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FOREWORD

In 1993, the Federal Highway Administration (FHWA) initiated a national program to
implement the use of high-performance concrete (HPC) in bridges. The program included the
construction of demonstration bridges throughout the United States. As a result the State
Departments of Transportation started implementing the use of HPC on their bridges. The
construction of these bridges has provided a large amount of data on the use of HPC.

Information about the 18 bridges included in the FHWA program plus one bridge in Louisiana
was compiled as part of the FHWA Contract DTFH61-00-C-00009 entitled Compilation and
Evaluation of Results from High Performance Concrete Bridge Projects. A compact disc (CD)
containing the compilation was prepared. The CD contains photographs and cross-sectional
drawings of the bridges, as well as details about the materials and methods used in construction.

After the bridges had been in service for several years, they were inspected and their
performance evaluated relative to the compiled data as part of the FHWA Contract DTFH61-04-
C-00029. On this project, a review and analysis of the field data was performed along with that
of the data from the CD. Based on these reviews and analyses, parameters of HPC mixture
designs were identified that can produce relatively crack free concrete bridge decks.

This report corresponds to the TechBrief titled, “High Performance Concrete Bridge Deck
Investigation” (FHWA-HRT-09-070). This report is being distributed through the National
Technical Information Service for informational purposes. The content in this report is being
distributed “as is” and may contain editorial or grammatical errors.

Notice
This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of information exchange. The U.S. Government assumes no liability for the use of
the information contained in this document.

The U.S. Government does not endorse products or manufacturers. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of the document.

Quality Assurance Statement
The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its
information. FHWA periodically reviews quality issues and adjusts its programs and processes to
ensure continuous quality improvement
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CHAPTER 1. INTRODUCTION

In 1993, the Federal Highway Administration (FHWA) initiated a national program to
implement the use of high performance concrete (HPC) in bridges. The program included the
construction of demonstration bridges in each of the FHWA regions and dissemination of the
technology and results at showcase workshops. Eighteen bridges in 13 States were included in
the national program. In addition to the joint State-FHWA HPC initiative, other States have
independently implemented the use of HPC in various bridge elements.

The bridges are located in different climatic regions of the United States and use different types
of superstructures. The bridges demonstrate practical application of high performance concretes.
In addition, construction of these bridges provided opportunities to learn more about the
placement and actual behavior of HPC in bridges. Consequently, many of the bridges were
instrumented to monitor their short- and long-term performance. In addition, concrete material
properties were measured for most of the bridges.

Information about the 18 bridges included in the FHWA program plus one bridge in Louisiana
was compiled as part of FHWA Contract No. DTFH61-00-C-00009 entitled "Compilation and
Evaluation of Results from High Performance Concrete Bridge Projects 2." A compact disc
(CD) containing the compilation was prepared. The CD contains photographs and cross-
sectional drawings of some of the bridges, as well as details about the materials and methods
used in construction.

A list of the bridges included in the compilation is given in table 1. A summary of some features
of the bridges is given in table 2.

The compilation for each bridge is divided into 12 sections as follows:
1. DESCRIPTION. This section contains a summary of the overall bridge features.

2. BENEFITS OF HPC AND COSTS. Highlights of why HPC was used in the bridge
and provides total cost, cost per ft’, cost per ft, or any other information that was
obtained.

3. STRUCTURAL DESIGN. This section presents essential features about the structural
design of the bridge.

4. SPECIFIED ITEMS. This section includes only items that were required by the HPC
Specification. If items were not identified as being specified, the line is left blank.

5. CONCRETE MATERIALS. This section lists information obtained before actual
construction of the bridges. It represents the information that would normally be
submitted for approval of concrete mix proportions plus additional data that were
available because of the research component of each project.



6. CONCRETE MATERIAL PROPERTIES. This section contains information obtained
during the actual construction. It is separated into sections on material properties from
quality control (QC) tests and material properties from research tests. Separate sections
are provided for each HPC element used in the bridge such as girders and deck.

7. OTHER RESEARCH DATA. This section contains research data specifically obtained
during the construction of the showcase bridge. The information varies considerably
from one compilation to the next depending on the approach and interests of the
researchers.

8. OTHER RELATED RESEARCH. This section contains other related research
information that was usually obtained prior to construction of the bridge.

9. SOURCES OF DATA. References of documents used for the compilation are listed.
Some of the data were obtained directly from the States and do not appear in the
published data. The names of individuals who supplied the data are listed.

10. DRAWINGS. This section contains miscellaneous details to clarify the written
information.

11. HPC SPECIFICATIONS. When available, the special provisions for HPC in the bridge
are included.

The compilation does not contain information about the durability performance of the bridge
decks and girders after their construction. Since a range of concrete constituent materials and
construction procedures were used and the bridges are located in a variety of climates,
information was needed concerning the performance of the bridges so that a comparison of their
performance could be made.



Table 1. HPC Bridges Included in the Compilation.

State Bridge Name Location
Alabama Highway 199 Highway 199 over Uphapee Creek, Macon County
Colorado Yale Avenue Interstate 25 over Yale Avenue, Denver
Georgia SR 920 SR 920 (Jonesboro Rd) over 1-75
Louisiana Charent.on Canal LA 87 over Charenton Canal in St. Mary Parish
Bridge
Nebraska 120th Street 120th Street and Giles Road Bridge, Sarpy County

New Hampshire

Route 104, Bristol

Route 104 over Newfound River, Bristol

New Hampshire

Route 3A, Bristol

Route 3A over Newfound River, Bristol

New Mexico Rio Puerco I 40 Westbound Frontage Road over the Rio Puerco
North Carolina U.S. 401 Northbound U.S. 401 over Neuse River, Wake County
Ohio U.S. Route 22 | U.S. Route 22 over Crooked Creek at Mile Post 6.57 near
near Cambridge Cambridge in Guernsey County
[-29 Northbound over Railroad in Minnehana County,
South Dakota 1-29 Northbound Structure No. 50-181-155
[-29 Southbound over Railroad in Minnehana County,
South Dakota 1-29 Southbound Structure No. 50-180-155
Tennessee Porter Road Porter Road over State Route 840, Dickson County
Tennessee Hickman Road Hickman Road over State Route 840, Dickson County
Texas Louetta Road Louetta Road Overpass, SH 249, Houston
Texas San Aneelo U.S. Route 67 over North Conch River, U.S. Route 87,
£ and South Orient Railroad, San Angelo
o Route 40, Route 40 over Falling River, Brookneal in Lynchburg
Virginia o
Brookneal District
Virginia Vlrglpla Avenue, Virginia Avenue over Clinch River, Richlands
Richlands
Washington State Route 18 Eastbound lanes of State Route 18 over State Route 516 in

King County




Table 2. HPC Bridge Features.

Bridae Total Overall No. of Deck Girder
Narr?e Length, Width, S éns Crossing | Thickness, Tyne
m (ft) m (ft) b mm (in.) yp
Ifglghway 362 (798) | 19.5 (43) 7 Creek 178 (7) | BT-54
Yale Avenue | 98 (215) 63 (138) 2 Road 292 (11.5) Box
SR 920 160 (353) | 43 (94) 4 Interstate 203 (8) IL IV
Charenton
Cant 166 (365) | 21 (47) 5 Canal 203 (8) I
120th Street | 102 (225) |  38.6 (85) 3 River 191 (7.5) | NU1100
Route 104, .
Bl 30 (65) 26 (58) 1 River 229 (9) I
Route 3A, . «
Bl 27 (60) 18 (40) 1 River 229 (9)* | NE 1000
Rio Puerco | 133(293) | 22 (48) 3 River 221(8.7) | BT 1600
U.S. 401 136 (299) | 2@21(47) | 4 River 216(8.5) | IV, 1II
U.S. Route . 140 (5.5)
oS 53 (116.5) | 22 (48) 1 River wiasphalt | B4248
1-29 .
Northbound | 78(172) | 19.5(43) 3 Railroad 229 (9) I
1-29 .
Southbound | 78 (172) | 19.5(43) 3 Railroad 229 (9) I
Porter Road | 144 (318) | 145(32) | 2 Road (2802'56) BT-72
Hickman 209.6
Road 132.(291) | 14.5(32) 2 Road (8.25) BT-72
Louetta 71-82 NB 184
Road 7769 1 g1120s8 | 3 Road 725 | U4
431 (950)
San Ansclo EB 18 (40)EB | 8EB | Road, River | 190.5 v
& 435 (958) | 22 (48) WB | 9 WB | and Railroad | (7.5)*
WB

Route 40, .
Brocrned | 1433200 | 20 (44) 4 River 216 (8.5) v
Virginia Av. .
Richlamsc | 67 (148) 18 (40) 2 River 216 (8.5) I
State
Route 18 135(297) | 17 (38) 3 Road 190.5 (7.5)| W74G

* Includes precast panels




BACKGROUND

Chloride ion induced corrosion of reinforcing steel in concrete bridge decks presents a major
problem in the United States. Chloride ions are present in deicer salts that are used on roadways
and bridges. The chloride ions can reach the concrete-steel interface either through cracks in the
concrete material or by diffusing through the concrete pore water. If moisture and oxygen are
available at this interface along with chloride ions, corrosion of the reinforcing steel can be
initiated. Once the corrosion process begins, expansive corrosion products are produced that can
cause additional cracking, spalling, and delamination of the concrete material.

According to the 2009 Report Card for American Infrastructure produced by the American
Society of Civil Engineers (ASCE)", approximately 26 percent of the nation’s bridges are either
structurally deficient or functionally obsolete. This means that one in four bridges is deficient or
obsolete in the nation. ASCE also estimates that a $17 billion annual investment is required over
the next 50 years to eliminate all deficiencies as they arise.

Many of the existing structures were built with, and are fast approaching a 50-year design life.
Traffic has also increased over this period, increasing the loading, which in some cases may have
accelerated the deterioration of these structures. These numbers and circumstances show the
critical state of the nation’s bridges and the need to design and fabricate longer lasting, more
durable structures. The performance of a concrete material is influenced by its material
properties as well as the environment and loading that it is exposed to during its service life. It is
important that a concrete material is designed and fabricated to withstand the environmental and
loading conditions that it will experience during its service life.

Concrete Cracking in Bridge Decks

There are many factors that may contribute to the cracking of concrete in bridge decks. Some of
these factors can be related to the material itself, while other factors can be related to the
environment and loading conditions that the concrete material is subjected to while in service.
The material related factors are accounted for in the design of the concrete material by specifying
and using good quality materials and proper mix proportions. The environmental and loading
factors are also accounted for in the design of the concrete material by enhancing the material to
meet certain durability and strength characteristics. Construction practices may also influence the
performance of bridge decks as it relates to cracking. The proper placement, consolidation, and
timely curing are imperative to producing a long-lasting, durable structure.

Materials Related Influence on Cracking

During the design of concrete mixtures, it is important to use the proper materials and
proportions to produce a durable concrete. These materials include the cement, supplementary
cementitious materials, water, aggregate, and chemical admixtures. All of these can influence the
cracking of the concrete material.

Concrete experiences volume changes throughout its service life, and one of these types of
deformations is shrinkage. The volume changes in concrete due to shrinkage can lead to cracking



of the concrete material. The four main types of shrinkage associated with concrete are plastic,
autogenous, carbonation, and drying shrinkage. Plastic shrinkage is due to moisture loss from the
concrete before the concrete sets. Autogenous shrinkage is associated with the loss of water from
the capillary pores due to hydration of the cement. This type of shrinkage tends to increase at
higher temperatures and higher cement contents. Carbonation shrinkage is caused by the
chemical reaction between various cement hydration products with carbon dioxide present in the
air, and is usually limited to the surface of the concrete. Drying shrinkage is the shrinkage
associated with the loss of moisture from the hardened concrete. By carefully designing and
proportioning concrete mixtures, cracking can be limited due to shrinkage of the concrete.

Cement:

The type and amount of cement can influence the cracking of the concrete material. Typically,
cements that produce higher heats of hydration such as Type III cements, tend to increase the
probability of cracking in concrete materials @ An increased amount of cementitious material in
a concrete mixture can increase the shrinkage of the mixture, thus increasing the potential for
cracking.

Supplementary Cementitious Materials:

Supplementary cementitious materials are used in concrete mixtures to reduce the permeability
of the concrete. The use of these materials enhances the long-term performance of the concrete
material. Some of these materials include fly ash, ground granulated blast-furnace slag, and silica
fume. The use of fly ash and slag reduces the early strength gain; however, the long-term
strength gain is generally enhanced @ Silica fume is a finer material, thus the initial strength
gain and heat generated during hydration is increased. This early heat generation makes the
material more susceptible to cracking.

Water Content:

The water content in concrete can have an effect on shrinkage and cracking of the material. In
general, increased water content can lead to increased shrinkage due to greater loss of moisture
during drying of the concrete. The increased shrinkage can lead to increased cracking.

Aggregate:

The quantity and quality of aggregate used in concrete mixtures can influence the shrinkage and
cracking of the concrete material ¥). In general, aggregates with a higher modulus of elasticity,
indicating lower absorption, will exhibit less shrinkage than aggregates possessing lower moduli
of elasticity. Also, aggregates with lower absorption values are less prone to freezing and
thawing damage. In some cases, the use of higher absorption aggregates, such as lightweight
aggregate, has been found to provide internal curing which may reduce cracking.



Chemical Admixtures:

A variety of chemical admixtures can be used in concrete to enhance such properties as air
content, slump, and shrinkage reduction. In general, most high performance concrete (HPC)
mixtures incorporate lower water-to-cementitious material ratios, which in turn can lead to
difficulty in placing the material. Water reducers are typically used to increase the slump of
concrete mixtures to aid in placing the material. Air-entraining admixtures are used to create an
adequate air-void system to enhance freezing and thawing resistance in concrete materials.
Shrinkage reducing admixtures are utilized to reduce the surface tension of the water in the
mixture, thus reducing the shrinkage of the concrete.

Environmental and Loading Related Influence on Cracking

During its service life, concrete may be exposed to a variety of environmental and loading
conditions that can both influence and, in some cases, accelerate deterioration of the material.
One of the major environmental concerns is freezing and thawing cycles. When moisture in the
concrete freezes, expansion occurs, this in turn can lead to cracking of the concrete material.
Typically, air-entraining admixtures are used to produce an air-void structure in the concrete
material that will resist freezing and thawing damage. Another concern involves the presence of
sulfates in soils and water. These sulfates can react with hydrated compounds in the cement
paste, causing deterioration and cracking in the concrete material. There are different types of
portland cement such as Type II (moderate sulfate resistance) and Type V (high sulfate
resistance) that can be used to reduce the influence of sulfates on the concrete material. The use
of pozzolans and slag cement as partial replacement can also be used to improve the resistance of
concrete to sulfate attack. This improved resistance is achieved by reducing the permeability of
the concrete material.

Load-related influences on concrete materials can be related to the strength and stiffness of the
concrete member. Higher strengths and moduli of elasticity can increase the probability of
cracking because the material is more brittle. Traffic loads, especially heavy trucks, can
influence the amount of cracking, especially in stiffer structural members.

Construction Practices

Proper construction practices are critical to the concrete material being durable and long lasting.
These practices include the placement, consolidation, and curing of the material. With the use of
HPC, it is imperative that the material is placed and consolidated properly. Typically, a HPC
mixture is designed to have low permeability to provide a more durable material, and it is
important to place and consolidate the material properly to ensure that the in-place material
meets the design requirements for permeability. If the material is not properly placed and
consolidated, problems associated with cracking can occur.

Curing is another vital element in the use of high performance concrete. In many cases, the
increased cementitious materials contents and use of pozzolans in HPC can effect the
temperature and moisture in the concrete material during hydration and curing. Higher
cementitious material contents can increase the heat of hydration of the material, thus increasing



the probability of cracking due to stresses generated by excessive heat during curing. The use of
pozzolans can also reduce the amount of bleed water in the system, and if left exposed can lead
to accelerated drying of the surface. This accelerated drying of the surface can in turn lead to
plastic shrinkage cracking of the concrete material.

The control of concrete temperature and moisture loss during curing is critical to producing a
durable concrete material. Moisture loss can usually be controlled by providing an adequate
moist cure system and keeping the system in place for an adequate time period of at least 7 days.

Thus, in summary, in order to produce a durable, long-lasting concrete material, it is important to
design, place, and cure the concrete properly. The mix design phase of the process involves
selecting the proper materials and proportions to produce a concrete material that will be able to
withstand the various environmental and loading conditions that it will be exposed to during its
service life.

The placement phase involves using the proper placement techniques to ensure that the concrete
material is placed and consolidated correctly. The placement and consolidation of the concrete
materials need to be done in a timely and efficient manner producing a uniform material. The
curing phase is critical to the performance of the concrete material. Proper curing will aid in
reducing the probability of cracking in the concrete material.

HIGH PERFORMANCE CONCRETE
Definition and Classification

There are a variety of different concrete mixture designs and alternative reinforcing steel systems
that have been used to produce longer lasting, more durable structures. One of these systems is
high performance concrete (HPC). The definition and classification of HPC has evolved over the
last 15-20 years. The Strategic Highway Research Program (SHRP) developed a definition for
HPC that took into account water-to-cementitious material (w/cm) ratio, durability, and strength
©)_ The HPC was defined as having the following characteristics:

e Maximum w/cm ratio of 0.35,
e Minimum durability factor of 80 percent (in accordance with ASTM C666-Procedure A),
e Minimum compressive strength:

0 20.7 MPa (3,000 psi) at 4 hours (Very Early Strength),

0 34.5 MPa (5,000 psi) at 24 hours (High Early Strength),

0 69 MPa (10,000 psi) at 28 days (Very High Strength).

The American Concrete Institute (ACIH® defines HPC as “concrete meeting special
combinations of performance and uniformity requirements that cannot always be achieved
routinely using conventional constituents and normal mixing, placing, and curing practices.”



In 1996, Goodspeed et al ” provided a more in-depth, quantitative view of HPC. They looked at
factors related to climate, exposure, and loading. Eight performance characteristics were
identified to define and classify high performance concrete:
e Freezing and Thawing Resistance,
Scaling Resistance,
Abrasion Resistance,
Chloride Penetration,
Compressive Strength,
Modulus of Elasticity,
Shrinkage, and
e Creep.

The first four characteristics related to durability, while the second four related to structural
design and strength. Each characteristic had an associated standardized test method. The
characteristics were further divided into performance grades based on ranges for their associated
tests.

Russell and Ozyildirim ® proposed a revision to the HPC classification. This revision was based
on experiences and data collected on bridges built using HPC after the 1996 definition provided
by Goodspeed et al. They included the eight performance characteristics used by Goodspeed and
added three other characteristics. These three characteristics were alkali-silica reactivity (ASR),
sulfate resistance, and workability. All three were related to durability, and workability also
affected strength. It was proposed that the limits for each characteristic be updated to reflect
collected data and that there be only three performance grades, instead of the maximum of four
used by Goodspeed et al, for each characteristic. They also proposed specifying only those
characteristics and performance grades that are relevant to the particular application and
environment for which the HPC is being designed and fabricated for.

From these definitions and classifications, it can be seen that HPC has evolved from being
characterized qualitatively to being characterized quantitatively. The later classifications take
into account many durability and strength factors related to experiences and data collected on
existing HPC structures. This provides for a better understanding of the material and the affects
of the environment and loading that it is subjected to during its service life. By taking into
consideration these factors, a longer lasting, more durable concrete material is produced.

Characteristics of High Performance Concrete

High performance concrete is a material that has been enhanced to improve a specific property or
properties of the concrete material. The two main properties that are enhanced in HPC are
durability and/or strength. In many instances the enhancement of durability properties results in
the enhancement of strength properties. One example of this is the use of pozzolans and slag
cement as supplementary cementitious materials. The use of these materials reduces the
permeability of the concrete material, thus improving durability, and it also produces a higher
strength concrete material. This section will present a description of the durability and strength
properties presented in the previous section that are enhanced in HPC and the materials and
procedures that are used to enhance these properties.



Durability Properties

From the Goodspeed et al and Russell and Ozyildirim classifications of HPC, there are six
durability characteristics that can be enhanced in HPC. They are freezing and thawing durability,
scaling resistance, abrasion resistance, chloride penetration, alkali-silica reactivity, and sulfate
resistance.

Freezing and thawing durability is a major factor for concrete structures that are exposed to
freezing and thawing cycles during their service life. As moisture in concrete freezes, expansion
occurs, this expansion generates hydraulic pressure in the concrete and subsequent cracking can
occur in the concrete material. For reinforced concrete members such as bridge decks, these
cracks provide a path for aggressive chemicals and moisture to the reinforcing steel. The
migration of these aggressive chemicals and moisture to the reinforcing steel surface can lead to
initiation and active corrosion of the reinforcing steel. Corrosion products lead to expansion in
the concrete material and consequently to additional cracking, spalling, and delamination.

Typically, air-entraining admixtures are used to improve resistance to freezing and thawing
damage. These admixtures create small, closely spaced air bubbles in the concrete material
which allow for moisture movement through the cement paste matrix during freezing and
thawing cycles. A lower w/cm ratio can also aid in reducing freezing and thawing damage.
Another factor that increases freezing and thawing resistance in concrete materials is the proper
finishing and curing of the material. This helps create a dense material that will inhibit the
ingress of moisture once the material has hardened. It is also beneficial to allow the concrete to
properly cure and dry out before it is exposed to freezing and thawing cycles.

Testing for freezing and thawing resistance is done in accordance with ASTM C666
(AASHTO T 161) ", The specimens are subjected to 300 or more freezing and thawing cycles
and are monitored throughout the testing for changes in dynamic modulus, mass, and volume.

Scaling is the disintegration and flaking of the surface of hardened concrete V. In many cases it
is due to frequent freezing and thawing cycles, which cause expansion near the surface of the
concrete. Overfinishing can cause excessive moisture loss and reduction of entrained air near the
surface of the concrete material. Scaling resistance is improved with entrained air and in some
cases by using supplementary cementitious materials. Testing for scaling resistance is performed
in accordance with ASTM C672 2.

Abrasion resistance is related to the strength and aggregate type of a concrete material '". The
hardness of the concrete material contributes to abrasion resistance, with a harder material being
more resistant. In general, stronger concrete materials are harder and more resistant to abrasion
than weaker concrete materials. The same can be said for aggregate types, a harder aggregate is
generally more resistant to abrasion and impact than a softer aggregate. The use of
supplementary cementitious materials can increase the abrasion resistance of a concrete by
increasing the strength. Silica fume appears to increase the abrasion resistance particularly well
by increasing strength D, Abrasion resistance can be tested in accordance with ASTM €944 (¥,
which gives an indication of the wear resistance of specimens subjected to a rotating cutter.
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As discussed previously, chloride ions present in deicer salts and seawater can migrate and
diffuse through reinforced concrete and initiate corrosion of the reinforcing steel. One method of
enhancing the chloride penetration resistance of a concrete material is through reducing
permeability. This can be achieved in many ways including the use of supplementary
cementitious materials, lower w/cm ratio, and proper curing. These three methods reduce the
permeability of the concrete material, and thus inhibit the ingress of chloride ions. Another
method to reduce the influence of chloride penetration is to increase the cover depth over the
reinforcing steel, this increases the distance chloride ions are required to migrate in order to
reach the steel surface and initiate corrosion. Testing for chloride penetration is performed in
accordance with ASTM C1202 “¥ (AASHTO T 277) ", which determines the electrical
conductance of the concrete material, giving an indication of the resistance to chloride ion
penetration.

Alkali-silica reaction (ASR) is the reaction between alkali in cements and reactive silica in
aggregate. The reaction forms an expansive gel that causes deterioration of the concrete material.
Some of the methods used to reduce the incidence of ASR include the use of supplementary
cementitious materials and the use of low alkali (< 0.6 percent) cements. Lower w/cm ratios can
also aid in reducing ASR by inhibiting moisture ingress into the concrete material. For HPC,
which typically uses pozzolans and slag cement, ASTM C441 1% can be used to determine the
effectiveness of these materials in preventing excessive expansion due to alkali-silica reaction.

Sulfate attack is the result of reactions between hydrated compounds in the concrete material and
sulfates in soil and water causing deterioration and cracking. Some of the methods used to
enhance sulfate resistance include the use of supplementary cementitous materials, lower w/cm
ratio, and sulfate resistant cements. The use of supplementary cementitious materials and lower
w/cm ratios increases sulfate resistance by reducing the permeability of the concrete material.
The use of sulfate-resistant cements, such as Type II (moderate sulfate resistance) and Type V
(high sulfate resistance), increase the sulfate resistance by reducing the tricalcium aluminate
content of the cements. Sulfate resistance can be tested in accordance with ASTM C1012 7,

Strength Properties

The four strength properties that are typically enhanced in HPC are compressive strength,
modulus of elasticity, shrinkage, and creep. Compressive strength can be enhanced in a variety
of ways, most commonly through the use of supplementary cementitous materials and lower
w/cm ratios. In both cases, a denser matrix is formed providing higher compressive strengths.
These two uses are employed in most HPC mixtures as a means of reducing permeability of the
concrete material and as a result higher compressive strengths are achieved.

The modulus of elasticity is also enhanced through the use of supplementary cementitous
materials and lower w/cm ratios. For both compressive strength and modulus of elasticity, higher
does not always mean better. In some cases if they are too high, the resulting material is stiffer
and more brittle. This can increase the occurrence of cracking in the concrete material that is
exposed to harsh environmental and loading conditions.
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Throughout its service life, concrete experiences volume change. The total in-service volume
change is the result of applied loads and shrinkage. When loaded, concrete experiences an
instantaneous recoverable elastic deformation and a slow inelastic deformation called creep.
Creep i1s composed of two components, basic creep and drying creep. Basic creep is the
deformation under constant load without moisture loss or gain, and drying creep is the time-
dependent deformation of a drying member under constant load minus the sum of basic creep
and shrinkage % Deformation of concrete in the absence of applied loads is called shrinkage.
Both of these properties can act together to not only to reduce volume change, but to also reduce
stresses created by volume change in restrained concrete members. This in turn can reduce the
probability of cracking due to volume change in the concrete material. Shrinkage reducing
admixtures have also been used to reduce the shrinkage of concrete materials. These properties
can be tested in accordance with ASTM C157 " (AASHTO T 160) ®* for shrinkage, and
ASTM C512 @Y for creep.

In fresh concrete, workability is the ease with which the material can be mixed, placed, and
finished V. It can influence both durability and strength. There are many factors that influence
the workability of a concrete material. Some of these factors are related to the type and quantity
of materials used such as cementitious material, aggregate, water, concrete temperature, and
admixtures. Other factors are related to non-material influences such as method of placement,
and environmental conditions during placement.

Some of the properties related to workability include consistency, segregation, and finishability.
Consistency is a measure of the ability of the concrete material to flow; slump is measured to
indicate the consistency of a concrete material '". This is an important property for placement of
the concrete material. A low-slump concrete is stiff and can be difficult to place, this in turn can
lead to improper consolidation of the material that can reduce the strength and durability of the
in-place material. However, if the concrete has a high slump and is more fluid, segregation may
occur during placement. Segregation is the separation of the aggregate and cement paste. This
also can reduce the strength and durability of the in-place material. It is also important to
properly finish the in-place concrete material. This includes consolidating the material to
produce a uniform, dense in-place material, which if properly done can increase the strength and
durability of the material.

The workability of concrete material is measured in accordance with ASTM C143 **
(AASHTO T 119) ®» and ASTM C1611 ®. The ASTM C143 (AASHTO T 119) procedures
measure the slump of the concrete material, while the ASTM C1611 procedure measures the
slump flow of the concrete material. The ASTM C1611 procedure is used for concrete materials
that are more fluid such as self-consolidating concrete (SCC).

In summary, workability is important in producing a uniform and durable concrete material. It is
a key factor in ensuring that the material can be properly placed, consolidated, and finished. If
careful attention is not paid to the workability of the material, the strength and durability of the
in-place material can be reduced.
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There are many factors related to both durability and strength that affect the performance of high
performance concrete. The previous discussion of these factors illustrates the importance of each
factor, and how each can be enhanced to produce a longer lasting, more durable material.

Advantages of High Performance Concrete

High performance concrete has many advantages related to its material and structural properties.
These properties in turn enhance the durability, strength, and constructability of the material,
making it an attractive and sometimes necessary alternative to conventional concrete.

One of the major advantages of HPC is the enhanced durability that it provides. This enhanced
durability is achieved mainly through the use of pozzolans, slag cement, and air entrainment. The
use of pozzolans and slag cement reduce the permeability of HPC, in turn this reduces the
infiltration of moisture and aggressive chemicals such as chlorides and sulfates. This is important
for reinforced concretes, as the introduction of moisture and aggressive chemicals can initiate
corrosion of the reinforcing steel. Air entraining agents are used in HPC to create a suitable air
void structure to resist freezing and thawing damage.

Another way that durability is enhanced in HPC is through controlling the temperature of the
concrete as it is placed and cured. The use of fly ash and slag cement can reduce the heat
generated in fresh concrete. Although the early strength development can be slowed, the
reduction in heat generated allows the material structure to form more uniformly, creating a
denser, more durable finished product. This also can reduce the occurrence of cracking in the
material.

The structural advantages of HPC are related to the enhanced strength that is provided by the
material. For bridge structures using HPC, longer spans, wider girder spacing, and shallower
girders can be used *”. Because of the higher strength associated with HPC, longer spans can be
produced, reducing the number of substructure elements to support the superstructure. The
enhanced strength of HPC also allows for wider girder spacing, reducing the number of girders
for a bridge structure. And the enhanced strength of HPC allows designers to design shallower
girders for bridge structures. This allows for increases in clearance without altering grades.
These structural advantages allow for the use of less material, thus reducing the construction
costs.

Constructability is enhanced through the enhanced workability associated with high performance
concrete. The enhanced workability allows for improvements in placing, consolidating, and
finishing of the concrete material.

The use of HPC is advantageous in the sense that it is designed to withstand the effects of the
environmental and structural loading conditions that it will be exposed to during its service life.
Critical properties are enhanced in HPC to suit the service conditions that it is exposed to,
allowing for a longer lasting, more durable concrete material.
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Implementation of High Performance Concrete

The program by the Federal Highway Administration (FHWA) that implemented the use of HPC
in bridges includes 19 bridge structures in this study. However, there are many other bridge
structures that have been constructed using high performance concrete. This section will present
the implementation of HPC in some states and some of the bridge structures that have been
constructed that are not included as part of this study. It will discuss the performance and some
of the lessons learned from these bridge structures.

In 1996, a committee was formed in Maryland to develop a specification for the use of HPC in
bridge structures that would achieve a 75-year service life for bridge decks ®®. The specification
was implemented in 2000 with the construction of a bridge on MD Route 64 over the CSX
railroad in Washington County. The specifications for the bridge deck included a maximum
cement content of 326 kg/m’ (550 Ib/yd®) and a maximum w/cm ratio of 0.45. The limit on
cementitious material content was specified to reduce early thermal stress development.
Pozzolans were allowed at 35 percent of the total cementitious material content to reduce
permeability and inhibit alkali-silica reactivity. The permeability was specified to average no
higher than 2000 coulombs at 56 days, with no individual value being greater than
2500 coulombs. The specification also called for the use of a corrosion inhibitor and the use of
polypropylene fibers. The compressive strength was specified at 29 MPa (4,200 psi) at 28 days,
and the shrinkage was specified at 400 microstrain at 28 days. It is expected that the use of HPC
will increase the corrosion initiation period to 50 years. It is also expected that the use of epoxy-
coated reinforcement will add an additional 25 years to the service life. From this, it is expected
that the bridge deck will not require significant repair for 75 years.

In 2002, Delaware reported that five bridges had been constructed using HPC and another two
were in design ?”. The HPC was specified and used to increase durability, reduce permeability,
and increase strength. The specification had minimum compressive strength and permeability
requirements. The Delaware Department of Transportation (DelDOT) specified a requirement
that the producer cast trial batches of the HPC at least 28 days before the HPC was used in the
project. One of the problems encountered was the occurrence of random cracking in one of the
bridge decks. This was attributed to the use silica fume in some of the mixtures and the
contractors having difficulty placing and finishing the concrete material. The curing was also not
started early enough, and this may have contributed to the cracking. Consequently, pre-
placement meetings were made mandatory for construction personnel, materials personnel,
contractors, and concrete suppliers to ensure that everyone involved understood the material and
the importance of proper placing, finishing, and curing.

The 17-mile Interstate 15 Reconstruction Project in Utah included the design of 142 bridges ¥,
The bridge decks were designed for a 75-year service life and all cast-in-place decks included
5 percent silica fume or an initial overlay. After finishing, the decks were required to have a
7-day wet cure followed by the application of a curing compound. The concrete temperature was
required to be at least 10 °C (50 °F) for seven days. The specified compressive strength for all
cast-in-place concrete was 35 MPa (5,000 psi) at 28 days. Early difficulties were encountered
with the workability and finishing of the concrete. This was attributed to the use of silica fume in
the mixture, which gave it a sticky consistency. Consequently, the slump of the concrete mixture
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was increased to accommodate proper placing and finishing. Controlled fogging was also used to
increase the humidity over the concrete surface and reduce the moisture loss from evaporation
until the deck could be finished and cured. A research project has been initiated to evaluate the
cracking that has occurred in some of the bridge decks.

New Jersey now requires the use of HPC in bridge decks on the state highway system . The
New Jersey Department of Transportation (DOT) initiated research by Rutgers University to
develop several baseline mixtures suitable for state highway structures. The research found that
mixtures with at least 5 percent silica fume produced concrete with good mechanical and
durability properties. The research also found that mixtures with 10-15 percent fly ash also
produced good concrete. The New Jersey DOT now requires that HPC mix designs be laboratory
fabricated and tested to verify the following: maximum scaling resistance rating of 3, minimum
freezing and thawing durability of 80 percent, maximum permeability of 1,000 coulombs at
56 days, and a minimum compressive strength of 37 MPa (5,400 psi) at 28 days. For production
concrete, the DOT bases acceptance on a maximum permeability of 2,000 coulombs at 56 days,
and a minimum compressive strength of 30 MPA (4,400 psi) at 56 days. If any individual
permeability value is greater than 2,000 coulombs at 56 days, the contractor is required to
remove the defective concrete or submit a corrective action plan.

In 1994, the New York State Department of Transportation (NYSDOT) developed a HPC
mixture in an effort to produce longer lasting, more durable bridge decks ©”. The average
compressive strength increased by 20 percent over that of the previously used conventional
concrete. The field permeability was reduced by 30-50 percent. The cracking was also reduced
and the cracks were found to be finer than in the past. Inspections were performed on 84 bridges
that were constructed between 1995 and 1998 V. The inspection found that 49 percent of the
bridges had no cracking. There was less cracking and the cracks were shorter and narrower than
the past. It was also noted that most of the cracking occurred within two weeks of placement.
The results of the inspection and study indicated that the HPC was performing well.

The Great Bend Bridge on Route 11 over the Susquehanna River in Pennsylvania is an example
of a successful application of high performance concrete ®*. The concrete mixture included
Type F fly ash (20 percent replacement) and silica fume (6 percent replacement). Compressive
strength and permeability were specified for the bridge deck. The compressive strength was
specified at a minimum of 27.6 MPa (4,000 psi) and maximum of 42.7 MPa (6,200 psi) at
28 days. The permeability was specified at a maximum of 1,600 coulombs at 28 days. Follow-up
inspection of the bridge deck indicated only a few hairline cracks, and it was estimated that the
bridge deck would have a 75-100 year service life.

The Nevada Department of Transportation (NDOT) created a task force in 1999 to develop HPC
specifications utilizing local aggregates @3 As a result of research performed by the University
of Nevada-Reno, it was found that none of the local aggregate met all of the HPC requirements
suggested by FHWA. Therefore, the HPC Task Force selected permeability and modulus of
elasticity as requirements for the northern part of the state and only permeability for the southern
part of the state. One bridge that was constructed in the northern part of the state used HPC and
specified compressive strength, modulus of elasticity, and permeability. It was also decided that
shrinkage and creep were important parameters and they were incorporated into the mixture
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design. The specifications were as follows: minimum compressive strength of 31 MPa
(4,500 psi) at 28 days, minimum modulus of elasticity of 3,480 ksi at 28 days, and maximum
permeability of 2,000 coulombs at 56 days. It was also decided that shrinkage and creep were
important parameters and they were incorporated into the mixture design. The specifications for
shrinkage and creep were 700 microstrain at 56 days for shrinkage and 0.50 microstrain/psi at
56 days for creep. The main objective of implementing HPC in Nevada was to increase the
service life of structures and reduce life-cycle costs. It was estimated that the implementation of
HPC in bridge structures will result in a 35-50 percent increase in service life.

In 1990, Concrete Canada was formed to coordinate and focus on high performance concrete %,
Canada has extreme weather conditions and uses a large amount of deicer salts on their bridge
structures. This program was instrumental in developing typical specifications for HPC in
Canada. Some of these specifications include cement contents of 350 to 450 kg/m’ (590 to
760 1b/yd®), supplementary cementitious material contents of 0-25 percent for fly ash and slag
cement and 6.0 to 9.5 percent for silica fume. The w/cm ratio was specified between 0.32 and
0.37, and permeability was specified less than 1,000 coulombs at 28 days. Based on experience,
it was found that the rapid chloride permeability test (RCPT) was a reliable index of durability. It
was also found that pre-construction and pre-concreting meetings were essential for the
successful implementation of high performance concrete. Experience also showed that fog
misting was a must after finishing, followed by a wet cure of at least seven days.

An example of success in Canada was the use of HPC in bridges at the Toronto Airport ®>. The
contractor was responsible for the HPC mixture designs within the following parameters:
8-10 percent silica fume pre-blended, up to 25 percent fly ash or slag cement, minimum
compressive strength of 50 MPa (7,250 psi) at 28 days, and maximum permeability of
1,000 coulombs at 56 days. The HPC was to be fog misted until covered with wet burlap and a
vapor barrier. It was then required that the HPC be wet cured for seven days. The resulting
bridge decks have performed well with no visible signs of cracking.

Related Research

Some of the more recent research has focused on the control of cracking in HPC mixtures. This
research has investigated the material influence on cracking as well as factors related to
placement and curing.

Nassif et al ®® investigated 16 HPC mixtures that are typically used by the New Jersey DOT.
The research focused on reducing shrinkage of the concrete material to reduce the probability of
cracking. They found that an increase in coarse aggregate content and a CA/FA ratio greater than
1.48 reduced the rate of shrinkage in HPC mixtures as well as their ultimate shrinkage. They also
found that to reduce the probability of cracking in HPC due to shrinkage, the maximum
cementitious material content should be limited to 415 kg/m® (700 Ib/yd®) and the maximum
silica fume content should be limited to 5 percent. They also recommended that the shrinkage be
limited to 450 microstrain at 56 days.

Lindquist et al ©®” investigated various laboratory mixtures and 14 bridges that used high
performance concrete. These mixtures used an optimized combined aggregate gradation and
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100 percent portland cement. Lindquist et al found that cracking in HPC mixtures could be
limited by the following: maximum cement content of 320 kg/m® (540 1b/yd®), w/c ratio between
0.43 and 0.45, and a maximum slump of 89 mm (3 % in.). They also found that increasing the
curing period from 7 to 14 days reduced the occurrence of cracking.

Browning et al ®® developed specifications for use in the construction of 20 low-cracking, high
performance concrete (LCHPC) bridge decks. These specifications were developed from crack
surveys from actual constructed decks and laboratory work at the University of Kansas. Portland
cement was used in the mixtures, with no supplementary cementitious materials. The maximum
cement content was specified at 317 kg/m® (535 Ib/yd®) and a maximum w/c ratio of 0.42. The
slump range was specified at 38 to 76 mm (1 % to 3 in.). The specifications also required that the
concrete placement temperature be between 13-21 °C (55-70 °F) and air content between 7 to
9 percent. A thorough 14-day wet cure was also required.

Summary

High performance concrete is a specially designed material that offers many advantages. It is a
material that can be designed for a multitude of uses to suit the required application. Much effort
has been dedicated to the development and implementation of high performance concrete, and
development and implementation continues even today with research focusing on improving
HPC for the future. There have been many successes and lessons learned that will help enhance
the performance of HPC in the future. It has been shown that it is critical for all involved to
understand the material from the design phase through the completion of the bridge structure.
This knowledge will ensure that HPC can be used to produce durable bridge structures that will
meet or exceed their expected service lives.

17






CHAPTER 2. OBJECTIVE AND SCOPE

The overall objective of the project was to inspect, assess, and evaluate the in-service condition
of the 19 HPC bridges decks that were part of the FHWA Contract No. DTFH61-00-C-00009
entitled "Compilation and Evaluation of Results from High Performance Concrete Bridge
Projects ""2." A limited inspection of the bridge girders was also made.

The Federal Highway Administration (FHWA) retained the services of Professional Service
Industries, Inc. (PSI) to conduct the inspection of HPC bridge decks. PSI’s scope of services on
this project also included a series of tasks and sub-tasks, to collect all available information
relevant to the construction of each bridge.
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CHAPTER 3. METHODOLGY
The objective and scope were accomplished using the following tasks:
Task A. Collect Relevant Information about the Construction of Each Bridge Deck

The information collected about each bridge included as much of the following as possible:

1. Specified concrete properties including minimum cementitious materials content,
minimum percentages of mineral admixtures, maximum aggregate size, slump, air
content, compressive strength, chloride permeability, freeze-thaw resistance, deicer

scaling resistance, and abrasion resistance.

2. Specified deck concrete construction procedures including placement, finishing, and

curing.

3. Approved concrete mix proportions for deck concrete.

4. Measured properties from quality control (QC) tests of production concrete for deck

including slump, air content, and compressive strength.

5. Other measured properties of deck concrete including chloride permeability, freeze-thaw

resistance, modulus of elasticity, modulus of rupture, creep, and shrinkage.
6. Actual method of deck concrete placement, finishing, and curing.

7. Average daily traffic (ADT) and average daily truck traffic (ADTT).

8. Exposure condition of the bridge including amount and type of deicing chemicals applied

since construction.
9. Any performed maintenance.

10. Any inspection reports.

Much of the information listed above was available on the CD and has been summarized in

reports on FHWA Project No. DTFH-00-C-00009 -2,

Task B. Perform an Inspection of Each Bridge

In cooperation with the FHWA and State DOTs, an inspection of each bridge was made. Initial
contact with each State was made by the FHWA to determine the willingness of the State to
cooperate in the inspection and to provide traffic control as necessary. Inspection of each bridge

included the following:
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Visual inspection of the top surface of the deck to identify locations of cracks, areas of
scaling, freeze-thaw damage, abrasion damage, or any other deterioration. Cracks were
documented according to orientation as transverse, diagonal or longitudinal. Transverse
cracks occur perpendicular to the centerline of the roadway, diagonal cracks occur at an
angle other than 90 degrees to the centerline of the roadway, and longitudinal cracks
occur parallel to the centerline of the roadway.

Determination of maximum crack widths in each span using a clear comparator card
having lines of specified widths.

Visual inspection of the underside of the deck, where practical and economically feasible,
to identify cracks and any areas of deterioration.

Visual inspection of the girders, where practical and economically feasible, to identify
any areas of deterioration.

Photograph any areas of significant deterioration.

Preparation of drawings identifying locations of cracks, locations of crack width
measurements, and areas of deterioration. Types of deterioration were identified using
the definitions in ACI 201.1R ©?. Individual craze cracks, D-cracks, and pattern cracks
were not shown, but areas where those cracks occur were identified.

Obtain concrete cores for subsequent evaluation by the FHWA. For bridge decks that
show no or limited amounts of deterioration, core locations were selected to represent un-
deteriorated concrete. For bridge decks that showed areas of significant deterioration,
core locations were selected to represent both deteriorated and un-deteriorated concrete.
All core locations and core hole repair procedures were subject to approval by the State
DOT. The actual number of cores from each bridge varied depending on observed
conditions and size of the bridge.

For bridge decks exposed to deicing salts or salt water, the intent was to use the cores to
determine chloride penetration profiles. The petrographic analysis was performed on
cores from the bridge decks; however, not all information was obtained such as w/cm
ratio, cementitious materials content, and air content. Chloride penetration profile tests
were also not performed on the cores.

Unless State DOTs were willing to provide vehicles for access to the underside of the
bridges, the visual inspection of the underside of the decks and girders was accomplished
from ground level with the aid of binoculars.

Task C. Evaluate Information

Information collected in tasks 1 and 2 together with results of testing and examination of the
concrete cores by the FHWA were evaluated to identify possible cause or causes for any
observed distress. For concrete decks with little or no deterioration, factors contributing to the
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good performance were identified whenever possible. The goal of this task was to identify
practices that were successful and those that should be improved or avoided.

Factors that could contribute to concrete performance include specified concrete strength; actual
concrete strength and modulus of elasticity; actual concrete tensile strength; plastic shrinkage;
drying shrinkage; autogenous shrinkage; concrete creep; restraint to temperature changes and
shrinkage; placement, finishing, and curing practices; cementitious materials content; constituent
materials; contractor experience; appropriate specifications; quality control; and exposure
conditions at the bridge site.

Comparisons between different construction practices were made where it was appropriate to do
SO.

Task D. Document Information

This report was prepared to document the collected information, results of the inspection, and
evaluation of the information. In the next chapter of this report, a synthesis of individual bridge
reports is provided. The following chapter then includes a discussion of the results with respect
to the structural systems of the bridges, concrete constituent materials and properties,
environmental conditions, and construction practices.
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CHAPTER 4. OBSERVATIONS ABOUT INDIVIDUAL BRIDGES

This section of the report includes a summary description of each of the 19 bridges. The full
report for each bridge is available in an appendix to this report.

Uphapee Creek Bridge, Alabama Highway 199 (Macon County, Alabama)

The Uphapee Creek Bridge on Alabama Highway 199 in Macon County, Alabama (see figure 1),
is one of the first high performance concrete (HPC) bridges built in Alabama. It replaced a
bridge built in the 1940’s that had suffered from streambed scour resulting from sand and gravel
mining upstream. The bridge carries heavily loaded gravel and loading trucks traffic. After the
completion of the HPC bridge project, the Uphapee Creek Bridge opened to traffic in April 2000.
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Figure 1. Photo. Ub'h'épee Creek Bridge, Alabama Hig'hwa‘y 199 (Méc-'o_ 'County, Alabama).

The Uphapee Creek Bridge has seven spans on both northbound and southbound lanes. The
overall length of the bridge is 243 m (798 ft). The clear width of the bridge is 12.2 m (40 ft),
carrying four lanes of traffic with shoulders. The overall length of each span is 34.8 m (114 ft),
and the length between the centerlines of the bearing is 34.2 m (112.25 ft).

The Uphapee Creek Bridge has a deck thickness of 178 mm (7 in.) HPC was used on all girders
and cast-in-place deck in the Uphapee Creek Bridge. On the same project, within 1.61 km
(1 mile) of the Uphapee Creek Bridge, the Uphapee Creek Relief Bridge was constructed
utilizing HPC only for the cast-in-place concrete.

There are five AASHTO BT-54 girders per span spaced at 2.7 m (8.75 ft) in the Uphapee Creek

Bridge. Typical bridge girders designed by Alabama Department of Transportation (ALDOT) are
based on 28 MPa (4,000 psi) at release and 35 MPa (5,000 psi) at 28 days, with the prestressing
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force provided by 12.7-mm (0.5-in.) -diameter 7-wire strand. The HPC girders utilize the 15-mm
(0.6-1n.) -diameter strand, which allows a higher prestressing force to be applied. The #7 crushed
limestone was allowed in the prestressed concrete girders for the first time in ALDOT projects.
Compressive strength of the girder was specified as 55 MPa (8,000 psi) at release and 70 MPa
(10,000 psi) at 28 days. The use of HPC enabled the bridge to be designed with one less line of
girders than would be required if regular concrete was used.

The specified compressive strength of the cast-in-place concrete was 41 MPa (6,000 psi). Design
consideration for the concrete members was based on a compressive strength of 28 MPa
(4,000 psi). While the higher strength of the cast-in-place concrete was not fully utilized, HPC
was specified to provide enhanced performance and durability. ALDOT conducted the Uphapee
Creek Bridge project in cooperation with Auburn University.

The visual inspection of the bridge decks was performed about two years after the bridge opened
to traffic. A total of 121 transverse, diagonal, and longitudinal cracks were recorded on the
bridge with a combined total crack length of 528 m (1,732 ft) over a bridge deck area of
2,969 m* (31,920 ft%). All cracks on the bridge were hairline cracks with a width of less than 0.08
mm (0.031 in.). No major distress was observed in the bridge survey.

With respect to the types of cracking, 108 transverse, 8 diagonal, and 5 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was 510 m
(1,673.5 ft), 9.2 m (30.0 ft), and 8.7 m (28.5 ft), respectively. This yielded crack densities of
0.172 m/m” (0.052 ft/ft*) transverse, 0.003 m/m* (0.001 ft/ft®) diagonal, and 0.003 m/m’
(0.001 ft/ft’) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.178 m/m” (0.053 ft/ft%).

In general, the work on the Uphapee Creek Bridge shows that the use of HPC provides
significantly higher strength that can lead to more efficient designs and improved durability.

Interstate 25 Bridge over East Yale Avenue (Denver, Colorado)

The I-25 Bridge over East Yale Avenue in Denver, Colorado is a two-span bridge that carries
Interstate 25 over Yale Avenue (see figure 2). HPC was used in the construction of box beams,
bridge deck, and substructure. The new two-span HPC Bridge replaced a four-span bridge. The
total length of the bridge is 65.5 m (215 ft) and the two spans are 34.5 (112 ft) and 30 m (98 ft)
long, respectively. The 138-ft (42-m) -wide bridge was built in phases to permit traffic flow in
both directions during construction. The bridge has a 175-mm (7-in.) -thick cast-in-place deck.
HPC was used in the construction of the precast prestressed side-by-side box girders that were
used in the new bridge. The HPC, with specified compressive strength of 69 MPa (10,000 psi),
enabled the superstructure to attain a high span-to-depth ratio. This allowed longer spans while
maintaining a shallow superstructure depth.
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Figure 2. Photo. Interstate 25 Bridge over East Yale Avenue (Denver, Colorado).
The prestressed concrete box girders are 1700 mm (67 in.) wide and 750 mm (30 in.) deep.
Prestressing strand, 15.2 mm (0.6 in.) in diameter and 51-mm (2-in.) center-to-center spacing,

was used in the girders.

The replacement bridge for Interstate 25 over Yale Avenue in Denver, Colorado, is an excellent
example of using HPC to meet the demands of urban bridge replacement. Construction on this
project began in November 1996 and was completed in June 1998.

The visual inspection of the bridge decks as part of our study was performed about 9 years after
the construction. The bridge deck was covered by an asphalt overlay of about 76- to 102-mm
(3- to 4-in.) thickness. No cracks were visible on the asphalt pavement. There was a pothole in
the inner northbound lane close to the parapet, adjacent to the expansion joint. There were some
hair-size cracks on the parapet, but no significant damage was observed.

Jonesboro Road Bridge over Interstate 75 (Atlanta, Georgia)

The Jonesboro Road Bridge over 1-75 on State Route 920, located in Henry County, south of
Atlanta, is the first HPC bridge built in Georgia (see figure 3). It replaced a steel girder bridge
carrying Jonesboro Road, a route connecting Lovejoy, Georgia to the west and McDonough,
Georgia to the east. All girders and cast-in-place deck were fabricated using HPC. The bridge
has four spans on both eastbound and westbound lanes, with lengths of 16.25, 38.75, 38.75, and
13.75 m (54.4,127.1, 127.2, and 41.7 ft). The clear width of the bridge is 27.4 m (90 ft), carrying
five lanes of traffic with bike lanes and shoulders. The bridge has a skew that varies from 27 to
31 degrees to accommodate a horizontal curve. The Jonesboro Road Bridge was constructed in
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two stages to handle traffic during construction. After the completion of the first stage, the bridge
opened to traffic in February 2002.
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FigUre 3. Photo. Jonesboro Road Bridge over Interstate 75 (Atlanta, Georgia).
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The Jonesboro Road Bridge was designed in accordance with the AASHTO Standard
Specifications for Highway Bridges (1996) using MS 18 and/or military design live load. Each
of the four spans was simply-supported with 13 HPC girders made with design strengths of
70 MPa (10,280 psi). AASHTO Type IV girders were used for the 38.75-m (127-ft) -long spans
and AASHTO Type II girders were used for the 16.5-m and 12.8-m (54-ft and 42-ft) -long
shorter spans. The prestressing strands were 15.2 mm (0.6 in.) in diameter. Concrete diaphragms
were used at mid-span locations for spans 1 and 4. Spans 2 and 3 had diaphragms at 1/3 span
lengths. The use of 38.75-m (127-ft) -long AASHTO Type IV beams minimized the overall
depth of the superstructure. Beam spacing is 2.31 m (7.60 ft).

The Jonesboro Road Bridge has an 205-mm (8-in.) -thick cast-in-place composite bridge deck.
The deck was formed with stay-in-place (SIP) galvanized steel deck forms that were connected
to the girders with welded shear connectors. The cast-in-place concrete was reinforced with
epoxy-coated reinforcement. The top reinforcing mat had a specified cover of 70 mm (2.75 in.)
while the bottom mat had a specified cover of 25.4 mm (1 in.) above the metal decking. A cast-
in-place normal strength 24 MPa (3,500 psi) concrete barrier was constructed on each side of the
bridge. The specified compressive strength for the deck concrete was 50 MPa (7,250 psi) at
56 days.

The visual inspection of the bridge decks was performed about 2 years after the bridge opened to
traffic. A total of 91 transverse and diagonal cracks were recorded on the bridge with a combined
total crack length of 191.0 m (626.2 ft) over a bridge deck area of 2,970 m® (31,937.6 ft%).
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However, about 89 percent of the cracks on the two bridges were hairline cracks with a width of
less than 0.8 mm (0.031 in.). The remaining 11 percent of the cracks were classified as fine
cracks with widths in the range of 0.8 to 1.6 mm (0.031 to 0.063 in.). No major distress was
observed in the bridge survey.

With respect to the types of cracking, 61 transverse, 30 diagonal, and 0 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was
125.8 m (412.4 ft), 65.2 (213.8 ft), and 0.0 m (0.0 ft), respectively. This yielded crack densities
of 0.042 m/m” (0.013 ft/ft) transverse, 0.022 m/m* (0.007 ft/ft*) diagonal, and 0.000 m/m’
(0.000 ft/ft’) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.064 m/m” (0.020 ft/ft%).

In general, the work on the Jonesboro Road Bridge shows that the use of HPC provides
significantly higher strength that can lead to more efficient designs and improved durability.

Charenton Canal Bridge (Charenton, Louisiana)

The Charenton Canal Bridge on LA 87 in St. Mary Parish is the first HPC bridge built in
Louisiana (see figure 4). HPC was used in all structural components. The bridge is 111 m
(365 ft) long and it replaced a 55-year-old cast-in-place concrete bridge. Clear width of the
bridge is 14.2 m (46.5 ft). It consists of two 3.66-m (12-ft) -wide lanes, one 3.66-m (12-ft) -wide
shoulder on the westbound side and one 2.44-m (8-ft) -wide shoulder on the eastbound side. The
Charenton Canal Bridge opened to traffic on November 4, 1999.

Figure 4. Photo. Charenton Canal Bridge (Charenton, Louisiana).
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The Charenton Canal Bridge has five spans with an average length of 22.3 m (73 ft). Each span
consists of five Type III AASHTO girders made of precast, prestressed HPC. The girders are
evenly spaced at 3.1 m (10 ft) centers and support the cast-in-place concrete deck. The
substructure of the bridge consists of cast-in-place concrete bent caps supported on 610- and
762-mm (24- and 30-in.) -square precast, prestressed concrete piles. The use of HPC enabled the
bridge to be designed with one less line of girders than would be required if regular 41 MPa
(6,000 psi) concrete was used.

The deck of the Charenton Canal Bridge is 203-mm (8-in.) -thick cast-in-place reinforced
concrete. The main reinforcement perpendicular to the supporting prestressed concrete girders
consists of truss bars measuring 19 mm (% in.) in diameter and top and bottom straight bars
measuring 13 mm (%2 in.) in diameter. Longitudinal deck reinforcing steel included 13-mm
(2-in.) -diameter top and bottom bars. Negative moment continuity for live loads over the piers
was provided by the longitudinal reinforcing steel in the deck. No reinforcement was provided to
resist a positive moment over the piers. Diaphragms were provided at the end bents, the piers,
and the mid-spans.

The visual inspection of the bridge deck was performed about 4 years after the bridge opened to
traffic. The eastbound and westbound lanes are exhibiting a comparable magnitude and pattern
of cracking. A total of 46 transverse cracks were recorded on the bridge with a combined total
crack length of 57.2 m (187.4 ft) over a bridge deck area of 1,494 m’ (16,060 ft*). However, all
these cracks were hairline cracks with width less than 0.4 mm (0.016 in.). There were no
diagonal or longitudinal cracks observed. No major distress was observed in our bridge survey.

The crack density for the entire deck including all transverse, diagonal, and longitudinal cracks
was 0.038 m/m? (0.012 ft/ft%). Though the number of transverse crack counts for eastbound lanes
(33 cracks) is more than that for the westbound lanes (13 cracks), the crack densities on
eastbound and westbound lanes appear to be similar (i.e., 0.039 m/m?® (0.013 ft/ft) for the
eastbound lanes and 0.031 m/m” (0.010 ft/ft*) for the westbound lanes).

Compared to other spans in the bridge, the crack count in span 1 is greater on both eastbound and
westbound lanes. A higher crack density is calculated. Span 1 ends along the skew. Some of
these cracks were exhibiting spalling due to breaking of the edges. The layout of the cast-in-
place deck at span ends may partly be attributed to the development and widening of these
cracks. In addition, the structural system of the Charenton Canal Bridge is flexible compared to
conventional bridges considering the wider beam spacing and longer span length. This relatively
flexible structural system might have contributed to the development and widening of some
cracks.

It is noted that relatively large numbers of short-length transverse cracks were observed in span 4
eastbound lanes and span 5 westbound lanes. Settlement of foundation supporting the eastern end
of the westbound bridge piers may contribute to the observed transverse cracks.

In general, the work on the Charenton Canal Bridge shows that HPC designs provide
significantly higher strength that can lead to more efficient designs requiring fewer piers and,
more important, improved durability. The HPC bridge components have a 56-day permeability
of 1,079 coulombs in accordance with the mix design. Its ability to resist chlorides and protect
steel reinforcement from corrosion will reduce maintenance costs during the life span. A 75- to
100-year service life instead of the normal 50-year service life is anticipated.
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120" Street and Giles Road Bridge near Omaha, Nebraska

The 120" Street and Giles Road Bridge in Sarpy County, near Omaha, Nebraska is the first HPC
bridge built by the Nebraska Department of Roads (see figure 5). HPC was used in girders and
bridge deck. The bridge was built in the summer of 1995 and opened to traffic in July 1996.

Figure . Photo. 120th Street and Giles Road Bridge near Omaha, Nebraska.

The 120™ Street and Giles Road Bridge consists of three equal 22.9-m (75-ft) -long spans. Total
length of the bridge is 68.6 m (225 ft). It utilizes seven lines of NU1100 (1100-mm high)
pretensioned concrete girders. Clear width of the bridge is 25.8 m (82 ft). The girders were
pretensioned with thirty or thirty-four (depending on the span) 12.7-mm (0.5-in.) -diameter
strands at 50.8-mm (2-in.) center-to-center spacing. The cast-in-place deck has a thickness of
190.5 mm (7 in.). The HPC bridge used NU1100 simple-span girders with negative-moment
reinforcement in the deck.

Nebraska uses deicing salts and is in a region of high freeze/thaw cycles; therefore, the focus was
to specify a durable deck concrete. The compressive strength specified for the concrete girders
was 83 MPa (12,000 psi) at 56 days. Compressive strength of 55 MPa (8,000 psi) at 56 days and
a chloride permeability of less than 1,800 coulombs at 56 days were specified for the bridge deck
concrete. Fly ash was used in the deck concrete to meet the chloride permeability requirement.
The specified strengths for the girders and deck were intentionally higher than required by design
as part of the implementation strategy. The water-to-cementitious material ratio for the girders
was specified as less than 0.28.

The visual inspection of the bridge deck was performed about 8 years after the bridge was
opened to traffic. A total of 259 cracks were recorded during the visual survey of the bridge
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deck. The sum of crack lengths was 507.7 m (1,664.5 ft) over a bridge deck area of 1,716 m’
(18,450 ft?).

With respect to the types of cracking, 170 transverse, 64 diagonal, and 25 longitudinal cracks
were observed. The total crack length for the transverse, diagonal, and longitudinal cracks was
330.2 m, 106.4 m, and 71.1 m (1,082.5 ft, 349.0 ft, and 233.0 ft), respectively. This yielded
crack densities of 0.192 m/m? (0.059 ft/ft) transverse, 0.062 m/m* (0.019 ft/ft*) diagonal, and
0.041 m/m” (0.013 ft/ft’) longitudinal. The crack density for the entire deck including all
transverse, diagonal, and longitudinal cracks was 0.296 m/m” (0.090 ft/ft?).

All cracks measured are hairline cracks with a width of less than 0.8 mm (0.031 in.). The
relatively flexible bridge structural system, combined with the heavy ADT on the bridge, might
have contributed to the development of some of the cracks.

In general, the top surface of 120" Street and Giles Road Bridge was in good condition, with
only hairline cracks found. It shows that the use of HPC provides significantly higher strength
that can lead to more efficient designs and improved durability. The Sarpy County project has
demonstrated that HPC can be mixed, transported, placed, finished, and cured with relative ease.

The Route 104 Bridge (Bristol, New Hampshire)

The Route 104 Bridge over the Newfound River in Bristol, New Hampshire, was the first HPC
bridge project built in New Hampshire (see figure 6). It was completed in summer 1996 and
opened to traffic thereafter. HPC was used for the girders and the cast-in-place deck.
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Figure 6. Photo. The Route 104 Bridge (Bristol, New Hampshire).
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The Route 104 Bridge is a simple-span structure about 19.8 m (65 ft) long. The clear width of the
deck is 17.5 m (57.5 ft), including two through-traffic lanes, a shoulder, and a right-turn lane.
The 229-mm (9-in.) -thick cast-in-place deck is supported by five prestressed concrete Type III
AASHTO I-girders at 3.8 m (12.5 ft) on center. The specified concrete compressive strengths
were 45 MPa (6,500 psi) at transfer and 55 MPa (8,000 psi) at 28 days. The deck concrete was
specified to have a strength of 41 MPa (6,000 psi) at 28 days.

Researchers from University of New Hampshire performed material testing, bridge
instrumentation, and bridge monitoring throughout this project. It was reported that several
inspections have been conducted. Until year 2000, only some microscopic longitudinal flexural
cracks over the girder lines were observed, but no transverse or shrinkage cracks were found.
Also, there was no scaling and no freeze-thaw damage.

The visual inspection of the bridge deck was performed about § years after the bridge opened to
traffic. Only two longitudinal cracks were recorded on the bridge with a combined total crack
length of 3.1 m (10 ft) over a bridge deck area of 299 m” (3,217.5 ft*). No transverse or diagonal
cracks were observed. Crack density (total crack length / deck area) for the eastbound and
westbound lanes combined was calculated to be 0.010 m/m” (0.003 ft/ft”). All cracks on the
bridge were hairline cracks with a width of less than 0.8 mm (0.031 in.). No major distress was
observed in the bridge survey. Compared to data reported by the University of New Hampshire,
which mentioned microscopic longitudinal cracks, it is believed that more cracks have not
occurred in the Route 104 Bridge deck. Considering the heavy ADT on the bridge, the Route 104
Bridge was in excellent condition. HPC designs provide significantly higher strength that can
lead to more efficient designs and improved durability.

The Route 3A Bridge (Bristol, New Hampshire)

Following the success of the Route 104 Bridge in Bristol, NHDOT decided to construct another
HPC bridge—the Route 3A Bridge over the Newfound River in Bristol, New Hampshire, about 1
mile away from the Route 104 Bridge. HPC was used for the girders, the precast, prestressed
deck panels, and the cast-in-place deck in the Route 3A Bridge (see figure 7). The Route 3A
Bridge opened to traffic on June 25, 1999.
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Flgure 7. Photo. The Route 3A Brldge (Brlstol New Hampshlre)

The Route 3A Bridge is a simple-span structure about 18.3 m (60 ft) long. There are two traffic
lanes and two shoulders for a clear deck width of 9.1 m (31.5 ft). The superstructure contains
four New England Bulb-Tee (NEBT) prestressed concrete girders, spaced at 3.5 m (11.5 ft) apart
on center. The HPC girders also contain 15-mm (0.6-in.) -diameter low-relaxation prestressing
strands. The use of HPC allowed the designers to reduce the number of girders from five to four,
resulting in substantial cost savings. The deck of Route 3A Bridge is composed of twenty-one
89-mm (3.5-in.) -thick precast prestressed deck panels covered with 140 mm (5.5 in.) of cast-in-
place concrete.

Researchers from University of New Hampshire performed material testing, bridge
instrumentation, and bridge monitoring throughout this project. It was reported that as of Fall
2001, five longitudinal cracks were observed. Four of these cracks were located at the ends of
the bridge above the abutments. One crack was located toward mid-span.

The visual inspection of the bridge deck was performed about 2 2 years after the bridge was
inspected by the researchers at University of New Hampshire. A total of seven cracks were
recorded during visual survey of the bridge deck. Two longitudinal cracks on the bridge were in
the approach slabs and had a crack width of 0.5 mm (0.02 in.). Compared to data reported by the
University of New Hampshire, which mentioned five longitudinal cracks, it is suspected that
some hairline cracks may have gone through the self-healing process and became invisible.
However, it should also be noted that the bridge inspection was performed on a raining day. It is
possible that smaller cracks may not be visible in such weather condition. In addition, five
transverse cracks were reported from our inspection.
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The longitudinal cracks at span ends in the approach slabs may be attributed to the different
support conditions. The relatively flexible bridge structural system combined with the heavy
ADT on the bridge might have contributed to the development and widening of some cracks.

With respect to the types of cracking on the bridge deck, five transverse, zero diagonal, and two
longitudinal cracks were observed. The total crack length for the transverse cracks was 5.6 m
(18.5 ft). This yielded a crack density of 0.032 m/m” (0.001 ft/ft%).

In general, the top surface of Route 3A Bridge was in excellent condition, with only very limited
hairline cracks found, showing that the use of HPC provided significantly higher strength that
can lead to more efficient designs and improved durability.

Old Route 66 Bridge over Rio Puerco, New Mexico

Old Route 66 Bridge over Rio Puerco, west of Albuquerque, New Mexico, was the first HPC
bridge project by the New Mexico Highway and Transportation Department (see figure 8). The
purpose of the project was to establish the viability of HPC in New Mexico. HPC was used
throughout the superstructure. The Rio Puerco Bridge was completed and opened to traffic in
December 2000.
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Figure 8. Photo. Old Route 66 Bridge over Rio Puerco, New Mexico.
The Rio Puerco Bridge has three spans of 29.3, 30.8, and 29.3 m (96.1, 101.1, and 96.1 ft),
respectively. Each span consists of four 1.6-m (63-in.) -deep bulb-tee beams spaced at 3.8 m
(12.6 ft) centers. The prestressed concrete beams had specified concrete compressive strengths of
48 MPa (7,000 psi) at release and 69 MPa (10,000 psi) at 56 days. The specified strength for the
deck concrete was 41 MPa (6,000 psi) at 28 days with a mix requirement of 52 MPa (7,500 psi)
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at 56 days. Class F fly ash was used to mitigate the potential for alkali-silica reactivity. The Rio
Puerco Bridge has a 220-mm (8.7-in.) -thick cast-in-place concrete deck. The clear width of the
deck is 14.5 m (47.6 ft).

The visual inspection of the bridge deck was performed about 3 '5 years after the bridge opened
to traffic. A total of 169 cracks were recorded during visual survey of the bridge deck. The sum
of crack lengths was 198.6 m (651.3 ft) over a bridge deck area of 1,299 m’ (13,964.1 ft).

With respect to the types of cracking, 50 transverse, 89 diagonal, and 30 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was 92.0 m
(301.8 ft), 79.3 m (260.0 ft), and 27.3 m (89.5 ft), respectively. This yielded crack densities of
0.071 m/m? (0.022 ft/ft?) transverse, 0.061 m/m” (0.019 ft/ft*) diagonal, and 0.021 m/m?

(0.006 ft/ft*) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.153 m/m? (0.047 ft/ft%).

All cracks on the bridge were hairline cracks with a width of less than 0.8 mm (0.031 in.). No
major distress was observed in the bridge survey. The majority of the cracks observed were short
and randomly distributed diagonal cracks. The three spans have similar bridge deck width and
length. Cracks were typically limited at span ends. Other defects such as small surface spalls
occurred due to breaking of tined edges or the crack edges were observed.

Considering the heavy ADT on the bridge, the Rio Puerco Bridge was in good condition. The use
of HPC provides significantly higher strength that can lead to more efficient designs and
improved durability.

U.S. 401 Bridge Over the Neuse River (Raleigh, North Carolina)

The U.S. 401 bridge over the Neuse River in Wake County, just north of Raleigh, North
Carolina, was the first HPC bridge built in North Carolina (see figure 9). The U.S. 401 bridge
consists of two parallel structures. HPC was used in the girders and decks of the northbound and
southbound bridges. After the completion of the northbound bridge, it opened to traffic in July
2000. The southbound U.S. 401 bridge opened to traffic in September 2002.
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Figure 9. Photo. U.S. 401 Bridge Over the Neuse River (Raleigh, North Carolina).

The U.S. 401 bridge has four spans on both the southbound and northbound sides— two spans of
28 m (91.9 ft) using AASHTO Type IV girders and two spans of 17.5 m (57.4 ft) using
AASHTO Type III girders. The overall length of the bridge is 91 m (299 ft). Each bridge is
144 m (47.1 ft) wide and carries a 12.0-m (39.4-ft) roadway section and a 1.9-m (6.2-ft)
sidewalk. The 215-mm (8.5-in.) -thick deck was placed on stay-in-place metal forms. The
AASHTO Type 1V prestressed concrete I-girders are 1.37 m (54 in.) deep and the AASHTO
Type II prestressed I-girders are 1.15 m (45 in.) deep. There were five girders per span at 3.12 m
(10.25 ft) on center. Girders were pretensioned with 15.2-mm (0.6-in.) -diameter draped and
straight strands. The use of 69 MPa (10,000 psi) HPC in the girders and 41 MPa (6,000 psi) HPC
in the deck allowed the designer to reduce the number of girder lines from six to five.

The visual inspection of the bridge deck was performed about 4 years after the northbound
bridge opened to traffic, and 1 ' years after the southbound U.S. 401 bridge opened to traffic in
September 2002. A total of 166 transverse, longitudinal, and diagonal cracks were recorded on
the bridge with a combined total crack length of 399.0 m (1,308.3 ft) over a bridge deck area of
2,183 m? (23,501 ft*). All cracks on the bridge were hairline cracks with a width of less than
0.8 mm (0.031 in.). No major distress was observed in the bridge survey.

With respect to the types of cracking, 129 transverse, 7 diagonal, and 30 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was
377.4m (1,237.3 ft), 5.2 m (17.0 ft), and 16.5 m (54.0 ft), respectively. This yielded crack
densities of 0.173 m/m® (0.053 ft/ft?) transverse, 0.002 m/m" (0.001 ft/ft*) diagonal, and
0.008 m/m” (0.002 ft/ft*) longitudinal. The crack density for the entire deck including all
transverse, diagonal, and longitudinal cracks was 0.183 m/m? (0.056 ft/ft%).
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In general, the work on the U.S. 401 Bridge shows that HPC designs provide significantly higher
strength that can lead to more efficient designs and improved durability.

State Route 22 Bridge at Milepost 6.57, Near Cambridge, Guernsey County, Ohio

The State Route 22 Bridge located at Milepost 6.57 (Bridge GUE-22-6.57) in Guernsey County,
near Cambridge, Ohio, is the first showcase HPC box girder bridge built in Ohio (see figure 10).
HPC was used in both the beams and the stub abutments. The bridge opened to traffic in
November 1998.

Figure 10. Photo. State Route 22 Bridge at Milepost 6.57, Near Cambridge, Guernsey
County, Ohio.

Bridge GUE-22-6.57 is a 35.2-m (118.66-ft) -long single-span structure over Crooked Creek and
is composed of 12 side-by-side prestressed concrete box beams. The total deck thickness is
216 mm (8.5 in.), including a 140-mm (5.5-in.) -thick concrete flange and 76-mm (3-in.) -thick
asphalt wearing surface. The bridge deck has a clear width of 14.6 m (48 ft), including two lanes
and two shoulders in southbound and northbound directions.

Originally, the bridge was designed to consist of three spans using 533-mm (21-in.) -deep
concrete box beams. To lower construction costs by eliminating piers and to improve flow
characteristics of the Crooked Creek, Bridge GUE-22-6.57 was redesigned as a single span box
girder bridge. 69 MPa (10,000 psi) at 56 days compressive strength concrete was used. The
beams are ODOT type B 42-48. Each beam measures 1,219-mm (48-in.) -wide and 1,067-mm
(42-in.) -deep. The bridge is supported by stub-type abutments on a single row of H-section steel
pile supports. All concrete used in Bridge GUE-22-6.57 was required to have a rapid chloride
permeability value of below 1,000 coulombs at 56 days. Concrete mixtures containing silica
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fume were specified to obtain the required strength and durability requirements. The cast-in-
place abutment concrete met the 55 MPa (8,000 psi) design strength in 28 days. Using HPC
concrete, the box beam’s span range was increased, enabling a lowest cost single span bridge
design. In addition, the structure’s service life will be enhanced because of the durability benefits
associated with HPC’s low permeability.

The visual inspection of the bridge deck was performed about 5 '5 years after the bridge opened
to traffic. A total of 21 longitudinal, transverse, and diagonal cracks were recorded on the bridge
with a combined total crack length of 94.7 m (310.5 ft) over a bridge deck area of 530 m’
(5,695.7 ft*). No major distresses were observed in the bridge survey.

With respect to the types of cracking, 1 transverse, 2 diagonal, and 18 longitudinal crack were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was 0.5 m
(1.5 ft), 1.5 m (5.0 ft), and 92.7 m (304.0 ft), respectively. This yielded crack densities of
0.001 m/m? (0.0003 ft/ft®) transverse, 0.003 m/m” (0.001 ft/ft") diagonal, and 0.175 m/m’
(0.053 ft/ft’) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.179 m/m” (0.055 ft/ft%).

Bridge # GUE-22-0657 has a deck thickness of 216 mm (8.5 in.), including a 140-mm
(5.5-1n.) -thick concrete flange and 76-mm (3-in.) -thick asphalt wearing surface. It appears that
the asphalt wearing surface has protected the concrete underneath from cracking and
deterioration.

In general, the work on Bridge # GUE-22-0657 shows that HPC designs provide significantly
higher strength that can lead to more efficient designs and improved durability.

1-29 Northbound Bridge (Sioux Falls, South Dakota)

The South Dakota Department of Transportation’s (SDDOT) first time use of HPC in an entire
superstructure was the construction of I-29 Northbound Bridge in Minnehaha County, near Sioux

Falls (see figure 11). The I-29 Northbound Bridge was built in the summer of 1999. HPC was
used in the girders, deck, and bent diaphragms.
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orthbound Bridge (Sioux Falls, South Dakota).

Figure 11. Photo. 1-29 N

The I-29 Northbound Bridge is a railroad overpass structure with a 27 degree skew. The bridge
consists of typical three-span precast, prestressed concrete girders with standard integral
abutments and integral bent diaphragms. AASHTO Type II girders were used in the 16.5-m
(54-ft) -long end spans and the 18.6-m (61-ft) -long main span. The total length of the I-29
Northbound Bridge is 52.4 m (172 ft). There are two traffic lanes and two shoulders for a clear
deck width of 12.2 m (40 ft). The deck of I-29 Northbound Bridge is composed of 229-mm
(9-in.) -thick cast-in-place concrete.

The reason that the [-29 Northbound Bridge was chosen was mainly because of the high traffic
counts and heavy use of deicing salts. This provided a test of the strength and durability of HPC
in bridge decks. The use of HPC allowed designers to reduce the number of girders in each span
from five to four. Design compressive strength of the girder concrete was 68.3 MPa (9,900 psi)
at 28 days and 56.9 MPa (8,250 psi) at release of the strands. The deck utilized a 31 MPa
(4500 psi) compressive strength concrete. To improve durability, the cementitious materials in
the deck concrete consisted of fly ash (17 percent) and silica fume (8 percent). The girders had a
low water-cementitious materials ratio of 0.25. Curing was required for a minimum of 7 days.

The visual inspection of the bridge decks was performed about 4 2 years after the bridge opened
to traffic. A total of 143 cracks were recorded during the visual survey of the bridge decks. The
sum of crack lengths was 271.6 m (890.5 ft) over a bridge deck area of 629 m” (6,760 ft*).

With respect to the types of cracking, 101 transverse, 30 diagonal, and 12 longitudinal cracks
were observed. The total crack length for the transverse, diagonal, and longitudinal cracks was
217.3 m (712.5 ft), 39.2 (128.5 ft), and 15.1 (49.5 ft), respectively. This yielded crack densities
of 0.346 m/m” (0.061 ft/ft) transverse, 0.062 m/m” (0.019 ft/ft*) diagonal, and 0.024 m/m’
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(0.007 ft/ft’) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.432 m/m? (0.132 ft/ft%).

The longitudinal cracks were very limited and tend to connect to the diagonal cracks near the
span joints. The relatively flexible bridge structural system combined with the heavy ADT on the
bridge might have contributed to the development of some cracks.

In general, the top surface of [-29 Northbound Bridge was in good condition, with only hairline
cracks found, showing that HPC designs provide significantly higher strength that can lead to
more efficient designs and improved durability.

1-29 Southbound Bridge (Sioux Falls, South Dakota)

Following the success of the 1-29 Northbound Bridge in Minnehaha County, near Sioux Falls,
the SDDOT decided to construct another HPC bridge - the 1-29 Southbound Bridge, less than a
half mile away from the I-29 Northbound Bridge (see figure 12). I-29 Southbound Bridge was
built in the summer of 2000. HPC was used in girders, deck, and bent diaphragms. The [-29
Southbound Bridge would serve for comparison purposes and additional research.

Figure 12. Photo. I-29 Southbound Bridge (Sioux Falls, South Dakota).

1-29 Southbound Bridge is at a 27 degree skew to the railroad. The bridge consists of typical
three-span precast, prestressed concrete girders with standard integral abutments and integral
bent diaphragms. AASHTO Type II girders were used for the 16.5-m (54-ft) -long end spans and
the 18.6-m (61-ft) -long main span. The total length of the 1-29 Southbound Bridge is 52.4 m
(172 ft). There are two traffic lanes and two shoulders for a clear deck width of 12.2 m (40 ft).
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The deck of I-29 Southbound Bridge is composed of 229-mm (9-in.) -thick cast-in-place
concrete.

The use of HPC allowed designers to reduce the number of girders in each span from five to
four. Design compressive strength of the girder concrete was 68.3 MPa (9,900 psi) at 28 days
and 56.9 MPa (8,250 psi) at release of the strands. The deck utilized a 31 MPa (4,500 psi)
compressive strength concrete. To improve durability, the cementitious materials in the deck
concrete included fly ash. The girders had a low water-cementitious materials ratio of 0.25.
Curing was required for a minimum of 7 days.

The visual inspection of the bridge deck was performed about 4 years after the bridge opened to
traffic. A total of 119 cracks were recorded during visual survey of the bridge decks. The sum of
crack lengths was 341.9 m (1,121 ft) over a bridge deck area of 629 m* (6,760 ft*).

With respect to the types of cracking, 75 transverse, 42 diagonal, and 2 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was
266.0 m (872.0 ft), 74.7 m (245.0 ft), and 1.2 m (4.0 ft), respectively. This yielded crack
densities of 0.423 m/m’ (0.129 ft/ft?) transverse, 0.119 m/m’> (0.036 ft/ft*) diagonal, and
0.002 m/m* (0.001 ft/ft*) longitudinal. The crack density for the entire deck including all
transverse, diagonal, and longitudinal cracks was 0.544 m/m? (0.166 ft/ft%).

Diagonal cracks were typically limited to span ends. Small surface spalls, which either occurred
due to breaking of tined edges or the crack edges, were observed. The longitudinal cracks were
very limited and tend to connect to the diagonal cracks near the span joints. The relatively
flexible bridge structural system combined with the heavy ADT on the bridge might have
contributed to the development some cracks. All cracks measured are hairline cracks with a
width of less than 0.8 mm (0.031 in.). In general, the top surface of I-29 Souththbound Bridge
was in good condition, with only hairline cracks found, showing that HPC designs provide
significantly higher strength that can lead to more efficient designs and improved durability.

Porter Road (Dickson County, Tennessee)

Porter Road Bridge over State Route 840 in Dickson County was constructed in 2000 (see figure
13). The structure is 97 m (318 ft) long and 9.8 m (32 ft) wide. It carries one eastbound lane and
one westbound lane of Porter Road. The structure consists of 210-mm (8%-in.) -thick concrete
deck with stay-in-place forms on two 48.5-m (159-ft) -long continuous spans with concrete bulb-
tee prestressed concrete girders. The superstructure consists of one concrete pier and two
concrete abutments. The structure was built with a 27 degree skew at both abutments and the
pier. Four precast concrete bulb-tee girders, BT-72, on 2.5-m (8-ft 4-in.) centers support each
span. The concrete stub abutments are separated from the State Route 840 with loose riprap
slope protection. The concrete pier is comprised of a cast-in-place concrete hammerhead cap on
a cast-in-place pier stem.
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Figure 13. Photo. or oad (Dickson County, Tennessee. |

The retaining wall, abutments, bent, girders, and deck were constructed with high performance
concrete (HPC). The factors that led to the use of HPC in this bridge included longer span length
and a more durable structure.

The visual inspection of the bridge deck was performed about 1 % years after the bridge was
opened to traffic. A total of 90 transverse cracks were observed. There were 10 diagonal corner
cracks and the deck exhibited map cracks primarily along the centerline and Eastbound roadway.
The map cracking encompassed about 112 m? (1,200 ft*) of the deck surface and the crack
widths ranged from 0.08 to 0.25 mm (0.003 to 0.010 in.) and the cracks were generally 203 mm
(8 in.) apart in both directions. No longitudinal cracks were observed.

With respect to the types of cracking, 90 transverse, 10 diagonal, and 0 longitudinal cracks were
observed. The total crack length for the transverse and diagonal cracks was 248.6 m (815.0 ft),
and 13.7 (45.0 ft), respectively. This yielded crack densities of 0.265 m/m* (0.081 ft/ft%)
(transverse), and 0.015 m/m* (0.005 ft/ft) (diagonal). The crack density for the entire deck
including all transverse and diagonal cracks was 0.280 m/m” (0.085 ft/ft?).

In general, the work on the bridge showed that HPC designs provided significantly higher
strength that can lead to more efficient designs and improved durability.

Hickman Road (Dickson County, Tennessee)

Hickman Road Bridge over State Route 840 in Dickson County was constructed in 2000 (see

figure 14). The structure is 88.7 m (290 ft 8 in.) long and 9.8 m (32 ft) wide. It carries one
eastbound lane and one westbound lane of Hickman Road. The structure consists of 210-mm
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(8"4-in.) -thick concrete deck with stay-in-place forms on 42.5-m (139-ft 4-in.) and 46.2-m
(151-ft 4-in.) -long continuous spans with bulb-tee prestressed concrete girders. The
superstructure consists of one concrete pier and two concrete abutments. The structure was built
with a 17.5 degree skew at both abutments and the pier. Four precast bulb-tee girders, BT-72; on
2.5 m (8 ft 4 in.) centers support each span. The concrete stub abutments are separated from the
State Route 840 with loose riprap slope protection. The concrete pier is comprised of a cast-in-
place concrete hammerhead cap on a cast-in-place pier stem.

Figure 14. Photo. Hickman Road (Dickson County, Tennese).

The retaining wall, abutments, bent, girders, and deck were constructed with HPC. The factors
that led to the use of HPC in this bridge included longer span length and a more durable
structure.

The bridge deck was inspected in October, 2002. Defects in the top surface included transverse
cracks, map cracks, diagonal corner cracks in the acute corners, patches, small sand pockets, and
an area of surface milling.

Transverse cracks were primarily along the centerline of the roadway. A total of 10 transverse
cracks were identified on the deck. The crack widths ranged from 0.2 mm to 0.6 mm (0.007 to
0.025 in.). Map cracks were primarily along the centerline and eastbound roadway near the pier.
The crack widths ranged from 0.08 to 0.25 mm (0.003 to 0.010 in.) and the cracks were generally
in a form of 17 mm by 17 mm (8 in. by 8 in.) network. Diagonal cracks were primarily in the
acute corners, SE and NW, of the bridge deck. The widths of the six diagonal cracks ranged
from 0.005 to 0.016 in. No longitudinal cracks were observed.

With respect to the types of cracking, 10 transverse, 6 diagonal, and 0 longitudinal cracks were
observed. The total crack length for the transverse and diagonal was 25.6 m (84.0 ft), and 7.9 m
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(26.0 ft), respectively. This yielded crack densities of 0.032 m/m? (0.001 ft/ft”) transverse, and
0.001 m/m” (0.003 ft/ft?) diagonal. The crack density for the entire deck including all transverse
and diagonal cracks was 0.041 m/m? (0.013 f/ft%).

In addition to the different types of cracking noted, a few isolated small defects were found.
These defects included patches, sand pockets, inclusions, a small spall, and a pattern of shallow
embossing. Six sand pockets ranged in size from 25.4 mm to 50.8 mm (1 in. to 2 in.) and
25.4 mm to 38 mm (1 in. to 1'% in.) deep. The sand pockets appear to be the result of inadequate
mixing of the silica fume at the time of construction, due to the gray coloration. Three inclusions
were identified on the surface of the deck. Generally, these inclusions consisted of debris
including foam board similar to styrofoam. The embossed areas were due to a rolling screed at
the time of construction.

State Highway 249 (Tomball Parkway) over Louetta Road (Houston, Texas)

The Tomball Parkway (S.H. 249) Bridge over Louetta Road in Houston, Texas (see figure 15)
consists of two separate bridges, one carrying three lanes of the northbound traffic and the other
carrying three lanes of the southbound traffic with an additional exit ramp. Both bridges consist
of precast U-beam girders covered with precast concrete deck panels 89-mm thick x 2.44-m long
(3.5-in. thick x 8-ft long), which are in turn covered with 95 mm (3.75 in.) of cast-in-place
concrete. The substructures consist of concrete columns and concrete abutments at each end.

Figure 15. Photo. State Highway 249 (Tomball Parkway) over Louetta Road (Houston,
Texas).

The Tomball Parkway Bridge is a major structure carrying heavy traffic. It is 119.3 m (391 ft)
long and consists of three spans in each direction. Span 1, span 2, and span 3 have approximate
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lengths of 37.1 m (121.5 ft), 41.3 m (135.5 ft) and 40.9 m (134.0 ft), respectively. The width of
the bridge is variable, ranging from 48.8 m (160 ft) at the ramp to 36.6 m (120 ft) in the middle.
The bridge has a skew of 33 to 39 degrees. Each span in the northbound bridge consists of five
Texas U54 beams, and each span in the southbound bridge consists of six Texas U54 beams.
Beams are prestressed. The specified compressive strength of the girders at release of
prestressing and 56 days ranged from 47.5 to 60.6 MPa (6,900 to 8,800 psi) and 67.5 to
90.3 MPa (9,800 to 13,100 psi), respectively. At the interior bents, each beam is supported by a
single post-tensioned pier.

All beams, piers, and precast deck panels were fabricated using high performance, high strength
concrete. For comparison purposes, the southbound main-lane bridge has a high performance,
high strength cast-in-place deck, whereas the northbound main-lane bridge has a high
performance, normal strength cast-in-place concrete deck. The precast deck panels were
prestressed utilizing 9.5-mm (3%4-in.) -diameter strands. The cast-in-place concrete overlay was
reinforced with #5 bars at a spacing of 6 in. center-to-center in the transverse direction and #4
bars at a spacing of 25.4 mm (12 in.) center-to-center in the longitudinal direction. The rebar
used in the cast-in-place deck was Grade 60 and uncoated. The concrete cover over the #5
transverse reinforcing bars in the cast-in-place deck was specified as 50.8 mm (2 in.). The
concrete cover below the 9.5 mm (¥ in.) diameter strands in the precast deck panels was
specified as 44 mm (1% in.). The decks of each bridge were constructed simultaneously using
similar construction techniques by the same personnel.

The construction of the bridge decks started in October 1996 and the bridge was opened to traffic
in both directions in June 1998.

The northbound and southbound bridges are exhibiting comparable magnitude and pattern of
cracking. A total of 1,703 longitudinal, transverse, and diagonal cracks were recorded on the two
bridges with a combined total crack length of 3,385 m (11,098.4 ft) over a bridge deck area of
6,197 m’ (66,636 ftz). However, 98 percent of these cracks were hairline cracks with widths less
than 0.8 mm (1/32 in.) The remaining 2 percent of the cracks were classified as fine cracks with
widths in the range of 0.8 to 1.6 mm (1/32 to 1/16 in.).

With respect to the types of cracking, 228 transverse, 41 diagonal, and 576 longitudinal cracks
were observed on the northbound bridge. The total crack length for the transverse, diagonal, and
longitudinal cracks was 291.3 m (955.0 ft), 83.8 m (274.9 ft), and 1,232.0 m (4,039.2 ft),
respectively. This yielded crack densities of 0.101 m/m? (0.031 ft/ft?) transverse, 0.029 m/m’
(0.009 ft/ft) diagonal, and 0.429 m/m’ (0.131 ft/ft) longitudinal. The crack density for the entire
northbound deck including all transverse, diagonal, and longitudinal cracks was 0.560 m/m’
(0.171 fy/ftd).

With respect to the types of cracking, 282 transverse, 58 diagonal, and 518 longitudinal cracks
were observed on the southbound bridge. The total crack length for the transverse, diagonal, and
longitudinal cracks was 444.3 m (1456.7 ft), 98.7 m (323.6 ft), and 1,234.9 m (4,048.9 ft),
respectively. This yielded crack densities of 0.134 m/m? (0.041 ft/ft?) transverse, 0.030 m/m’
(0.009 ft/ft) diagonal, and 0.371 m/m’ (0.113 ft/ft) longitudinal. The crack density for the entire
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southbound deck including all transverse, diagonal, and longitudinal cracks was 0.535 m/m’
(0.160 ft/ft?).

The cast-in-place decks of the northbound and southbound bridges were constructed with two
different classes of HPC. Normal strength modified class S HPC was used in the northbound
bridge, and high strength class K HPC was used in the southbound bridge. However, it appears
that mixture proportions did not play a significant role in the cracking of the decks. Class K HPC
used in the southbound bridge was reported to have a low w/cm ratio of 0.35 and a fly ash
content of 32 percent by weight of the cementitious material content. This class K HPC mixture
had a high shrinkage and cracking potential. However, the performance of this mixture was
comparable to normal strength modified class S HPC used in the northbound bridge, which was
reported to have a w/cm ratio of 0.43 and a fly ash content of 28 percent by weight of the total
cementitious material content.

Significant difference in the coefficient of thermal expansion of the precast deck panels and cast-
in-place decks may have contributed to the cracks observed in the two bridges. It was reported
that the coefficient of thermal expansion of the cast-in-place deck was about 4.0 pe / °F. On the
other hand the coefficient of thermal expansion of the precast deck panels was reported to be
about 7.3 pe/ °F.

It was also reported that the construction of all the spans of the northbound and southbound
bridges was done as a single pour construction without properly locating the tooled control joints
at the centerline of the skew. This single pour construction might have also contributed to the
development of cracks observed at the northbound and southbound bridges.

At span ends along the skew, a number of fine width cracks (1/32 to 1/16 in.) were observed.
Some of these cracks were exhibiting spalling due to breaking of the edges. The layout of the
cast-in-place decks and precast deck panels at span ends may have contributed to the
development and widening of these cracks. At span ends, the cast-in-place decks were skewed
but precast deck panels had a straight geometry.

It is noted that for the longitudinal cracking, another factor that could contribute is shortening of
the precast panels in the transverse direction. As the panels shorten because of creep and
shrinkage, the cast-in-place portion of the deck has to accommodate the movement. This can
lead to tensile stresses in the cast-in-place concrete. In addition, the Texas U-beam is stiffer in
the transverse direction than the same depth I-beam. This means that any transverse shortening
of the deck is going to encounter a lot more resistance with a U-beam than with an [-beam. This
will also lead to higher tensile stresses in the deck with a U-beam and greater likelihood of
longitudinal cracking.

U.S. Route 67 Bridge (San Angelo, Texas)
The U.S. Route 67 Bridge in San Angelo, Texas is part of a high-speed expressway and carries

traffic over the North Concho River, U.S. Route 87, and South Orient Railroad tracks (see
figure 16). It was constructed in 1997 and opened to traffic in January 1998. The bridge consists
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of two separate structures, one carrying two lanes of eastbound traffic and the other two lanes of
westbound traffic. Both structures consist of prestressed concrete I-beam girders covered with
precast concrete deck panels 102-mm thick x 2.4-m long (4-in. thick x 8-ft long), which in turn
are covered with 8 mm (3 "2 in.) of cast-in-place concrete. The substructures consist of
concrete columns, concrete bent caps, and concrete abutments at each end.

Figure 16. Photo. U.S. Route 7 Bridge (San Angelo, Texas). The eastbound bridge is in
foreground, and the westbound bridge is in the background.

The eastbound structure is 290 m (950 ft) long and consists of eight spans. Spans 7 and 8 are
skewed to accommodate the railroad tracks. The bridge decks at spans 1 through 4 are 11.6 m
(38 ft) wide. The decks progressively widen in spans 5, 6, 7, and 8 to accommodate an exit-ramp
at the eastern end of the eastbound bridge. Except for the girders in spans 6 through 8, HPC was
used for all girders, deck panels, and cast-in-place concrete in the eastbound structure.

The westbound structure is 293 m (960 ft) long and consists of nine spans. Spans 7, 8, and 9 are
skewed to accommodate the railroad tracks. The bridge deck at span 1 is 11.6 m (38 ft) wide, and
the decks progressively widen in spans 2 through 9 to accommodate an on-ramp at the eastern
end of the westbound bridge. At the time of the inspection, traffic lanes on the western half of
the westbound bridge merged down to a single lane to accommodate original construction of the
expressway west of the bridge. In the westbound structure, HPC was used only for the cast-in-
place decks of spans 1 through 5.

With respect to the types of cracking, 204 transverse, 11 diagonal, and 125 longitudinal cracks
were observed on the eastbound bridge. The total crack length for the transverse, diagonal, and
longitudinal cracks was 384.8 m (1,261.6 ft), 11.0 m (36.2 ft), and 190.8 m (625.6 ft),
respectively. This yielded crack densities of 1.005 m/m? (0.306 ft/ft?) transverse, 0.029 m/m’
(0.009 ft/ft) diagonal, and 0.498 m/m? (0.152 ft/ft) longitudinal. The crack density for the entire
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eastbound deck including all transverse, diagonal, and longitudinal cracks was 1.532 m/m’
(0.467 fy/ft).

With respect to the types of cracking, 179 transverse, 12 diagonal, and 177 longitudinal cracks
were observed on the westbound bridge. The total crack length for the transverse, diagonal, and
longitudinal cracks was 645.0 m (2,114.8 ft), 13.5 m (44.4 ft), and 306.3 m (1,004.2 ft),
respectively. This yielded crack densities of 1.625 m/m* (0.496 ft/ft”) transverse, 0.034 m/m’
(0.010 ft/ft*) diagonal, and 0.772 m/m? (0.235 ft/ft*) longitudinal. The crack density for the entire
westbound deck including all transverse, diagonal, and longitudinal cracks was 2.431 m/m’
(0.741 fy/ft).

The eastbound bridge where both the precast deck panels and the cast-in-place decks were
constructed utilizing HPC has exhibited better cracking performance compared to the westbound
bridge where HPC was used only in the cast-in-place decks of a limited number of spans (1
through 5). Comparing the cast-in-place deck of spans 1 through 5 of the westbound bridge with
that of the eastbound bridge, the performance of the eastbound cast-in-place deck is found to be
superior. This could be attributed to a better quality HPC used in the cast-in-place deck of the
eastbound bridge. The class K (HPC) used in the cast-in-place deck of the eastbound bridge was
reported to have a lower water-to-cementitious material ratio compared to the class S (HPC) used
in the cast-in-place deck of the westbound bridge. The water-to-cementitious material ratio of
class K (HPC) was specified as 0.31 compared to 0.42 of class S (HPC).

It is noted that a relatively large number of short-length transverse cracks were observed in spans
5 through 8 of the eastbound bridge. The eastbound bridge along the southern edge is also the
side where the beams have a longer span and larger skew angle. These factors may have
contributed to more cracking.

The rectangular pattern cracking particularly observed in spans 8 and 9 of the westbound bridge
may be attributed to a combination of factors. These may include single pour construction of a
number of spans, as indicated by Texas DOT, and the higher shrinkage of non-HPC mixture at
these locations. The class S concrete used in the cast-in-place decks of spans 6 through 9 of the
westbound bridge had a cement content of 363 kg/m® (611 1b/yd’), without any pozzolans, and
had a water-to-cement ratio of 0.42.

Route 40 Bridge over Falling River (Brookneal, Virginia)

The Route 40 Bridge over Falling River in Campbell County was constructed during the winter
of 1995-1996 (see figure 17). The structure is 98 m (320 ft) long and 13.4 m (44 ft) wide. It
carries one eastbound lane and one westbound lane of Virginia Route 40. The structure consists
of 216-mm (8'%-in.) -thick concrete deck with stay-in-place forms on four 24.4-m (80-ft) -long
simple span prestressed concrete superstructure, on three concrete piers and two concrete
abutments. The structure was built with a 20 degree skew at both abutments and all three piers.
Five precast AASHTO Type IV girders, on 3.1 m (10 ft) centers support each span. The
concrete stub abutments are separated from Falling River with loose riprap slope protection. The
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concrete piers are comprised of cast-in-place concrete hammerhead caps on cast-in-place pier
stems.

Figure 17. Photo. Route 40 Bride over FIIing River (Brookneal, Virginia).

The abutments, piers, girders and deck were constructed with HPC. The factors that led to the
use of HPC in this bridge included the use of fewer girders and a more durable structure. If HPC
was not used, two more lines of girders would have been required.

Bridge inspection reports dated 5/3/96, 6/22/98, 5/3/00, and 4/29/02 were identified for this
bridge. The 1996 inspection report documented that small horizontal cracks existed along the
edges of steel plates in the beams at bearing areas; back corner of several beams cracked or
delaminated slightly; and small hairline cracks existed on abutments and piers. The 1998 and
2000 inspection reports identified the same conditions. Cracks in the deck surface were first
documented in the 2002 inspection report. Other defects included cracks in parapets, beam ends,
abutment backwalls, and pier caps.

The visual inspection was performed on November 19 through 21, 2002. There were
longitudinal, transverse, and diagonal corner cracks on the surface of the deck. According to ACI
201, these crack widths are classified as hairline cracks. Small spalls and fractured fins from
deep grooving were also observed.

With respect to the types of cracking, 21 transverse, 9 diagonal, and 27 longitudinal cracks were
observed on the bridge. The total crack length for the transverse, diagonal, and longitudinal
cracks was 61.3 m (201.0 ft), 15.9 m (52.0 ft), and 141.8 m (465.0 ft), respectively. This yielded
crack densities of 0.090 m/m? (0.027 ft/ft) transverse, 0.023 m/m” (0.007 ft/ft*) diagonal, and
0.207 m/m* (0.063 ft/ft*) longitudinal. The crack density for the entire deck including all
transverse, diagonal, and longitudinal cracks was 0.320 m/m*” (0.098 ft/ft%).
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In addition to the different types of cracking noted, a few isolated small defects were found on
the deck. These defects included small spalls and D-spalls. Deep irregular grooving was found
in some areas of the deck, and the grooves were deep enough to contribute to the fracturing of
the fins. On the other hand, very shallow grooves were also found on the deck surface.

Virginia Avenue Bridge (Richlands, Virginia)

The Virginia Avenue Bridge over Clinch River, located in the Town of Richlands in Tazewell
County, Virginia, was constructed in late 1997 (see figure 18). The structure is 45.1 m (148 ft)
long and 12.2 m (40 ft) wide. It carries one northbound lane and one southbound lane of
Virginia Avenue. The structure consists of 216-mm (8'%-in.) -thick concrete deck with stay-in-
place forms on five 22.6-m (74-ft) -long simple span prestressed concrete beams, on one
concrete pier and two concrete abutments. The structure was built with no skew at either
abutment or at the pier. Five precast AASHTO Type III girders on 2.7 m (8 ft 9 in.) and 2.8 m
(9 ft 3 in.) centers support each span. The concrete stub abutments are separated from Clinch
River with loose riprap slope protection. The concrete pier is comprised of cast-in-place
concrete caps on cast-in-place pier stems.

Figure 18. Photo. Virginia Avenue Bridge (Richlands, Virginia).
The girders and deck were constructed with HPC. The factors that led to the use of HPC in this

bridge included use of fewer girders and a more durable structure. If HPC was not used, two
more lines of girders would have been required.
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Previous inspection indicated cracks on the bridge deck. In the 2000 inspection, a total of
48.8 linear meters (160 linear feet) of deck cracks over the pier were documented, ranging in
width from 0.40 to 0.76 mm (0.016 to 0.030 in.). The same cracks were noted again in the 2002
report, with random transverse cracks up to 0.76-mm (0.030-in.) -wide on the sidewalks.

The bridge deck was visually inspected on April 29 and 30, 2003. Defects in the top surface
included longitudinal cracks, transverse cracks, one diagonal crack, and small gouges.

With respect to the types of cracking, 14 transverse, 1 diagonal, and 62 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was 32.6 m
(107.0 ft), 1.2 m (4.0 ft), and 125.1 m (410.0 ft), respectively. This yielded crack densities of
0.079 m/m” (0.024 ft/ft®) transverse, 0.003 m/m’> (0.001 ft/ft*) diagonal, and 0.303 m/m’
(0.092 ft/ft*) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.385 m/m? (0.117 ft/ft%).

Other defects found on the deck included a small gouge in span B and transverse cracks in the
sidewalks. The small gouge was located in span B, with a dimension of 25.4 mm (12 in.) long,
76.2 mm (3 in.) wide, and 12.7 mm (*2 in.) deep. The west sidewalk had thirty-three 1.0-m
(3.5-ft) -long cracks, while the east sidewalk had twenty-eight 1.4-m (4.5-ft) -long cracks. The
cracks range from 0.25 mm (0.010 in.) to 0.50 mm (0.020 in.) in width, and were spaced on
0.6 to 1.2 m (2 to 4 ft) centers.

Eastbound SR18 over SR 516 (King County, Washington)

The eastbound SR18 / SR516 Over-crossing Bridge in King County, just north of Seattle,
Washington was the first HPC Bridge built in Washington (see figure 19). It is a two-lane, three-
span structure. HPC was used in all girders and decks. The bridge is 90.6 m (297 ft) long. Clear
width of the bridge is 11.6 m (38 ft), and it consists of two 3.7-m (12-ft) -wide lanes, one 1.2-m
(4-ft) -wide bike lane on the left side and one 3.1-m (10-ft) -wide shoulder on the right. The
eastbound SR18 / SR 516 Over-crossing Bridge opened to traffic in March 1998.

The eastbound SR18 / SR 516 Over-crossing Bridge was designed for earthquake zone “C”
(acceleration coefficient = 0.25g). Pretensioned concrete girders (WSDOT W74G) with a
compressive strength of 69 MPa (10,000 psi) at 56 days were used in this HPC bridge
construction project. The use of HPC improves construction economy by enabling longer spans,
increased girder spacing, and shallower girders. WSDOT Class 4000D concrete mix design with
a compressive strength of 28 MPa (4,000 psi) at 28 days was used in the construction of cast-in-
place concrete deck. The concrete mixture contained fly ash and required continuous wet curing
for 14 days.
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-Fiure 9. Photo. Eastbound SR18 over SR 16 (Kig County, sington).

The eastbound SR18 / SR 516 Over-crossing Bridge has three spans with lengths of 24.4, 41.8,
and 24.4 m (80, 137, and 80 ft), respectively. The skew of the bridge is 40 degrees at both ends.
Each span consists of five WSDOT W74G girders made of precast, prestressed HPC. The girders
are evenly spaced at 2.4 m (8 ft) centers and support the cast-in-place concrete deck. The bridge
decks are 191 mm (7.5 in.) thick. Longitudinal deck reinforcing steel was specified to have
63.5 mm (2’ in.) cover on the top and 25.4 mm (1 in.) cover on the bottom.

The visual inspection of the bridge decks was performed about 6 years after the bridge opened to
traffic. The eastbound lanes are exhibiting transverse cracking, diagonal cracking, and
longitudinal cracking. A total of 137 cracks were recorded on the bridge with a combined total
crack length of 296.2 m (971 ft) over a bridge deck area of 1,050 m* (11,286 ft*). The majority of
these cracks were hairline cracks with a width less than 0.40 mm (0.016 in.). No major distress
was observed in the bridge survey.

With respect to the types of cracking, 89 transverse, 46 diagonal, and 2 longitudinal cracks were
observed. The total crack length for the transverse, diagonal, and longitudinal cracks was 32.6 m
(757.5 ft), 63.0 m (206.5 ft), and 2.1 m (7.0 ft), respectively. This yielded crack densities of
0.220 m/m” (0.067 ft/ft) transverse, 0.060 m/m”> (0.018 ft/ft) diagonal, and 0.002 m/m’
(0.001 ft/ft*) longitudinal. The crack density for the entire deck including all transverse,
diagonal, and longitudinal cracks was 0.282 m/m” (0.086 ft/ft%).

The total length of transverse cracks and number of cracks for span 2 are greater than those for
other spans at the bridge. The crack density on eastbound span 2 is the largest.
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Span 2 has the longest span length of 41.8 m (137 ft) compared to other spans of the bridge at
244 m (80 ft). This relatively flexible structural system might have contributed to the
development and widening of some cracks in span 2.

It is also noted that relatively large numbers of short-length diagonal cracks were observed in
span 3 near the span ends. The span ends have a 40 degree skew. Some of these cracks at span
ends along the skew were exhibiting spalling due to breaking of the edges. A few fine-width
cracks of 1 mm (0.039 in.) were observed. At span ends, the cast-in-place decks were skewed but
the girder line supporting these deck panels had a straight geometry. The layout of the cast-in-
place decks may partly be attributed to the development of these diagonal cracks.

In general, the work on the eastbound SR18 / SR 516 Over-crossing Bridge shows that HPC
designs provide significantly higher strength that can lead to more efficient designs requiring
fewer piers and, more important, improved durability.

Petrographic Analysis

Petrographic analysis was performed on cores from each bridge deck with the exception of the
Colorado and New Mexico bridges. Petrographic analysis was performed at Turner-Fairbank
Highway Research Center. These analyses investigated the material characteristics of the
concrete core samples including the types of coarse and fine aggregate, as well as the maximum
size of the coarse aggregate. The analyses indicated that all of the samples contained entrained
air, however; the actual entrained air content of the hardened concrete was not determined. The
bond between the aggregate and the cementitious material was investigated for the samples and
there were no indications of a poor bond in the samples examined. The degree of cementitious
material hydration was also estimated for the samples and all of the samples indicated a
reasonable degree of hydration.

In many cases, ettringite crystals were observed in air voids of the samples. Often, ettringite
filled part of a void, but voids fully filled with ettringite were also found in some of the concrete
samples. There was no evidence of deterioration associated with the existence of the ettringite in
the concrete.

The samples were also investigated for deleterious reactions such as alkali-silica reaction (ASR)
and sulfate attack. There was no indication of secondary deposits from deleterious reactions in

the samples investigated.

Information on water-to-cementitious material ratios, cementitious material contents, and
hardened air contents were not investigated in the petrographic analyses performed.
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CHAPTER 5. DISCUSSION OF RESULTS

CRACK DENSITIES

Inspections were performed on all of the bridge decks. These inspections included a crack survey
that measured length of the transverse, diagonal, and longitudinal cracks on each deck. The
widths of the cracks were also measured. The crack densities were calculated from these surveys.
Table 3 presents the calculated crack densities for each bridge deck. The data include the
transverse, diagonal, longitudinal, and total crack densities. Figure 20 is a graphical
representation of the crack densities for all of the bridge decks, these data include the transverse,
diagonal, longitudinal, and total crack densities for each deck.

For all of the bridge decks, the average transverse, diagonal, longitudinal, and total crack
densities were 0.248, 0.027, 0.137, and 0.412 m/m’ (0.073, 0.008, 0.042, and 0.123 ft/ftz),
respectively. The westbound lane of the San Angelo, Texas bridge deck exhibited the highest
total crack density of 2.431 m/m?* (0.741 ft/ft*), while the New Hampshire Route 104 bridge deck
exhibited the lowest crack density of 0.010 m/m” (0.003 ft/ft?). It should be noted that the
Colorado bridge deck had an asphalt overlay and no cracking was observed. Analysis was
performed comparing the various structural systems, concrete constituent and material properties
and the related crack densities to determine if there was a correlation.
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Figure 20. Chart. Crack Densities for All Bridge Decks.

STRUCTURAL SYSTEMS
The structural systems used in the 19 HPC bridges consisted of the following three types:

e Precast, prestressed concrete beams with a full depth cast-in-place concrete deck
(14 bridges)

e Precast, prestressed concrete beams supporting precast, prestressed concrete deck panels
with a partial depth composite cast-in-place concrete deck (3 bridges)

e Adjacent precast, prestressed concrete box beams with or without a cast-in-place concrete
deck (2 bridges)

In general, each structural system exhibited a different pattern of cracks. The following
discussion relates to the influence of the structural system on the pattern and density of cracks.

Bridges with Full Depth Cast-in-Place Concrete Decks

The 14 bridges that used precast, prestressed concrete beams with a full depth cast-in-place
concrete deck exhibited a wide range of total crack densities. The bridges in Georgia, Louisiana,
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New Hampshire (Route 104), and Tennessee (Hickman) had relatively low total crack densities.
In contrast, the bridges in Alabama, Nebraska, New Mexico, North Carolina, South Dakota,
Tennessee (Porter), Virginia, and Washington had at least twice as much cracking. On average,
the latter group of bridges had about eight times as much cracking as the former group.

For most bridges, the highest crack density occurred for cracks running in the transverse
direction. The exceptions were the two bridges in Virginia as discussed later. The cracking
densities in each span of each bridge were compared with span lengths, beam spacings, deck
thickness, girder types, clear deck spans, and beam span-to-depth ratios in an attempt to identify
any overall correlations. None were identified. However, some comparisons between crack
densities on spans of individual bridges may be relevant.

The Georgia bridge is a four-span structure and exhibits an unusual pattern of deck cracking in
that eastbound span 3 and westbound span 2 show very little cracking compared to westbound
span 3 and eastbound span 2. Some diagonal cracking perpendicular to the skewed diaphragms at
the end of the spans is present.

The Louisiana bridge is a five-span continuous structure that exhibits very little deck cracking.
Most of the cracks that occur are located in the negative moment regions over the intermediate
piers.

Each of the two bridges in North Carolina consists of two pairs of continuous spans. Most of the
cracking is in the transverse direction and occurs in the half of each span adjacent to the
continuity connection over the pier.

The two South Dakota bridges have a similar amount of cracking. The majority of the cracking is
in the transverse direction with some diagonal cracking at the skewed abutments.

The two Virginia bridges are the only two bridges with a full cast-in-place deck on precast,
prestressed concrete beams that have more longitudinal cracking than transverse cracking. The
reason for this is unclear as the structural system for these bridges is very similar to that of the
other 12 bridges with full depth cast-in-place concrete decks.

In summary, when the structural system of the bridge includes skewed supports, diagonal cracks
are likely to occur near the supports. When the structural system of the bridge includes continuity
over the supports, negative moment transverse cracks are likely to occur. Other transverse cracks
and any longitudinal cracks appear to be unrelated to the structural system.

Bridges with Precast Deck Panels and Cast-in-Place Decks

Three bridges used precast, prestressed concrete panels supporting a composite cast-in-place
concrete deck. For this type of bridge, the panels span between the flanges of the supporting
beams and act as formwork for the cast-in-place concrete deck. The three bridges that included
panels are the Route 3A Bridge in New Hampshire and the Louetta Road and San Angelo
bridges in Texas.
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The New Hampshire Route 3A Bridge uses four longitudinal NE 1000 girders supporting 90-mm
(3.5-in) -thick precast panels and a 140-mm (5.5-in) -thick cast-in-place composite concrete
deck. Girder spacing is 3.51 m (11.5 ft). The cracking in the main span of the bridge consisted of
five cracks with a total length of 5.6 m (18.5 ft). This is a low amount of cracking and indicates
that the use of precast concrete deck panels is not always a contributing factor in bridge deck
cracking.

The Texas Louetta Road Bridge consists of separate northbound and southbound structures. Both
structures use precast, prestressed concrete U-beams supporting 3.5-in (90-mm) -thick precast
concrete deck panels and a 95-mm (3.75-in) -thick composite cast-in-place concrete deck. Beam
spacing varies from 3.51 to 5.06-m (11.5 to 16.6 ft). The panels span between the two top flanges
of individual beams as well as between the flanges of adjacent beams. The specified concrete
strengths for the cast-in-place decks on the northbound and southbound structures were 28 MPa
(4000 psi) at 28 days and 55 MPa (8000 psi) at 28 days, respectively. Measured compressive
strengths were about 39 MPa (5700 psi) at 28 days for the northbound structure and about
63 MPa (9100 psi) at 28 days for the southbound structure.

Overall, both structures exhibited a similar and relatively high total cracking density with the
northbound having less transverse cracking and more longitudinal cracking than the southbound
bridge. Most of the longitudinal and transverse cracking appears to occur above the edges of the
precast deck panels and occurs throughout the length of each span. Factors that contribute to this
cracking could be shortening of the precast panels as a result of creep and difference in the
coefficient of thermal expansion between the cast-in-place concrete and the precast panel
concrete. It appears that the different concrete strengths used in the two bridges did not play a
significant role in the amount of cracking in the decks.

The Texas San Angelo Bridge consists of separate eastbound and westbound structures. Both
structures consist of precast, prestressed concrete I-beams supporting 100-mm (4.0-in) -thick
precast concrete deck panels and a 90-mm (3.5-in) -thick composite cast-in-place concrete deck.
AASHTO Type IV beams are used for most spans with Texas Type B beams for two short spans.
Beam spacing varies from 1.65 to 3.35 m (5.4 to 11.0 ft). For the eastbound structure, high
performance concrete was used for the beams, panels, and cast-in-place concrete deck except for
the cast-in-place deck of spans 6 through 8. For the westbound structure, high performance
concrete was used only for the cast-in-place deck of spans 1 through 5.

Overall, both structures exhibited the largest total crack density of the 19 bridges included in the
investigation. However, the total crack density in the eastbound structure was about 60% of that
in the westbound structure. In both structures, about 65% of the cracking occurred in the
transverse direction. As for the Louetta Road Bridge, the presence of the precast concrete panels
influenced the location of the cracks.

Of the 17 spans included in both structures, eastbound spans 1 through 4 exhibited the least total
crack density. All four spans are rectangular in plan. Spans 1 through 3 have a constant beam
length and spacing. Span 4 has a slightly variable beam length to accommodate a change in the
roadway width and skew angle of the bents. Spans 2 through 4 are the longest three spans in the
bridge. By contrast, eastbound spans 5 through 7 are shorter, have a larger change in beam
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spacing and length, and a large skew at the end of span 7. Most of the cracking, which is
transverse cracking, occurs above the beams with the longer span lengths. In addition, span 7,
although relatively short has a large skew at one end and exhibited the second highest total crack
density in all of the bridge spans inspected. Westbound span 9, which has a square abutment on
one end and skew bent at the other, had the highest total crack density. These observations
indicate that bridge geometry influences the amount of concrete cracking particularly when the
geometry results in torsional stresses.

Bridges with Adjacent Box Beams

Two bridges used adjacent precast, prestressed concrete box beams. The Ohio bridge consisted
of twelve 1.07-m (42-in) -deep box beams with a 75-mm (3-in) -thick asphalt riding surface.
With the exception of three short diagonal cracks, the entire crack pattern consisted of
longitudinal cracks. This crack pattern is typical of that observed in adjacent box beam bridges
@9 "The cracks occur above the edges of the adjacent boxes and are usually caused by a
combination of temperature gradients and live load. They are more prevalent in bridges without a
strong transverse connection between the box beams.

The Colorado bridge consisted of twenty-four 750-mm (29.5-in) -deep box beams with a
175-mm (6.9-in) -thick cast-in-place concrete deck with a 75- to 100-mm (3- to 4-in) -thick
asphalt overlay. No visible leakage on the underside of the box beams was observed during the
inspection. The lack of visible cracking above the edges of the box beams may be the result of
using a 175-mm (6.9-in) -thick cast-in-place concrete deck that acts as a transverse tie. Most
states use a cast-in-place deck thickness of 115 to 150 mm (4.5 to 6 in).

CONCRETE CONSTITUENT MATERIALS AND PROPERTIES

The following analyses were limited to the 14 full-depth, cast-in-place concrete decks and their
associated approved mixture designs.

Mixture Proportions

Table’s 4A and 4B presents the approved mixture proportions for all the cast-in-place concrete
decks included in the investigation.
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Water-to-Cementitious Materials Ratio

Analysis was performed comparing the w/cm ratio to crack densities for the bridge decks. Figure
21 presents the w/cm ratios for the individual bridge decks and the corresponding crack
densities.
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Figure 21. Chart. Crack Density vs. w/cm ratio for all Bridge Decks.

The average crack density for all of the bridge decks combined was 0.244 m/m* (0.074 ft/ft?).
There does not appear to be a correlation between the w/cm ratio and crack densities for the
entire set of bridge decks. Generally, a reasonable w/cm ratio for bridge decks is in the range of
0.37 to 0.45. The w/cm ratios for this study ranged from 0.31 to 0.45. The bridge decks were
then divided into groups based on the w/cm ratio to determine if there was a correlation between
w/cm ratio ranges and crack densities. Also, to observe if there was a certain range of w/cm
ratios that performed better related to cracking. The bridge decks were divided into the following
groups:

Group 1: w/cm ratio between 0.30 and 0.35,
Group 2: w/cm ratio between 0.35 and 0.40,
Group 3: w/cm ratio between 0.40 and 0.45.

The bridge deck with a w/cm ratio of 0.40 was included in Group 3.
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Figure 22 presents the w/cm ratio versus crack densities for Group 1.
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Figure 22. Chart. Crack Densities for w/cm ratio 0.30 to 0.35.

The range of crack densities for Group 1 was 0.064 to 0.365 m/m? (0.020 to 0.111 ft/ft), while
the average for the group was 0.220 m/m? (0.067 ft/ft?). The average crack density for Group 1
was lower than the overall average for all of the bridge decks.

Figure 23 presents the w/cm ratio versus crack densities for Group 2.
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Figure 23. Chart. Crack Densities for w/cm ratio 0.35 to 0.40.

The range of crack densities for Group 2 was 0.032 to 0.544 m/m” (0.010 to 0.166 ft/ft%), while
the average for the group was 0.228 m/m” (0.069 ft/ft*). The average crack density for Group 2
was lower than the overall average for all of the bridge decks.

Figure 24 presents the w/cm ratio versus crack densities for Group 3.
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Figure 24. Chart. Crack Densities for w/cm ratio 0.40 to 0.45.

The range of crack densities for Group 3 was 0.320 to 0.385 m/m? (0.098 to 0.117 ft/ft*), while
the average for the group was 0.352 m/m” (0.107 ft/ft®). The average crack density for Group 3
was significantly higher than the overall average for all of the bridge decks.

In summary, there does not appear to be a strong correlation between the w/cm ratio and the
crack densities observed on all of the bridge decks. However, when the bridge decks are divided
into groups based on w/cm ratio ranges, there are certain ranges that perform better than others
as related to crack densities. Groups 1 and 2 exhibited lower average crack densities than Group
3. Although the Group 1 bridge decks had an average crack density similar to the overall average
for all of the bridge decks, the w/cm ratio was relatively low for most of them and in some cases
the cementitious materials contents were considered in the high range. The Group 3 bridge decks
had the higher w/cm ratio range and exhibited the greatest average crack densities.

Cementitious Material Content
Analysis was performed comparing the cementitious material contents to crack densities for all

of the bridge decks. Figure 25 presents the cementitious material contents for the individual
bridge decks and the corresponding crack densities.
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Figure 25. Chart. Crack Density vs. Cementitious Material Content for all Bridge Decks.

The average cementitious material content for all of the bridge decks was 428 kg/m’
(722 Ib/yd*). As with the w/cm ratio analysis, there does not appear to be a strong correlation
between the cementitious material content and crack densities for the entire set of bridge decks.
The bridge decks were again divided into groups according to the cementitious material content
of the individual decks. The range of cementitious material contents was between 363 and
510 kg/m’® (611 Ib/yd® 859 Ib/yd?). The decks were divided into the following groups:

Group 1: cementitious material contents between 356 and 415 kg/m® (600 and 700 Ib/yd’),
Group 2: cementitious material contents between 415 and 475 kg/m’ (700 and 800 Ib/yd*),
Group 3: cementitious material contents greater than 475 kg/m® (800 Ib/yd?).

The bridge deck with a cementitious materials content of 415 kg/m’ (700 1b/yd®) was included in
Group 2.

Figure 26 presents the cementitious material content versus crack densities for Group 1.
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Figure 26. Chart. Crack Densities for Cementitious Material Contents between 356 and
415 kg/m?® (600 and 700 Ib/yd?).

The range of crack densities for the bridge decks in Group 1 was between 0.032 and 0.432 m/m’
(0.010 and 0.132 ft/ft), while the average crack density for Group 1 was 0.173 m/m’
(0.053 ft/ft?). The overall average crack density for the bridge decks in Group 1 was lower than
the average crack densities for all of the bridge decks combined.

Figure 27 presents the cementitious material content versus crack densities for Group 2.
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Figure 27. Chart. Crack Densities for Cementitious Material Contents between 415 and
475 kg/m?® (700 and 800 Ib/yd?).

The range of crack densities for the bridge decks in Group 2 was between 0.282 and 0.544 m/m*
(0.086 and 0.166 ft/ft), while the average crack density for Group 2 was 0.394 m/m’
(0.120 ft/ft?). The overall average crack density for the bridge decks in Group 2 was higher than
the average crack densities for all of the bridge decks combined.

Figure 28 presents the cementitious material content versus crack densities for Group 3.
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Figure 28. Chart. Crack Densities for Cementitious Material Contents Greater than
475 kg/m?® (800 Ib/yd®).

The range of crack densities for the bridge decks in Group 3 was between 0.153 and 0.296 m/m*
(0.047* and 0.090 ft/ft*), while the average crack density for Group 3 was 0.209 m/m’
(0.064 ft/ft?). The overall average crack density for the bridge decks in Group 3 was lower than
the average crack densities for all of the bridge decks combined. The cementitious material
contents in this group were extremely high. The range was between 488 and 510 kg/m’ (823 and
859 Ib/yd®). Although they exhibited low average crack densities, the excessive cementitious
material content could be cost prohibitive in some cases.

From these data, there again does not appear to be a strong correlation between cementitious
material content and average crack density. However, when the bridge decks are divided into
groups based on cementitious material content, there are some groups that perform better than
others. Typical concrete bridge deck mixtures have a cementitious material content of between
356 and 415 kg/m’ (600 and 700 Ib/yd’). The Group 1 bridge decks, which had cementitious
material contents between 356 and 415 kg/m3 (600 and 700 Ib/yd’) performed better than the
other two groups with higher cementitious material contents as it related to crack densities.

Summary of Water-to-Cementitious Materials Ratio and Cementitious Materials Content

The analyses performed relating w/cm ratio and cementitious material content to average crack
densities revealed that by dividing the bridge decks into groups, some of the groups performed
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better than others related to average crack densities. From these data, it appeared that the average
crack densities were low for the bridge decks with a w/cm ratio between 0.35 and 0.40 and
cementitious material contents between 356 and 415 kg/m® (600 and 700 Ib/yd®). An analysis
was then performed using only those bridge decks that were within the ranges of both of these
parameters.

Six bridge decks had w/cm ratio and cementitious material contents that were within the above

ranges. Table 5 presents the data for the six bridge decks.

Table 5. Bridge Decks with w/cm ratio 0.35 to 0.40 and Cementitious Material Content
between 356 and 415 kg/m? (600° and 700 Ib/yd®).

Cementitious :

Bridge W/f[;.m Material Content, Average/Cgafc;/l;tE)ensny,

ratio |y im® (Iblyd®) m/m*(f/ft’)
New Hampshire (3A) 0.38 392 (660) 0.032 (0.010)
Louisiana 0.39 363 (611) 0.038 (0.012)
Tennessee (Hickman) 0.36 414 (697) 0.041 (0.012)
Tennessee (Porter) 0.36 414 (697) 0.280 (0.085)
Virginia (Brookneal) 0.40 390 (658) 0.320 (0.098)
South Dakota (NB) 0.39 406 (685) 0.432 (0.132)
Average 0.38 396 (668) 0.191 (0.058)

From the data presented in Table 5, the average crack density of the six bridge decks was
0.191 m/m? (0.058 ft/ft?). This value is significantly lower than the average crack density of
0.412 m/m? (0.123 ft/ft%) for all of the bridge decks in the study and less than the average crack
density of 0.244 m/m? (0.074 ft/ft®) for all bridges with a full-depth, cast-in-place concrete deck.
Also, the average cementitious material content for the six bridge decks was 396 kg/m’
(668 1b/yd”), which is in the typical range of bridge deck concrete mixtures.

The average w/cm ratio and cementitious material content for the above example are reasonable,
and are readily producible. These data show that if these types of concrete mixtures are
fabricated, placed, and cured properly, they can aid in reducing the incidence of cracking in
bridge decks.

Pozzolans and Slag Cement

Analysis was performed looking at the use of pozzolans and slag cement and the associated
crack densities. There were seven bridges that used portland cement and fly ash, the fly ash
replacement ranged between 9 and 23 percent. The average fly ash replacement was 17 percent.
The average crack density for the bridge decks using fly ash was 0.315 m/m? (0.096 ft/ft?), the
range of crack densities for these bridge decks was between 0.153 and 0.544 m/m* (0.047 and
0.166 ft/ft?).
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Two bridge decks used portland cement and silica fume, the silica fume replacements were 2 and
8 percent for an average replacement of 5 percent. The average crack density was 0.048 m/m’
(0.015 fy/ft%).

Two bridge deck used slag cement; the replacement was 50 percent for both bridges. The
average crack density was 0.179 m/m” (0.055 ft/ft*). Three bridge decks used ternary mixtures
using portland cement, fly ash, and silica fume. The average replacements were 20 percent fly
ash and 7 percent silica fume. The average crack densities for these bridge decks were
0.251 m/m’ (0.076 ft/ft*).

Figure 29 presents the crack density data for the mixtures containing pozzolans and slag cement.
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Figure 29. Chart. Crack Density for Supplementary Cementitious Materials.
In summary, the bridge decks using silica fume had a lower crack density than the bridge decks
using fly ash, slag cement, and ternary mixtures. The bridge decks using fly ash exhibited the
highest crack densities as a group.

Measured Concrete Properties

Tables 6A and 6B present the measured plastic and hardened concrete properties for the cast-in-
place decks from the actual production concrete.
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For the cast-in-place decks, the specified design compressive strengths ranged from 28 to
55 MPa (4,000 to 8,000 psi) at 28 days. The actual compressive strengths all exceeded the
specified design compressive strengths.

The average 28-day compressive strength for the cast-in-place decks was 47.5 MPa (6,890 psi).
The range for all of the decks was 37.2 to 66.2 MPa (5,400 to 9,610 psi) at 28 days. An analysis
comparing ranges of compressive strengths and crack densities was performed in which the
range of compressive strengths was divided into four groups: 34—41 MPa (5,000 — 6,000 psi),
41 — 48 MPa (6,000 — 7,000 psi), 48 — 55 MPa (7,000 — 8,000 psi), and 55+ MPa (8,000+ psi).
The average crack densities for each group were 0.235, 0.224, 0.325, and 0.203 m/m’
(0.072, 0.068, 0.099, and 0.062 ft/ftz), respectively. The average crack densities are similar
regardless of compressive strength. In general, there does not appear to be a correlation between
the 28-day compressive strengths and the crack densities for the bridge decks.

Durability Properties
Table 7 presents the measured durability properties for the cast-in-place concrete decks.

Figure 30 presents a comparison of the total crack densities and the rapid chloride permeability
values for the cast-in-place concrete decks.
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