Y).

For conventional overlays crack density increases as the average air
temperature, daily low air temperature, daily high air temperature (Y), and
temperature range increase. Conventional overlays show decreased levels of
cracking as wind velocity increases (Y).

For monolithic overlays, the level of cracking is constant for average
air temperatures of 5 and 15 °C and drops slightly for 25 °C. Monolithic
overlays show increased levels of cracking as the daily high temperature, and
the daily temperature range increase.

For bridge subdecks crack density increases as low air temperature

increases. Crack density decreases as the daily air temperature increases.

3.7.1 Average Air Temperature

Mean crack density for individual placements is shown as a function of
average daily air temperature for the date of concrete placement for silica fume
overlays, conventional overlays, and monolithic bridges in Figs. 3.74, 3.75, and 3.76.
The mean crack density of bridge subdecks is shown as a function of average daily air
temperature for the date of concrete placement in Fig. 3.77. The average air
temperature ranges from 3 to 29 °C for silica fume overlays, from 5 to 30°C for

conventional overlays, from 2 to 30 °C for monolithic bridge decks, and from 3 to
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31 °C for bridge subdecks. Average air temperature categories range from 5 to 25 °C.

Overall, there is no clear relationship between average temperature and crack
density, and the differences observed (Figs. 3.74 - 3.77) (Table 3.24) are not
statistically significant. The clearest trend is observed for conventional overlays, for
which crack density increases as the average air temperature increases (Fig. 3.75).
For monolithic bridge decks, the level of cracking is constant for 5 and 15 °C and
drops slightly for 25 °C (Fig. 3.76).

Cheng and Johnston (1985) found that, for continuous steel girder bridges,
cracking tended to increase as average temperatures decreased, especially below 7 °C.
Poppe (1981) found that high heat lead to increased cracking. Schmitt and Darwin
(1995) found no trend for monolithic bridge decks, but found that cracking increased
as average air temperature increased for conventional overlays. The analysis of
conventional overlays in the current study, which include the data for conventional
overlays obtained by Schmitt and Darwin (1995), does not contradict the trend found
by Schmaitt and Darwin. The increase in cracking with higher average temperatures

probably reflects increased cracking with higher rates of evaporation.

3.7.2 Low Air Temperature

Mean crack density for individual placements is shown as a function of
minimum daily air temperature for the date of concrete placement for silica fume
overlays, conventional overlays, and monolithic bridges in Figs. 3.78, 3.79, and 3.80.
Mean crack density for bridge subdecks is shown as a function of mintmum daily air
temperature for the date of concrete placement in Fig. 3.81.

The low air temperature ranges from -4 to 24 °C for silica fume overlays,
from -3 to 24 °C for conventional overlays, from -3 to 23 °C for monolithic bridge
decks, and from -7 to 24 °C for bridge subdecks. The minimum air temperature
categories range from 0 to 20 °C.

For silica fume overlays and monolithic bridge decks, there is no trend

between the level of cracking and the low air temperature (Figs. 3.78 and 3.80). For
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conventional overlays and bridge subdecks, crack density increases as the low air
temperature increases (Figs. 3.79 and 3.81). The level of cracking is nearly constant
at 10 and 20 °C for conventional overlays (Fig. 3.79). None of the differences in
mean crack density for a given deck type are statistically significant at o = 0.05

(Table 3.25).

3.7.3 High Air Temperature

Mean crack density for individual placements is shown as a function of
maximum daily air temperature for the date of concrete placement for silica fume
overlays, conventional overlays, and monolithic bridges in Figs. 3.82, 3.83, and 3.84.
Mean crack density for bridge subdecks is shown as a function of maximum daily air
temperature for the date of concrete placement in Fig. 3.85.

The maximum daily air temperature varies from 7 to 34 °C for silica fume
overlays, from 9 to 37 °C for conventional overlays, from 6 to 36 °C for monolithic
bridge decks, and from 12 to 39 °C for bridge subdecks. For silica fume overlays,
conventional overlays, and bridge subdecks, the maximum air temperature categories
range from 15 to 35 °C. For monolithic bridge decks, the categories range from 5 to
35°C.

For silica fume overlays and bridge subdecks, no trend between crack density
and high air temperature is apparent (Figs. 3.82 and 3.85). For conventional overlays
and monolithic bridge decks, the level of cracking generally increases as the
maximum daily air temperature increases (Figs.3.83 and 3.84). In each case,

however, the crack density at 35 °C is slightly lower than the crack density at 25 °C.

3.7.4 Daily Temperature Range

Mean crack density for individual placements is shown as a function of daily
air temperature range for the date of concrete placement for silica fume overlays,
conventional overlays, and monolithic bridges in Figs. 3.86, 3.87, and 3.88. Mean

crack density for bridge subdecks is shown as a function of daily air temperature
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range for the date of concrete placement in Fig. 3.89.

The daily air temperature range varies between 4 and 24 °C for silica fume
overlays, between 3 and 24 °C for conventional overlays, between 2 and 22 °C for
monolithic bridge decks, and between 4 and 20°C for bridge subdecks. The daily air
temperature range categories range from 4 to 20 °C.

Crack density increases with the daily temperature range for silica fume
overlays, conventional overlays, and monolithic bridge decks (Figs. 3.86 - 3.88).
Crack density drops with increasing daily air temperature range for bridge subdecks
(Fig. 3.89). While the trends appear clear in each case, the trends are not statistically
significant at o = 0.05 (Table 3.27).

3.7.5 Relative Humidity

Mean crack density for individual placements is shown as a function of
average daily relative humidity for the date of concrete placement for silica fume
overlays, conventional overlays, and monolithic bridges in Figs. 3.90, 3.91, and 3.92.
Mean crack density for bridge subdecks is shown as a function of average daily
relative humidity for the date of concrete placement in Fig. 3.93.

Relative humidity varies from 15 to 94 percent for silica fume overlays, from
30 to 125 percent for conventional overlays, from 43 to 92 percent for monolithic
bridge decks, and from 37 to 90 percent for bridge subdecks. The average daily
relative humidity categories range from 35 to 75 percent for silica fume overlays,
from 45 to 75 percent for conventional overlays, and from 45 to 85 percent for
monolithic bridge decks, and bridge subdecks.

For silica fume overlays, the level of cracking generally tends to decrease as
the relative humidity increases (Fig. 3.90). The trend is statistically significant. For
conventional overlays, the level of cracking is almost constant, The greatest level of
cracking occurs for the 55 percent relative humidity category (Fig.3.91). For
monolithic bridge decks, the level of cracking does not vary significantly, and no

frend is apparent (Fig. 3.92) (Table 3.28). For bridge subdecks, there is no apparent
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trend in the level of cracking with change in relative humidity, although the greatest
level of cracking occurs at an 85 percent relative humidity (Fig. 3.93), but this
category contains only two subdecks.

The findings for silica fume overlays agree with the findings of Cheng and
Johnson (1985), who found a correlation between low humidity and increased levels
of cracking, and with the findings of Krauss and Rogalla (1996), who found that high
humidity and low evaporation rates reduced cracking. No clear trends are apparent

for conventional overlays, monolithic bridge decks, or bridge subdecks.

3.7.6 Average Wind Velocity

Mean crack density for individual placements is shown as a function of
average wind speed for the date of concrete placement for silica fume overlays,
conventional overlays, and monolithic bridges in Figs. 3.94, 3.95, and 3.96. Mean
crack density for bridge subdecks is shown as a function of average wind speed for
the date of concrete placement for in Fig. 3.97.

Wind velocity varies from 2.7 to 36.2 ki/h (1.7 to 22.5 mi/h) for silica fume
overlays, from 2.1 to 29.5 km/h (1.3 to 18.3 mi/h) for conventional overlays, from 1.3
to 25.8 km/h (0.8 to 16.0 mi/h) for monolithic bridge decks, and from 3.2 to
36.2 km/h (2.0 to 22.5 mi/h) for bridge subdecks. The average wind velocity
categories for silica fume overlays, conventional overlays, and bridge subdecks range
from 2.5 to 22.5 km/h (1.5 to 14.0 mi/h). The average wind velocity categories for
monolithic bridge decks range from 7.5 to 22.5 kmn/h (4.6 to 14.0 mi/h).

For silica fume overlays and monolithic bridge decks, crack density is nearly
constant with respect to wind velocity (Figs. 3.94 and 3.96). For conventional
overlays, there is a general trend towards /ower levels of cracking with increasing
wind velocity (Fig. 3.95). For bridge subdecks, crack density is nearly constant for
average wind velocities between 2.5 and 17.5 km/h (1.5 and 10.9 mi/h), but drops
substantially for the three subdecks in the highest wind velocity category, 22.5 km/h
(14.0 mi/h) (Fig. 3.97) (Table 3.29).
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Greater wind velocities lead to higher rates of evaporation, which in turn can
cause problems with plastic shrinkage cracking. Poppe (1981) observed increased
levels of cracking for decks subjected to high wind velocities. Krauss and Rogalla
(1996) recommend wind breaks for cases in which the evaporation rates exceed
1 kg/m%hr (0.2 1b/ft¥/hr). The resuits for silica fume overlays, monolithic bridge
decks, and bridge subdecks show no trend, while the results for conventional overlays
show lower levels of cracking as wind velocity increases, all of which contradict
Poppe (1981). This contradiction may be due to the fact that although higher wind
speeds generally contribute to higher rates of evaporation, high wind velocities are
not the only contributing factor and do not necessarily indicate excessive rates of

evaporation.

3.8 EFFECTS OF FINISHING AND CURING PROCEDURES

Methods used for finishing and curing, as well as the length of time for curing,
were not regularly recorded. Occasionally, daily journals described the curing
process, but not frequently enough to provide adequate information for analysis. It
would be extremely useful for future studies, if this information were recorded.

The Special Provisions for silica fume overlays provide the minimum
requirements for overlay construction, including finishing and curing. For many of
the silica fume overlays, mix design information includes information on which
revision of the silica fume overlays special provision was in effect for that bridge.
Assumptions on the revision number in effect for other silica fume bridges are made
on a chronological basis. A bridge deck constructed after one bridge and before
another bridge both of which are known to have used Revision 3 of the silica fume
overlay Special Provision is assumed to also have used Revision 3.

Bridges 89-184 and 89-187 were constructed before the Special Provision for
silica fume overlays was written and are, therefore, assumed to have been constructed
under the bridge deck wearing surface specifications, which did not require the use

fogging or precure material during and after finishing, All other silica fume overlay
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bridges were, apparently, constructed under Revision 3 or 4 of the Special Provision.
Revision 3 required the use of fogging and/or precure material during and after
finishing. Revision 4 required the use of both fogging and precure material during
and after finishing. The mean crack density of entire bridge decks for silica fume
overlays from the current study is shown as a function of the silica fume special
provision revision number in Fig. 3.98. The bridges constructed under Revision 4
exhibit, on average, 36 percent less cracking than those constructed under Revision 3,
and 77 percent less than those constructed without a silica fume overlay Special
Proviston. It is important to realize that the lower levels of cracking are also
associated with younger bridges and it is, therefore, difficult to separate the effects of

different revisions of the special provision from the effects of bridge age.

3.9 EFFECTS OF DESIGN SPECIFICATIONS

Design considerations include both the bridge deck and the structure type.
Three structure types are examined: SMCC (steel beam, composite continuous),
SWCC (steel welded plate girder, composite continuous), and SWCH (steel welded
plate girder, composite continuous and haunched). Because of differences in age
between silica fume overlays and other bridge decks, it is difficult to make accurate
comparisons between the two. However, when all silica fume overlays are included,
the mean crack density for silica fume overlays (0.41 m/m?) is greater than that for
monolithic bridge decks (0.36 m/m?) and only 0.05 m/m’ less than that for
conventional overlays (0.46 m/m?). When the older silica fume overlays, bridges
89-184 and 89-187, are excluded the average crack density (0.30 m/m’) is lower than
that observed for conventional overlays or monolithic decks.

Detailed analyses of the effects of design specifications are presented in the
balance of this section. In addition to the observations on the effects of deck type, it
is observed that crack density is significantly higher for the end sections of fixed-end
girders than for pinned-end girders and that crack density increases as bar size and bar

spacing increase, Crack density does not appear to depend on the steel structure type,
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bridge or span length, span type (interior or exterior), or skew.

3.9.1 Structure Type

Mean crack density for entire bridge decks is shown as a function of structure
type for silica fume overlays, conventional overlays, and monolithic bridge decks in
Figs. 3.99, 3.100, and 3.101. For silica fume overlays, SWCH structures exhibit a
much higher level of cracking than the other two structure types (Fig. 3.99), but only
two SWCH bridges are included in the study. For conventional overlays, SWCH
structures show the lowest level of cracking and SWCC structures show the highest
level of cracking (Fig. 3.100). For monolithic bridge decks, the single SWCH bridge
shows significantly higher levels of cracking than observed for the other two structure
types (Fig. 3.101), while SWCC bridges show the least level of cracking. In general,

structure type appears to have very little effect on bridge deck cracking.

3.9.2 Deck Type

Mean crack density for entire bridge decks is shown as a function of bridge
deck type in Fig. 3.102. The three bridge deck types examined are silica fume
overlays (SFO), conventional overlays (CO), and monolithic bridge decks (Mono).
For all bridge decks, from both the current study and the study by Schmitt and
Darwin (1995), monolithic bridge decks have the lowest overall level of cracking
(0.36 m/m®) and conventional overlays have the highest level of cracking
(0.46 m/m*). The silica fume overlay average a crack density of 0.41 m/m’. When
bridges 89-184 and 89-187, the bridges with older silica fume overlays with very high
levels of cracking, are excluded from the data set, the silica fume overlays exhibit the
lowest level of cracking (0.30 m/mz). Based on the student’s t-test, none of the
differences is statistically significant (Table 3.32).

It is important to realize that the ages of the silica fume overlay decks, with
the two exceptions, are much younger than those of the conventional overlays. If the

level of cracking for the silica fume overlays continues to increase with age, when the
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silica fume overlays are in the same age range as the conventional overlays studied,

their level of cracking may well exceed that of the conventional overlays.

3.9.3 Deck Thickness

Mean crack density for entire bridge decks is shown as a function of deck
thickness for silica fume overlays, conventional overlays, and monolithic bridge
decks in Figs. 3.103, 3.104, and 3.105. Deck thickness varies from 216 mm (8.5 in.)
to 229 mm (9.0 in.) for silica fume and conventional overlays, and from 203 mm
(8.0 in.) to 229 mm (9.0 in.) for monolithic bridge decks.

For silica fume overlays, thicker decks show levels of cracking nearly twice
that of thinner decks (Fig. 3.103). For conventional overlays, thicker decks exhibit
lower levels of cracking (Fig. 3.104). For monolithic bridge decks, there is no trend
(Fig. 3.105). For all three deck types the differences observed for different deck
thicknesses are not statistically significant (Table 3.33), which is not surprising
considering the small difference in deck thicknesses considered.

Poppe (1981) found that cracking tends to decrease with increases in deck
thickness. However, the bridge decks that Poppe studied inciuded a greater range in
deck thickness and bridge decks [158.8 mm (6.25 in.)] thinner than the thinnest
[177.8 mm (7.0 in.)] bridge deck in the current study.

3.9.4 Top Cover

Mean crack density for entire bridge decks is shown as a function of concrete
cover over the top reinforcing steel for monolithic bridge decks in Fig. 3.106.
Because all silica fume and conventional overlays have a cover of 76 mm (3.0 in.), no
evaluation of the effect of cover is possible for those decks. Monolithic bridge decks
with a top cover of 64 mm (2.5 in.) have a lower level of cracking than those with a
top cover of 76 mm (3.0 in.), but the differences are statistically significant only at
o =0.20 (Table 3.34). Higher levels of cracking for increased bar cover contradict

the findings of Dakhil, Cady, and Carrier (1975), who found that the severity of
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settlement cracking decreases with increasing bar cover. However, higher cover may
result in wider cracks, which increases the probability of seeing and recording the

cracks.

3.9.5 Transverse Reinforcing Bar Size

Mean crack density for entire bridge decks is shown as a function of
transverse reinforcing bar size for silica fume overlays, conventional overlays, and
monolithic bridge decks in Figs. 3.107, 3.108, and 3.109. Silica fume overlay decks
include bar sizes No. 5 (16 mm), No. 6 (19 mm) and No. 5 and No. 6 (16 and 19 mm)
combined.

In silica fume overlays, all three size categories of transverse reinforcement
show approximately equal levels of cracking (Fig.3.107) with no statistically
significant differences between them (Table 3.35).

Conventional overlays include bar sizes No. 4 and No. 5 (I3 and 16 mm)
combined, No. 5 (16 mm) and No. 6 (19 mm). The level cracking increases as size of
the transverse reinforcing bars increases (Fig. 3.108).

Monolithic bridge decks included bar sizes No. 4 (13 mm), No. 4 and No. 5
(13 and 16 mm) combined, No. 5 (16 mm), and No. 6 (19 mm). However, No. 4
(13 mm) and No. 6 (19 mm) are each only represented by one bridge deck and are,
therefore, not included in the analysis. In the monolithic bridge decks analyzed, the
level of cracking is lower for bridge decks with only No. 5 (16 mm) bars than it is for
bridge decks with No. 4 and No. 5 (13 and 16 mm) bars (Fig. 3.109). However, the
differences are not statistically significant (Table 3.35).

Dakhil, Cady, and Carrier (1975) found that severity of cracking increased
with increasing bar size, when comparing results for No. 5, No. §, and No. 11 bars.
Although the data for monolithic overlays contradicts these findings, if one bridge
with a relatively high crack density of 0.84 m/m” is removed from the category for
No. 4 and No. 5 (13 and 16 mm) bars, the mean crack density for that category
becomes 0.26 m/m* almost equal to the crack density of 0.27 m/m* for No. 5 (16 mam)
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bars. Under any circumstances, the differences in bar size in the bridge decks

surveyed are substantially less than used by Dakhil, Cady, and Carrier (1975).

3.9.6 Transverse Reinforcing Bar Spacing

Mean crack density for entire bridge decks is shown as a function of
transverse reinforcing bar spacing for silica fume and conventional overlays in
Figs. 3.110 and 3.111. For silica fume overlays, bar spacing varies from 102 to
229 mm (4.0 to 9.0 in.), while for conventional overlays, bar spacing varies from 140
to 305 mm (5.5 to 12.0 in.). All monolithic bridge decks, except one, had a transverse
reinforcing bar spacing of 153 mm (6 in.) and are not analyzed further. Bar spacing is
dived into two categories: less than or equal to 153 mm (6 m.), and greater than
153 mm (6 in.). For silica fume overlays, the level of cracking i nearly equal for both
categories of transverse reinforcing bar spacing (Fig. 3.110). For conventional
overlays, the crack density for transverse reinforcing bar spacings greater than
153 mm (6 in.) is double that for transverse reinforcing bar spacing less than or equal
to 153 mm (6 in.) (Fig. 3.111), a result that is statistically significant at o = 0.002. In

general, a greater transverse bar spacing tends toward increased levels of cracking.

3.9.7 Girder End Condition

To evaluate the effect of the girder end condition on crack density, densities
for the first and last 3 m (10 ft) of each bridge deck are calculated. Mean crack
density for end sections is shown as a function of girder end condition for silica fume
and conventional overlays in Figs. 3.112, and 3.113. Girder ends are either fixed (F)
or pinned (P). For both silica fume and conventional overlays, the level of cracking
for fixed end conditions is nearly three times greater than that for pinned conditions.
Because only two monolithic bridges have a pinned end condition, the effect of girder

end condition is not evaluated for monolithic bridge decks.
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3.9.8 Span Length

Mean crack density for individual spans is shown as a function of span length
for silica fume overlays, conventional overlays, and monolithic bridge decks in Figs.
3.114, 3.115, and 3.116. For silica fume overlays, span length ranges from 6.1 to
61.6 m (20 to 202 ft) and span length categories range from 15 to 55 m ( 49 to 180 f1).
Crack density decreases as the span length increases from 15 to 35 m (49 to 115 ft),
and increases as the span length increases from 35 to 55 m (115 to 180 ft). The
greatest crack density occurs for span lengths of 15 m (49 ft) (Fig. 3.114).

For conventional overlays, span length ranges from 12.2 to 48.8 m (40 to
160 ft) and span lengths categories range from 15 to 45 m (49 to 148 ft). There is a
slight trend towards lower levels of cracking with increasing span length. However,
the differences are not statistically significant (Fig. 3.115) (Table 3.38).

For monolithic bridge decks, span length ranges from 11.3 to 36.6 m (37 to
120 ft) and the span length categories range from 15 to 35 m (49 to 115 ft}). The level
of cracking is slightly higher at 25 m (82 ft) span length, but the differences in crack
density are small and statistically insignificant (Fig. 3.116) (Table 3.38).

In general, span length does not significantly affect the level of cracking on

concrete bridge decks.

3.9.9 Bridge Length

Mean crack density for entire bridge decks is shown as a function of bridge
length for silica fume overlays, conventional overlays, and monolithic bridge decks in
Figs. 3.117, 3.118, 3.119. Bridge length categories range from 50 to 130 m (164 to
427 ft) for all deck types. For silica fume overlays, bridge length ranges from 60.4 to
432.2 m (198 to 1388.5 fi). Crack density is greatest for 90 m (295 ft) bridge lengths
and least for 50 m (164 ft) bridge lengths (Fig. 3.117).

For conventional overlays, bridge length ranges from 40.4 to 134.1 m (132.5
to 439.8 ft). The level of cracking increases as bridge length increases (Fig. 3.118),

but the differences are not statistically significant (Table 3.39).
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For monolithic bridge decks, bridge length ranges from 37.2 to 303.5 m
(122.0 t0 995.7 ft). The level of cracking is nearly constant for all bridge lengths,
although slightly greater at 90 m (295 ft) bridge lengths.

In general, bridge length does not appear to have a significant affect on the

level of cracking.

3.9.10 Span Type

Mean crack density for individual spans is shown as a function of span type
for silica fume overlays, conventional overlays, and monolithic bridge decks in Figs.
3.120, 3.121, and 3.122. Span type is divided into three categories: fixed connection
end spans, pinned connection end spans, and interior spans.

For silica fume overlays, the level of cracking is lowest for pinned connection
end spans (Fig. 3.120). The level of cracking for fixed connection end spans and
interior spans differs by only 0.02 m/m® For conventional overlays the level of
cracking is the same for fixed connection end spans and interior spans and only 0.02
m/m? greater for pinned connection end spans (Fig. 3.121). For monolithic bridge
decks, the level of cracking for fixed connection end spans is only 0.02 m/m” less
than that for interior spans (Fig. 3.122). The level of cracking is much less for pinned
connection end spans, but only 2 bridges are represented. The differences between
crack density for pinned connection end spans, and other spans for silica fume
overlays and monolithic bridge decks are statistically significant only at oo = 0.20
(Table 3.40).

The type of span appears, at best, to have a small effect on crack density.

3.9.11 Skew

The mean crack density of entire bridge decks is shown as a function of deck
skew for silica fume overlays, conventional overlays, and monolithic bridge decks in
Figs. 3.123, 3.124, and 3.125. Skew is defined as the acute angle between the

centerline of the abutment and a line normal to the centerline of the roadway. In no
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case does bridge skew appear to affect the level of cracking in bridge decks.

3.10 EFFECTS OF TRAFFIC

Mean crack density for entire bridge decks is shown as a function of the
average annual daily traffic (AADT) for silica fume overlays, conventional overlays,
and monolithic bridge decks in Figs. 3.126, 3.127, and 3.128. AADT ranges from 0
to 14705 for silica fume overlays, from 245 to 19570 for conventional overlays, and
from 0 to 13725 for monolithic bridge decks. Categories of 2500, 7500, and 12500
are used for silica fume and conventional overlays. Categories of 1000, 3000, and
5000 are used for monolithic bridge decks. AADT does not take the age of a bridge
into account, only the amount of daily traffic. For silica fume overlays, crack density
decreases as traffic volume increases (Fig. 3.126). However, silica fume overlays
with higher traffic volumes are younger bridges and only 2 bridges represent a mean
AADT of 12500. For conventional overlays, crack density increases as the AADT
increases (Fig. 3.127). For monolithic bridge decks, crack density at 1000 AADT is
less than 40 percent of the crack density at 3000 or 5000 AADT. In no case, are the
differences in crack density statistically significant at o = 0.05.

Mean crack density for entire bridge decks is shown as a function of the total
number of load cycles that a bridge had been subjected to over its lifetime for silica
fume overlays, conventional overlays, and monolithic bridge decks in Figs. 3.129,
3.130, and 3.131. The number of load cycles a bridge has experienced takes into
account the age of a bridge and, therefore, should be a more accurate measurement of
the effect of traffic on the level of cracking. Total load cycles range from 1.53 x 10°
to 7.69 x 10° for silica fume overlays, from 3.64 x 10° to 4.89 x 107 for conventional
overlays, and from 6.30 x 10° to 3.44 x 107 for monolithic bridge decks. Categories
range from 1.0 x 10° to 7.0 x 10° for silica fume overlays, from 0.5 x 10°to 4.5 x 10°,
from 1.5 x 10° to greater than 10 x 10 for monolithic bridge decks.

For silica fume overlays, the level of cracking increases as the number of load

cycles increases (Fig. 3.129), as it does for monolithic bridges (Fig. 3.131). For
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conventional overlays, there is no clear trend between the number of load cycles and
the level of cracking (Fig. 3.130), although for load cycles greater than 2.5x10°, the
level of cracking increases as the number of load cycles increases. The effect of load
cycles on cracking is especially difficult to ascertain for conventional overlay bridges
because of the observation {Section 3.3) that younger conventional overlay bridges
tend to crack more than older conventional overlay bridges.

Generally, it appears that bridges subjected to a greater number of load cycles
show greater levels of cracking, but it s not clear whether the difference is due to

loading or time.

3.11 PAVEMENT PROFILE

Because of concerns that silica fume overlays are providing excessively rough
driving surfaces, pavement profiles were determined for the driving lanes of the
bridges studied. Fig.3.132 compares mean pavement roughness index (PRI) of
individual driving lanes as a function of deck type. The mean PRI does not vary
significantly (the total range is only 685 to 698 mm/km), regardless of bridge deck
type (Table 3.44).



CHAPTER 4
SUMMARY, CONCLUSIONS, AND
RECOMMENDED IMPLEMENTATION PLAN

4.1 SUMMARY

The purpose of this study was to determine how construction practices and
material properties correlate with the performance of concrete bridge decks, to gage
the performance of bridge decks with silica fume overlays relative to bridges with
conventional concrete overlays, and to determine if the silica fume overlays
commonly used on bridges in Kansas are performing at a level that justifies the extra
cost and construction precautions. Forty continuous steel girder bridges, primarily
from northeast Kansas (thirty-eight from KDOT District 1, and two from KDOT
District 5) were evaluated. The study included three deck types: silica fume overlays
(20 bridges), conventional overlays (16 bridges), and monolithic bridge decks (4
bridges). Field surveys were conducted to document the cracking patterns and crack
density for each bridge and to take samples for chloride content analysis and rapid
chloride permeability (RCPT) tests. Information for each bridge was collected from
construction documents, field books, and weather data logs. The information was
combined with data from the earlier study by Schmitt and Darwin (1995) and
compared to the observed levels of cracking, effective diffusion coefficients, and
rapid chloride permeability test results. Twenty-seven variables were considered,
covering bridge age, material properties, site conditions, construction procedures,
design specifications, and traffic volume. Comparisons are made based on the
properties of the upper surface and on the properties of the subdeck for bridges with

overlays.

4.2 CONCLUSIONS
The following conclusions are based on the investigation and analysis

described in this report. Conclusions relative to “subdecks” address crack density in
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bridges with overlays as affected by the material properties or construction conditions
of the subdecks. Conclusions relative to “overlay bridge decks” address deck
properties as affected by the material properties or construction conditions of the

overlays themselves:

1. For the 11 bridges included in both the current study and the earlier study
by Schmitt and Darwin (1995), the crack densities obtained in the two
studies show close agreement. The crack densities in the current study are,
generally, similar or greater than those obtained by Schmitt and Darwin.

2. Crack density increases with age for bridge decks with silica fume overlays.

3. The newest silica fume overlay decks, constructed in 1997 and 1998, have
lower crack densities than the older silica fume overlay decks. It is not
clear if the reduced crack density is due to improved construction
procedures or low age.

4.  The most recent conventional overlays, constructed between 1993 and
1995, have higher crack densities than conventional overlays constructed
earlier.

5.  Monolithic bridge decks constructed between 1989 and 1993 have higher
crack densities than monolithic bridges constructed between 1984 and 1987.

6.  Crack densities are generally similar for conventional and silica fume
overlay decks. If silica fume overlays follow their current trend of
increased cracking with age, they will not perform better than the
conventional overlays, when they are of equivalent age.

7.  Effective diffusion coefficients for silica fume and conventional overlay
bridge decks between 500 and 1500 days old do not differ significantly.

8. Silica fume overlay bridge decks have much lower RCPT values than either
conventional overlay or monolithic bridge decks. However, this may be a
result of the effect of silica fume on the pore solution of the concrete, and

does not necessarily reflect lower chloride permeability.
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Chloride content increases with the age of the bridge deck, regardless of
bridge deck type. Silica fume and conventional overiay decks in the same
age range, have similar chlonde contents.

Chloride content taken at crack locations at mean depths of 66.7 mm
(2.625 in.) and 85.7 mm (3.375 in.) (just above and below the transverse
reinforcement, respectively), exceeds the threshold level for corrosion in as
little as 1000 days (2.7 years), regardless of bridge deck type. Silica fume
and conventional overlay decks in the same age range exhibit similar
chloride contents.

For silica fume and conventional overlay decks, there is no correlation
between Des and concrete slump.

For silica fume overlay decks, there is no correlation between RCPT values
and concrete shump.

For bridge decks with silica fume overlays, the highest mean crack densities
are observed for concrete slumps greater than 90 mm (3.5 in.).

For bridge decks with conventional overlays, the highest crack densities are
observed for concretes with zero shump.

For monolithic bridge decks and bridge subdecks, crack density increases as
concrete slump, percent volume of water and cement, water content, and
cement content increase. In general, increased paste contents in bridge
subdecks result in cracking in decks with overlays, regardless of the quality
of the overlay.

For monolithic bridge decks, crack density increases as the water-cement
ratio increases.

For silica fume overlays, Degr increases slightly as air content increases.

For conventional overlay decks, RCPT wvalues increase as air content
increases.

For conventional overlay decks, there is no correlation between crack

density and air content.
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For monolithic bridge decks, crack density is significantly lower for air
contents above 6 percent.

For conventional overlays, monolithic bridge decks, and bridge subdecks,
the level of cracking increases as the compressive strength increases. In
general, increased compressive strengths are not beneficial to the cracking
performance of bridge deck concrete.

For conventional overlays, crack density increases as the average air
temperature for the date of concrete placement increases.

For conventional overlays and bridge subdecks, crack density increases as
the low air temperature for the date of concrete placement increases.

For conventional overlays and monolithic bridge decks, crack density
mcreases as the maximum air temperature for the date of concrete
placement increases.

For silica fume overlays, conventional overlays, and monolithic bridge
decks, crack density increases as the daily air temperature range for the date
of concrete placement increases.

For silica fume overlays, the crack density decreases as the relative
humidity increases.

For silica fume overlays, the use of both fogging and precure material
during and after finishing decreases the crack density.

In general, the steel structure type appears to have no effect on bridge deck
cracking.

In general, a greater transverse bar size and spacing tends to increase levels
of cracking.

For both silica fume and conventional overlays decks, the crack density for
fixed end girders is nearly three times greater than that for pinned end
girders.

In general, bridge length, span length, span type (interior and exterior), and

bridge skew do not appear to affect crack density.
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32. Generally, it appears that bridges subjected to a greater number of load
cycles show greater levels of cracking, but it is not clear whether the
difference is due to loading or time.

33. The mean pavement roughness index (PRI} is nearly identical for the

monolithic, conventional overlay, and silica fume overlay bridges surveyed.

4.3 RECOMMENDED IMPLEMENTATION PLAN

Based on the results of this study, several recommendations are made. First,
because the silica fume overlay bridges in the current study are younger than the
conventional overlay and monolithic bridge decks included in the study, it is difficult
to compare the different bridge deck types. The small number of silica fume and
conventional overlay decks that are in the same age range have similar crack
densities, Degr values, and chloride contents, both at and away from cracks. If these
observations are correct, they indicate that silica fume overlays provide no advantage
over conventional overlay decks. This conclusion, however, is premature due to the
young age of the majority of silica fume overlay decks in the study. As a result, the
silica fume overlay decks should be reexamined when they are all in the same age
range as the conventional overlay decks included in the study. This would provide
data on changes in crack density and chloride content to more accurately compare the
performance of silica fume overlays to conventional overlays.

Second, construction records should be maintained for the lifetime of each
bridge. As noted earlier, the lack of long-term construction records represents a
weakness in the ability to improve construction procedures based on field experience.
Either the Construction Management System (CMS) database should be maintained
in an easily accessible format or another database should be developed to include
information from the CMS database, such as concrete mix design, materials used in
the mix design, dates of bridge deck concrete placement (both subdeck and overlay),
results of field tests (air content and slump), and results of compressive strength tests.

In addition, information on the concrete temperature at the time of placement, daily
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maximum and minimum air temperature, wind speed, relative humidity, and rate of
evaporation on the date of concrete placement, detailed descriptions of finishing and
curing procedures, including the length of curing, should be included in the database.
The current special provisions for silica fume overlays require contractors to measure
air temperature and relative humidity on the bridge deck, and to either measure or
estimate concrete temperatures and wind speed on the bridge deck. Because
contractors are already required to determine these values, it should not be difficult to
obtain this information. Because of its importance, concrete temperature should be
measured rather than estimated.

Third, a maximum cementitious material content and/or compressive strength
should be included in the provisions for both subdeck and overlay concrete.
Although an analysis of the effect of cement content on overlay concrete is not
possible based on the current database, the results for both monolithic bridge decks
and bridge subdecks, indicate that neither higher cement contents nor compressive
strengths are beneficial to the cracking performance of the concrete.

Fourth, the use of both fogging immediately after finishing and precure
material should be expanded to cover conventional overlay and monolithic decks, as
well as silica fume overlay decks. Fogging and precure materials that do not affect

bond should also be used for bridge subdecks.

4.4 RECOMMENDATIONS FOR FUTURE STUDY

As stated in Section 4.3, due to the age disparity between silica fume and
conventional overlay decks, it is recommended that silica fume overlay decks be
reexamined when they are in the same age range as the conventional overlay decks
included in this study,

It would be beneficial to determine the correlation between the charge passed
during the rapid chloride permeability test and known chloride permeabilities for the
types of concrete used in bridge decks. The determination of such a correlation is

recommended both by Whiting (the developer of the test) (1992) and in the
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ASTM/AASHTO standard (ASTM C 1202 and AASHTO T 277). Further testing
should be conducted to determine if the RCPT provides reasonable results for silica
fume concrete.

It would also be beneficial to study the correlation between effective diffusion
coefficients (Deyr) and the time to corrosion of reinforcing steel in concrete bridge

decks.
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Table 3.1: Student's t-test for entire bridge crack density versus bridge age

Confidence Interval 80% 90% 95% 98%

Silica Fume Overlays t table

Age (months) t calc o 0.2 0.1 0.05 0.02

10 30 2.4872 133338 Y 173961 Y 210982 Y 256694 N

10 >40 7.5065 1.38303 Y 1.83311 Y 226216 Y 282143 Y

30 >40 4.6275 135622 Y 178229 Y 217881 Y 268099 Y

Conventional

Overlays
Age (months) { calc o 0.2 0.1 0.05 0.02
30 90 1.6589 130774 Y 1.69236 N 203452 N 244479 N
Monolithic Bridge
Decks

Age (months) t cale o 0.2 0.1 0.05 0.02

30 90 0.9300 1.33676 N 1.74588 N  2.1199 N 2.58349 N
Key:

t calc = calculated value of't; t table — value from Student's t-distribution for the given value of

o = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically significant difference, i.e. null hypothesis not rejected

86



Table 3.2: Student's t-test entire bridge crack density versus date of construction

Confidence Interval 80% 90% 95% 98%
Silica Fume Overlays { table
Date of Construction  tcale o 0.2 0.1 0.05 0.02
1990-1991 1995-1996 4.7142 135622 Y 178229 Y 2117881 Y 2.68099 Y
1990-1991 1997-1998 6.9104 137218 Y 1.81246 Y 222814 Y 276377 Y
1995-1696 1997-1998 2.2229 133676 Y 1.74588 Y 21199 Y 258349 N

Conventional
Overlays
Date of Construction  tcale o 0.2 0.1 0.05 0.02
1985-1987 1990-1992 3.3817 1.3137 Y 170329 Y 205183 Y 247266 Y
1985-1987 1993-1995 3.9101 141492 Y 189458 Y 236462 Y 299795 Y
1990-1992 1993-1995 2.6122 131784 Y 171088 Y 20639 Y 249216 Y
Monolithic Bridge
Pecks

Date of Construction  t calc o 0.2 0.1 0.05 0.02
1984-1987 1989-1993 2.4993 1.34503 Y 1.76131 Y 2.14479 Y 2.62449 N

Key:

t calc = calculated value of't; t table = value from Student's t-distribution for the given value of o

o, = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically significant difference, i.e. nuil hypothesis not rejected
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Table 3.3: Student's t-test for coulomb results for individual placements versus deck type

Confidence Interval 80% 920% 95% 98%
Test Result t table
(Coulombs) t cale o 0.2 0.1 0.05 0.02
SFO CO 4.0629 129359 Y 16666 Y 199394 Y 238002 Y
SFO Mono 4.9546 130308 Y 168385 Y 202107 Y 242326 Y
CO Mono 1.9376 1.30485 Y 1.68709 Y 202619 N 243144 N
30 min x 12 résult
(Coulombs) t calc o 0.2 0.1 0.05 0.02
SFO CO 4.5821 1.29356 Y 16666 Y 1.99394 Y 238002 Y
SFO Mono 4.5542 130308 Y 168385 Y 2.02107 Y 242326 Y
CO Mono 3.1178 130485 Y 168709 Y 202619 Y 243144 Y

Key:

t calc = calculated value of' t; t table = value from Student's t-distribution for the given value of ¢
o = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically significant difference, i.c. null hypothesis not rejected

SFO =silica fume overlay; CO = conventional overlay; Mono = Monolithic Bridge Deck
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Table 3.4: Student's t-test for mean effective diffusion coefficient of individual placements versus deck type

101

Confidence Interval 80% 90% 95% 98%
All Bridges t table
Deck Type t cale o 0.2 0.1 0.05 0.02
~NFO CO 3.3817 129394 Y 166724 Y 199494 Y 238161 Y
Age > 500 days
Deck Type t cale o 0.2 0.1 0.05 0.02
SFO CO 0.7958 1.29804 N 1.67469 N 2.00665 N 240023 N
Age 500 - 1500 days
Deck Type t cale o 0.2 0.1 0.05 0.02
SFO CO 1.4839 131635 Y 170814 N 205954 N 24851 N
Age 960-1500 days
~ Deck Type t cale o 0.2 0.1 0.05 0.02
SFO CO 0.9465 135017 N 1.77093 N 2.16037 N 26503 N

Key:

t calc = calculated value of t; ttable == value from Student's t-distribution for the given value of o
o, = level of significance

Y = statistically significant difference, i.e. nulf hypothesis rejected

N = not statistically significant difference, 1.e. null hypothesis not rejected

SFO = silica fume overlay; CO = conventional overlay




Table 3.5: Student's t-test for mean effective diffusion coefficient for individual placements versus concrete

slump
Confidence Interval 80% 90% 95% 98%
Silica Fume Overlays t table
Slump (mm) t calc o 0.2 0.1 0.05 0.02
38 51 0.5650 143976 N 194318 N 244691 N 3.14267 N
38 64 1.7638 147588 Y 201505 N 257058 N 336493 N
38 76 0.5569 1.53321 N 213185 N 277645 N 374694 N
38 >90 0.4416 1.63775 N 235336 N 318245 N 454071 N
51 64 1.3017 1.41492 N 1.89458 N 236462 N 299795 N
51 76 0.9600 143976 N 194318 N 244691 N 3.14267 N
51 >90 0.0246 141492 N 1.89458 N 236462 N 299795 N
64 76 1.7786 147588 Y 201505 N 257058 N 336493 N
64 =90 1.0019 1.43976 N 194318 N 244691 N 3.14267 N
76 >80 0.7629 1.47588 N 2.01505 N 257058 N 336493 N
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Table 3.5 (cont.}: Student's t-test for mean effective diffusion coefficient for individual placements versus

concrete slamp

Conventional
Overlays

Slamp (mm) t cale 0.2 0.1 0.05 0.02

0 6 1.0823 136343 N 1.79588 N 2.20099 N 271808 N
0 13 0.1771 134503 N 1.76131 N 214479 N 2.62449 N
0 19 0.0445 1.39682 N 1.85955 N 230601 N 289647 N
6 13 0.8204 1.35017 N 1.77093 N 2.16037 N 26503 N
6 19 1.1094 141492 N 189458 N 236462 N 299795 N
13 19 0.1759 1.37218 N 1.81246 N 222814 N 276377 N

Key:

t calc = calculated value of t; t table = value from Student's t-distribution for the given value of o

o = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically significant difference, i.e. null hypothesis not rejected
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Table 3.6: Student's t-test for mean RCPT results for individual placements versus concrete slump

Confidence Interval 80% 90% 95% 98%
Silica Fume Overlays t table

Shump (mm) t cale o 0.2 0.1 0.05 0.02
26 38 0.6692 147588 N 201505 N 2.57058 N 3.36493 N
26 51 0.9349 1.35017 N 1.77093 N 216037 N 26503 N
26 64 1.1573 143976 N 194318 N 244691 N 314267 N
26 76 2.4400 1.41492 Y 189458 Y 236462 Y 299795 N
26 >90 1.3583 1.53321 N 2.13185 N 277645 N 374694 N
38 51 0.9557 133676 N 1.74588 N 2.1199 N 2.58349 N
38 64 0.6693 138303 N 1.83311 N 226216 N 282143 N
38 76 2.4433 137218 Y 1.81246 Y 222814 Y 276377 N
38 >90 1.9169 141492 Y 1.89458 Y 236462 N 299795 N
51 64 0.5913 1.33338Z. N 173961 N 2.10982 N 2.56694 N
51 76 0.6322 133039 N 1.73406 N 210092 N 255238 N
51 >90 1.5560 1.34061 Y 1.75305 N 213145 N 260248 N
64 76 1.8314 136343 Y 179588 Y 2.20099 N 271808 N
64 >90 1.8196 1.35682 Y 1.85955 N 230601 N 2.89647 N
76 >90 1.1763 1.38303 N 1.83311 N 226216 N 282143 N
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Table 3.6 {cont.}: Student's t-test for mean RCPT results for individual placements versus concrete stump

Conventional
Overlays

Slump (mm) t calc 0.2 0.1 0.05 0.02

0 6 0.7617 136343 N 1.79588 N 220099 N 271808 N
0 13 0.3769 134503 N 1.76131 N 2.14479 N 262449 N
0 19 2.0215 139682 Y 1.85955 Y 230601 N 2.89647 N
) 13 0.6155 135017 N 1.77093 N 2.16037 N 26503 N
6 19 2.0450 141492 Y 1.89458 Y 236462 N 2069795 N
13 19 1.9296 1.37218 Y 1.81246 Y 222814 N 276377 N

Key:

t calc = calculated value of t; t table = value from Student's t-distribution for the given value of o

o = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically significant difference, 1.e. null hypothesis not rejected
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Table 3.7: Student's t-test for mean crack density versus concrete slump

Confidence Interval 80% 90% 95% 98%
Silica Fume Overlays

Slump (mm) t cale o 0.2 0.1 0.05 0.02
26 38 0.7181 1.47588 N 2.01505 N 257058 N 336493 N
26 51 0.2796 135017 N 177093 N 2.16037 N 26503 N
26 64 0.1716 143976 N 194318 N 244691 N 3.14267 N
26 76 0.5864 141492 N 189458 N 236462 N 299795 N
26 >90 2.0040 1.53321 Y 213185 N 277645 N 3.74694 N
38 51 0.9284 133676 N 1.74588 N 21199 N 2.58349 N
38 64 1.4255 138303 Y 1.83311 N 226216 N 282143 N
38 76 0.1647 137218 N 181246 N 222814 N 276377 N
38 >80 0.9878 1.41492 N 1.89458 N 236462 N 299795 N
51 64 0.7268 1.33338° N 1.73961 N 2.10982 N 2.56694 N
51 76 0.7558 1.33039 N 1.73406 N 2.10092 N 255238 N
51 >80 2.2167 1.34061 Y 175305 Y 2.13145 Y 2.60248 N
64 76 1.1997 1.36343 N 1.79588 N 2.20099 N 2.718068 N
64 >90 3.3624 1.39682 Y 185955 Y 230601 Y 2.89647 Y
76 >50 1.1180 1.38303 N 1.83311 N 226216 N 282143 N
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Table 3.7 (cont.): Student's t-test for mean crack density versus conerete slump

Conventional
Overlays
Slump (mm) t cale 0.2 0.1 0.05 0.02
0 3 5.0128 135017 Y 177093 Y 216037 Y 26503 Y
0 6 2.8231 1.31497 Y 170562 Y 2.05553 Y 247863 Y
0 13 0.9138 1.32124 N 171714 N 207388 N 250832 N
0 19 1.6506 1.33039 Y 1.73406 N 210092 N 255238 N
3 6 1.2575 1.34061 N 175305 N 213145 N 260248 N
3 13 2.0033 136343 Y 1.79588 Y 220099 N 271808 N
3 19 1.0889 141492 N 1.89458 N 236462 N 299795 N
6 13 1.4335 131784 Y 171088 N 2.0639 N 249216 N
6 19 0.3549 1.32534 N 1.72472 N 208596 N 252798 N
13 19 0.6999 1.33676 N 1.74588 N 21199 N 258349 N
Monolithic Bridge
Decks
Slump (mm) t cale 0.2 0.1 0.05 0.02
38 51 0.7481 131784 N 1.71088 N 20639 N 249216 N
38 64 1.8593 138303 Y 1.83311 Y 226216 N 282143 N
38 76 3.7754 147588 Y 2.01505 Y 257058 Y 336493 Y
51 64 1.0094 1.31635 N 1.70814 N 2.05954 N 24851 N
51 76 1.7403 1.32319 Y 172074 Y 20791 N 251765 N
64 76 1.3262 143976 N 194318 N 244691 N 3.14267 N
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Table 3.7 (cont.): Student's t-test for mean crack density versus concrete slump

Bridge Subdecks
Shump (mm) t cale o 0.2 0.1 0.05 0.02
38 51 0.4480 131946 N 1.71387 N 2.06865 N 249987 N
38 64 1.1846 132773 N 172913 N 209302 N 253948 N
38 76 0.5017 1.39682 N 1.85955 N 230601 N 2.89647 N
51 64 0.4706 1.30551 N 16883 N 202809 N 24345 N
51 76 0.0899 131635 N 170814 N 2.05954 N 24851 N
64 76 (.2600 1.32319 N 1.72074 N 2.07961 N 2.51765 N
Key:

t calc = calculated value of t; t table = value from Student's t-distribution for the given value of o

o = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically significant difference, 1.e. null hypothesis not rejected
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Table 3.8: Student's t-test for mean effective diffusion coefficient for individual placements versus percent
volume of water, cement, and silica fume

Confidence Interval 80% 90% 95% 98%
Silica Fume Overlays t table
(% Volume) t cale o 0.2 6.1 0.05 0.02
26.0 26.8 1.3356 131635 Y 1.70814 N 205954 N 24851 N
Conventional
Overlays
{% Volume) t cale o 0.2 0.1 0.05 0.02 .
25.1 25.9 1.9058 131143 Y 169913 Y 204523 N 246202 N
25.1 26.6 0.9341 1.31497 N 170562 N 2.05553 N 247863 N
259 26.6 2.1472 138303 Y 1.83311 Y 226216 N 2.82143 N
Key:

t calc = calculated value of't; ttable = value from Student's {-distribution for the given value of o
o = level of significance

Y = statistically significant difference, i.e. null hypothesis rejected

N = not statistically sign