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ABSTRACT 

 

The development, construction, and evaluation of low-cracking high-

performance concrete (LC-HPC) bridge decks is described based on laboratory tests 

of mixtures containing shrinkage-reducing admixtures and mineral admixtures in 

conjunction with internal curing and experiences gained during the construction of 

decks bid in accordance with LC-HPC specifications and control decks constructed in 

accordance with standard specifications in Kansas. 

The laboratory portion of the study involves the 53 concrete mixtures 

evaluated based on free shrinkage, freeze-thaw durability, scaling resistance, 

compressive strength, and air-void system stability. The study includes mixtures 

containing different dosages of two shrinkage-reducing admixtures (SRAs) in 

combination with surfactant-based and polymer-based air-entraining admixtures 

(AEAs) and air contents ranging from 3.5 to 9 percent.  Mixtures containing different 

combinations of pre-wetted lightweight aggregate (LWA), Grade 100 slag cement, 

and silica fume are also evaluated.  The majority of shrinkage occurs at early ages.  

Higher dosages of SRA reduce both early-age and long-term shrinkage, with these 

reductions in shrinkage concentrated within the first 90 days.  Higher SRA dosages 

contribute to larger air-void spacing factors and greater losses in air content from 

plastic to hardened concrete, leading to decreased freeze-thaw durability and scaling 

resistance.  The detrimental effects on freeze-thaw durability and scaling resistance 

caused by SRAs can be mitigated by the use of air contents of 7 percent or more.  

When used with an SRA, mixtures containing the polymer-based AEA exhibit 

significantly lower freeze-thaw durability and scaling resistance than mixtures 

containing the surfactant-based AEA.  This lower durability is likely due to the larger 

air-void spacing factors that are observed in the mixtures containing the polymer-

based AEA.  The replacement of a portion of total aggregate with an equal volume of 
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pre-wetted LWA reduces both early-age and long-term shrinkage.  Shrinkage is 

reduced additionally as slag cement is used as a partial replacement (30 percent by 

volume) for portland cement in conjunction with LWA, and again as silica fume is 

used a partial replacement (nominally 3 percent by volume) for portland cement in 

conjunction with LWA and slag cement.  The additions of slag and silica fume 

contribute to reduced shrinkage primarily within the first 30 days of drying.  The use 

of LWA, slag, or silica fume do not significantly affect freeze-thaw durability, scaling 

resistance, or strength; slag and silica fume, however, were observed to decrease 

scaling resistance to a degree. 

The second portion of the study involves the construction and evaluation of 16 

LC-HPC and 11 control bridge decks, the latter constructed in accordance with 

standard specifications for state bridge construction, in Kansas, as well as another 

deck bid under but not constructed in accordance with the LC-HPC specifications.  

Experiences and lessons learned during construction are described, as is the cracking 

performance of each deck.  The results indicate that the degree of compliance with 

LC-HPC specifications corresponds to the degree of reduction in cracking.  The LC-

HPC decks exhibit lower early-age cracking and a slower increase in cracking over 

time than do the other decks, with LC-HPC decks exhibiting approximately one-third 

of the cracking of the control decks at similar ages.  Factors observed to increase 

cracking include the use of overlays, increased paste content, slump, compressive 

strength, and air temperature range on the day of construction, increases in concrete 

temperature relative to air temperature on the day of construction, and decreased air 

content.  Techniques used by individual contractors also influence cracking. 

Keywords: air-void system, bridge deck construction, compressive strength, 

cracking, free shrinkage, freeze-thaw durability, high-performance concrete, internal 

curing, lightweight aggregate, scaling resistance, shrinkage-reducing admixture,  

silica fume, slag cement 
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CHAPTER 1: INTRODUCTION  

1.1 GENERAL  

Concrete bridge deck deterioration caused by corrosion of reinforcing steel is 

a serious problem that can considerably reduce structure service life and introduce 

numerous maintenance problems.  Cracking of bridge decks accelerates this 

deterioration by allowing water and corrosive deicing chemicals to more easily 

penetrate the deck and reach the reinforcement.  Cracks can extend entirely through 

the deck and also accelerate corrosion of structural members below.  As chlorides in 

the deicing chemicals reach and corrode the reinforcing steel, the expansive corrosion 

products cause delamination and spalling within the deck.  Chlorides can also degrade 

the epoxy coating that is used on most reinforcing steel to improve corrosion 

performance (Darwin et al. 2011).  These problems have worsened within the past 50 

years due to the increased use of deicing salts on bridge decks starting in the 1960s 

and 1970s from the ñbare pavementsò policy introduced by many state transportation 

departments (Transportation Research Board 1979).  According to the Transportation 

Research Board ï National Research Council, the usage of deicing salt in the United 

States ranges from 8 to 12 million tons per year for the purpose of pavement ice 

removal (Transportation Research Board 1991). 

Transportation agencies are aware of the financial and safety issues brought 

on by deck durability concerns.  Deck deterioration in the form of concrete distress 

and reinforcement corrosion is one of the leading causes of structural deficiency listed 

in the National Bridge Inventory (Russell 2004).  In 1978, it was reported that nearly 

one-third of all highway bridge decks in the United States were seriously deteriorated 

due to corrosion of reinforcing steel, and the cost of restoring these decks was 

estimated at $6.3 billion (Transportation Research Board 1979).  In 2005, the average 

annual direct cost of corrosion for bridges in the United States was estimated at $8.3 



 

 

2 

 

 

billion (Yunovich et al. 2005), with associated costs from traffic delays and lost 

productivity approximated at 10 times the direct costs (Thompson et al. 2005).   

Transportation agencies consider bridge deck cracking a primary cause of 

these durability problems.  The National Cooperative Highway Research Program 

(NCHRP) sent surveys to all United States transportation departments and several 

foreign transportation agencies to better understand the scope of bridge deck 

cracking.  Of the 52 respondents, 62 percent considered transverse cracking at early 

ages to be a problem.  The remaining respondents acknowledged the existence of 

transverse cracking, but did not label it as a durability problem (Krauss and Rogalla 

1996).   

The principal mechanisms of bridge deck cracking involve shrinkage and 

thermal stresses developed in the concrete.  Many studies have determined concrete 

material properties to be a main cause of these induced stresses, with construction 

procedures, environmental conditions, and design details also contributing.  Deck 

deterioration also exists in the form of scaling, spalling, and pop outs due to repeated 

cycles of freezing and thawing on the deck surface.  Tensile stresses and cracks 

develop as water and deicing chemicals penetrate the concrete and as water expands 

when frozen.   

Since the 1960s, transportation agencies have put much effort into minimizing 

bridge deck cracking through improvements to material, design, and construction 

specifications.  Concrete mixtures deemed as ñhigh-performanceò have been 

developed in an effort to improve cracking tendency and corrosion, although in most 

cases ñhigh-performanceò leads to high strength, which actually results in increased 

cracking.  A number of additional materials are currently being used to improve both 

plastic and hardened concrete properties, including lightweight aggregates and other 

materials to provide internal curing, mineral admixtures, and shrinkage-reducing 

admixtures (SRA), for improved cracking performance.  Many field and laboratory 
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studies have been completed to determine the mechanisms of concrete cracking.  The 

general conclusion is that cracking will inevitably occur in bridge decks, but certain 

measures can be taken to diminish its incidence. 

Low-cracking high-performance concrete (LC-HPC) specifications have been 

developed through this study to improve cracking performance and overall durability 

of bridge decks.  Sixteen bridge decks constructed throughout Kansas in accordance 

with the LC-HPC specifications have exhibited improved cracking performance 

compared to control decks constructed in accordance with the standard Kansas 

Department of Transportation (KDOT) specifications.  The improved performance 

results from modifications to mixture proportions and construction procedures.  The 

LC-HPC specifications, however, have yet to include new technologies, such as 

internal curing and the use of mineral and shrinkage-reducing admixtures. 

This report examines the cracking performance of the bridge decks 

constructed in accordance with the LC-HPC specifications.  Relationships are 

established between cracking performance and material properties, environmental 

conditions during placement, and construction procedures for LC-HPC decks and 

associated control decks.  In addition, the free shrinkage performance, freeze-thaw 

durability, and scaling resistance of mixtures that employ new technologies, such as 

internal curing with lightweight aggregate and the use of mineral and shrinkage-

reducing admixtures, are examined through laboratory tests to verify their potential 

effectiveness for use in future LC-HPC bridge decks. 

This chapter focuses on findings from previous studies, summarizes causes 

and actions that can be taken to minimize shrinkage and cracking and improve overall 

durability, and presents the objective and scope of the study. 

1.2 MECHANISMS OF CRACKING  

Concrete bridge decks develop cracks when tensile stresses in the deck exceed 

the concrete tensile strength.  These tensile stresses can be caused by a multitude of 



 

 

4 

 

 

factors, including settlement of plastic concrete, concrete shrinkage, temperature 

changes, and external loading.  The majority of cracking is attributed to shrinkage and 

thermal strains, but strains alone will not cause cracking in decks.  Unrestrained 

concrete expands when heated, contracts when cooled, and shrinks when dried with 

no development of stresses.  In bridges, however, restraint is provided by the 

composite action between the girders and deck and stresses develop in the deck 

concrete due to shrinkage and thermal strains.  The largest stresses develop when the 

difference in strain is greatest between the deck and girders.  Restraint is typically 

higher for steel girders than for precast, prestressed concrete girders because steel 

does not shrink and concrete and steel have different coefficients of thermal 

expansion (Krauss and Rogalla 1996).  This section summarizes the factors that cause 

concrete tensile stresses and cracking. 

1.2.1 Concrete Shrinkage 

Shrinkage is a general term in that a number of different internal and external 

mechanisms can lead to the shrinkage of concrete.  Shrinkage can be categorized into 

two groups: shrinkage that occurs while the concrete is still plastic and shrinkage that 

occurs after the concrete has hardened.  Each type of shrinkage can lead to significant 

cracking and must be controlled in a unique way. 

1.2.1.1 Plastic Shrinkage 

 Plastic shrinkage cracking occurs in fresh concrete as the rate of surface water 

evaporation exceeds the rate at which bleed water reaches the surface.  As water is 

lost from cement paste, negative capillary pressures develop and cause the volume of 

the paste to shrink.  Tensile stresses and cracking develop due to differential 

shrinkage between the surface and concrete at greater depth.  Structures with large 

surface area to volume ratios, such as bridge decks, are more susceptible to plastic 

shrinkage cracking due to the greater exposure of bleed water to the environment 
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(Mora-Ruacho 2009).  Plastic cracks are short, can occur in any direction, and are 

typically wide at the surface but narrow considerably with depth, rarely exceeding a 

depth of 2 to 3 in. (Krauss and Rogalla 1996).  Plastic shrinkage cracking in bridge 

decks can be controlled if  certain precautions are taken to minimize the evaporation 

of bleed water. 

 The risk of plastic shrinkage cracking increases with decreases in bleeding 

rate or increases in evaporation rate.  The addition of silica fume or finely-ground 

cement, both of which increase the surface area of the particles in cement paste, 

decrease the bleeding rate and increase the potential for plastic shrinkage cracking.  

An increase in the hydration rate of cement can cause plastic shrinkage cracking by 

requiring more water during the hydration process in the plastic condition, leaving 

less available bleed water.  Entrained air and a reduction in water content can also 

decrease bleed water and promote plastic shrinkage cracking.  The use of high-range 

water reducers typically leads to decreases in water content and bleeding capacity.  In 

addition, these high-range water reducers are often used in conjunction with silica 

fume to compensate for the fineness of the material, which further increases the 

potential for plastic shrinkage cracking by both reducing the bleeding capacity and 

the rate at which bleed water can reach the surface (Krauss and Rogalla 1996). 

The rate of evaporation in concrete is increased with high air temperature, low 

relative humidity, high concrete temperature, and high wind velocity and is often 

determined using the nomograph shown in Figure 1.1.  Evaporation rates above 0.2 

lb/ft
2
/hr (1.0 kg/m

2
/h) generally require protective actions during placement and 

curing.  Concretes containing pozzolans may require protective actions even at 

evaporation rates as low as 0.1 lb/ft
2
/hr (0.5 kg/m

2
/h) (Mindess et al. 2003). 

 Plastic shrinkage can be controlled by reducing the concrete temperature and 

wind velocity, and maintaining a wet concrete surface during the plastic condition.  

Concrete temperatures are best controlled by controlling the temperature of each  
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FIGURE 710-1:  STANDARD PRACTICE FOR CURING CONCRETE  
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rate of evaporation. 

Effect of concrete and air temperatures, relative humidity, and wind velocity on the rate of evaporation of 

surface moisture from concrete.  This chart provides a graphic method of estimating the loss of surface 

moisture for various weather conditions.  To use the chart, follow the four steps outlined above.  When the 

evaporation rate exceeds 0.2 lb/ft
2
/hr (1.0 kg/ m

2
/hr), measures shall be taken to prevent excessive moisture 

loss from the surface of unhardened concrete; when the rate is less than 0.2 lb/ft
2
/hr (1.0 kg/m

2
/hr)  such 

measures may be needed.  When excessive moisture loss is not prevented, plastic cracking is likely to occur. 
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Figure 1.1  Evaporation rate nomograph (ACI Committee 308) 
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constituent.  Due to a high specific heat, water is useful in controlling concrete 

temperatures.  Replacing a portion of the mixture water with ice is effective in 

lowering concrete temperature since heat is absorbed during the melting process.  

Wind velocity can be decreased by using windbreaks.  Placement of a wet, plastic 

cover or wet burlap immediately after finishing of the surface and the use of soaker 

hoses or fog spray for the entire curing period are beneficial in reducing the 

evaporation rate.  Wetting the forms and reinforcing steel before placement 

minimizes moisture loss from absorption and evaporation (Mindess et al. 2003).  

Water-reducing admixtures containing hydroxylated carboxylic acid are known to 

increase the concrete bleeding capacity (Krauss and Rogalla 1996).  Plastic shrinkage 

cracking has also been combated with the use of fiber reinforcement in concrete by 

supplying some tensile capacity and increasing the cohesiveness of the plastic 

concrete and minimizing the crack widths (Padron and Zollo 1990). 

 The evaporation of bleed water occurs in both warm and cool weather 

environments.  Plastic shrinkage cracking due to evaporation in cold weather 

conditions can be more detrimental since the cooler temperatures will cause the 

concrete to be in a plastic condition for a longer period.  The placement of warm 

concrete in a cold environment can increase the potential for plastic shrinkage 

cracking as the warm concrete heats the air directly above the surface, lowering the 

relative humidity (Krauss and Rogalla 1996). 

1.2.1.2 Drying Shrinkage 

 Drying shrinkage is caused by a volume change produced by the loss of water 

in hardened concrete and is the most substantial shrinkage mechanism in bridge 

decks.  Drying shrinkage typically occurs over a much longer time period than other 

types of shrinkage, but the great majority of the shrinkage occurs at an early age.  

Holt (2001) stated that approximately 80 percent of total drying shrinkage occurs 

within the first three months.  Much of the shrinkage that occurs with early age drying 
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is irreversible, meaning that any volume increase with rewetting is smaller than the 

initial shrinkage.  Pickett (1956) and Helmuth and Turk (1967) determined that 

irreversible shrinkage can be as large as 60 percent of the volume change on first 

drying.  Structures and structural members with a large surface-to-volume ratio will 

experience increased early age drying shrinkage, which is a major concern for bridge 

decks due to the large surface exposed to a drying environment.  Concrete creep, 

explained at greater length in Section 1.4.1, can lessen the effect of drying shrinkage 

by minimizing tensile stresses developed in the deck surface.  Drying shrinkage 

cracking typically occurs directly above reinforcing steel due to a weakened plane 

created by the combination of restraint from the reinforcement and settlement of 

plastic concrete (see Section 1.2.3), making the steel particularly susceptible to 

corrosion.   

Drying shrinkage in bridge decks can also induce tensile stresses internally 

without an external restraint due to a nonlinear drying gradient that forms between the 

exterior and interior of the deck.  Drying and shrinkage increase at the concrete 

surface from exposure to the environment, while the interior concrete maintains a 

more constant moisture content and volume.  The shrinkage of the surface concrete is 

restrained by the inner concrete, causing tensile stresses and possibly cracking.  The 

tensile stresses develop parallel to the surface, causing cracks to initiate perpendicular 

to the surface (Bisschop and Van Mier 2000).  The use of stay-in-place forms 

prevents drying from occurring on the bottom deck surface, doubling the drying 

gradient through the deck depth and increasing stresses and cracking. 

Concrete material properties have been established as the major factor 

contributing to drying shrinkage.  Cement paste has the highest shrinkage potential of 

all concrete constituents, and therefore, is known as the main source of drying 

shrinkage.  Aggregates provide stiffness to the concrete and maintain dimensional 

stability with loss of moisture.  An increase in the aggregate volume fraction of 
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concrete reduces drying shrinkage.  Increased cement fineness increases drying 

shrinkage by decreasing the pore size of the paste capillaries and increasing capillary 

stresses.  Reynolds et al. (2009) determined that additions of pre-wetted lightweight 

aggregate in conjunction with ground granulated blast furnace slag (GGBFS) reduced 

drying shrinkage.  Yuan et al. (2011) found that additions of fly ash lead to increased 

drying shrinkage up to one year for shorter curing periods.  Both Reynolds et al. 

(2009) and Yuan et al. (2011) determined that increased curing periods led to reduced 

drying shrinkage.    

The primary cause of drying shrinkage is evaporation of free water from the 

cement paste capillaries, although adsorbed water is also lost from hardened calcium 

silicate (C-S-H) gel and solid surfaces.  As water is lost from the cement paste, 

internal pressures develop from three phenomena: capillary stresses, disjoining 

pressures, and surface free energy. 

Capillary Stress 

 Capillary stresses develop due to the evaporation of pore water near the 

concrete surface.  The relative humidity (RH) at which pore water evaporates is 

dependent on the pore radius and surface free energy (surface tension) of the water.  

When capillary pores lose moisture, the surface tension of the pore water forms a 

meniscus at the interface between the air and water.  The surface tension begins to 

pull the pore water inward, shrinking the adjacent paste.  The amount of hydrostatic 

pressure that develops within the capillaries is a function of the pore radius and 

surface free energy, and can be expressed as: 

 

 ὖ
ς‎

ὶ
 (1.1) 

where Pcap is the hydrostatic tension, ɔ is the surface free energy of the water, and r is 

the capillary pore radius.  Large capillaries empty at RH values down to 95 percent 

and develop low stresses, and shrinkage, due to the large pore radius.  Water in 
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smaller capillaries evaporates as the RH continues to drop, increasing both the 

hydrostatic stresses and shrinkage.  Capillary stresses cannot develop below 45 

percent RH because the menisci are no longer stable (Mindess et al. 2003).  This 

shrinkage mechanism only occurs in pores between 2.5 to 50 nm (8 × 10
-8
 to 2 × 10

-6
 

in.) in diameter.  In pores larger than 50 nm (2 × 10
-6

 in.), the hydrostatic tension is 

too low to cause significant shrinkage.  A meniscus will not form to pull water inward 

in pores smaller than 2.5 nm (8 × 10
-8

 in.) (Larrard 1997). 

Disjoining Pressure 

 The relief of disjoining pressure between C-S-H gel particles is another 

mechanism that contributes to drying shrinkage.  Disjoining pressure is caused by the 

buildup of adsorbed water on the surface of adjacent C-S-H particles.  Adjacent C-S-

H particles are mutually attracted to one another by van der Waalsô forces, bringing 

the particles in close contact.  As the particles come in contact with water, adsorbed 

water accumulates on the particles and thickens with increasing RH.  Disjoining 

pressures develop as the thickness of the adsorbed water between adjacent particles 

increases sufficiently and separation occurs between particles as the disjoining 

pressure increases above van der Waalsô attractions. 

A reduction in RH leads to evaporation of a portion of the adsorbed water and 

a decrease in disjoining pressures.  The C-S-H particles are once again drawn together 

as van der Waalsô attraction exceeds the disjoining pressures, decreasing the total 

volume of the concrete.  As with capillary stresses, the effect of decreased disjoining 

pressure on shrinkage is only significant for RH above 45 percent (Mindess et al. 

2003). 

Free Surface Energy 

 Free surface energy can be blamed for any drying shrinkage of concrete at RH 

below 45 percent.  The surface free energy of the solid increases considerably as the 

most strongly adsorbed water is removed from the C-S-H particles.  Compression 
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pressures develop within the gel particles as a function of the surface energy and 

particle specific surface area, decreasing the solid volume (Mindess et al. 2003). 

Autogenous Shrinkage 

Autogenous shrinkage is a unique type of drying shrinkage that occurs 

without the loss of moisture to the environment.  It is associated with cement 

hydration and is often referred to as chemical shrinkage.  The process involves self-

desiccation that occurs when insufficient water is available in the paste for continued 

hydration of the cement.  Water is then drawn out of capillary pores between the 

cement particles as hydration progresses, leading to shrinkage (Holt 2001).   

Autogenous shrinkage occurs at low water-cement ratios and in dense 

concrete where external curing water cannot easily penetrate the concrete.  Powers 

and Brownyard (1948) suggested that complete cement hydration (i.e., no autogenous 

shrinkage) occurs at water-cement ratios above 0.42, but this value can change 

depending on gel porosity.  Concretes containing silica fume may experience 

autogenous shrinkage at higher water-cement ratios due the decreased concrete 

permeability.  Autogenous shrinkage has more recently become a concern as modern 

admixtures are used to produce high-strength concretes with very low water-

cementitious material ratios.  Even at low water-cement ratios, autogenous shrinkage 

can be limited by the addition of adequate water during curing, for example through 

the use of pre-wetted lightweight aggregate as a source of internal curing water 

(Bentur et al. 2001, Cusson and Hoogeveen 2008, Bentz and Snyder 1999, Pyc et al. 

2008). 

1.2.2 Thermal Cracking 

 Thermal cracking in bridge decks is caused by stresses from thermally-

induced volume changes in the concrete deck.  Concrete expands and contracts as 

internal temperatures increase and decrease.  The restraint placed on the concrete 

from the girders, abutments, and reinforcing steel prohibits the concrete from 
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expanding and contracting and stresses develop.  After deck placement, the concrete 

temperature quickly rises for a few hours due to the heat of hydration.  During this 

time, the concrete has relatively low stiffness and does not develop significant 

stresses due to thermally-induced expansion.  After reaching a peak temperature, the 

hydration rate slows and the concrete begins to contract as it cools down to ambient 

temperature.  The concrete has sufficient stiffness by this time to develop tensile 

stresses that may be high enough to cause cracking, as the contraction is restrained by 

the girders, abutments, and reinforcement (Babaei and Fouladgar 1997).  The higher 

the initial concrete temperature compared to the girders, the greater the potential for 

thermal cracking. 

   Nonlinear temperature changes within concrete may induce stresses without 

any external restraint.  Internal thermal cracking may occur in thick concrete sections 

due to a significant internal thermal gradient.  Although not the case for bridge decks, 

concrete sections with low surface to volume ratios cannot adequately dissipate the 

internal heat generated from the hydration reaction.  The high internal temperatures 

cause expansion of the inner concrete at early ages when insufficient stiffness has 

been gained to induce compressive stresses.  As the outer concrete begins to cool and 

contract, the sufficiently-stiff inner concrete provides restraint and induces tensile 

stresses on the surface.  High-early-strength cements with a high heat of hydration are 

more susceptible to thermal cracking due to the increased heat evolution that causes 

greater initial expansion.  The use of Type IV cement can reduce thermal expansion 

by decreasing the amount of heat produced during hydration (Mindess et al. 2003). 

Differences in coefficients of thermal expansion between materials (for 

example, deck and girders) may cause thermal cracking.  A constant temperature 

change can still induce stresses when the deck and girders consist of two materials 

with different thermal coefficients (for example, concrete and steel) because the 
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materials are unable to freely expand to different degrees where joined (Krauss and 

Rogalla 1996). 

1.2.3 Settlement Cracking 

 Settlement, or subsidence, cracking occurs as fresh concrete continues to settle 

after consolidation.  The settlement creates a weakened concrete zone above the 

reinforcement as fixed objects, such as reinforcing steel, resist the movement of the 

concrete.  Tensile stresses develop directly above the reinforcement as the concrete 

settles on either side of a bar.  Because concrete has little tensile strength in the 

plastic condition, these stresses often initiate settlement cracks.  Even if settlement 

cracking does not occur in the plastic concrete, the weakened concrete zone due to the 

settlement can provide a prime location for cracks to form after the concrete has 

hardened (Babaei and Purvis 1995).  Research by Dakhil, Cady, and Carrier (1975) 

found that increased slump and bar size and decreased top cover resulted in increased 

settlement cracking ï this study is discussed in greater length in Section 1.4.3.  

Insufficient consolidation also increases the settlement of plastic concrete around 

reinforcement.  Suprenant and Malisch (1999) completed a study similar to that of 

Dakhil, Cady, and Carrier and determined that the use of polypropylene fibers 

significantly decreases settlement cracking, presumably by making the concrete more 

cohesive and by providing tensile strength to the plastic concrete matrix to counteract 

the restraint provided by the reinforcement. 

1.2.4 External Loading 

External loads applied to bridge decks, including self weight, dead loads from 

barriers and medians, and live loads from traffic, cause flexural tensile stresses that 

can initiate flexural cracking.  Girder and deck stiffness and span length are factors 

contributing to the magnitude of tensile stresses developed in the deck.  Krauss and 
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Rogalla (1996) suggested, however, that stresses caused by external loads are 

minimal compared to those caused by thermal or shrinkage strains.   

1.3  BRIDGE DECK CRACKING ORIENTATION  

 Cracking in bridge decks is often categorized based on the orientation with 

respect to the longitudinal axis of the bridge.  The orientation of the reinforcing steel 

with respect to a crack affects the exposure of the steel to the environment.  When a 

crack is perpendicular to the reinforcement, only localized corrosion will likely occur.  

Research has suggested that corrosion occurs between three and thirteen bar-

diameters away from an intersecting crack (Krauss and Rogalla 1996).  Deck 

cracking, however, commonly appears directly above and parallel to reinforcing steel 

due to the weakened plane developed above the bars caused by settlement, which 

increases the risk of corrosion of reinforcing steel because a large percentage of the 

bar area is exposed by the crack.  The Portland Cement Association (Durability 1970) 

divided cracking into six categories: transverse, longitudinal, diagonal, pattern or 

map, D-cracking, and random cracking.  Each type of cracking is caused by different 

mechanisms and will typically develop at specific locations in a bridge deck.   

Transverse cracks are oriented perpendicular to the longitudinal axis of the 

deck and are the primary type of cracking found in bridge decks.  The cracks typically 

form early in the deck life, directly above the transverse reinforcement, creating a 

direct path for oxygen, moisture, and deicing chemicals to the steel.  These cracks 

may be full depth (Krauss and Rogalla 1996) and are located 3 to 10 ft (1 to 3 m) 

apart along the span length (Durability 1970). 

Longitudinal cracking develops parallel to the bridge centerline and is 

typically found in solid and hollow slab-bridges.  These cracks usually extend above 

the longitudinal reinforcing steel in solid slab-bridges and above the void tubes in 

hollow slab-bridges.  A primary cause of longitudinal cracking is the longitudinal 

reinforcement, which restrains the settlement of the surrounding plastic concrete.  
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Longitudinal cracks are also commonly found propagating at the end of the bridge 

decks for decks that are integral with the abutment (Schmitt and Darwin 1995, Miller 

and Darwin 2000, Lindquist et al. 2005, Pendergrass et al. 2011). 

Diagonal cracking is observed near integral abutments, skewed bridge ends, 

and over single-column piers.  This cracking generally does not develop in any 

pattern and is caused by flexural stresses and drying shrinkage. 

Pattern, or map, cracks are found on all types of bridges and are typically 

much shorter and shallower than other crack types.  These cracks typically 

interconnect and can occur at any location on a deck.  Map cracks can be attributed to 

rapid evaporation of the surface moisture from improper curing at early ages 

(Durability 1970).  Overfinishing of the deck surface can bring excess cement paste to 

the surface and can also lead to increased map cracking.  Map cracking has not been 

found to cause significant long-term durability problems in bridge decks. 

D-cracking consists of cracks parallel to joints and edges of concrete slabs.  

This cracking is primarily caused by freeze-thaw damage of saturated aggregates and 

occurs most frequently in slabs on grade, not in bridge decks. 

Random cracks are categorized as any cracks that do not fit another category.  

These cracks can have a variety of orientations and can be attributed to a range of 

factors. 

1.4 FACTORS AFFECTING BRIDGE DECK CRACKING  

 The large number of variables involved in bridge design and construction has, 

in the past, made it difficult for researchers to agree upon the primary causes of 

bridge deck cracking.  Bridge deck cracking is affected by a complicated interaction 

of many factors, some of which are not fully understood, and cannot be pinpointed to 

a single cause.  Concrete shrinkage is generally responsible for many of the factors 

that promote cracking, but is not the sole cause of cracking.  A number of 

investigations have come to similar conclusions on the factors primaril y responsible 
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for cracking.  Generally, the accepted factors are functions of concrete material 

properties, construction methods, environmental conditions, and structural design.  

Four studies that focus on the causes and remedies of bridge deck cracking are 

reviewed in Section 1.5 and the factors concluded to most affect cracking in each 

study are summarized.  This section summarizes the factors affecting deck cracking 

that are generally accepted among researchers.    

1.4.1 Concrete Material Properties 

 Many studies suggest that concrete material properties have the greatest effect 

on cracking tendency.  Fortunately, these material properties can be controlled by the 

engineer without much dependency on other characteristics of a bridge design.  Since 

restrained shrinkage is accountable for much of concrete cracking, much of cracking 

can be tied to the shrinkage potential of each individual concrete constituent.  It is 

accepted among researchers that a primary factor contributing to shrinkage is the 

cement paste (water and cementitious materials) content.  This means that increasing 

quantities of water, cementitious material, or both can contribute to greater shrinkage.  

In an evaluation of 32 monolithic bridge deck placements, Schmitt and Darwin 

(1999) determined that concrete decks with a paste volume greater than 27 percent 

had significantly greater cracking than decks with paste volumes below this value.  

Deshpande et al. (2007) examined factors thought to affect concrete shrinkage, 

including paste content, water-cement ratio, and cement type, and found that paste 

content was the primary cause of shrinkage.  The researchers observed that free 

shrinkage of concrete specimens at 180 drying days increased by 150 ÕŮ as the paste 

content increased from 20 to 30 percent of total concrete volume and an additional 

100 ÕŮ as the paste content increased from 30 to 40 percent.  Yuan et al. (2011) 

conducted restrained ring tests on concrete specimens and monitored time to cracking 

using compressive strain readings in the restrained rings and visual observation.  For 

mixtures with a water-cement ratio of 0.45, the researchers noted cracking 9 days 
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earlier based on compressive strain readings and 32 days earlier based on the 

appearance of cracks as paste contents increased from 24 to 33 percent. 

A number of studies have associated high cement contents with high 

shrinkage and cracking.  A reduction in cement content results in a reduced paste 

content, minimizing the potential for concrete shrinkage and improving cracking 

performance.  A reduction in cement content also improves cracking performance 

through decreased heat of hydration and thermal stresses (Brown et al. 2001).  

Increased cement fineness increases the potential for cracking by increasing the heat 

of hydration and the resulting thermal stresses and capillary stresses that induce 

drying shrinkage (Chariton and Weiss 2002).  Krauss and Rogalla (1996) concluded 

that cement content is a major factor contributing to early-age cracking in bridge 

decks.  They conducted restrained and free shrinkage tests for mixtures with varying 

cement contents, water contents, paste contents, and water-cement ratios.  While 

conducting the restrained shrinkage tests, the researchers observed that the mixture 

with the highest cement content, 846 lb/yd
3
 (502 kg/m

3
), was the first to crack while 

the mixture with the lowest cement content, 470 lb/yd
3
 (279 kg/m

3
), was the last to 

crack.  The researchers observed a minor link between increased paste content and 

cracking tendency in the restraint tests.  The relationship between paste content and 

free shrinkage was more apparent than that between paste content or free shrinkage 

and cracking tendency.  In a study of the cracking performance of 21 concrete bridge 

decks, French et al. (1999) observed greater cracking with higher paste and cement 

contents.     

 Changes in concrete properties that occur with both increasingly high and low 

water-cementitious material ratios have conflicting negative effects on concrete 

durability and cracking.  A decrease in water-cementitious material ratio for a given 

set of concrete constituent materials decreases concrete permeability and increases 

compressive strength.  The decreased permeability improves concrete durability, but 
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the higher compressive strength reduces concrete creep.  Over time, the decreased 

creep limits the mitigation of tensile stresses in the deck (Krauss and Rogalla 1996).  

Tia et al. (2005) investigated the effects of water-cementitious material ratio and the 

addition of mineral admixtures on creep.  They observed reduced creep for mixtures 

with lower water-cementitious material ratios.  Reduced creep was also observed for 

mixtures containing slag compared to mixtures containing fly ash at comparable 

water-cementitious material ratios. 

   Lindquist et al. (2008) examined the free shrinkage performance of concrete 

specimens as a function of paste content and water-cement ratio.  Paste content was 

reduced by decreasing the water content while maintaining a cement content of 535 

lb/yd
3
 (317 kg/m

3
).  As the water-cement ratio was reduced from 0.45 to 0.41, the 

paste content was reduced from 24.4 to 23.1 percent of the total concrete volume.  

Lindquist et al. observed decreased free shrinkage for concrete with lower paste 

contents.  The effect of water-cement ratio on free shrinkage is difficult to determine 

from these observations due to the relationship between water-cement ratio and paste 

content.  The researchers, however, also examined the free shrinkage performance of 

mixtures as a function of water-cement ratio, while maintaining a constant paste 

content.  Lindquist et al. observed no significant difference in shrinkage performance 

between mixtures with water-cement ratios of 0.36, 0.38, 0.40, and 0.42 after 365 

days of drying, demonstrating that paste content, rather than water-cement ratio, is the 

primary variable affecting shrinkage.  

Odman (1968) analyzed the free shrinkage performance of concrete 

specimens as a function of water-cement ratio and aggregate content and observed 

increased free shrinkage at higher water-cement ratios and lower aggregate contents.  

A decrease in aggregate content is directly comparable to an increase in paste content 

at a given air content.  The effect of water-cement ratio on free shrinkage was more 

pronounced at lower aggregate contents.  At a 70 percent aggregate content (70 



 

 

19 

 

 

percent of concrete volume), an increase in water-cement ratio from 0.40 to 0.50 

resulted in an increase in shrinkage of approximately 200 ÕŮ.  At a 60 percent 

aggregate content, a similar increase in water-cement ratio resulted in an increase in 

shrinkage of approximately 360 ÕŮ. 

Deshpande et al. (2007) and West et al. (2010) examined the free shrinkage 

performance of non-air-entrained concrete mixtures that had been cured for 3 days 

and observed increased shrinkage in mixtures with decreased aggregate contents.  

They also observed that the effect of aggregate content on shrinkage increased with 

time.  For example, the difference in free shrinkage at 180 days of drying between 

mixtures containing 60 percent and 70 percent aggregate content was 139 µŮ, while 

the difference at 365 drying days between the same mixtures was 183 µŮ.   In contrast 

to Odman (1968), Deshpande et al. (2007) and West et al. (2010) observed a small 

decrease in shrinkage with an increase in water-cement ratio for mixtures with the 

same aggregate content.  Hansen and Almudaiheem (1987) examined the free 

shrinkage performance of concrete as a function of aggregate content and, similarly to 

Odman (1968), Deshpande et al. (2007), and West et al. (2010), found an increase in 

aggregate content in this case from 65 to 70 percent, resulted in a decrease (18 

percent) in drying shrinkage.  French et al. (1999) observed that maximizing the 

aggregate volume reduces cracking. 

Research by the Portland Cement Association (1970) determined that use of a 

larger maximum-size and low-shrinkage aggregate reduced shrinkage and cracking.  

Imamoto and Arai (2008) found that an increased aggregate specific surface area 

(SSA) for concretes with the same cement content and water-cement ratio resulted in 

increased shrinkage.  Krauss and Rogalla (1996) observed that the use of aggregates 

with a high modulus of elasticity, low shrinkage, and low coefficient of thermal 

expansion resulted in lower shrinkage.  Russell et al. (2003) suggested one negative 

effect of using an aggregate with a high modulus of elasticity is that it can provide 
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added restraint and internal stress concentrations that can lead to internal 

microcracking.  The development of surface macrocracks, however, have a 

considerably greater impact on the corrosion of reinforcing steel than do internal 

microcracks, and the benefits of using an aggregate with a high modulus of elasticity 

seem to outweigh any associated negative effects when overall shrinkage is 

restrained, as it is for bridge decks.  

Slump is a plastic concrete property that is affected by the proportions of the 

concrete constituents and can influence cracking tendency.  Increased cracking is 

observed directly above reinforcing steel for concretes with increased slump due to 

settlement cracking (see Section 1.2.3).  Darwin et al. (2004) and Lindquist et al. 

(2005) examined 31 bridge decks and observed an increase in crack density of 0.11 

m/m
2
 as the average slump increased from 1.5 to 3 in. (40 to 75 mm).  Similarly, 

McLeod et al. (2009) and Yuan et al. (2011) observed decreased overall cracking for 

concretes with lower slumps in bridge decks that were constructed in accordance with 

the low-cracking high-performance concrete (LC-HPC) specifications in Kansas 

compared to decks constructed following the standard Kansas Department of 

Transportation specifications.    

1.4.2 Construction Methods and Environmental Conditions 

 It is generally accepted that construction procedures and environmental 

conditions during and after construction affect bridge deck cracking.  Krauss and 

Rogalla (1996) compiled and ranked a list of construction-related factors that 

contribute to cracking, which include weather, time of casting, curing period and 

method, finishing procedures, vibration of fresh concrete, and pour length and 

sequence.  They concluded that weather, time of casting, curing, and finishing are the 

factors with the greatest contribution to cracking.  A study by the California 

Department of Transportation concluded that adverse weather conditions during 

placement, such as strong winds, high ambient temperatures, and low humidity, had a 
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greater effect on cracking performance than any construction factor examined (Poppe 

1981). 

1.4.2.1 Weather and Time of Casting 

 Weather conditions during and immediately after placement affect the 

cracking performance of bridge decks.  Environmental conditions have a considerable 

effect on the development of drying and thermal shrinkage stresses within a deck.  

Drying and shrinkage at the deck surface increase with an increased evaporation rate, 

which is a function of ambient and concrete temperature, relative humidity, and wind 

speed.  Bridge deck cracking performance is affected by both the concrete 

temperature and the relative temperature difference between the deck and girders.  

Thermal stresses develop within the deck as ambient temperatures contribute to large 

temperature differences within the deck and between the deck and girders.  Krauss 

and Rogalla (1996) observed that deck placement during early evening or night 

helped reduce cracking.  Concrete placed in cold weather exhibits a decreased rate of 

hydration and strength development and precautions should be considered to maintain 

concrete temperatures during curing.  When warm concrete is placed in a cold 

environment, the air is heated directly above the concrete surface, lowering the 

relative humidity.  This reduction in relative humidity can cause increased 

evaporation and plastic shrinkage cracking (Krauss and Rogalla 1996). 

French et al. (1999) examined the cracking performance of 10 prestressed and 

8 steel girder bridges as a function of high and low temperature on the day of 

placement.  Incomplete construction records prevented correlations from being made 

between differences between ambient and concrete temperatures and cracking 

performance.  The researchers determined that decks with the lowest cracking 

tendency were cast on days in which the air temperature was between a high of 65° to 

70° F (18° to 21° C) and a low of 45° to 50° F (7° to 10° C).  Three of the four 

lowest-performing prestressed girder decks had low air temperatures during deck 
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placement at or below 35° F (2° C) and the other low-performing prestressed girder 

deck experienced considerably high air temperatures, approximately 90° F (32° C), 

during placement.  A wide temperature range on the placement date also contributed 

to increased cracking.  A slight trend of increased cracking was observed for both 

prestressed and steel girder bridges as high temperatures decreased on the placement 

date.   

In contrast to French et al., Lindquist et al. (2005) observed decreased 

cracking in conventional overlay decks as high temperatures decreased on the 

placement date.  The conflicting observations may be a result of neither analysis 

considering the effect of ambient and concrete temperature differences during 

placement.  Both Lindquist et al. and French et al. observed that increased air 

temperature range on the placement date did increase the cracking tendency.  Yuan et 

al. (2011) examined the relationship between cracking performance and ambient 

temperature on the casting date for 40 monolithic bridge decks in Kansas using a 

dummy variables analysis (Draper and Smith 1981).  In the analysis, the researchers 

observed a trend similar to that observed by Lindquist et al. (2005) finding increased 

cracking with an increase in maximum air temperature on the placement date.  

Similar to trends observed by French et al. (1999) and Lindquist et al. (2005), Yuan et 

al. (2011) also observed increased cracking with an increase in temperature range on 

the placement date. 

As discussed in Section 1.2.2, the thermal interaction between the concrete 

deck and the girders can induce thermal stresses and cracking due to the restraint 

provided by the girders.  Placement of higher-temperature concrete on lower-

temperature girders can lead to increased cracking due to the thermal stresses 

developed by the large initial temperature difference between the concrete and the 

girders as the temperatures of the concrete and girders return to ambient conditions 

over time.  The concrete temperatures can increase above that of the girders due to the 
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heat generated by hydration at early ages, resulting in greater expansion of the deck 

compared to the girders.  As the heat of hydration decreases, the concrete cools and 

contracts just as sufficient strength has been gained to develop tensile stresses.   

Subramaniam and Agrawal (2009) monitored the temperatures and strains of 

the concrete decks and steel girders of newly-constructed bridges to examine the 

development of early-age tensile stresses in the decks and observed a rapid increase 

in concrete temperature within the first 48 hours, followed by a cooling period to 

ambient temperature.  After 48 hours, the measured temperatures of the steel girders 

and concrete deck remained near the ambient temperature.  Temperature-controlled 

concrete placed in cold environments can experience the problems associated with 

temperature differences between the deck and girders if precautions are not taken.  As 

the low ambient temperature eventually increases, the girders expand more than the 

concrete and tensile stresses develop.  Studies have recommended heating of the air 

below the deck to increase girder temperatures in cold weather (Durability 1970, 

Babaei and Fouladgar 1997). 

  Babaei and Purvis (1996) conducted a field analysis of eight bridge decks 

under construction.  Ambient and concrete temperatures were recorded throughout 

the curing process and concrete samples were taken to determine thermal and drying 

shrinkage.  Thermal shrinkage was estimated using the maximum temperature 

difference between the concrete and ambient air for a period up to 8.5 hours after 

casting.  The ambient air temperature was assumed to be equivalent to the steel girder 

temperature for this timeframe.  The researchers recommended that to maintain a 

transverse crack spacing greater than 30 ft (9 m), the 4-month drying shrinkage 

should be less than 700 µŮ and the thermal contraction should be limited to 150 µŮ by 

keeping the temperature difference between the concrete deck and steel girders to 

within 22° F (12° C).    
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The construction specifications for low-cracking high-performance concrete 

(LC-HPC) bridge decks in Kansas require decks be cast within a concrete temperature 

range of 55 to 70° F (13 to 21° C) with a 5° F (3° C) adjustment outside of the range 

if approved by the Engineer.  The specifications prohibit placing concrete if there is a 

probability of the air temperature dropping more than 25° F (14° C) below the 

concrete temperature during the first 24 hours after placement unless insulation is 

provided for the deck and girders (Kansas Department of Transportation 2007c).  

This requirement reduces the influence of thermal stresses that results from a large 

temperature difference between the deck and girders.        

1.4.2.2 Curing 

The immediate implementation of curing techniques after finishing is 

important for preventing plastic and early-age drying shrinkage cracking.  Proper 

curing is critical on bridge decks due to the large surface area exposed to the 

environment.  The construction specifications for low-cracking high-performance 

concrete (LC-HPC) bridge decks in Kansas require that wet burlap be placed within 

10 minutes of strikeoff and a second burlap layer be placed within an additional five 

minutes (Lindquist et al. 2008, McLeod et al. 2009, Yuan et al. 2011, Pendergrass et 

al. 2011). 

Research by Holt (2001) illustrated the importance of proper curing on early-

age concrete shrinkage.  Figure 1.2 displays the effect of curing method on shrinkage 

to an age of 70 days.  Specimens were placed in three environments during the first 

24 hours after casting, including exposure to 4.5 mph (2 m/s) wind, 40 percent 

relative humidity, and 100 percent relative humidity conditions.  As shown in the 

figure, early-age shrinkage was found to increase significantly for concrete exposed 

to 4.5 mph (2 m/s) wind during curing.  Concrete cured in a 40 percent relative 

humidity environment exhibited lower shrinkage, and wet-cured concrete subjected to  
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100 percent relative humidity exhibited the lowest shrinkage of all.  The wet-cured 

concrete did not experience any shrinkage during curing. 

Therrien et al. (2000) measured the ultimate moisture loss of concrete 

specimens as a function of curing time and relative humidity (Figure 1.3).  The 

researchers determined that at 53 percent relative humidity, moisture loss increased as 

curing time decreased.  They concluded this relationship was due to increased 

moisture loss from the larger paste capillary pores in the specimens cured for the 

shorter periods.  The researchers believed that the longer curing allows concrete to 

develop smaller pores as a result of ongoing hydration that can be emptied only at a 

lower relative humidity (< 53 percent).  They concluded that concrete exhibits 

decreased moisture loss when cured longer due to a greater amount of internal water 

being consumed by the increased cement hydration.  As shown in Figure 1.3, at the 

high relative humidity (97 percent), similar moisture losses were observed for all 

concretes, regardless of the length of curing.  They concluded that this was due to the  

0 to 24 hours 1 to 70 days Time 

Figure 1.2  Effect of curing environments on shrinkage (Holt 2001) 
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relative humidity being too high to empty either large or small pores.  The behavior of 

the specimens stored at the lowest relative humidity in the test is of particular 

importance since this humidity is more indicative of typical bridge deck 

environments. 

Nassif and Suksawang (2002) examined the effect of curing procedure on 

concrete shrinkage.  The researchers subjected specimens to six different curing 

procedures, including moist curing at 95 percent relative humidity, dry curing, 

application of a curing compound, and curing under a wet burlap cover for 3, 7, and 

14 days.  The concrete that was moist cured at 95 percent relative humidity 

experienced the least shrinkage, while the dry-cured, curing compound, and 3-day 

wet-burlap-cover concrete experienced the greatest shrinkage at 28 days of drying.  

Increasing burlap cover time was observed to reduce shrinkage. 

Figure 1.3  Moisture loss versus curing time and relative humidity (Therrien et al. 

2000) 
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Yuan et al. (2011) analyzed the free shrinkage performance of 100 percent 

cement and cement and fly ash combination mixtures at constant paste contents.  

They observed decreased free shrinkage for the mixtures with both cement and fly 

ash when subjected to increasing curing periods of 7, 14, 28, and 56 days.  The 

researchers also noted that mixtures containing fly ash exhibited more pronounced 

free-shrinkage benefits with increased curing periods than the 100 percent cement 

mixtures.  A mixture containing a 40 percent replacement by volume of cement with 

fly ash experienced 33 ÕŮ greater shrinkage after 30 days of drying than a 

corresponding mixture with 100 percent cement when cured for 7 days, while the 

same fly ash mixture experienced equal shrinkage to the cement mixture after 30 days 

of drying when cured for 14 days.  When cured for 28 and 56 days, the mixture 

containing 40 percent fly ash exhibited 21 and 56 ÕŮ less shrinkage, respectively, than 

the corresponding mixture with 100 percent cement after 30 days of drying.  Tia et al. 

(2005) analyzed the free shrinkage of mixtures containing replacements of cement 

with fly ash and slag cement.  They observed decreased shrinkage as the curing 

period was increased from 7 to 14 days for mixtures containing a 20 percent 

replacement by weight of cement with fly ash.  No reduction in shrinkage was 

observed as the curing period was increased from 7 to 14 days for mixtures 

containing 50 to 70 percent weight replacements of cement with slag cement.   

Lindquist et al. (2008) observed decreased shrinkage with an increase in 

curing period from 7 to 14 days in mixtures with a given water-cement ratio and paste 

content.  They also observed that increasing the curing period from 7 to 21 days had a 

more pronounced effect on reducing shrinkage than decreasing the paste content from 

23.3 to 21.6 percent.  Reynolds et al. (2009) analyzed the shrinkage performance of 

mixtures containing 9 to 14 percent volume replacements of normalweight aggregate 

with pre-wetted, intermediate-sized lightweight aggregate and 30 to 60 percent 
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volume fraction replacements of cement with slag cement.  They observed a 

reduction in free shrinkage as the curing period was increased from 7 to 14 days. 

1.4.2.3 Finishing 

Concrete finishing procedures also affect bridge deck cracking.  Overfinishing 

and overwetting of the deck surface promote increased spalling (Larson et al. 1967) 

and scaling (Klieger 1955).  Overfinishing of the surface pushes coarse aggregate 

lower into the deck and brings excess cement paste to the surface, contributing to 

durability problems.  Lindquist et al. (2005) noted that roller screeds, which are 

commonly used in contemporary construction, bring more paste to the surface than 

vibrating screeds, which were typically used in the 1980s.  Concrete that is finished at 

a slower rate is exposed to the environment for a longer period of time and is at risk 

of plastic shrinkage cracking due to delays in the initiation of curing.    

1.4.3 Structural  Design 

 Details of structural design can have an effect on cracking tendency, although 

this study focuses on the influences of material properties and construction techniques 

on cracking.  Krauss and Rogalla (1996) determined that degree of restraint had the 

greatest design-related effect on cracking.  As discussed in Section 1.2, increased 

stresses develop when the degree of restraint is greatest between the deck and girders.  

A fully -restrained deck does not allow any concrete shrinkage or expansion without 

the development of stresses, while a partially-restrained deck allows a portion of 

concrete strain to occur before stresses develop.  The elimination of the composite 

action between the deck and girders would reduce the restraint provided to the deck, 

although isolating the deck from the girders is not normally economically practical 

and an amount of restraint will always exist from the friction between the deck and 

girders (Krauss and Rogalla 1996). 



 

 

29 

 

 

A number of reports suggest that continuous spans exhibit increased cracking 

compared to simply-supported spans (Krauss and Rogalla 1996, Ramey et al. 1996, 

and Ramey and Wright 1994).  Some studies suggest that much of the cracking in 

continuous spans occurs directly above the piers in the negative moment region of the 

deck (Ramey et al. 1996, Ramey and Wright 1994) since this is the location in which 

the top deck surface is placed in tension.  Other studies have found no increased 

incidence of cracking in negative moment regions (Lindquist et al. 2005, Pendergrass 

et al. 2011, Yuan et al. 2011).  Studies by the Portland Cement Association 

(Durability 1970), Ramey et al. (1996), and Ramey and Wright (1994) reported 

increased cracking with use of steel girders compared to concrete girders.  This 

increased cracking is likely due to the greater flexibility, longer possible spans, 

difference in coefficients of thermal expansion, and lack of creep (to relieve induced 

tensile stress) in steel girders. 

 Babaei and Purvis (1994a) determined that the use of larger reinforcement 

bars increased the probability of a weakened plane forming above the bars, increasing 

the risk of cracking.  Babaei and Hawkins (1987) recommended the use of smaller-

diameter reinforcement to reduce cracking.  Schmitt and Darwin (1995) similarly 

observed increased cracking with the use of No. 6 (19 mm) top reinforcing bars 

compared to No. 5 (16 mm) or a combination of No. 4 and No. 5 (13 and 16 mm) 

bars.   

Dakhil, Cady, and Carrier (1975) determined that decreased depth of cover 

and increased bar size increased cracking directly above the reinforcement (Figure 

1.4).  Decreased cover compounds any corrosion problems since cracking tendency is 

increased and the corrosive agents have a shorter distance of travel to reach the 

reinforcement (Lindquist et al. 2006).  This increased cracking is thought to occur 

with decreased cover because less concrete is available to counteract the weakened  
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plane developed above the reinforcement from subsidence of fresh concrete 

(Durability 1965). 

Perragaux and Brewster (1992) and Meyers (1982) reported trends that conflict 

with the observations of Dakhil et al. (1975) by observing greater cracking with 

concrete covers above 3 in. (75 mm), although Dakhil et al. (1975) did not test covers 

above 2 in. (51 mm).  An outside consultant (Wilbur Smith Associates) recommended 

that the Pennsylvania Department of Transportation place the top transverse 

reinforcement below the top longitudinal reinforcement to reduce transverse cracking 

(Babaei and Purvis 1994b).  The reversal of transverse and longitudinal reinforcement 

was also recommended by the American Concrete Institute (ACI) (ACI Committee 

345). 

Figure 1.4  Settlement cracking as a function of bar size, cover, and slump (Dakhil et 

al. 1975) 
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Krauss and Rogalla (1996) observed that larger girders at closer spacing 

provide greater restraint and cause increased shrinkage and thermal stresses in the 

deck.  They determined that any increase in cracking observed from larger span 

lengths is likely due to the larger girder size that must be used.  Schmitt and Darwin 

(1995), Miller and Darwin (2000), and Lindquist et al. (2005) found no significant 

connection between span length and cracking.  Horn et al. (1972) observed that 

increasing the deck thickness from 6.4 in. (162 mm) to 8.6 in. (218 mm) reduced 

cracking.        

1.5 LITERATURE REVIEW  

 This section reviews four studies focused on the primary causes of and means 

to prevent cracking on bridge decks.  Three of the studies were completed at the 

University of Kansas and provide background information that serves as the basis of 

this report.  The fourth study, by Krauss and Rogalla (1996), provides analytical, 

field, and laboratory examinations of cracking mechanisms and has notably 

contributed to advances in the subject of bridge deck cracking.   

Schmitt and Darwin (1995) 

 Schmitt and Darwin (1995) completed a study of continuous steel girder 

bridges throughout northeastern Kansas in an effort to determine the primary causes 

of bridge deck cracking.  A total of 40 steel girder bridges were analyzed in the study, 

consisting of 37 composite and 3 non-composite decks.  Of the 37 composite decks, 

15 decks were monolithic, 20 decks had a high-density (conventional) concrete 

overlay, and 2 decks had a silica fume overlay.  The bridges represented a wide range 

of ages, traffic loads, and levels of deterioration, so a greater variation in cracking 

existed to better establish relationships between cracking performance and each 

considered variable.  Design and construction data for each bridge was collected from 

project files, construction field books, as-built plans, and weather data logs.  From 

this data, 31 variables were then compared to the cracking observed on each deck to 
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determine correlations with cracking.  Due to the wide range of deck types analyzed, 

comparisons were made primarily between decks of similar type.  The thirty-one 

variables considered in the study were divided into four categories: material 

properties, site conditions, construction procedures, and design specifications. 

 Field surveys were conducted to determine the degree of cracking on each 

deck.  All cracks were located and marked by surveyors and then transposed to a 

scaled diagram of the deck, producing a crack map.  The crack maps were scanned 

and crack densities in linear meter of crack per square meters of deck were calculated 

with use of computer programs.  Crack densities were calculated for each entire deck, 

separate spans, separate placements, and the first and last 3 m (10 ft) of each deck. 

Schmitt and Darwin (1995) came to several conclusions dealing with crack 

performance.  The mean crack densities for monolithic and overlay decks (both 

conventional and silica fume) were found to be nearly identical, suggesting that deck 

type has little effect on cracking performance.  The overlay decks, however, were 

generally younger than the monolithic decks; a factor that affected this comparison 

(see discussion of work by Lindquist, Darwin, and Browning 2005).  Bridge type was 

also determined to have little influence on cracking, but increased bridge length was 

found to increase cracking for both deck types.  Bridges with fixed-end (integral) 

abutments had approximately 2 to 3 times greater cracking within 10 ft (3 m) of the 

abutments than bridges with pinned-end girders.  An increase in cracks extending 

from the abutments in the longitudinal direction occurred as the length of deck 

increased along the fixed-end abutments.  A slight increase in cracking was evident 

with increases in average annual daily traffic (AADT).  It was also determined that 

bridges built prior to 1988 exhibited less cracking than newer bridges of both deck 

types. 

 Several factors were observed to influence cracking on monolithic decks.  The 

examination of material properties revealed that cracking increased with increasing 
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slump, percent volume of water and cement (cement paste), water content, cement 

content, and compressive strength.  Cracking also appeared to increase with 

increasing water-cement ratios, but it was difficult to arrive at a definitive conclusion 

since three similar water-cement ratios were all that were used in the decks (0.40, 

0.42, and 0.44).  Cracking in monolithic decks increased with decreasing air contents, 

with a significant increase in cracking on decks with air contents below 6.0 percent.  

The environmental site conditions found to increase cracking included increased 

maximum daily air temperature and daily air temperature range on the casting date. 

 A number of conclusions were also established for cracking performance of 

decks with overlays.  Overlays placed with zero-slump concrete consistently 

exhibited high crack densities.  Overlays containing silica fume, a water reducer, and 

an air entraining agent (AEA) had more cracking than overlays containing only an 

AEA.  As with monolithic decks, overlay decks had increased cracking with increases 

in high air temperature and daily temperature range on the day of casting.  Overlay 

decks also exhibited increased cracking with an increase in average air temperature 

on the day of casting.  Cracking was found to increase with increases in placement 

length and, to some extent, bridge skew. Increases in cracking occurred with 

increased transverse reinforcing bar size, illustrated by greater cracking with the use 

of No. 6 (19 mm) top reinforcing bars compared to No. 5 (16 mm) or a combination 

of No. 4 and No. 5 (13 and 16 mm) bars.  Cracking was found to be more severe as 

the transverse reinforcing bar spacing increased above 6.0 in. (150 mm).    

Schmitt and Darwin (1995) made three principal recommendations based on 

their findings to reduce bridge deck cracking.  First, the volume of water and cement 

(cement paste) should not exceed 27.0 percent of the total concrete volume for 

monolithic deck placements or for the subdeck (lower layer) of overlay deck 

placements.  Second, the minimum air content of concrete used in monolithic bridge 

decks should be 6.0 percent.  Lastly, concrete should not be placed with a zero slump 
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in bridge deck overlays.  Schmitt and Darwin (1995) recommended that several other 

general practices be considered for design and construction of concrete bridge decks.  

First, designers should be aware that the use of fixed-end girders, as opposed to 

pinned-end girders, will significantly increase cracking near the bridge abutments.  

Second, the effects of high air temperatures and large changes in air temperatures 

during casting should be considered when scheduling deck placements.  Third, the 

lowest possible slump that will still allow sufficient placement and consolidation 

should be used on monolithic decks, with an upper limit of approximately 2.0 in. (50 

mm).  In addition, the use of shorter placement lengths, especially for overlays, and a 

limit on the size of top transverse reinforcing steel (No. 4 or No. 5 bars (13 or 16 

mm)) spaced at 6.0 in. (150 mm) or less should be considered.  Finally, the use of fog 

sprays should be specified for silica fume overlays to lessen the risk for plastic 

shrinkage cracking. 

Miller a nd Darwin (2000) 

Miller and Darwin (2000) completed a follow-up to the study by Schmitt and 

Darwin (1995, 1999).  As with the previous study, the effects of material properties 

and construction practices on the cracking performance of concrete bridge decks 

throughout northeastern Kansas were evaluated.  A comparison of bridge decks 

containing silica fume overlays and conventional high-density overlays was 

emphasized in this study due to the increased usage of silica fume overlays at this 

time in Kansas.  In the study, 40 composite continuous steel girder bridges were 

evaluated, 11 of which were also investigated in the previous study by Schmitt and 

Darwin (1995, 1999).  Of the 40 decks, 20 had silica fume overlays, 16 had 

conventional high-density overlays, and 4 were monolithic.   

The same procedures were used for field surveys and crack density analysis as 

used by Schmitt and Darwin (1995, 1999).  Twenty-seven variables were considered, 

including bridge age, material properties, construction procedures, design 
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specifications, and traffic volume.  Comparisons were made based on overlay 

properties and properties of the subdeck for the overlay bridges. 

Several conclusions were made based on the analysis completed in the study.  

Crack densities were found to be similar for decks of the same age with conventional 

and silica fume overlays.    It was determined that crack density increased with age 

for decks with silica fume overlays.  The study could not confirm that this behavior 

was due to improved construction procedures or low age.  Conversely, increased 

cracking was observed in younger conventional overlay and monolithic decks 

constructed between 1989 and 1995 compared to older decks of the same type. 

Cracking was compared based on concrete properties for each deck type.  

Cracking was found to increase with increased slump, cement paste content, water 

content, cement content, and compressive strength for monolithic decks and overlay 

subdecks, regardless of overlay type and quality.  Conventional overlays were also 

observed to have increased cracking with increasing compressive strength.  Cracking 

increased for monolithic decks with increased water-cement ratios, but this 

relationship was not found for overlays or subdecks.  Silica fume overlays with 

slumps greater than 3.5 in. (90 mm) and conventional overlays with zero slumps 

exhibited greater cracking.  No connection was observed between air content and 

cracking for conventional overlays, but cracking was observed to be significantly 

lower for monolithic decks with air contents above 6 percent.     

Several environmental effects on cracking were observed by the researchers.  

Decks with conventional overlays exhibited increased cracking with increasing 

average air temperature on the day of the overlay placement.  For silica fume 

overlays, cracking decreased with increases in relative humidity on the day of the 

overlay placement and with use of fogging and precure materials after placement.  

For conventional overlays and subdecks, cracking increased with increasing 

maximum air temperature on the placement date of the overlay or subdeck, 
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respectively.  Cracking increased for silica fume overlay, conventional overlay, and 

monolithic decks as the daily air temperature range increased on the date of the 

overlay or monolithic concrete placement. 

Relationships were established between design considerations and cracking 

tendency.  Generally, steel structure type, bridge length, span type, and bridge skew 

appeared to have no link to cracking.  This observation conflicts with findings by 

Schmitt and Darwin (1995) where bridge length and, to some extent, bridge skew 

were found to influence cracking performance.  Increased cracking was observed on 

decks with increased transverse bar size and spacing.  The crack density within 10 ft 

(3 m) of the abutments was observed to be nearly three times greater for overlay 

decks with fixed-end girders compared to pinned-end girders. 

A number of recommendations were made by the researchers based on the 

findings.  No conclusions could be made on the cracking performance of the decks 

with silica fume overlays because of the young age of these decks compared to the 

conventional overlay and monolithic decks.  Miller and Darwin (2000) recommended 

that construction records be maintained for the lifetime of each bridge so that deck 

performance could be compared with construction data in an effort to improve 

construction procedures.  They recommended limitations on the maximum 

cementitious material content and/or compressive strength in the provisions for both 

subdeck and overlay concrete.  The use of precure material and fogging immediately 

after finishing was recommended for all deck types.           

Lindquist, Darwin, and Browning (2005) 

A study by Lindquist, Darwin, and Browning (2005) was the final of three for 

the Kansas Department of Transportation to determine factors contributing to bridge 

deck cracking in Kansas.  In the study, 59 steel girder bridge decks were analyzed, 

that included 49 of the bridges investigated by Schmitt and Darwin (1995, 1999), 

Miller and Darwin (2000), or both.  Of the 59 bridges, 13 had monolithic decks, 16 
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had conventional overlay decks, and 30 had silica fume overlay decks.  Of the 30 

decks with silica fume overlays, 19 had 5 percent of the cement replaced by silica 

fume and 11 had 7 percent of the cement replaced by silica fume. 

As with the studies by Schmitt and Darwin (1995) and Miller and Darwin 

(2000), field surveys were completed on the bridge decks and crack densities were 

calculated.  In total, 27 variables were evaluated, comprising bridge age, construction 

practices, material properties, site conditions, bridge design, and traffic volume.  A 

main objective of the study was to compare the performance of silica fume overlay 

(SFO) decks with conventional overlay (CO) and monolithic (MONO) decks due to 

the increasing use of silica fume overlays in Kansas. 

Lindquist et al. calculated age-corrected crack densities for each deck to 

remove the variable of age from the analysis.  They observed that crack densities 

were higher for overlay decks (0.51 m/m
2
 for a 7 percent SFO, 0.49 m/m

2
 for a 5 

percent SFO, and 0.44 m/m
2
 for a CO) than for monolithic decks (0.33 m/m

2
) and that 

cracking in silica fume overlay decks was higher than for conventional overlay decks.  

These observations are of interest since crack surveys of the same decks by Schmitt 

and Darwin (1995) found similar cracking performance for all deck types.  Lindquist 

et al. also observed that direct relationships exist between the construction contractor 

and cracking performance.  Cracking was determined to increase with age, although a 

significant percentage of the cracking occurred within the first three years. 

Similar to the findings by Schmitt and Darwin (1995) and Miller and Darwin 

(2000), monolithic and conventional overlay decks constructed in the 1980s exhibited 

less cracking than similar decks constructed in the 1990s.  The opposite trend was 

found for silica fume overlay decks, as a decrease in cracking was observed in the 

1990s.  Lindquist et al. determined this was likely the result of increased efforts to 

limit evaporation, a cause of plastic shrinkage cracking, prior to application of wet 

curing.  The newest silica fume overlay decks were found to have slightly higher 
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crack densities than decks constructed in the 1990s, likely due to an increase in the 

silica fume content used in the decks from 5 to 7 percent.    

Relationships between material properties and cracking performance were 

found to be consistent with the findings of Schmitt and Darwin (1995) and Miller and 

Darwin (2000).  Cracking increased with increases in water content, cement content, 

cement paste volume, compressive strength, and slump for monolithic decks and 

overlay subdecks.  Decreased cracking was observed in decks with air contents 

greater than 6 percent.  For conventional overlay decks, significantly higher cracking 

was observed in overlays placed with zero-slump concrete.  Increased cracking was 

also observed as the average and minimum air temperatures on the date of casting 

increased.  For conventional overlay and monolithic decks, cracking increased as the 

maximum air temperature and daily air temperature range on the date of casting 

increased.  Increased cracking was observed in overlay decks with larger transverse 

reinforcement and spacing in the subdeck, similar to findings by Schmitt and Darwin 

(1995). 

Lindquist, Darwin, and Browning (2005) made several recommendations 

based on their findings.  Conventional high-density overlays were recommended in 

place of silica fume overlays due to better cracking performance.  The use of high-

density concrete overlays was recommended to be limited to resurfacing applications 

since monolithic decks exhibited less cracking than overlay decks.  The process of 

selecting a contractor was recommended to be based on the quality of previous work 

since a clear relationship was found between contractor and cracking performance.  

Other recommendations were consistent with previous recommendations by Schmitt 

and Darwin (1995), including use of a cement paste volume below 27 percent, 

concrete placement at the lowest slump that will allow proper placement and 

consolidation, and design of pinned-end girders as opposed to fixed-end girders. 
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Krauss and Rogalla (1996) 

Krauss and Rogalla completed a multipart study to determine the primary 

factors that contribute to transverse cracking in bridge decks.  They identified 

contributing factors in three categories: construction methods, concrete materials, and 

design details.  The study included an analytical examination of variables thought to 

effect cracking tendency, field instrumentation of a newly constructed bridge deck, 

and laboratory testing.   

The analytical study evaluated the impact of different factors on tensile 

stresses and cracking.  Equations were derived based on these factors to calculate 

stresses in a composite reinforced concrete bridge subjected to temperature and 

shrinkage conditions.  Shrinkage and thermal stresses were calculated for 

approximately 18,000 combinations of concrete material properties and bridge 

geometry.  The analysis determined that concrete material properties influenced 

shrinkage stresses more than design parameters.  Modulus of elasticity was found to 

have the greatest effect of any physical concrete property on shrinkage and thermal 

stresses.  Shrinkage and diurnal thermal stresses were found to be linearly 

proportional to concrete shrinkage and the concrete coefficient of thermal expansion, 

respectively.  Their analysis indicated that aggregates with a low modulus of 

elasticity were found to decrease shrinkage and thermal stresses by decreasing the 

overall concrete stiffness, although in practice, low modulus aggregates have been 

found to increase total shrinkage (Pickett 1956, Hansen and Almudaiheem 1987).  

Aggregates with a greater thermal conductivity were determined to reduce thermal 

gradients within the deck and lower thermal stresses.   

The design factors that most greatly increased deck stresses included 

increased girder depth, decreased girder spacing, and decreased deck thickness.  Deck 

reinforcement was observed to have a minimal effect on stresses.  Steel studs or 

channels were found to locally increase deck stresses.  Stay-in-place steel forms were 
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found to cause non-uniform shrinkage in the deck that produced greater stresses at the 

surface. 

 A field study was completed through instrumentation during deck replacement 

of the Portland-Columbia Bridge, located between Pennsylvania and New Jersey.  

Strain and temperature sensors installed on the deck and girders were monitored from 

deck replacement until several months after construction to measure the shrinkage 

and thermal behavior of the bridge at early ages.  Environmental conditions were also 

monitored throughout the study.  The combined measurements of deck strain, 

temperature, environment, concrete properties, and cracking tendency provided 

important information to better understand the general shrinkage and thermal 

behavior of the bridge.  The recorded data from the bridge instrumentation was then 

compared with the equations derived from the analytical study.  The stresses based on 

the measured strains in the field study were found to be similar to the stresses 

determined in the analytical study.  While the field data did not necessarily reflect the 

behavior of all bridge decks, it verified that the analytical approach could predict 

actual behavior. 

 A laboratory test procedure was developed by Krauss and Rogalla to compare 

the cracking tendency of different concrete mixtures.  Concrete mixtures with 

different material properties were the focus of the laboratory testing since the 

analytical study determined these factors to have the greatest effect on cracking 

performance.  Thirty-nine different mixtures were examined using a restrained ring 

test, which consisted of a concrete ring cast around a section of steel tubing.  This test 

promoted the development of tensile stresses and cracking as the restrained concrete 

began to shrink.  Gages on the steel tubing measured strains to determine the 

initiation of cracks, and the concrete rings were visually inspected for cracking.  

Strength cylinders and free-shrinkage specimens were also cast from each mixture to 

determine relationships between cracking and shrinkage, development of strength and 



 

 

41 

 

 

modulus of elasticity, and creep.  The effects of a number of factors were investigated 

and, ranked in order of importance, were water-cement ratio; cement content; 

aggregate type and size; the use of high-range water reducers, silica fume, set 

accelerators, and retarders; air-entrainment; freeze-thaw cycles; evaporation rate; 

curing; and shrinkage-compensating cement.  Each factor was placed in one of three 

categories, materials, design, or construction, to investigate the effect of each 

category on cracking. 

 A number of trends were observed based on the laboratory testing.  Krauss 

and Rogalla determined aggregate type to be the most significant factor affecting the 

cracking of concrete.  Concretes with aggregates that had greater angularity cracked 

later than did concretes with more rounded aggregates, and aggregates with a high 

coefficient of thermal expansion and high modulus of elasticity were found to initiate 

more cracking.  An increase in cement content and decrease in water-cement ratio 

were observed to increase cracking tendency.  The researchers did not find any 

correlation between water content and cracking performance from the restrained ring 

data, although increased water content was found to increase shrinkage as a result of 

an increase in paste content.  They suggested that any tendency to increase cracking 

as the result of a higher water content was offset by the increased creep that occurred 

in mixtures with higher water contents.  The researchers did not observe any 

relationship between paste content or free shrinkage and time of cracking in the 

restrained ring tests.  They, however, believed that paste content is a primary 

contributor to drying shrinkage cracking.  Slump was not found to have a significant 

effect on cracking in the laboratory tests, but mixtures with virtually no slump, a low 

cement content, and a low water-cement ratio exhibited the best performance by 

taking the longest to crack of all restrained ring specimens.  Slump was not expected 

to contribute to cracking in the restrained ring test since cracking due to slump is a 

result of restrained settlement, not restrained shrinkage.  Cracking was delayed with 
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the use of shrinkage-compensating cement, and the addition of fly ash was found to 

slightly delay cracking in the restrained ring test.  Entrained air was not found to play 

a role in cracking tendency.  Silica fume was found to increase cracking tendency.  

The use of a high-range water reducer delayed cracking, except when used with a 

zero-slump concrete.  Concretes with set accelerators or retarders, on average, 

cracked slightly earlier than comparable control mixtures, but the effect was not 

significant enough to draw a conclusion.  Concretes subjected to longer curing 

periods experienced lower cracking.  Benefits of longer curing on cracking were more 

pronounced for concretes with a high cement and low water-cement ratio. 

 Several recommendations dealing with materials and construction were made 

by the researchers to minimize cracking.  Concrete with a high creep capability, low 

modulus of elasticity, and low coefficient of thermal expansion should be used to 

minimize thermal and shrinkage stresses and cracking.  Cement contents should be 

limited to reduce shrinkage, decrease early strength, modulus of elasticity, and heat of 

hydration, and increase creep.  Krauss and Rogalla suggested that 56 or 90-day design 

strengths be considered to promote low heat of hydration.  Fly ash was recommended 

for use due to its reduction in early strength.  The largest possible maximum size 

aggregate was recommended for use to allow for a low paste content mixture while 

maintaining workability.   

 Krauss and Rogalla suggested placing concrete during early or mid-evening to 

minimize ambient temperatures and lower the heat of hydration.  Maintaining lower 

concrete temperatures during placement was suggested as a way to lower early 

hydration temperatures and thermal stresses.  The placement of concrete much 

warmer than the ambient temperature was found to decrease the relative humidity 

above the surface and promote plastic shrinkage cracking.  The study recommended 

that concrete be cast 10 to 20° F (5 to 10° C) cooler than ambient temperature at 

ambient temperatures above 60° F (16° C).  They recommended casting at ambient 
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temperature for temperatures below 60° F (16° C).  Concrete should not be placed in 

windy conditions, and wet curing techniques, including misting, curing compound, 

and wet blanket procedures, should be implemented quickly after placement and 

maintained for at least 7 days, and preferably 14 days, to minimize surface drying.  

Windbreaks and concrete misting procedures should be used during placement when 

the evaporation rate exceeds 0.2 lb/ft
2
/hr (1 kg/m

2
/hr) to avoid plastic shrinkage 

cracking.  Mechanical grooving of hardened concrete was recommended in place of 

rake tining of plastic concrete because of the decreased damage applied to the deck 

surface and the ability to more rapidly initiate curing.  

1.6 FREEZE-THAW DURABILITY  

The penetration of water and chemicals through cracks not only initiates 

corrosion of the reinforcing steel, but also promotes durability problems of the 

concrete itself.  The environmental conditions to which bridge decks are subjected 

place the concrete at high risk for the development of durability problems.  The 

nearly horizontal surface of most decks slows the removal of water and other 

chemicals, alternating wetting and drying cycles are much more damaging than 

constant submersion, and freezing and thawing cycles can lead to fracture and 

spalling problems (Transportation Research Board 1979).  The development of cracks 

can contribute to damage under repeated freeze-thaw cycles.  This study examines the 

freeze-thaw durability performance and scaling resistance, as well as the shrinkage 

and cracking performance, of concrete mixtures to more effectively extend the 

lifespan of bridge decks.  The following sections discuss the freeze-thaw damage 

mechanisms in both the cement paste and aggregates and reports measures that can be 

taken to alleviate freeze-thaw problems. 
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1.6.1 Cement Paste Freeze-Thaw Damage Mechanism 

The high porosity and fine particle size of hardened cement paste causes the 

material to be susceptible to freeze-thaw damage.  Capillaries within the cement paste 

are primary locations for water to freeze in saturated, non-air-entrained oncrete.  

Powers and Helmuth (1953) observed that a significant increase in volume occurs in 

non-air-entrained, saturated cement paste when subjected to freezing conditions.  This 

volume increase from the expansive formation of ice leads to internal tensile stresses 

and cracking.  In air-entrained cement paste, very little volume increase and 

significant shrinkage is observed upon freezing. 

 The freeze-thaw behavior within cement paste is caused by several processes, 

including hydraulic pressure, osmotic pressure, and desorption of water.  Studies by 

Powers (1945, 1949) initially concluded that hydraulic pressure was the primary 

contributor to the damaging increase in volume.  Powers proposed that a volume 

increase due to ice formation inside a paste capillary causes compression of unfrozen, 

residual water.  This hydraulic pressure can only be relieved by the water escaping to 

an open space by diffusion through unfrozen pores.  Volume increases and stresses in 

the capillary will occur if the distance is too great for the residual water to escape 

(Mindess et al. 2003). 

 Further analysis by Powers and Helmuth (1953), however, demonstrated that 

processes other than hydraulic pressure were the key contributors to the freeze-thaw 

damage in the paste.  The researchers observed that partially-dry, non-air-entrained 

cement paste would initially shrink and then expand when frozen.  The partially-dry 

paste had a sufficiently empty pore volume to accommodate the increase in volume 

from the water turning to ice.  Freezing damage was also observed with liquids that 

do not expand when frozen.  These observations suggest that water is moving towards 

the frozen locations, rather than away.  Significant dilation occurs as water travels to 

the freezing sites, subjecting the surrounding paste to tensile stresses.     
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 Powers and Helmuth (1953) suggested that this behavior was due to osmosis.  

Ice in a pore nucleates from the pore solution, leading to an increased solute 

concentration in the liquid near the ice.  Through the process of osmosis, the solution 

with a lower concentration is drawn towards the solution with a higher concentration.  

The movement of this water causes osmotic pressure that can lead to stresses and 

cracking in the surrounding paste.   

 Another explanation stems from the desorption of water.  The freezing 

temperature of water in paste capillaries is based on the diameter of the pore neck.  

This causes water in smaller diameter pores to freeze at lower temperatures than 

water in larger diameter pores.  As the temperature drops below 32° F (0° C), water in 

smaller diameter pores supercools rather than freezes.  The chemical potential of ice 

is lower than that of supercooled water, leading to a higher vapor pressure in the 

smaller, unfrozen pores.  This lowers the relative humidity near the frozen areas and 

promotes the movement of water towards these frozen sites.  The paste away from the 

frozen regions shrinks and significant volume increases and stresses occur at the 

frozen locations in the paste. 

1.6.1.1 Durability  Effects of Air  Entrainment  

Air entrainment is a proven method of minimizing freeze-thaw damage in 

cement paste (Transportation Research Board 1979).  The addition of entrained air 

provides empty space within the cement paste for water to move and freeze, lessening 

damage.  Water inside of the air voids begins to freeze at higher temperatures than 

capillary water due to the larger size of the air voids.  The processes of osmosis and 

desorption reduce the saturation of the surrounding cement paste as nearby water is 

drawn into the air voids (Mindess et al. 2003). 

Higher air content alone, however, does not provide improved freeze-thaw 

durability to the concrete.  It is necessary to evenly distribute the air voids throughout 

the concrete to allow the majority of the capillary water to be drawn into the voids.  
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The osmotic and vapor pressures developed within the concrete are not great enough 

to draw water into the air voids if the distance to these voids is too great.  For this 

reason, air-void spacing, described in terms of the air-void spacing factor, is an 

important component in determining the freeze-thaw durability of concrete.  An air-

void spacing factor of no greater than 0.008 in. (0.20 mm) is suggested to provide 

sufficient freeze-thaw protection to the concrete (Russell 2004).  The volume of air 

recommended by American Concrete Institute (ACI) Committee 201 to achieve 

satisfactory frost protection is between 5 and 6 percent for mixtures with a maximum 

size aggregate of 1 in. (25.4 mm).  The construction specifications for low-cracking 

high-performance concrete (LC-HPC) bridge decks in Kansas require air contents 

within the range of 6.5 to 9.5 percent for concrete to be accepted for placement 

(Kansas Department of Transportation 2007b).  The lower limit of the LC-HPC 

specifications require air contents above that recommended by ACI Committee 201 

based on observations by Schmitt and Darwin (1995), Miller and Darwin (2000), and 

Lindquist et al. (2005) that bridge decks placed with concretes with air contents above 

6 percent exhibit a drop in cracking.  The upper limit of the specifications helps 

ensure that adequate concrete strength is achieved. 

1.6.1.2 Durability  Effects of Water-Cementitious Material Ratio 

 The water-cementitious material ratio of concrete has a great effect on freeze-

thaw durability due to its relationship with total capillary porosity (Powers and 

Brownyard 1947) and pore size distribution (Parrott 1989).  Powers and Brownyard 

(1947) determined that in fully hydrated portland cement paste, a reduction in water-

cement ratio from 0.6 to 0.4 decreased the pore volume (capillary and gel pores) 

fraction from 50 to 30 percent.  A lower water-cementitious ratio and porosity result 

in fewer large pores within the cement paste and a lower maximum potential water 

content.  Lower water-cementitious material ratios also reduce permeability, which 

increases durability by lessening the penetration of water into the concrete.  ACI 
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Committee 201 recommends that a maximum water-cementitious material ratio of 

0.45 be used for bridge deck concrete to maintain adequate freeze-thaw durability.  

1.6.2 Aggregate Freeze-Thaw Damage Mechanism 

Aggregates generally have larger pores that can be more easily saturated than 

the smaller capillary pores of cement paste.  Hydraulic pressure due to the formation 

of ice within pores is the main factor that contributes to the freeze-thaw damage in 

aggregates (Transportation Research Board 1979).  Freezing damage occurs when the 

distance for the pore water to travel within the aggregate is too great for the water to 

escape and relieve hydraulic pressure before fracture occurs.  This distance, which 

establishes the critical aggregate size, is based on freezing rate, degree of saturation, 

permeability, and tensile strength of the aggregate.  Freezing damage may occur in 

aggregates with fine pores, high absorption, and low permeability.  Even if an 

aggregate with a high absorption is not damaged by freezing, the water that is forced 

out of the pores of the aggregate by the hydraulic pressure can damage the 

surrounding cement paste (Mindess et al. 2003).  The benefit of entrained air is 

minimal in lessening the damage due to freezing within aggregates (ACI Committee 

201).   

1.6.3 Scaling  

Even properly air-entrained concrete with durable aggregates can be damaged 

in the presence of deicing salts due to scaling.  Scaling is defined as the loss of 

surface mortar and often occurs in conjunction with a loosening of surface 

aggregates.  Salt solutions have a lower vapor pressure than pure water, and concretes 

exposed to salt exhibit a lower rate of evaporation and a higher degree of saturation 

than concretes not exposed to salt.  The use of salt has safety benefits for pavements 

by decreasing ice accumulation through a reduction of the freezing temperature of 

water, which also contributes to the increased saturation at the concrete surface.  The 
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increased moisture at the surface can promote the formation of ice lenses that can 

fracture the concrete.   It has also been suggested that heat is removed from the 

subsurface concrete to melt the ice at the surface when salt is used, causing a rapid 

temperature drop below the surface.  Significant freezing in the subsurface from the 

temperature drop results in tensile stresses and cracking from thermal strains 

(Mindess et al. 2003). 

Valenza and Scherer (2006) suggested that the glue spall mechanism is the 

primary cause of salt scaling, named after a similar phenomena that occurs with 

epoxy-covered glass.  As a salt solution freezes on a concrete surface, an ice/concrete 

composite material forms.  As the temperature decreases below the melting point of 

the salt solution, the ice layer on the concrete surface tends to contract five times the 

amount of the underlying concrete, placing tensile stresses in the surface of the 

concrete.  

The salt concentration in the solution affects the level of damage to the 

concrete.  Verbeck and Klieger (1956) found that scaling of the concrete is greatest at 

low to intermediate concentrations (2 to 4 percent) of both calcium chloride and 

sodium chloride.  Scaling problems commonly occur in overvibrated and overfinished 

concrete where increased paste and inadequate air voids exist on the surface (Mindess 

et al. 2003).  The use of proper air-entrainment and low-permeability concrete 

provides the best protection from scaling.  Air voids relieve differences in vapor 

pressure between water and ice and low permeability reduces the penetration of liquid 

into the concrete.  Proper air-entrainment reduces scaling in the same manner as it 

reduces freeze-thaw damage, by providing a freezing location for water outside of the 

cement paste capillaries. 
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1.7 DURABILITY EFFECTS OF ALTERNATIVE AGGREGATES, 

SUPPLEMENTARY  CEMENTITIOUS MATERIALS , AND 

SHRINKAGE -REDUCING ADMIXTURES  

Alternative aggregates, supplementary cementitious materials, and shrinkage-

reducing admixtures are added to concrete to improve performance, reduce cost, or 

improve environmental sustainability.  Studies conducted at the University of Kansas 

have addressed the effect on the free shrinkage of additions of pre-wetted lightweight 

aggregate for internal curing, the use of slag cement, fly ash, and silica fume as 

portland cement replacements, and the use of shrinkage-reducing admixtures 

(Lindquist et al. 2008, Reynolds et al. 2009, Browning et al. 2011, Yuan et al. 2011).  

The effect of these materials on the freeze-thaw durability and scaling resistance of 

concrete, however, was not examined.  As with any modification in mixture 

proportions, it is important to understand the effect of these materials on overall 

durability.  The unique contributions to the performance of concrete provided by each 

material must be understood before they are acceptable for use in bridge decks.  This 

study examines the freeze-thaw durability and scaling resistance, as well as reaffirms 

the benefits to free shrinkage of a number of materials.  The following sections 

summarize the benefits and drawbacks to concrete performance of the materials that 

are examined in this study. 

1.7.1 Internal Curing with  L ightweight Aggregate 

 The use of lightweight aggregate as a source of internal curing water in 

concrete bridge decks is increasing as the benefits become better known.  In 

terminology currently being considered by ACI Committee 308, internal curing is the 

process of cement hydration by the use of additional internal water that is not part of 

the mixing water.  This additional internal water can be provided by the use of small 

amounts of pre-wetted, fine or intermediate-sized lightweight aggregate (LWA) that 

has a high porosity.  The benefits of internal curing include reduced autogenous 

shrinkage and cracking, increased hydration and strength, reduced permeability, and 
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increased durability (Roberts 2004, Geiker et al. 2004).  The American Society for 

Testing and Materials (ASTM) has developed the Standard Specification for 

Lightweight Aggregate for Internal Curing of Concrete (ASTM C1761) as a result of 

the increased use of internal curing with lightweight aggregate. 

 As discussed in Section 1.2.1.2, autogenous shrinkage is caused by a drop in 

the internal relative humidity of concrete.  The humidity drops as insufficient water is 

available to supply that lost from the capillary pores during hydration, leading to self-

desiccation of the cement paste.  This self-desiccation occurs at low water-cement 

ratios, below 0.42, where there is not enough water to hydrate the cement unless 

water is added during curing (Mindess et al. 2003).  External wet-curing cannot 

supply enough water to eliminate autogenous shrinkage for mixtures with low 

permeability (Mindess et al. 2003).  The addition of pre-wetted, porous lightweight 

aggregate can provide the internal curing water needed to fill the empty pore space in 

the paste.  Although autogenous shrinkage is not a problem for concrete with the 

water-cement ratios used in LC-HPC bridge decks (0.42 to 0.45), previous research at 

the University of Kansas has shown that internal curing also helps with the reduction 

of drying shrinkage at these higher water-cement ratios (Browning et al. 2011).  The 

lightweight aggregate aids in alleviating drying shrinkage by providing internal water 

to fill capillary pores as the hardened concrete loses water to the environment.  The 

internal water also improves the efficiency of the curing process. 

 The volume of internal curing water needed to offset autogenous shrinkage is 

a function of cement content, maximum expected degree of saturation of the cement, 

and autogenous shrinkage.  As reported by Bentz and Snyder (1999), the necessary 

internal curing water is determined by the following equation: 

 

 ὠ
ὅ  θ  ὅὛ
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where ὠ  is the volume fraction of water (ft
3
 water/ft

3
 concrete) needed in the 

internal curing medium (for example, lightweight aggregate) to offset autogenous 

shrinkage, ὅ is the cement content (lb cement/ft
3
 concrete),  θ  is the maximum 

degree of cement hydration (from 0 to 1), ɟ is the density of water (62.4 lb/ft
3
), and 

ὅὛ is the volume change due to autogenous shrinkage of the cementitious materials at 

complete (100 percent) hydration (lb water/lb cement hydrated).  A typical 

conservative value for ὅὛ is 0.07 lb water/lb cement hydrated.  For concrete with a 

water-cement ratio (w/c) below 0.40, complete hydration cannot be achieved, and the 

maximum degree of cement hydration (ᶿ ) can be estimated as (w/c)/0.40.  The 

volume fraction of LWA (ft
3
 LWA/ft

3
 concrete) necessary to offset autogenous 

shrinkage can be determined by the following equation: 

 

 ὠ
ὠ

‰ Ὓ 
 (1.3) 

where ὠ  is the volume fraction of LWA necessary (ft
3
 LWA/ft

3
 concrete), ‰ is the 

porosity of the LWA, and S is the degree of saturation of the aggregate (from 0 to 1).  

Zhutovsky et al. (2002) determined that the amount of absorbed water in the LWA 

must be greater than the amount of internal curing water required for preventing 

autogenous shrinkage since not all absorbed water is desorbed from the aggregate.  

The amount of desorption water available in the aggregate for use in the cement paste 

is a function of pore size and aggregate spacing.  A small aggregate with a large pore 

structure will most efficiently release water into the paste.  Zhutovsky et al. reported 

an equation similar to that of Equation 1.3 that included an efficiency factor (–) in the 

denominator.  The efficiency factor is based on the amount of absorbed water that is 

desorbed into the paste.  Bentz and Snyder (1999) determined that the level of 

dispersion of the LWA within the cement paste can influence the effectiveness of the 

internal curing.  Concretes with an even dispersion of LWA throughout the paste 

matrix are able to more effectively distribute internal curing water through the entire 
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paste.  Similar to entrained air, the LWA distribution will influence how effectively 

the desorbed water will reach the empty capillary pores in the cement. 

Browning et al. (2011) evaluated the effectiveness of vacuum pre-wetted, 

intermediate-sized lightweight aggregate as a source of internal curing.  The study 

focused on three replacement levels (8.9, 11.3, and 13.8 percent by total aggregate 

volume) of normalweight aggregate with lightweight aggregate.  Browning et al. 

concluded that for mixtures with w/c = 0.44, increasing replacement levels of 

lightweight aggregate substantially decreased shrinkage after both 30 and 365 days of 

drying.  Considerable swelling was observed in the mixtures with lightweight 

aggregate during the wet-curing period.  An increase in swelling has potential 

benefits in bridge deck applications by placing the restrained concrete in 

compression.  Less shrinkage was observed for the mixtures with lightweight 

aggregate compared to those without lightweight aggregate even when the swelling 

was neglected.  The moisture contents of the vacuum pre-wetted lightweight 

aggregates used in the study ranged from 25 to 30 percent.  Typical wetting methods 

in field applications are less effective than vacuum pre-wetting methods, resulting in 

the use of lightweight aggregates containing lower moisture contents than their 

absorption capacity.  The New York State Department of Transportation requires that 

lightweight aggregate be wetted using soaker hoses or sprinklers for 48 hours or until 

the moisture content is at least 15 percent by weight.  Fine lightweight aggregates are 

typically delivered in the air-dry condition and wetted just prior to batching because 

the fine particles are able to become highly saturated in a short period of time.  It is 

important to understand that the saturation level of the lightweight aggregate affects 

the amount of internal water available in the concrete.  Merikallio et al. (1996) 

examined the effect of dry lightweight aggregate on the internal relative humidity and 

evaporation rate of concrete specimens.  They observed a decrease in internal relative 

humidity and evaporation rate in concrete specimens containing dry lightweight 
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aggregates due to the aggregate absorbing a portion of the mixing water.  The 

decreased evaporation resulted from internal water being absorbed by the lightweight 

aggregate instead of evaporating.  

 Other researchers have observed early-age expansion (swelling) similar to that 

observed by Browning et al. (2011) in mixtures containing pre-wetted lightweight 

aggregate.  Bentz et al. (2001) concluded that this swelling may be related to 

ettringite formation or swelling of the gel hydration products.  The initial expansion 

benefits the cracking performance of concrete by delaying the onset of tensile stresses 

to a time when the concrete has a higher tensile strength (Cusson and Hoogeveen 

2008).  Lura and van Breugel (2000) analyzed the effectiveness of different sizes of 

lightweight aggregate on swelling performance.  They compared mixtures with 

similar volumes of lightweight aggregate with three different sizes, fine ï to 4 mm (0 

to 0.16 in.), intermediate ï 4 to 8 mm (0.16 to 0.31 in.), and coarse ï 8 to 16 mm 

(0.31 to 0.63 in.).  At 144 hours after casting, 40 percent greater swelling was 

observed in the fine lightweight aggregate mixture than in the coarse mixture. 

Decreased permeability, improved cement hydration, and increased strength 

have been observed in concretes that incorporate internal curing.  Bentz (2009) 

observed a reduction in the chloride diffusion coefficient from 25 to 45 percent in 

mortar specimens with a water-cement ratio of 0.40 as a 24 percent replacement by 

weight of sand with pre-wetted lightweight aggregate was included.  The decreased 

permeability was attributed to a reduction in percolation through the paste at the 

interfacial transition zone around the lightweight aggregate particles and improved 

long-term cement hydration, both resulting from the internal curing.  Cusson and 

Margeson (2010) observed that cement hydration in air-entrained concrete with a 

water-cement ratio of 0.35 was enhanced (20 percent higher C-S-H content) by 

internal curing.  The improved hydration of the cement led to a 10 percent increase in 

28-day compressive strength, a 20 percent decrease in water permeability, and a 25 
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percent decrease in chloride ion penetrability.  The researchers also observed a 60 

percent reduction in autogenous shrinkage after 28 days of drying for internally-cured 

specimens.   

     Recent field examinations of structures that incorporated internal curing 

showed that 7-day flexural strengths reached 90 to 100 percent of the required 28-day 

flexural strength due to an improved cement hydration.  Compressive strengths of air-

cured cylinders were found to be similar to those of wet-cured cylinders at all ages, 

suggesting that internal curing provides adequate water for cement hydration 

(Villarreal and Crocker 2007). 

 Few studies have considered the freeze-thaw durability of concrete containing 

LWA.  The increased internal water available with use of LWA has raised concerns 

over freeze-thaw performance because it may allow more water to freeze and expand 

within the cement paste.  In addition, if the internal curing is inadequate, the porous 

characteristics of LWAs can contribute to lower strength.  Contrary to these concerns, 

Cusson and Margeson (2010) observed that internally-cured concrete performed 

better than non-internally-cured concrete when subjected to 300 rapid freeze-thaw 

cycles in water and 50 slow freeze-thaw cycles in a solution of deicing chemicals (4 

percent calcium chloride).  Holm et al. (2003) observed decreased permeability with 

additions of LWA due to the improved interfacial transition zone (ITZ) between the 

LWA and cement paste matrix.  Lam and Hooton (2005) determined that higher 

replacements of normalweight aggregate with pre-wetted LWA resulted in a lower 

chloride diffusivity.  The researchers observed that the use of finer LWA resulted in a 

greater decrease in chloride diffusivity than coarser LWA. 
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1.7.2 Mineral Admixtures 

1.7.2.1 Slag Cement 

Blast furnace slag is a by-product of the production of pig iron.  Slow, air-

cooled slag crystallizes to form inert aluminum magnesium and calcium magnesium 

silicates and exhibits no pozzolanic or cementitious properties, even if ground to a 

high fineness.  When slag is cooled quickly, or quenched, and then ground, however, 

a hydraulically active calcium aluminosilicate glass is formed that has cementitious 

properties (Mindess et al. 2003).  The quenching process is called granulation, and the 

final product is ground granulated blast furnace slag (Ramachandran 1997), 

commonly known as slag cement. 

Blast furnace slags are rich in lime, silica, and alumina and have relatively 

more silica and less calcium than portland cement.  Of all by-product mineral 

admixtures, slags are the closest in chemical composition to portland cement.  

Impervious coatings of amorphous silica and alumina form around slag particles early 

in the hydration process and cause the slag to react slowly with water.  Alkalis and 

sulfates provided by portland cement are able to break down these impervious 

coatings and initiate hydration.  A 10 to 20 percent portland cement content is all that 

is needed to activate a slag-cement blend, though these blends typically contain much 

more cement than this.  Typically, slag is ground to a fineness exceeding that of 

portland cement to attain increased activity at early ages.  As the percentage of slag 

increases in a slag-cement blend, a slower rate of strength should be expected, 

particularly at early ages (ACI Committee 233).    

Several compounds, such as alkalis, gypsum, and lime, can also serve as 

activators for slag hydration.  The addition of alkalis produces alkali activated slag 

(AAS), which sets more rapidly than portland cement.  Alkali activated slag also has 

a more rapid rate of strength gain, higher ultimate strength, and lower permeability 

than typical slag-cement blends.  Because slag has a lower lime content than portland 



 

 

56 

 

 

cement, it produces calcium silicate hydrate (C-S-H) that has a lower C/S ratio than 

pure cement during the hydration process.  The increased silica content leads to 

pozzolanic behavior, as calcium hydroxide, one of the hydration products of cement, 

reacts with the silica (Mindess et al. 2003). 

Slag is classified into three grades (80, 100, and 120) per ASTM C989 based 

on a slag-activity index.  The slag-activity index is dependent on mortar strengths 

produced by slag when blended with an equal weight of portland cement, and 

compared to that of pure portland cement mortar.  The slag-activity index is measured 

at both 7 and 28 days and increases with increasing grades of slag.  Increased fineness 

contributes to increased activity and higher early strength (ACI Committee 233). 

 Concrete containing a slag-cement blend typically has greater workability and 

easier consolidation than concrete containing 100 percent portland cement, allowing a 

lower cement paste content to be used.  Wood (1981) has suggested that this 

improved workability is due to smooth slip planes created in the paste by the slag.  

The water demand for a given slump may be 3 to 5 percent lower for a concrete with 

a slag-cement blend than for a 100 percent portland cement concrete (Meusel and 

Rose 1983).  An increased set time can generally be expected for concrete with the 

addition of slag.  The degree to which setting time is affected is dependent on 

concrete temperature, quantity of slag, water-cementitious material ratio, and the 

characteristics of the portland cement (Fulton 1974).  The compressive strength of 

concrete containing slag is dependent on the grade and amount of slag used in the 

mixture.  Greater long-term strength gain (beyond 20 years), compared to pure 

portland cement concrete, has been observed for concrete containing slag (Wood 

1992).  Fulton (1974) and Hogan and Meusel (1981) observed increased strength in 

concrete containing slag compared to concrete containing only portland cement when 

subjected to elevated temperature conditions during curing.  Fulton (1974) reported 

that concrete containing slag is more sensitive to poor curing conditions than concrete 
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containing only portland cement if slag is used in proportions higher than 30 percent 

of cementitious material volume.  He attributed this to the relative reduction in 

hydration of the slag compared to that attained by portland cement due to the lack of 

water at early ages, which contributes to more water not being consumed in the 

hydration process and available for evaporation.  The use of slag is known to reduce 

the rise of temperatures in mass concrete.   

The permeability of concrete containing slag is greatly reduced compared to 

concrete containing only portland cement (Rose 1987), with decreased permeability 

as the proportion of slag is increased.  This lower permeability is due to a change in 

the pore structure of the cement paste matrix.  The excess silica in slag reacts with the 

calcium hydroxide (CH) and alkalis released during the cement hydration, leading to 

C-S-H filling concrete pores (Bakker 1980, Roy and Idorn 1983).  A reduction in pore 

size has been observed for slag mixtures in the first 28 days after mixing (Mehta 

1980).  This reduction in permeability has been found to significantly reduce the 

penetration of chlorides to all depths within the concrete, enhancing the resistance to 

corrosion of the reinforcing steel (Bakker 1980; Fulton 1974; Mehta 1980).    

Previous studies have reported conflicting findings on the freeze-thaw 

durability and scaling resistance of mixtures containing slag-cement blends.  Fulton 

(1974), Klieger and Isberner (1967), and Mather (1957) reported similar freeze-thaw 

durability in mixtures with slag-cement blends or 100 percent portland cement.  

Malhotra et al. (1987), however, found that while different combinations of portland 

cement, slag, and fly ash provided concrete properties similar to that of concrete with 

100 percent cement, mixtures containing slag and/or fly ash did not perform as well 

as concrete with 100 percent cement when subjected to freeze-thaw cycles.  Malhotra 

et al. recommended a minimum cement content of 200 kg/m
3
 (337 lb/yd

3
) to provide 

adequate freeze-thaw durability.  Gunter, Bier, and Hilsdorf (1987) observed that 

concretes containing slag that were exposed to carbonation exhibited a significant 
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reduction in durability when subjected to a 3 percent sodium chloride solution and 

freeze-thaw cycles.  Concretes with 100 percent cement exhibited increased freeze-

thaw durability when exposed to the same conditions.  Stark and Ludwig (1997) 

reported similar findings to Gunter et al. (1987) and determined that, in concretes 

containing slag, carbonation creates a coarser surface microstructure compared to the 

denser subsurface, which contributes to decreased durability on the surface.  Bilodeau 

and Ludwig (1992) reported decreased scaling resistance for concretes containing 25 

and 50 percent replacements of cement with slag by weight when exposed to sodium 

chloride and cycles of freezing and thawing. 

1.7.2.2 Fly Ash 

 Fly ash is a finely divided residue created from the combustion of ground or 

powdered coal.  During the combustion process, the fly ash is transported by flue 

gases into a particle removal system (ACI Committee 232).  Fly ash is the most 

widely used supplementary cementitious material due to its desirable effects on 

concrete properties and low cost (less than half the cost of cement).  Fly ash particles 

are mostly spherical, with a mean particle diameter similar to that of portland cement 

(10 to 15 µm).  The specific surface area of fly ash (1 to 2 m
2
/g) is greater than that of 

portland cement (less than 1 m
2
/g) (Mindess et al. 2003).   

 Due to the great variety in the properties of coal used in the power industry, 

the chemical composition and properties of fly ash can vary considerably.  For this 

reason, ASTM C618 has separated fly ash into two classes, F and C.  Class F fly 

ashes are produced from bituminous and anthracite coals, which are found in the 

eastern United States and typically have a high heat energy.  Bituminous and 

anthracite coals rarely contain more than 15 percent calcium oxide.  ASTM C618 

specifies that the content of acidic oxides (SiO2, Al2O3, and Fe2O3) must exceed 70 

percent for fly ash to be classified as a Class F.  Class C fly ashes are a product of the 

combustion of lignitic coals from the western United States (Mindess et al. 2003).  



 

 

59 

 

 

Class C fly ashes, also known as high-lime ashes, have an acidic oxide content 

between 50 and 70 percent and generally contain more than 20 percent calcium oxide.  

The silica (SiO2) content in fly ash is mainly accredited to the clay minerals and 

quartz in the coal.  Bitiminous and anthracite coals contain more clay minerals and a 

higher silica content than lignite coals.  Class C fly ashes often exhibit a higher rate of 

reaction at early ages than do Class F fly ashes.  Concretes containing certain Class C 

fly ashes, however, may not experience the same level of long-term strength gain as 

concretes containing Class F fly ash (ACI Committee 232). 

 Fly ash is a pozzolan and the siliceous and aluminous material in the fly ash 

alone possesses little cementitious value.  The material reacts with the calcium 

hydroxide produced during cement hydration to form calcium silicate and aluminate 

hydrates, which, like those formed in cement hydration, have cementitious properties 

(ACI Committee 232).  The calcium oxide in Class C fly ash can give the material 

some cementitious properties.  The reaction of fly ash with calcium hydroxide occurs 

at a much slower rate than the corresponding reaction for silica fume, leading to a 

slower rate of strength gain.  The slower reaction of fly ash is due to its smaller 

specific surface area and lower silica content.  The rate of hydration that occurs with 

fly ash is similar to that of C2S in cement, which occurs at a slower rate than other 

cement components.  The addition of fly ash has a similar effect to that of increasing 

the C2S content in cement, which decreases the early heat evolution and lowers early 

strength, but increases long-term strength.  For this reason, it is necessary to wet-cure 

concrete containing fly ash for a sufficient length of time to achieve the full benefits.  

Without sufficient wet-curing, the unreacted portion of the fly ash will act as a 

noncementitious filler.   

Fly ash provides benefits to both plastic and hardened concrete properties.  

The pozzolanic reaction leads to both a decrease in the rate of reaction and a decrease 

in the total heat of hydration, allowing for greater control of temperature and 
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decreased thermal effects.  Due to the spherical shape of the particles, the addition of 

fly ash allows a mixture to maintain workability and pumpability with a decreased 

water content (Mindess et al. 2003).  Fly ash also benefits plastic concrete by 

increasing cohesiveness, reducing segregation and bleeding, and improving 

finishability (Russell 2004).  The addition of a sufficient amount of fly ash can be 

used to reduce the effects of the alkali-silica reaction in concrete (Mindess et al. 

2003).  Other benefits of fly ash on hardened concrete include reduced permeability, 

reduced chloride diffusivity, increased resistivity, and increased resistance to sulfate 

attack (Russell 2004).  Yuan et al. (2011) examined the free shrinkage of mixtures 

with a 40 percent volume replacement of cement with Class F fly ash.  They observed 

that mixtures with 100 percent portland cement experienced lower free shrinkage than 

mixtures with fly ash when cured for 7 and 14 days.  As the curing period increased 

to 28 and 56 days, however, the mixtures containing fly ash exhibited lower 

shrinkage compared to the mixtures with only cement, illustrating that longer curing 

periods improve the shrinkage performance of mixtures with fly ash more than for 

mixtures without fly ash.  

1.7.2.3 Silica Fume 

 Silica fume is a by-product of the production of silicon metal or ferrosilicon 

alloys and consists of very fine spherical particles having diameters 100 times finer 

than portland cement.  The fine silica fume particles have a high specific surface area 

and tend to adsorb more water, causing an increase in the water demand of a mixture 

(ACI Committee 234).  This increased water demand can be offset with a water 

reducer.  The extremely small size and spherical shape of silica fume particles makes 

it a highly reactive pozzolan (Ramachandran 1997).  When mixing water comes in 

contact with silica fume, a silica-rich gel is formed that collects between and coats the 

cement particles.  A pozzolanic reaction between the gel and calcium hydroxide 

generated by the hydration of cement creates calcium-silicate hydrate (C-S-H) that 
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forms in the voids between other C-S-H that forms during cement hydration, 

producing a dense cement matrix.  Silica fume particles also increase the denseness of 

the cement paste by filling in the spaces between the larger cement particles.  This 

increased packing is especially of interest near the paste-aggregate interface where 

the concrete is weakest and has the highest permeability.  Researchers have come to 

conflicting conclusions on the reason concrete containing silica fume experiences 

higher compressive strength.  Mindess (1988) concluded that silica fume increases 

concrete strength mainly due to an increased bond between the cement paste and 

aggregate particles.  Conversely, Cong et al. (1992), supported by work by Darwin 

and Slate (1970), determined that silica fume increases concrete strength due to an 

increase in the cement paste strength and changes in the properties of the paste-

aggregate interface have little effect on strength.  The increase in strength with the 

addition of silica fume is minimal after 28 days. 

 The addition of silica fume results in a reduction in concrete permeability of 

approximately one order of magnitude (Maage 1984; Maage and Sellevold 1987), 

which can be of great benefit for corrosion protection of reinforcing steel.  Silica 

fume creates a more discontinuous pore structure by decreasing the number of large 

pores while also densifying the interfacial transition zone (Mindess et al. 2003).  As 

reported by Bentur et al. (1988), this effect of pore structure causes a slower rate of 

water loss during drying since water evaporates more rapidly from larger pores.  The 

small particle size and high specific surface of silica fume, however, causes a 

reduction in bleed water flow which can lead to plastic shrinkage cracking if 

insufficient curing water is available.  

 An abundance of testing has been performed to determine the resistance of 

silica fume concrete to chloride ion penetration.  This penetration resistance is 

important to bridge deck concrete by providing protection to the reinforcing steel 

from deicing agents.  Byfors (1987) observed a considerable reduction in chloride ion 
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penetration with the addition of silica fume up to 20 percent by volume of 

cementitious material.  This penetration resistance decreased at higher water-

cementitious material ratios.  The effect of silica fume on chloride penetration was 

measured by Whiting and Detwiler (1998) for a range of silica fume contents and 

water-cementitious material ratios.  They observed that an increase in the silica fume 

content up to approximately 6 percent of total cementitious materials reduced 

chloride diffusivity.  At silica fume contents above 6 percent, much more silica fume 

was needed to achieve the same incremental benefit.  The permeability and chloride 

ion penetration resistance of concrete containing silica fume is greatly dependent on 

the length and method of curing.  During curing, the dense cement paste matrix 

containing silica fume requires enough water to be available for a sufficient length of 

time to adequately hydrate the cement and allow the pozzolanic reaction to proceed 

(Whiting and Khulman 1987).     

 Studies of the freeze-thaw durability of concrete containing silica fume have 

produced conflicting results.  Sorensen (1983), Aitcin and Vezina (1984), and 

Malhotra (1986) observed that for properly air-entrained concrete, the addition of 

silica fume does not have a significant effect on freeze-thaw durability and scaling 

resistance.  Conversely, Pigeon et al. (1987) observed a reduction in scaling 

resistance as the silica fume replacement exceeded five percent by volume of 

cementitious material.  Pigeon et al. (1986) reported that the critical air-void spacing 

factor to achieve adequate freeze-thaw protection is smaller for concretes containing 

silica fume.  This is likely due to the greater length of time needed for pore water to 

reach an air void in the less permeable material.  Sellevold et al. (1982) observed 

increases in the dynamic modulus of elasticity with increasing silica fume contents.  

Sabir and Kouyiali (1991) found that replacing cement with increasing amounts of 

silica fume by weight results in more rapid decreases in the dynamic modulus of 

elasticity when exposed to freeze-thaw cycles. 
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A number of state departments of transportation have used silica fume 

concrete as a bridge deck overlay material in an effort to achieve better surface 

abrasion resistance, good bond strength with the base deck, and increased strength 

(Luther 1988).  Investigators, however, have observed increased bridge deck cracking 

with use of silica fume overlays (Popovic et al. 1988, McDonald 1991, Lindquist et 

al. 2005).  Lindquist et al. (2008) observed increased cracking on bridge decks with 

silica fume overlays.  This observation is likely due to the added restraint provided to 

the concrete deck by the overlay.  Concrete containing silica fume typically 

experiences a higher early heat of hydration that can cause increased thermal stresses 

(Huang and Feldman 1985, Krauss and Rogalla 1996), but the amount of silica fume 

needed to produce a significantly higher early heat of hydration (20 to 30 percent 

replacement of cement by volume) is not used in bridge deck overlays and is highly 

unlikely to be used in most concrete structures.  As mentioned previously, increased 

plastic shrinkage cracking can occur as bleed water slowly moves through the low-

permeability concrete (Krauss and Rogalla 1996).  Krauss and Rogalla (1996) 

observed that concrete containing 7.5 percent silica fume experienced cracking 5 to 6 

days earlier in restrained ring tests than concrete containing no silica fume, likely due 

to the higher early-age strength and stiffness of concrete containing silica fume 

1.7.3 Shrinkage-Reducing Admixtures 

Advances in admixture technology within the past 20 years have resulted in an 

increased usage of shrinkage-reducing admixtures (SRAs) to improve concrete 

shrinkage performance.  Reductions in drying shrinkage achieved with SRAs are 

greater than what can be achieved with optimal material properties, construction 

procedures, environmental conditions, and design considerations.  The admixture is 

available in both liquid and solid forms, with the liquid form dispersed within the 

mixing water and the solid form dispersed within the cementitious material prior to 

mixing for better distribution throughout the concrete.  The internal mechanism that 
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promotes improved shrinkage performance is considerably different for liquid and 

solid SRAs.  Liquid SRAs are more commonly used and are the focus of this section.   

As discussed in Section 1.2.1.2, much of drying shrinkage stems from 

capillary stresses that develop within the cement paste pores due to the surface 

tension of the pore solution.  Liquid SRAs function by reducing the surface tension of 

the pore solution, minimizing capillary stresses and drying shrinkage.  The admixture 

remains in the pore system after the concrete has hardened and continues to reduce 

surface tension.  The primary purpose of the admixture is to reduce drying shrinkage, 

but it has other effects on the fresh and hardened concrete properties.  Mora-Ruacho 

et al. (2009) found that the use of shrinkage-reducing admixtures also reduces plastic 

shrinkage cracking.  The researchers determined that a reduction in the surface 

tension of the pore solution lowers the evaporation rate and delays the onset of peak 

capillary pressures within the concrete.   

 The use of an SRA can have a slight retarding effect on the rate of cement 

hydration and may extend the setting time up to an hour.  A reduction in thermal 

cracking can occur with SRAs due to this retardation and a related reduction in peak 

temperature.  The use of an SRA also decreases the air content of concrete, requiring 

a higher dosage of air-entraining admixture to achieve a specific air content.  The 

possibility of strength reduction must also be considered with the use of SRAs.  

Previous work has shown that a 2 percent addition of SRA by weight of cement will  

reduce the 28-day compressive strength by as much as 15 percent (Berke et al. 1994).  

The strength reduction is generally less in concretes with lower water-cement ratios 

and can be offset by the use of superplasticizers.  SRAs affect the stability of the air-

void system within the concrete as the result of the reduction in the surface tension of 

water.  Lindquist et al. (2008) observed a more stable air-void system with an SRA 

dosage of 1 percent by weight of cement than with a 2 percent dosage.  The 

researchers tested the air content of mixtures at five-minute increments after mixing 
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until the change in air content from one test to the next was less than 1 percent.  The 

mixture with 1 percent SRA maintained a more constant air content for a longer time 

period than the mixture with 2 percent SRA.   

The use of a shrinkage-reducing admixture will also change the shape of the 

drying profile within fresh cement pastes.  Typically, the top 3/8 to 3/4 in. (10 to 20 

mm) of exposed cement paste will dry out uniformly as the largest pores are emptied 

first.  With the addition of an SRA, the decreased surface tension of the pore water 

allows much smaller pores at the surface to be emptied, resulting in a steep drying 

gradient beginning at the concrete surface.  Although the evaporation rate increases, 

the decreased surface tension does not allow pore solution to wick to the surface from 

deep within the concrete, decreasing the drying rate (Bentz 2005).   

Studies suggest that liquid SRAs are most effective at dosages of 1.5 to 2.0 

percent by weight of cement (Balogh 1996, Tomita 1992).  The shrinkage reduction 

provided by the use of SRAs will be more significant for mixtures with lower water-

cement ratios.  Longer periods of wet curing have been found to increase the 

effectiveness of an SRA, especially at early ages.  Lindquist et al. (2008) investigated 

the effect of SRAs in concrete at dosages of 0, 1, and 2 percent by weight of cement.  

The addition of increasing amounts of SRA resulted in a reduction in both early-age 

and long-term shrinkage.  Lindquist et al. found that increasing the curing period 

from 7 to 14 days did not have a significant effect on the free shrinkage of the 

mixtures containing an SRA.  Like Lindquist et al., Yuan et al. (2011) observed 

decreased free shrinkage with increasing dosages of SRA.  Yuan et al. observed 

decreased free shrinkage for mixtures containing an SRA, but similar values of water 

loss for mixtures with and without SRAs. 

1.8 OBJECTIVE AND SCOPE 

The factors responsible for bridge deck cracking and freeze-thaw damage are 

generally recognized.  Cement paste is the concrete constituent that contains the 
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highest shrinkage potential and contributes to cracking.  Concretes with increasingly 

high water-cement ratios exhibit increased permeability, while concretes with 

increasingly low water-cement ratios exhibit increased compressive strength and 

stiffness and reduced effects from creep.  Increased slump and reinforcing bar size 

and decreased top concrete cover contribute to increased settlement cracking.  High 

ambient and concrete temperatures, high wind speeds, and low humidity all 

contribute to an increased evaporation rate and plastic shrinkage cracking.  Concrete 

temperatures during placement that are significantly above that of the steel girders 

can induce thermal stresses that can lead to thermal cracking.  Improper curing allows 

internal moisture to be lost to the environment prior to its consumption in the 

hydration process, contributing to drying shrinkage and cracking.  Mixtures 

containing low air contents experience freeze-thaw damage by allowing water to 

freeze and expand within the cement paste rather than in the air-voids. 

The actions needed to alleviate cracking and freeze-thaw damage are becoming 

better understood due to a range of field, analytical, and laboratory studies completed 

on the subject.  Few studies, however, have taken the step to implement these 

findings in the construction of low-cracking bridge decks.  This report is part of a 

long-term pooled-fund study that includes two separate objectives.   

1.8.1 Objective #1 ï Laboratory Evaluations of Innovative Mixtures for 

Improved Cracking and Durability Performance 

Laboratory evaluations are performed on mixtures employing new technologies 

to further improve shrinkage and cracking performance, including the addition of 

lightweight aggregate to provide internal curing and the use of mineral and shrinkage-

reducing admixtures.  The freeze-thaw durability and scaling resistance of each 

mixture is evaluated to determine overall durability performance.  Fifty-three batches 

of concrete are evaluated using the following six laboratory tests.  Detailed 

descriptions of the test procedures are provided in Chapter 2. 
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¶ ASTM C157 ï Standard Test Method for Length Change of Hardened Hydraulic 

Cement Mortar and Concrete.  Three specimens per mixture were tested. 

¶ ASTM C666 ï Procedure B ï Standard Test Method for Resistance of Concrete to 

Rapid Freezing and Thawing.  Three specimens per mixture were tested. 

¶ ASTM C215 ï Standard Test Method for Fundamental Transverse, Longitudinal, 

and Torsional Frequencies of Concrete Specimens.  Three specimens per mixture 

were tested. 

¶ BNQ NQ 2621-900 ï Bétons de Masse Volumique Normale et Constituants 

(Quebec standard test equivalent to ASTM C672).  Three specimens per mixture 

were tested. 

¶ ASTM C39 ï Standard Test Method for Compressive Strength of Cylindrical 

Concrete Specimens.  Three specimens per mixture were tested. 

¶ ASTM C457 ï Standard Test Method for Microscopical Determination of 

Parameters of the Air-Void System in Hardened Concrete. Two specimens per 

mixture were tested. 

 The study involves three testing programs summarized below: 

1.8.1.1 Evaluation of Mixtures Containing Two Air -Entraining A dmixtures 

Used in Conjunction with Shrinkage-Reducing Admixtures 

 The free shrinkage performance, freeze-thaw durability, scaling resistance, 

compressive strength, and air-void system characteristics of concrete mixtures 

containing a surfactant-based or a polymer-based air-entraining admixture in 

conjunction with shrinkage-reducing admixtures are examined.  Surfactant-based air-

entraining admixtures function by reducing the surface tension of water to promote 

the formation of air-voids through agitation during mixing (Mindess et al. 2003).  As 

described in Section 1.7.3, shrinkage-reducing admixtures function through a similar 

reduction in pore water surface tension.  This additional reduction in surface tension 

can decrease the stability of the air-void system, contributing to reduced freeze-thaw 
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protection.  Mixtures containing a polymer-based air-entraining admixture, 

presumably not to be influenced by pore water surface tension, are evaluated 

alongside mixtures containing a surfactant-based air-entraining admixture to 

determine their behavior when used in conjunction with shrinkage-reducing 

admixtures.  It is hypothesized that the mixtures containing the polymer-based 

admixture will provide improved air-void stability and freeze-thaw protection 

compared to the mixtures containing the surfactant-based admixture.  Twenty-four 

batches containing two shrinkage-reducing admixtures with varying dosages (0, 0.5, 

1.0, and 2.0 percent by weight of cement) and two air-entraining admixtures 

(surfactant-based and polymer-based) are tested in this program.  The results of the 

program are discussed in Chapter 3. 

1.8.1.2 Durability Evaluation of Mixtures Containing Shrinkage -Reducing 

Admixtures with Air Contents below LC-HPC Requirements 

 The freeze-thaw durability and scaling resistance of mixtures containing 

varying dosages of shrinkage-reducing admixture with air contents below that 

required by the low-cracking high-performance concrete (LC-HPC) specifications are 

examined.  The reduction in pore water surface tension that occurs with the use of 

shrinkage-reducing admixtures affects the air-void system stability of concrete, which 

can contribute to freeze-thaw damage.  The LC-HPC specifications require a 

minimum air content of 6.5 percent based on observations of decreased cracking in 

bridge decks containing air contents above 6 percent (Schmitt and Darwin 1995, 

Miller and Darwin 2000, and Lindquist et al. 2005).  The variability in concrete 

properties and the need for continuous placement of concrete in the field can lead to 

the occasional placement of concrete with air contents below the specified minimum, 

which may result in poor freeze-thaw and cracking performance ï performance that 

may be further degraded due to the lower stability of the air-void system when 

shrinkage-reducing admixtures are used.  This program examines the freeze-thaw 
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durability and scaling resistance of 16 batches containing varying dosages (0, 0.5, 1.0, 

and 2.0 percent by weight of cement) of a shrinkage-reducing admixture with air 

contents ranging from 3.5 to 9 percent to determine their behavior in bridge deck 

construction applications.  A goal of this program is to determine a lower allowable 

limit for air content that could be used for mixtures containing shrinkage-reducing 

admixtures that would still exhibit adequate freeze-thaw durability.  This lower 

allowable limit could then be translated into air content restrictions for bridge deck 

placements with concretes containing shrinkage-reducing admixtures.  The results of 

the program are discussed in Chapter 3. 

1.8.1.3 Evaluation of Mixtures Containing Mineral Admixtures Used in 

Conjunction with Internal Curing  

 The free shrinkage performance, freeze-thaw durability, scaling resistance, 

compressive strength, and air-void system characteristics of mixtures containing 

varying combinations of pre-wetted lightweight aggregate, slag cement, and silica 

fume are examined.  A previous study at the University of Kansas (Reynolds et al. 

2009) determined that small additions of pre-wetted lightweight aggregate provide 

internal curing water that contributes to reduced free shrinkage.  In addition, the 

researchers observed an additional reduction in free shrinkage as lightweight 

aggregate was used in conjunction with increasing amounts of slag cement. 

 It is well understood that concretes containing silica fume and slag exhibit a 

reduction in permeability and improved resistance to chloride ion penetration.  

Research at the University of Kansas (McLeod et al. 2009) determined that additions 

of slag cement and silica fume contribute to a reduction in chloride ingress.  This 

reduced permeability could improve the durability of bridge decks as long as the 

addition of the silica fume does not contribute to increased cracking and decreased 

freeze-thaw durability performance.  In addition, research by Bentur et al. (1988) 

observed a slower rate of water loss during drying in concrete containing silica fume 
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as a result of the reduced permeability.  If sufficient internal curing water is supplied 

to the concrete through the use of pre-wetted lightweight aggregate, the reduced 

permeability provided by the silica fume could reduce drying shrinkage as the internal 

water is unable to quickly reach the evaporative conditions of the surface.  

Twenty-one batches containing different combinations of volume 

replacements of total aggregate with lightweight aggregate (0, 8, and 10 percent), 

portland cement with slag cement (0 and 30 percent), and portland cement with silica 

fume (0, 3, and 6 percent) are examined.  A number of studies have observed reduced 

freeze-thaw durability and scaling resistance in mixtures containing slag (Gunter, 

Bier, and Hilsdorf 1987, Malhotra et al. 1987, Bilodeau and Ludwig 1992, Stark and 

Ludwig 1997) and silica fume (Pigeon et al. 1987, Sabir and Kouyiali 1991).  The 

freeze-thaw durability and scaling resistance of these mixtures are examined to verify 

their overall durability for use in bridge deck construction.  Relationships are 

developed between the air-void system characteristics and overall durability for each 

mixture.  The results of the program are discussed in Chapter 4. 

1.8.2 Objective #2 ï Construction and Evaluation of Low-Cracking High-

Performance Concrete Bridge Decks 

This study evaluates the effectiveness of modifications in mixture proportions 

and construction procedures on the cracking performance of bridge decks constructed 

in accordance with the low-cracking high-performance concrete (LC-HPC) 

specifications.  Annual field surveys are completed on 16 LC-HPC bridge decks and 

13 associated control decks constructed in accordance with the standard Kansas 

Department of Transportation (KDOT) specifications.  The cracking performance of 

each deck is quantified in terms of a crack density.  Direct comparisons are made 

between the cracking performance of the LC-HPC and the control decks.  

Relationships are established between cracking performance and the material 

properties, environmental conditions during placement, and construction procedures 
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of these two deck types and additional decks examined in previous studies at the 

University of Kansas. 

1.8.3 Report 

The following chapters describe the experimental and field research used to 

satisfy the objectives of this study. 
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CHAPTER 2: EXPERIMENTAL PROGRAM AND FIELD EVALUATION 

TECHNIQUES 

2.1     GENERAL  

This chapter describes the experimental program and field evaluation 

techniques.  Laboratory tests were performed on 53 batches of concrete employing 

new technologies, such as the use of lightweight aggregate to provide internal curing 

in conjunction with mineral admixtures and shrinkage-reducing admixtures, to verify 

their potential effectiveness for use in future low-cracking high-performance concrete 

(LC-HPC) bridge decks.  The laboratory portion of this study includes three test 

programs.  The properties of the materials used in the concrete mixtures, including 

cement, fine and coarse aggregates, lightweight aggregate, and mineral and chemical 

admixtures, are reported.  Laboratory methods used to proportion and prepare the 

concrete are described.  The procedures for the tests used to analyze the mixtures, 

including free shrinkage, freeze-thaw durability, scaling resistance, compressive 

strength, and hardened concrete air-void analysis, are summarized.  Concrete mixture 

proportions and plastic concrete properties of the mixtures are reported. 

The field work in this study includes the construction and evaluation of LC-

HPC bridge decks throughout Kansas.  This chapter describes the method of data 

collection and type of data collected during deck construction.  On-site crack surveys 

have been completed annually on each deck to quantitatively establish cracking 

performance through determination of crack density.  Control decks constructed in 

accordance with the standard Kansas Department of Transportation (KDOT) 

specifications were selected and also surveyed to provide comparisons to determine 

the effect of the LC-HPC specification on cracking performance.  The crack survey 

procedure and method to determine crack density are summarized in this chapter. 
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2.2     MATERIALS  

This section describes the materials used in the mixtures evaluated in the 

laboratory study. 

2.2.1 Cement 

Type I/II portland cement complying with the requirements of ASTM C150 

for both Type I normal portland cement and Type II modified portland cement was 

used in this study.  The Type I/II portland cement was obtained in seven portions over 

a span of 3-1/2 years and was analyzed by the Ash Grove Cement Company 

Technical Center in Overland Park, KS.  The tests completed on the cement include 

ASTM C204 ï ñStandard Test Method for Fineness of Hydraulic Cement by Air-

Permeability Apparatusò to determine Blaine fineness, an X-Ray Fluorescence (XRF) 

elemental analysis followed by a Bogue composition analysis based on the elemental 

analysis, and a Particle Size Determination (PSD) using a laser particle size analyzer.  

The results of the cement analysis are listed in Table A.1 in Appendix A. 

2.2.2 Fine Aggregates 

Kansas River sand and pea gravel were used as the fine aggregates in the 

concrete mixtures.  Twelve samples of sand and five samples of pea gravel were 

obtained over a span of 3-1/2 years.  The sand complies with the requirements of the 

Kansas Department of Transportation (KDOT) and was obtained from Builderôs 

Choice Aggregates in Topeka, KS.  The pea gravel is classified as UD-1 in the KDOT 

material specifications and was obtained from Midwest Concrete Materials in 

Lawrence, KS.  The properties of the sand and pea gravel are reported in Table A.2 in 

Appendix A. 
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2.2.3 Coarse Aggregates 

Granite was used as the coarse aggregate.  Nineteen samples of granite were 

obtained over a span of 3-1/2 years.  The granite complies with KDOT material 

specifications and was obtained from Geiger Ready Mix in Olathe, KS (samples G-1 

to G-18) and Midwest Concrete Materials in Lawrence, KS (sample G-19).  Granite 

samples with maximum sizes of 1 and 3/4 in. (25 and 19 mm) were blended in 49 of 

the mixtures to achieve optimized gradations.  Granite sample G-19 was separated 

into two portions (G-19A and G-19B) and reblended to obtain the desired gradation 

in four of the mixtures.  The properties of the granite are reported in Table A.3 in 

Appendix A. 

2.2.4 Lightweight Aggregate ï Buildex, Inc. 

An expanded shale lightweight aggregate (Haydite) was used as a partial 

replacement of the pea gravel to provide internal curing in some of the mixtures.  The 

lightweight aggregate was vacuum pre-wetted prior to mixing.  The expanded shale 

was intermediate-sized (1/4 to 1/8 in.) and obtained from Buildex, Inc. in Marquette, 

KS.  The properties of the lightweight aggregate, as reported by Buildex, are given in 

Table A.4 in Appendix A.  The specific gravity values of the lightweight aggregate in 

the vacuum pre-wetted condition vary from the values reported by Buildex because of 

variations in the aggregate moisture content.  The specific gravity and absorption 

values reported by Buildex are based on a 24-hour immersion of the aggregate in 

water prior to testing in accordance with ASTM C127 / C128.  The lightweight 

aggregate properties after vacuum pre-wetting are reported along with information on 

the concrete mixtures in Program 3 that incorporate the aggregate in Table A.13 in 

Appendix A.    



 

 

75 

 

 

2.2.5 Mineral Admixtures  

Grade 100 ground granulated blast-furnace slag (GGBFS) and silica fume 

were used as partial replacements of cement in some mixtures.  The properties of 

these admixtures are reported in Table A.5 in Appendix A.  The Grade 100 ground 

granulated blast-furnace slag (trade name GranCem
®
) was obtained from Holcim in 

Theodore, AL and the silica fume (trade name Eucon MSA) was obtained from 

Euclid Chemical Company. 

2.2.6 Chemical Admixtures 

Air-entraining admixtures, shrinkage-reducing admixtures, and 

superplasticizers were used in the study.  The air-entraining admixtures include Micro 

Air
®
, by BASF Construction Chemicals, LLC, and Tough Air

TM
, by Miracon

TM
 

Technologies.  Micro Air
®
 is a tall oil-based surfactant and functions by lowering the 

surface tension of water to promote the formation of air bubbles during concrete 

mixing.  The solids content and specific gravity for Micro Air
®
 are 13 percent and 

1.01, respectively.  Tough Air
TM

 is synthetic and polymer-based and consists of a 

foam, generated using aeration equipment, which is dispersed throughout the concrete 

during mixing. 

The shrinkage-reducing admixtures include two products produced by BASF 

Construction Chemicals, Tetraguard
®
 AS20 and MasterLIFE CRA 007.  Both 

admixtures function by minimizing cement paste capillary stresses through a 

reduction in the surface tension of the pore water.  The specific gravity for both 

admixtures is 0.99. 

The superplasticizer used throughout the study, Glenium
®
 3030NS, is 

produced by BASF Construction Chemicals.  The superplasticizer was used when 

necessary to achieve desired concrete slumps.  The solids content and specific gravity 

of Glenium
®
 3030NS are 20 percent and 1.05, respectively. 
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2.3     LABORATORY METHODS  

The methods employed to design and produce the concrete used in the 

laboratory studies are described in this section. 

2.3.1 Mixture Proportioning  

The aggregate gradation of the mixtures was optimized using KU Mix, a mix 

design program developed at the University of Kansas.  Optimized aggregate 

gradations were used to produce workable concrete at the low cement paste contents 

used in the prototype low-cracking high-performance mixtures in the study.  Four 

separate aggregates with unique gradations were used in the optimization process.  A 

complete discussion of aggregate optimization using KU Mix is presented by 

Lindquist et al. (2008).  KU Mix can be downloaded from 

http://www.iri.ku.edu/projects/concrete/phase2.html. 

 Dosages of shrinkage-reducing admixture were calculated based on a percent 

weight of cement in the mixtures; however, the dosages were converted to a volume 

when measured and added to the mixtures.  These dosages are reported by volume in 

the tables that provide information on the concrete mixtures in Program 1 and 2 that 

incorporate the admixtures (Tables A.7 and A.10, respectively, in Appendix A).  

Dosages of Micro Air and Tough Air were established through trial batches to 

achieve a desired air content.  The dosages of Micro Air and the Tough Air foam 

were measured by volume when added to the mixtures.  The Tough Air foam was 

dispensed into a container and deposited manually throughout the mixing concrete.         

2.3.2 Mixing Procedure 

Prior to mixing, the coarse aggregate was soaked for a minimum of 24 hours 

and then prepared to a saturated surface-dry (SSD) condition in accordance with 

ASTM C127.  Fine aggregate was added to the mixer in a partially wet condition.  

The free surface moisture of the fine aggregate was determined in accordance with 

http://www.iri.ku.edu/projects/concrete/phase2.html
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ASTM C70 and a correction was made to the mixing water to accommodate excess 

surface moisture.  Lightweight aggregate, if used, was vacuum pre-wetted and 

prepared to a wetted surface-dry condition.  The vacuum pre-wetting process is 

described in Section 2.3.3.  A sample of the lightweight aggregate in the wetted 

surface-dry condition was obtained to determine moisture content in accordance with 

ASTM C128. 

A counter-current pan mixer was used in accordance with ASTM C192.  The 

pan surface and blades were dampened prior to mixing.  The coarse aggregate and 80 

percent of the water were first added to the mixer as the mixer began rotating.  If 

used, silica fume was then added to the mixer and mixed for 1-1/2 minutes.  Cement 

and any other mineral admixtures were then added to the mixer and mixed for an 

additional 1-1/2 minutes.  The fine aggregate was then added to the mixer and mixed 

for 2 minutes.  Lightweight aggregate was added with the other fine aggregates.   

The materials continued to mix for another 5 minutes.  Within the 5 minutes, 

the water reducer, if used, combined with 10 percent of the mixing water was added 

and mixed for 1 minute.  If used, the shrinkage-reducing admixture (SRA) was added 

next.  The air-entraining admixture, combined with the final 10 percent of the mixing 

water, was added and the concrete mixed for 1 minute.  If the Tough Air air-

entraining admixture was used, the foam was generated using aeration equipment and 

dispersed manually throughout the mixing concrete at this time.  After the completion 

of the 5 minute mixing period, mixing was stopped for 5 minutes.  During this rest 

period, damp towels were placed over the concrete to prevent evaporation and the 

concrete temperature was checked.  The concrete was then mixed for an additional 3 

minutes.  After the final 3 minutes of mixing, the concrete was ready for casting.  If 

the concrete contained an SRA, an additional 30 minute rest period was carried out 

before casting to allow for stabilization of the air content.  If necessary, liquid 

nitrogen was added to the concrete during mixing to achieve temperatures below 75° 
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F (24° C).  Slump (ASTM C143), air content (ASTM C173), temperature (ASTM 

C1064), and unit weight (ASTM C138) measurements were taken on the concrete 

prior to casting.  The casting, demolding, and curing procedures were dependent on 

the specific test being completed and are described in the following sections. 

2.3.3 Casting 

Dif ferent casting procedures were followed for prismatic specimens 

(including specimens for free shrinkage, freeze-thaw durability, and scaling resistance 

tests) and cylindrical specimens (including specimens for compressive strength tests 

and hardened air-void analyses). 

Prismatic Specimens 

 Concrete was placed within each mold in two layers of approximately equal 

depth.  Each layer was consolidated on a vibrating table with an amplitude of 0.006 

in. (0.15 mm) and a frequency of 60 Hz for 15 to 30 seconds.  Care was taken to 

overfill the second layer to produce specimens with the proper dimensions (filled to 

the mold top) after consolidation.  The surfaces of the specimens were then struck off 

with a 2 × 5-1/2 in. (50 × 135 mm) steel screed (for free shrinkage and freeze-thaw 

durability specimens) or a 4 × 1 in. (102 × 25 mm) wooden screed (for scaling 

resistance specimens) to produce an even surface.  The specimens were covered with 

6-mil (152-µm) Marlex
®
 strips and then wrapped on the surface and sides with 3.5-

mil (89-µm) plastic sheets secured with rubber bands to prevent moisture loss.  A 1/2-

in. thick piece of Plexiglas
®
 was placed over each set of three covered molds.  The 

specimens were maintained in this condition for 23-1/2 ± 1/2 hour after casting. 

Cylindrical Specimens 

 Cylindrical specimens were cast in accordance with ASTM C31.  The 4 × 8 

in. (102 × 203 mm) cylinders were consolidated by rodding and cast in steel molds.  

After casting, the specimens were covered with 3.5-mil (89-µm) plastic sheets 
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secured with rubber bands to prevent moisture loss.  The specimens were maintained 

in this condition for 23-1/2 ± 1/2 hour after casting. 

2.3.4 Lightweight Aggregate Vacuum Pre-Wetting 

Vacuum pre-wetting equipment, shown in Figure 2.1, was fabricated to 

achieve rapid absorption of the lightweight aggregate.  The equipment includes a Gast 

Rotary Vane air compressor/vacuum pump, a 19 × 28 in. (48 × 53 cm) steel barrel, 

and a five gallon bucket.  Plastic tubes with a 1/4-in. (6-mm) inner diameter 

connected the steel barrel to the vacuum pump and five gallon bucket.  The lid for the 

steel barrel is designed to attain an air-tight seal and includes a pressure gage, a 

pressure release valve, and valves for the vacuum pump and five gallon bucket tube 

connections. 

 The lightweight aggregate to be pre-wetted was placed in the steel barrel, 

followed by placement of the lid.  The five gallon bucket was filled with water to a 

designated level.  The end of one plastic tube was submerged in the five gallon 

bucket, connecting the steel barrel lid to the bucket.  The valve for that tube was 

closed.  The valve on the tube connecting the vacuum pump to the barrel lid was 

opened and the pump was turned on.  The decrease in air pressure within the barrel 

was monitored using the pressure gage.  The valve to the water bucket was opened as 

the pressure reached 5.9 psi (12 in. Hg).  The negative pressure pulled water into the 

barrel.  The water valve was closed when the water within the bucket dropped to a 

predetermined level.  Care was taken to maintain the vacuum pressure within the 

barrel by not allowing the bucket to be fully emptied.  The vacuum pressure was 

maintained for a minimum of 10 minutes.  The pressure was then released, wetting 

the aggregate.  Additional information regarding the vacuum pre-wetting process is 

presented by Reynolds et al. (2009). 

 

 



 

 

80 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4     TESTING PROCEDURES 

The procedures used for the laboratory tests are described in this section.  

Demolding and curing procedures were unique to each test and are described within 

each test procedure.  The tests include free shrinkage, freeze-thaw durability and 

fundamental transverse frequency, scaling resistance, compressive strength, and a 

hardened concrete air-void analysis.  Three specimens per batch were evaluated for 

all tests except for the air-void analysis (two specimens per batch).  Specimens not 

handled in accordance with their respective test procedures were omitted from the 

analysis.  These omitted specimens are identified in the presentation of the raw data 

in Appendix C. 

2.4.1 Free Shrinkage 

 Free shrinkage tests were performed in accordance with ASTM C157 ï 

Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and 

Concrete.  Three 11-1/4 × 3 × 3 in. (286 × 76 × 76 mm) free shrinkage specimens 

were prepared for each batch of concrete in accordance with ASTM C192.  Cold-

Figure 2.1  Vacuum pre-wetting equipment 
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rolled steel molds were used to produce the specimens.  Gage studs were embedded at 

the ends of the specimens, creating a testing gage length of 10 in. (254 mm) (Figure 

2.2). 

 

 

 

 

 

 

 

 

 

 

 

Demolding, Curing, and Drying 

 The specimens were demolded 23-1/2 ± 1/2 hour after casting, labeled, 

immediately wrapped in wet towels, and placed under running water to prevent 

moisture loss.  Initial length readings were taken, and the specimens were cured in 

lime-saturated water in accordance with ASTM C511 for 13 days (14 total curing 

days from casting date).  A number of studies have demonstrated that increasing the 

curing from 7 to 14 days reduces the free shrinkage of concrete (Lindquist et al. 2008, 

Browning et al. 2011, Yuan et al. 2011).  After curing, the specimens were placed in a 

low air flow, environmentally-controlled room with a relative humidity of 50 

percent ± 4 percent and a temperature of 73° ± 3° F (23° ± 2° C).   

Data Collection 

 Free shrinkage measurements were taken using a mechanical dial gage length 

comparator (Figure 2.3) with an accuracy of 0.0001 in. (0.00254 mm) and a total  

Figure 2.2  Free shrinkage specimens (Tritsch et al. 2005) 
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range of 0.4 in. (10 mm).  A calibration bar was used in accordance with ASTM C157 

and C490 prior to every six measurements to provide a consistent reference point for 

readings.  Readings were taken by slowly rotating the specimens in the clockwise 

direction and recording the minimum (shortest) dial gage reading.  Free shrinkage 

readings were taken daily for the first 30 days, every other day for Days 31 to 90, 

weekly for Days 91 to 180, and monthly thereafter through 365 days. 

2.4.2 Freeze-Thaw Durability and Fundamental Transverse Frequency 

 Freeze-thaw durability and fundamental transverse frequency tests were 

performed in accordance with Procedure B of ASTM C666 ï Standard Test Method 

for Resistance of Concrete to Rapid Freezing and Thawing and ASTM C215 ï 

Standard Test Method for Fundamental Transverse, Longitudinal, and Torsional 

Frequencies of Concrete Specimens, respectively.  Three 16 × 3 × 4 in. (406 × 76 × 

102 mm) specimens were prepared for each batch of concrete in accordance with 

ASTM C192.  Steel molds were used. 

Figure 2.3  Mechanical dial gage length comparator 
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Demolding and Curing 

The specimens were demolded 23-1/2 ± 1/2 hour after casting, labeled, and 

immediately placed in lime-saturated water.  In accordance with Kansas Department 

of Transportation (KDOT) Test Method KTMR-22, the specimens were wet-cured in 

the lime-saturated water for 67 days, placed in an environmentally-controlled room at 

50 percent ± 4 percent relative humidity and 73° ± 3° F (23° ± 2° C) for 21 days, 

placed in a water-filled, tempering tank maintained at 70° F (21° C) for 24 hours, and 

placed in a water-filled, insulated cooler maintained at 40° F (4.4° C) for 24 hours.  

The initial mass and fundamental transverse frequency of each specimen were 

measured to determine its dynamic modulus of elasticity.  The procedures for 

determining mass, fundamental transverse frequency, and the dynamic modulus of 

elasticity are described following a description of the freeze-thaw testing regime. 

Freezing and Thawing 

 The specimens were subjected to three-hour freeze-thaw cycles in accordance 

with ASTM C666 ï Procedure B using a ScienTemp
TM

 20-Block Concrete Freeze-

Thaw Machine (Figure 2.4).  The temperature was alternately lowered from 40 to 0° 

F (4 to -18° C) in air and raised from 0 to 40° F (-18 to 4° C) in water for a single 

freeze-thaw cycle.  The specimens were removed from the machine in the thawed 

condition at intervals ranging from 4 to 48 cycles for determination of mass and 

fundamental transverse frequency.  Testing continued until specimens were subjected 

to at least 300 freeze-thaw cycles or until the average dynamic modulus of elasticity 

of the specimens dropped to 60 percent of the initial dynamic modulus.  ASTM C666 

requires the mass and transverse frequency to be measured at intervals of no greater 

than 36 cycles.  In 32 of 45 mixtures tested per ASTM C666, a portion of the 

measurements needed to complete testing were taken at intervals exceeding 36 cycles.  

On average, these 32 mixtures each had three of the intervals needed to complete 

testing exceed 36 cycles. 
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Determination of Dynamic Modulus of Elasticity 

  

To determine the dynamic modulus of elasticity, specimens were dried to a 

surface-dry condition and weighed after removal from the freeze-thaw machine.  The 

specimens were immediately placed in an enclosed, storage cooler to prevent further 

moisture loss.  The fundamental transverse frequency of each specimen was then 

determined in accordance with ASTM C215 ï Impact Resonance Method (Figure 2.5) 

using the following equipment: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5  Schematic of impact resonance test (ASTM C215) 

Figure 2.4  Freeze-thaw machine 
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¶ National Instruments Impact Hammer 

¶ Instron Accelerometer 

¶ Data Physics SignalCalc Dynamic Signal Analyzer (Waveform Analyzer) 

¶ Data Physics Signal Conditioner (Amplifier) 

The fundamental transverse frequency, in Hz, was determined using a fast Fourier 

transform completed by the signal analyzer.  Outside vibrations were damped out 

during testing by placing the specimens on a pedestal made of rubber and foam that 

supported the specimens at two points (Figure 2.6). 

 

 

 

The dynamic modulus of elasticity was determined for each specimen using 

Eq. (2.1), which is based on the transverse frequency and specimen mass in 

accordance with ASTM C215.   

 

 ὈώὲȢὉ ὅ ὓ ὲ (2.1) 

   

In Eq. (2.1), ὈώὲȢὉ is the dynamic modulus of elasticity (Pa), ὅ = 1083.6 m
-1

 and is a 

constant based on specimen shape and Poissonôs ratio found in ASTM C125, ὓ is the 

specimen mass (kg), and ὲ is the fundamental transverse frequency (Hz).  Specimens 

not handled in accordance with ASTM C666 were not included in the calculations.  

These specimens are identified along with the testing data in Appendix C.  The 

Figure 2.6  Impact resonance test ï specimen setup 
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freeze-thaw performance of the mixtures was based on the percentage of the dynamic 

modulus of elasticity remaining at the test completion.  The freeze-thaw performance 

was quantified by a Durability Factor (DF), determined for each mixture using Eq. 

(2.2). 

  

ὈὊ
ὖ ὔ

ὓ
  (2.2) 

  

In Eq. (2.2), ὈὊ is the Durability Factor, ὖ is the percentage of the dynamic modulus 

of elasticity remaining at ὔ cycles, ὔ is either the number of cycles at which ὖ 

reached 60 percent or 300 cycles (whichever is less), and ὓ is 300 cycles. 

2.4.3 Scaling Resistance 

Scaling resistance tests were performed in accordance with Canadian Test 

BNQ NQ 2621-900 Annex B, with minor modifications, including different freeze-

thaw cycle temperatures, a lower NaCl solution concentration, and a smaller screen 

size to determine mass loss.  The Canadian Test was used in place of ASTM C672 

due to observations by Bickley et al. (2006) that the Canadian Test provided a better 

correlation with field performance than ASTM C672.  Three 9 × 16 × 3 in. (229 × 

406 × 76 mm) specimens were cast in accordance with ASTM C192 using steel 

molds. 

Demolding, Curing, and Specimen Preparation 

 The specimens were demolded 23-1/2 ± 1/2 hour after casting, labeled, and 

immediately placed in lime-saturated water to cure in accordance with ASTM C511 

for 13 days (14 total curing days from casting date).  After curing, the specimens 

were placed in an environmentally-controlled room with a relative humidity of 50 

percent ± 4 percent and temperature of 73° ± 3° F (23° ± 2° C) for 14 days (Days 15 

to 28 after casting).  Twenty-one days after casting, a Styrofoam
TM

 dike was attached 
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to the finished surface of the specimen using a polyurethane sealant (Figure 2.7).  

Twenty-eight days after casting, a 1/4-in. (6 mm) deep layer of 2.5 percent NaCl 

solution was placed within the dike of each specimen for a seven-day period at room 

temperature.  The 2.5 percent NaCl solution value was selected in place of the BNQ 

NQ 2621-900 Annex B specified value of 3.0 percent based on work by Verbeck and 

Klieger (1957), who observed greater scaling with a 2.5 percent NaCl solution. 

 

 

 

 

Freezing and Thawing and Determination of Mass Loss 

 The specimens were subjected to freeze-thaw cycles (beginning 35 days after 

casting), consisting of a 16 ± 1 hour freezing phase at 0° ± 5° F (ï18° ± 3° C) 

followed by an 8 ± 1 hour thawing phase at 73° ± 3° F (23° ± 2° C).  The freezing 

phase was performed each night in a walk-in freezer.  The thawing phase was 

performed each day in the environmentally-controlled room used after curing.  

Specimens remained in the freezing phase during weekends.  The temperatures used 

in the testing (described above) vary slightly from those specified by BNQ NQ 2621-

900 Annex B.  The BNQ NQ 2621-900 procedure requires a ï0.4° ± 5.4° F (ï18° ± 

Figure 2.7  Scaling resistance test specimen 
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3° C) freezing phase followed by a 77° ± 5.4° F (25° ± 3° C) thawing phase.  To 

determine mass loss of the specimens after 7, 21, 35, and 56 cycles, the loose material 

produced by scaling of the top surface of the specimen was wet-sieved over a No. 200 

(75-µm) sieve instead of the BNQ NQ 2621-900 specified 80-µm sieve.  Specimens 

not handled in accordance with BNQ NQ 2621-900 were not included in the 

determination of cumulative mass loss.  These specimens are identified along with the 

testing data in Appendix C.  BNQ NQ 2621-900 allows a maximum average 

cumulative mass loss limit of 0.31 lb/ft
2
 (1500 g/m

2
) at test completion. 

2.4.4 Compressive Strength 

Compressive strength was measured in accordance with ASTM C39 ï 

Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens.  

Three 4 × 8 in. (102 × 203 mm) cylindrical specimens were prepared for each batch 

of concrete in accordance with ASTM C192 and ASTM C31.  The specimens were 

cast in steel molds. 

Demolding, Curing, and Testing 

 The specimens were demolded 23-1/2 ± 1/2 hour after casting, labeled, and 

immediately placed in lime-saturated water to cure in accordance with ASTM C511 

for 27 days (28 total curing days from casting date).  The cylinders were tested for 

strength 28 days after casting in accordance with ASTM C39. 

2.4.5 Hardened Concrete Air-Void Analysis 

A hardened concrete air-void analysis was completed on cylindrical 

specimens in accordance with ASTM C457 ï Standard Test Method for 

Microscopical Determination of Parameters of the Air-Void System in Hardened 

Concrete ï Procedure A ï Linear Traverse Method.  Two 4 × 8 in. (102 × 203 mm) 

cylindrical specimens were prepared for each batch of concrete in accordance with 

ASTM C192 and ASTM C31.  The specimens were cast in steel molds. 
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Demolding, Curing, and Analysis   

The specimens were demolded 23-1/2 ± 1/2 hour after casting, labeled, and 

immediately placed in an environmentally-controlled, moist-curing room with a 

minimum relative humidity of 95 percent and a temperature of 73° ± 3° F (23° ± 2° 

C) for a minimum of 14 days.  The cylinders were then transferred to the Kansas 

Department of Transportation Materials Laboratory for testing.  The hardened 

concrete air content and air-void spacing factor of each cylinder was determined from 

the analysis. 

2.5     TEST PROGRAMS 

Fifty-three concrete batches, including twenty-nine unique types of mixtures, 

were evaluated that employ technologies to improve shrinkage and cracking 

performance.  The mixtures incorporated either shrinkage-reducing admixtures or 

lightweight aggregate as a source of internal curing in conjunction with mineral 

admixtures.  The freeze-thaw durability and scaling resistance of each batch was 

evaluated to determine overall durability performance.  A hardened air-void analysis 

was performed on a portion of the batches to determine the effect of the material 

additions on the air-void system and relationships between the air-void system and 

durability performance.  Correlations between compressive strength and shrinkage 

and durability performance were also evaluated. 

The concrete was prepared in accordance with the methods described in this 

chapter.  Plastic concrete was tested for slump (ASTM C143), air content (ASTM 

C173 ï volumetric method), and temperature (ASTM C1064).  The mixtures 

containing only portland cement as a cementitious material were proportioned using 

either 520 lb/yd
3
 (308 kg/m

3
) or 540 lb/yd

3
 (320 kg/m

3
) of Type I/II portland cement, 

a 0.44 or 0.45 water-cement ratio, and a target slump of 3 in. (75 mm).  A small range 

of cement paste contents was used throughout the study to more clearly observe the 

effects of differences in materials (not the effects of paste content) on concrete 
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performance.  The cement contents, water-cement ratios, and target slump were 

chosen to coincide with those required in the low-cracking high-performance concrete 

(LC-HPC) bridge deck specifications (Kansas Department of Transportation 2007b).  

Mixtures designated as ñcontrolò were designed and produced in accordance with the 

current LC-HPC specifications and used for comparison with mixtures incorporating 

the new technologies with LC-HPC.  The numbers used to designate concrete batches 

represent the sequential order in which the concrete was batched. 

 The study involved three testing programs.  A summary is provided 

explaining the purpose and scope of each program.   

2.5.1 Program 1:  Evaluation of Mixtures Containing Two Air -Entraining 

Admixtures Used in Conjunction with Shrinkage-Reducing Admixtures 

Program 1 examined the free shrinkage performance, freeze-thaw durability, 

scaling resistance, compressive strength, and air-void system characteristics of 

concrete mixtures containing a surfactant-based or a polymer-based air-entraining 

admixture in conjunction with shrinkage-reducing admixtures.  Air -entraining 

admixtures aid in the formation and stabilization of air-voids in concrete, providing 

improved freeze-thaw protection.  Most air-entraining agents are surfactant-based and 

function by reducing the surface tension of water to promote the formation of air-

voids through agitation during mixing (Mindess et al. 2003).  Shrinkage-reducing 

admixtures provide improved concrete shrinkage and cracking performance by way 

of a similar reduction in pore water surface tension (Bentz 2005).  This additional 

reduction in surface tension can decrease the stability of the air-void system by 

increasing the size and spacing of the air bubbles, thus, contributing to reduced 

freeze-thaw protection.  A polymer-based air-entraining agent, presumably not 

influenced by the effects on pore water surface tension, has been developed in an 

effort to improve air-void system stability and freeze-thaw protection.  The polymer-
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based admixture generates a foam through use of aeration equipment.  The foam is 

then dispersed throughout the concrete during mixing (Welker and Watson 2007).   

Twenty-four batches containing dosages of 0, 0.5, 1.0, and 2.0 percent by 

weight of cement of two shrinkage-reducing admixtures, Tetraguard AS20 (referred 

to as SRA in specimen designations) and MasterLIFE CRA 007 (referred to as CRA 

for ñcrack-reducing admixtureò in specimen designations) and surfactant-based 

(Micro Air) and polymer-based (Tough Air) air-entraining agents were examined.  

Compressive strengths were measured for 20 of the batches in accordance with 

ASTM C39.  A hardened concrete air-void analysis was performed on 20 of the 

batches in accordance with ASTM C457.  Comparisons were made between hardened 

concrete and plastic concrete air contents to observe any effects of the shrinkage-

reducing admixtures on the air-void systems.  Relationships were determined between 

the air-void spacing factor and freeze-thaw durability and scaling resistance.  Powers 

(1949) observed that the air-void spacing factor was important in determining freeze-

thaw durability.  An air-void spacing factor of 0.008 in. (0.20 mm) was empirically 

established by Philleo (1986) as an upper limit to provide adequate freeze-thaw 

protection. 

The mixture matrix for this program is shown in Table 2.1.  The material 

samples (summarized in Section 2.2) used in each mixture are identified in Table A.6 

in Appendix A.  The mixture proportions are summarized in Table A.7 in Appendix 

A.  The mixtures are designated by percentage of SRA/CRA by weight of cement (0, 

0.5, 1.0, and 2.0 percent) and whether Micro Air (designated with an ñMò) or Tough 

Air (designated with a ñTò) was used.  Duplicate batches were tested for a number of 

mixtures to evaluate repeatability and are referred to with a #2 or #3 throughout the 

program.  Ultimately, 14 distinct mixtures were investigated within the 24 batches.  

The mixtures containing 520 lb/yd
3
 (308 kg/m

3
) of cement were proportioned using a 

water-cement ratio of 0.45, except for one mixture containing Tough Air and no  
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SRA (designated as 0% SRA-T #2), which had a water-cement ratio of 0.44.  The 

mixtures containing 540 lb/yd
3
 (320 kg/m

3
) of cement were proportioned using a 

water-cement ratio of 0.44.  Cement paste contents ranged from 23.7 to 24.3 percent 

by volume, except for one batch with a 23.4 percent paste content (0% SRA-T #2).  

The measured air contents were considered when determining the percentage of the 

total concrete volume that was cement paste (water and cement).  The test matrix is 

shown in Table 2.2. 

 The properties of the concrete batches, including slump, air content, batching 

temperature, unit weight, and 28-day compressive strength, are summarized in Table 

Control w/ MicroAir 0% SRA-M 730

Control w/ MicroAir 0% SRA-M #2 754

Control w/ MicroAir 0% SRA-M #3 796

0.5% SRA w/ MicroAir 0.5% SRA-M 769

0.5% SRA w/ MicroAir 0.5% SRA-M #2 834

1% SRA w/ MicroAir 1.0% SRA-M 722

1% SRA w/ MicroAir 1.0% SRA-M #2 816

2% SRA w/ MicroAir 2.0% SRA-M 727

2% SRA w/ MicroAir 2.0% SRA-M #2 820

0.5% CRA w/ MicroAir 0.5% CRA-M 732

1% CRA w/ MicroAir 1.0% CRA-M 735

1% CRA w/ MicroAir 1.0% CRA-M #2 843

2% CRA w/ MicroAir 2.0% CRA-M 845

Control w/ ToughAir 0% SRA-T 772

Control w/ ToughAir 0% SRA-T #2 807

0.5% SRA w/ ToughAir 0.5% SRA-T 781

0.5% SRA w/ ToughAir 0.5% SRA-T #2 808

1% SRA w/ ToughAir 1.0% SRA-T 782

1% SRA w/ ToughAir 1.0% SRA-T #2 810

2% SRA w/ ToughAir 2.0% SRA-T 786

2% SRA w/ ToughAir 2.0% SRA-T #2 811

0.5% CRA w/ ToughAir 0.5% CRA-T 789

1% CRA w/ Tough Air 1.0% CRA-T 790

2% CRA w/ ToughAir 2.0% CRA-T 794

Batch 

Number
Batch Description Mixture Designation

SRA & 

Micro Air

Control & 

Micro Air

Control & 

Tough Air

SRA & 

Tough Air

CRA & 

Tough Air

CRA & 

Micro Air

Table 2.1  Program 1:  Mixture matrix 
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*X = test performed 

  

A.8 in Appendix A.  The mixtures were proportioned using a target air content of 8 

percent to achieve compliance with LC-HPC specifications.  The volume of air used 

in LC-HPC mixtures (6.5 to 9.5 percent) is greater than the 5 to 6 percent 

recommended by the American Concrete Institute (ACI) to achieve satisfactory frost 

protection for concrete with 1 in. (25 mm) maximum-size aggregate (ACI Committee 

201).  The lower limit of air content required by the LC-HPC specifications is based 

on observations by Schmitt and Darwin (1995), Miller and Darwin (2000), and 

Lindquist et al. (2005) that bridge decks placed with concretes with air contents above 

0% SRA-M X X X

0% SRA-M #2 X X X

0% SRA-M #3 X X X X

0.5% SRA-M X X X X

0.5% SRA-M #2 X X X X X

1.0% SRA-M X X X

1.0% SRA-M #2 X X X X

2.0% SRA-M X X

2.0% SRA-M #2 X X X X X

0.5% CRA-M X X

1.0% CRA-M X X X

1.0% CRA-M #2 X X X

2.0% CRA-M X X X

0% SRA-T X X X

0% SRA-T #2 X X X X X

0.5% SRA-T X X X X

0.5% SRA-T #2 X X X X X

1.0% SRA-T X X X X

1.0% SRA-T #2 X X X X X

2.0% SRA-T X X X X

2.0% SRA-T #2 X X X X X

0.5% CRA-T X X X

1.0% CRA-T X X X X

2.0% CRA-T X X X X

Mixture Designation
Free 

Shrinkage

Scaling 

Resistance

Freeze-

Thaw 

Durability

Compressive 

Strength

Air-Void 

Analysis

Table 2.2  Program 1:  Test matrix* 
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6 percent exhibit reduced cracking.  The upper limit of the specifications helps ensure 

that adequate concrete strength is achieved. 

Measured concrete slumps ranged from 1.75 to 5 in. (44 to 127 mm), 

measured air contents ranged from 7.5 to 9.5 percent, batching temperatures ranged 

from 65 to 76° F (18 to 24° C), and 28-day compressive strengths ranged from 3390 

to 5270 psi (23.4 to 36.4 MPa).  One batch containing a 2.0 percent dosage of SRA 

by weight of cement with Tough Air (designated as 2.0% SRA-T #2) had a 

compressive strength of 5420 psi (37.3 MPa), but was tested at 37 days. 

2.5.2 Program 2:  Durability Evaluation of Mixtures Containing Shrinkage-

Reducing Admixtures with Air Contents below LC-HPC Requirements 

Program 2 examined the freeze-thaw durability and scaling resistance of 

mixtures containing varying dosages of shrinkage-reducing admixture with air 

contents below that required by the low-cracking high-performance concrete (LC-

HPC) specifications.  The reduction in pore water surface tension that occurs with the 

use of shrinkage-reducing admixtures affects the stability of the air-void system, 

which can contribute to freeze-thaw damage.  The LC-HPC specifications require a 

minimum air content of 6.5 percent.  The variability in batch plant concrete 

production during continuous concrete placement in the field contributes to the 

occasional batch of concrete containing air contents below the specified value, which 

may result in poor freeze-thaw and cracking performance ï performance that may be 

further degraded due to the lower stability of the air-void system when shrinkage-

reducing admixtures are used.   

This program examined the freeze-thaw durability and scaling resistance of 16 

batches, including 16 distinct mixtures, to determine their behavior in bridge deck 

construction applications.  Six of these sixteen batches, identified as Batch Numbers 

722, 754, 769, 796, 816, and 820, were also included in the evaluation of Program 1.  

The mixtures contained 0, 0.5, 1.0, and 2.0 percent by weight of cement of the 
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shrinkage-reducing admixture Tetraguard AS20 (SRA in specimen designations) and 

air contents ranging from 3.5 to 9 percent.  The range of air contents was obtained 

using varying dosages of Micro Air.  Compressive strengths were measured for 12 of 

the batches in accordance with ASTM C39.  A hardened concrete air-void analysis 

was completed on 14 of the mixtures in accordance with ASTM C457  A goal of this 

program was to determine a lower allowable limit for air content that could be used 

for mixtures containing shrinkage-reducing admixtures that would still exhibit 

adequate freeze-thaw durability.  This lower allowable limit could then be translated 

into air-content restrictions for bridge deck placements with concretes containing 

shrinkage-reducing admixtures. 

The list of mixtures and the test matrix are shown in Table 2.3.  The material 

samples used in each mixture are identified in Table A.9 in Appendix A.  The mixture 

proportions are summarized in Table A.10 in Appendix A.  The mixtures are 

designated by percentage of SRA by weight of cement (0, 0.5, 1.0, and 2.0 percent) 

and air content.  The mixtures containing 520 lb/yd
3
 (308 kg/m

3
) of cement were 

proportioned using a water-cement ratio of 0.45 and the mixtures containing 540 

lb/yd
3
 (320 kg/m

3
) of cement were proportioned using a water-cement ratio of 0.44.  

The batches in this program contain a wider range of cement paste contents (23.0 to 

25.4 percent by volume) than the other two programs due to the wide range of air 

contents that were tested (concretes with lower air contents have less volume being 

taken up by air voids). 

The properties of the concrete batches are summarized in Table A.11 in 

Appendix A, which includes slump, air content, batching temperature, unit weight, 

and 28-day compressive strength.  Five of the sixteen mixtures contained air contents 

below that recommended by ACI to achieve satisfactory frost protection for concrete 

with 1 in. (25 mm) maximum-size aggregate (5 to 6 percent) (ACI Committee 201). 
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*X = test performed 

 

Measured concrete slumps ranged from 1.5 to 3 in. (38 to 76 mm), measured air 

contents ranged from 3.5 to 9 percent, batching temperatures ranged from 64 to 75° F 

(18 to 24° C), and 28-day compressive strengths ranged from 4350 to 6700 psi (30.0 

to 46.2 MPa).  Four of the sixteen batches had compressive strengths exceeding the 

upper strength limit of 5500 psi (37.9 MPa) permitted by the LC-HPC bridge deck 

specifications.  The high strengths resulted from the low air contents.  Concretes 

containing low air contents will not only experience reduced freeze-thaw durability, 

but because of their high strength will also experience reduced creep effects, which 

decreases concrete stresses and cracking. 

2.5.3 Program 3:  Evaluation of Mixtures Containing Mineral Admixtures 

Used in Conjunction with Internal Curing  

Program 3 examined the free shrinkage performance, freeze-thaw durability, 

scaling resistance, compressive strength, and air-void system characteristics of 

mixtures containing different combinations of pre-wetted lightweight aggregate, slag 

Control w/ 3.5% air 828 X X X X

Control w/ 6% air 839 X X X X

Control w/ 8.75% air 754 X X X

Control w/ 9% air 796 X X X

0.5% SRA w/ 4% air 832 X X X X

0.5% SRA w/ 7% air 833 X X X X

0.5% SRA w/ 8% air 769 X X X X

1% SRA w/ 5.25% air 830 X X X X

1% SRA w/ 6.75% air 814 X X X

1% SRA w/ 7.75% air 816 X X X

1% SRA w/ 8.75% air 722 X X X

2% SRA w/ 3.5% air 817 X X

2% SRA w/ 3.75% air 831 X X X X

2% SRA w/ 4.75% air 838 X X X X

2% SRA w/ 7% air 836 X X X X

2% SRA w/ 8.25% air 820 X X X X

Mixture Designation
Freeze-Thaw 

Durability

Scaling 

Resistance

Compressive 

Strength

Control

0.5% SRA

1% SRA

2% SRA

Batch 

Number

Air-Void 

Analysis

Table 2.3  Program 2:  Mixture and test matrix* 
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cement, and silica fume.  A previous study at the University of Kansas (Reynolds et 

al. 2009, Browning et al. 2011) determined that small additions of pre-wetted 

lightweight aggregate, which provide internal curing water, contribute to reduced free 

shrinkage in concretes with water-cement ratios above that at which internal curing is 

used to control autogenous shrinkage.  The researchers observed additional reduction 

in free shrinkage as lightweight aggregate was used in conjunction with increasing 

amounts of slag cement. 

It is well understood that concretes containing silica fume exhibit a reduction 

in permeability and improved resistance to chloride ion penetration.  Research at the 

University of Kansas (McLeod et al. 2009) determined that additions of slag cement 

and silica fume contribute to a reduction in chloride ingress.  This reduced 

permeability could improve the durability of bridge decks as long as the addition of 

the silica fume does not contribute to increased cracking and decreased freeze-thaw 

durability performance.  In addition, Bentur et al. (1988) explained that concrete 

containing silica fume experiences a slower rate of water loss during drying as a 

result of the reduced permeability.  If sufficient internal curing water is supplied to 

the concrete through pre-wetted lightweight aggregate, the reduced permeability 

provided by the silica fume could reduce drying shrinkage because the internal water 

is unable to quickly reach the surface, and thus evaporate. 

Twenty-one batches containing different combinations of replacements of 

total aggregate with lightweight aggregate (0, 8, and 10 percent by volume), 

replacements of portland cement with slag cement (0 and 30 percent by volume), and 

replacements of portland cement with silica fume (0, 3, and 6 percent by volume) 

were examined.  A number of studies have observed reduced freeze-thaw durability 

and scaling resistance in mixtures containing slag (Gunter, Bier, and Hilsdorf 1987, 

Malhotra et al. 1987, Bilodeau and Ludwig 1992, Stark and Ludwig 1997) and silica 

fume (Pigeon et al. 1987, Sabir and Kouyiali 1991).  The freeze-thaw durability and 
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scaling resistance of the mixtures in the study were examined to verify their overall 

durability for use in bridge deck construction.  Relationships were developed between 

the air-void system characteristics and the durability of each mixture. 

The batches within this program were examined based on free shrinkage, 

freeze-thaw durability, scaling resistance, compressive strength, and a hardened air-

void analysis.  Compressive strengths were measured for 19 of the batches in 

accordance with ASTM C39.  These compressive strengths are summarized in Table 

A.14 of Appendix A.  Tables 2.4 through 2.7 show the batches (with mixture 

designations) that were examined in the tests.  Two of the twenty-one batches 

examined in Program 3 were also examined in Programs 1 and 2 (Batch Numbers 754 

and 796).  Duplicate batches were examined for the mixtures evaluated in each test to 

determine repeatability of the results.  The duplicate batches were organized into 

different series for each test (for example, Series 2 and Series 3).  Six distinct mixture 

designs were evaluated in the program, including: 

¶ no lightweight aggregate or mineral admixtures (designated as Control), 

¶ an 8 percent replacement of total aggregate by volume with lightweight 

aggregate (designated as 8% LWA), 

¶ a 10 percent replacement of total aggregate by volume with lightweight 

aggregate (designated as 10% LWA), 

¶ a 10 percent replacement of total aggregate by volume with lightweight 

aggregate and a 30 percent replacement of portland cement by volume with 

slag cement (designated as 10% LWA, 30% slag), 

¶ a 10 percent replacement of total aggregate by volume with lightweight 

aggregate, a 30 percent replacement of portland cement by volume with slag 

cement, and a 3 percent replacement of portland cement by volume with silica 

fume (designated as 10% LWA, 30% slag, 3% SF), 

  



 

 

99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control 796

8% LWA 827

10% LWA 826

10% LWA, 30% Slag 821

10% LWA, 30% Slag, 3% SF 823

10% LWA, 30% Slag, 6% SF 822

Control 876

10% LWA 873

10% LWA, 30% Slag, 3% SF 869

10% LWA, 30% Slag, 6% SF 870

Mixture Designation
Batch 

Number

Series 1

Series 2

Table 2.4  Program 3:  Free shrinkage test mixtures 

Table 2.5  Program 3:  Freeze-thaw durability test mixtures 


