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ABSTRACT 

Shrinkage cracking is a critical factor affecting the durability of concrete bridge 

decks. Since cracks in reinforced concrete decks provide a path for corrosive agents to 

enter the concrete, thereby accelerating the deterioration of the reinforcing steel. Concrete 

undergoes volumetric changes due to variation in temperature and moisture. When 

concrete is prevented by a surrounding structure from undergoing these volumetric 

changes freely, tensile stresses are developed. Depending on the amount of restraint 

applied, these tensile stresses potentially lead to cracks in the structures. 

This type of cracking can be reduced by providing rebars in the form of mesh to 

take the tensile stresses and/or the use of shrinkage-reducing admixtures (SRAs). Recent 

studies performed on SRAs show that the use of such admixtures is an effective method 

to reduce shrinkage cracking. Simulating restraint experienced in highway pavements and 

bridge decks is a challenge to researchers. This challenge has led to the development of 

different methods to assess the potential of restrained shrinkage cracking. Currently, there 

exists no standard test to assess cracking due to restrained shrinkage, though several 

researchers have simulated the effects of restraint in various ways to better understand the 

behavior of concrete shrinkage. 

The objective of this research is the evaluation of the different concrete mix 

designs used in bridge decks in Texas. Specifically, the influence of curing duration on 

the cracking potential of concrete bridge decks has been investigated based on the 

unrestrained (free) linear shrinkage measurements of prismatic specimens. In addition to 

free shrinkage tests, tests have been performed to study the weight loss, modulus of 

elasticity and split tensile strength of the concrete mix designs. Using the data obtained 

from these tests, shrinkage stresses developed due to full-restraint (100%-restraint) have 

been estimated and compared with the split tensile strength to estimate the age at which a 

first crack can be observed in the concrete. The approach presented assists in better 

understanding the effect of shrinkage on the cracking of bridge decks under full-restraint. 

vi 



Using the weight loss measurements and weight of oven-dried specimens, internal 

moisture content was tracked. This data is used to compare the behavior of the material to 

the development of shrinkage strains. Comparing the different curing durations did not 

indicate a significant difference in the development of either modulus of elasticity or split 

tensile strength. However, a favorable correlation was observed between the tensile 

strength of concrete and shrinkage stresses developed due to full restraint based on 

different curing durations. The results did not show a significant delay in the age of first 

crack with increase in curing duration from 4 days to 7 days. Thus, based on the research 

to date, one can conclude that 4 day curing suffices for durability of bridge decks from a 

shrinkage cracking perspective. 
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CHAPTER 1 

INTRODUCTION 

1.1. Introductory Background 

The tendency of concrete to crack has been historically accepted as inevitable. 

Thus, typically structures have been designed based primarily on strength. This has been 

true even for concrete bridge decks, though the deterioration and decay of bridge decks 

has focused attention on long-term durability in the design of these structures. To truly 

improve the durability of concrete bridge decks, a good understanding of the behavior of 

the materials is needed. 

Recent studies show that concrete deck cracking is primarily the result of 

shrinkage caused by drying and by various other factors [Garden and Ramey 1999; 

French et al. 1999; Issa 1999; Kwak 2000]. The increased concern over the economy of 

designing heavy structures has resulted in use of high strength concrete. However, with 

the use of high strength concrete having high modulus of elasticity, cracks at an earlier 

age have become more common [Weiss 1999]. This increased cracking potential may be 

attributed to increased brittleness, increased stiffness, decreased creep relaxation, and 

higher autogenous shrinkage [see section 2.3.2.]. The increase in autogenous shrinkage is 

attributed to the use of low water to cementitious material ratio (w/c) in the high strength 

concrete thereby leading to bridge deck cracking. Stresses caused by heavy traffic 

volume may further aggravate the deck cracking. However, as will be discussed later, 

applied stress is not the only cause leading to cracking in concrete. 

Concrete has relatively low tensile strength compared to its compressive strength. 

Thus, though concrete performs well in compression it can easily crack in tension. 

Concrete undergoes a variety of volumetric changes depending on its constituent 

materials, curing conditions, and its temperature. These properties of concrete have a 

significant effect on pore moisture (internal pore relative humidity) and hence on the 



volume change in concrete. Internal movement of moisture is also substantially affected 

by the moisture and temperature changes in the surrounding environment. 

Apart from the factors described above, the size of the structural member and 

applied stresses affect shrinkage stresses. All these factors lead to increase in shrinkage 

stress development even before any external loads were applied. These tensile stresses 

developed due to shrinkage being greater than the tensile strength of concrete, results in 

cracking of concrete. Figure 1.1 shows a schematic diagram indicating the development 

of tensile strength and shrinkage stresses with age. Concrete is expected to crack when 

the shrinkage stress exceeds the tensile strength of concrete, as indicated by the point of 

intersection of the curves. 

(/3 

Stress caused 
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Figure 1.1. Effect of shrinkage and tensile strength development on cracking 

Concrete can be considered as volumetrically stable if it remains at a constant 

moisture and temperature environment. However, concrete is a composite material in 



which aggregate is bound by a binder which is the hydrated cementitious material. This 

binder is formed due to the chemical hydration reaction between water and cementitious 

materials. The hydration reaction results in a change of internal moisture content even in 

constant ambient moisture and temperature conditions. 

Dominant factors affecting transverse cracking in bridge decks are longitudinal 

end restraint, girder stiffness, deck thickness, concrete shrinkage, concrete modulus of 

elasticity and ambient air temperature at deck placement [French et al. 1999]. According 

to the resuhs of earlier research, restrained concrete deck shrinkage is the leading cause 

of bridge deck cracking [Altoubat 2001; French et al. 1999; Rogalla 1995]. This stresses 

the need for a good understanding of the effect of concrete shrinkage and restraint on 

cracking of bridge decks. When concrete is free to shrink or expand without any restraint, 

it does so without serious consequences. However, bridge decks are often exposed to a 

certain amount of restraint resulting in significant tensile stresses. These tensile stresses, 

combined with low fracture resistance of concrete result in cracking. 

The increased concern of the effect of shrinkage of concrete on structures has led 

to several recent theoretical and experimental studies [Shah et al. 1997; Koenders 1997; 

Altoubat 2001]. Cracks provide a path for corrosive agents to enter the concrete, thereby 

accelerating the deterioration of reinforcing steel in bridge decks. Cracking can also lead 

to deterioration of pavements incurring greater costs of repair. Deck cracking and the 

quality of the top one to two inches of deck concrete has been found to have a significant 

effect on the durability of concrete bridge decks [Garden and Ramey 1999]. The quality 

of curing considerably affects the properties of this top layer of deck concrete and, 

therefore, has a definite impact on the durability of the bridge deck. 

Increased concern of early-age cracking in bridge decks and persistent pressure 

from the public for early opening of bridge decks to full traffic loads has led to the study 

of curing durations based on potential based on the potential of concrete to shrink and 

tensile strength. As discussed previously, historically, concrete compressive strength was 

considered the sole design criterion, and in many cases this continues to be true even 



today. Current practice typically allows many bridge decks to be opened to traffic once 

the desired compressive strength is achieved. In general, the required compressive 

strength is considered to be obtained once field-cast cylinders reach he required strength. 

Again, though strength typically has been considered to be the primary criterion for 

assessing the quality of the concrete, other criteria are required to fiilly understand the 

durability of the placed concrete. For example, since early-age deterioration can reduce 

the useful life of the structure, an increased need to better understand the durability of 

concrete decks has developed. 

Shrinkage cracking in concrete depends on several factors including the rate and 

magnitude of free shrinkage, degree of structural restraint and fracture resistance. Though 

no standard testing procedure exists to assess the potential for cracking, several 

researchers have used the ring-test [Weiss 1999] and restrained shrinkage tests [Altoubat 

2001; Koenders 1997; Sule 2003]. These tests were not used in the work of this thesis 

because of their inability to compare different curing durations. However, an introduction 

of these tests is given in Chapter 3. 

In this research a variety of bridge deck mixes were tested for free or unrestrained 

shrinkage. As discussed previously, in a structure under restraint, free shrinkage causes 

cracks. Free shrinkage strain alone does not provide sufficient information to characterize 

the behavior of restrained concrete. Therefore additional tests have been conducted to 

obtain the tensile strength and elastic modulus for different concrete mixes in order to 

predict the age of first shrinkage induced crack under full restraint. However, the degree 

of restraint in bridge decks is difficult to evaluate, thus the accurate prediction of 

shrinkage cracking is complicated. Also, with numerous other factors that are difficult or 

impossible to assess completely, such as actual mix composition, curing temperatures, 

finishing techniques, etc., combined with the varying degrees of restraint, typically 

prevents accurate prediction of shrinkage cracking. Nevertheless, the approach used in 

this research will give relative prediction of age of shrinkage induced first crack. This 



information can be used to better understand the effects of curing on shrinkage induced 

cracking and to compare different curing durations. 

1.2. Curing Practices 

In Texas, the requirement for wet-mat curing is 8 days for decks with Type I and 

III cements and 10 days for decks with Type II and I/II cements and for mix designs with 

fly ash [TxDOT 1993]. According to the 1993 Texas Standard Specifications at least 14 

days should be given after the last slab concrete has been in place for construction traffic 

on structures with a maximum of V^ ton vehicles and 21 days may be given for other 

construction traffic or for the full traffic [TxDOT 1993]. 

Increased congestion of traffic during the construction and repair work on 

highways has led to the need for early opening of bridge decks to traffic. Attempting to 

decrease the time of construction and repair has been the focus of numerous researchers. 

Research conducted by TxDOT has led to incorporation of the special provisions to Item 

420 - Concrete Structures into standard practice. These special provisions, adopted in 

1998, allow the opening of the bridge deck to full traffic much sooner than the 21 days as 

required by the 1993 specifications. According to these special provisions, once the 

concrete is cured sufficiently, the deck is allowed to dry for one day to let it prepare for 

the surface treatment and an additional day was typically allowed for any required 

surface treatment [TxDOT 1998]. The bridge deck is then opened to fiill traffic if the 

design compressive strength is gained. In general the compressive strength is determined 

using site cast concrete cylinder specimens. 

As a resuh, bridge decks in Texas are currentiy opened to full traffic in 10 to 12 

days after the concrete is placed, leading to a significant decrease in the time of 

congestion on the highways. Although this current practice reduces the number of days 

before full traffic load is allowed on bridge decks compared to 1993 specifications it does 

not reduce the number of wet mat curing days. This thesis is particulariy aimed at 

investigating the effect of different curing durations on the early age sfrength 



development in order to assess the resistance of concrete to shrinkage induced cracking. 

As the conclusion of this study, a better understanding of the effects of curing on long 

term durability of bridge decks is expected. 

1.3. Objectives and Scope 

The research sponsored by TxDOT titled ''Effects of wet mat curing and earlier 

loading on long-term Durability of Bridge decks" being conducted at Texas Tech 

University is aimed at exploring the possibility of opening of bridge decks eariier than 10 

to 12 days by decreasing the number of wet mat curing days. 

Different tests have been conducted to investigate the time-dependent 

development of material properties including free shrinkage, modulus of elasticity in 

compression and split tensile strength tests for several bridge deck mix designs in Texas. 

The tensile strength approach was adopted as it was considered to be the best available 

approach to study the effects of curing duration on shrinkage cracking potential of 

concrete. The concrete mixes used in this thesis were the mostly commonly used in 

different climatic zones in Texas. They had varying w/c ratios, cement contents, air 

contents, and varying types and contents of cementitious materials. The different tests 

conducted and measurements taken for these different mixes are shown in Table 1.1. 

Table 1.1. The list of the tests conducted on different TxDOT district mixes 

Atlanta 
Houston 
El Paso 

San Antonio 
Pharr 

Fort Worth 
Lubbock 

Free Shrinkage 
Tests 

^ 

, / 

y 
•/ 

^ 

y 
• / 

Weight & 
Temperature 

Measurements 

^ 

-/ 

y 

Modulus of 
Elasticity Test 

y^ 

^ 

y 
, / 

Split Tensile 
Test 

, / 
^ 

^ 

V 

v̂  shows that, that particular test was performed on the TxDOT district mix 



The free shrinkage strains were used to compare different curing durations for all 

the mixes shown in Table 1.1. Prediction of age of first shrinkage induced crack was only 

possible for El Paso, San Antonio, Fort Worth, and Lubbock district mixes, as the 

modulus of elasticity and tensile strength data was not available for other district mixes. 

The different tests conducted are discussed later in Chapters 3, 4 and 5. The prediction of 

the age of first shrinkage induced crack is discussed in Chapter 6. 

The predicted ages of first shrinkage induced cracks for the four district mixes i.e. 

El Paso, San Antonio, Fort Worth, and Lubbock was used to understand the effect of 

curing on shrinkage-induced cracks in concrete bridge decks. It is anticipated that the 

knowledge gained through this work can be used to optimize the number of curing days 

and age required before full traffic can be allowed on bridge decks in Texas. 

1.4. Thesis Outline 

To achieve the aims outlined in the previous sub-sections, this thesis is outlined as 

follows. Chapter 2 reviews the existing literature relevant to the current study of early-

age shrinkage cracking. It includes a brief review of the different shrinkage and 

shrinkage-induced cracking mechanisms. It outlines the effects of different mineral and 

chemical admixtures on the shrinkage potential. Also, a discussion of the tests conducted 

in this study is included in Chapter 2. 

Chapter 3 describes the free shrinkage test conducted, which is a modified version 

oiASTM C 157-93. Weight loss measurements taken on these specimens are presented, 

along with a discussion of the results of the particular tests. 

Chapter 4 describes the modulus of elasticity test conducted, which is a modified 

version of ASTM C 469-94. In addition a discussion of the effects of curing on the 

modulus of elasticity of bridge deck concrete based on the experimental resuhs is given. 

Chapter 5 describes the split tensile strength tests conducted based on ASTM C 

496-96. A discussion of the effects of curing duration on the tensile strength of concrete 

is presented. 
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Chapter 6 describes the different approaches used to compare the effects of 

different curing durations on the potential of shrinkage-induced cracking. 

Chapter 7 summarizes the knowledge gained through the course of this thesis and 

discusses the conclusions made. Recommendations for more durable concrete bridge 

decks are also provided. 



CHAPTER 2 

LITERATURE REVIEW 

2.1. Introduction 

This review seeks to discuss the knowledge and ideas that have been established 

on the topic of shrinkage-induced cracking and to summarize the concepts used in this 

work. This study deals with several topics such as material properties, relative humidity, 

shrinkage strain, elastic modulus and tensile strength. The primary objective is to better 

understand the effects of concrete shrinkage leading to cracking. These cracks are 

considered detrimental to the long term durability of bridge decks. There are a number of 

modeling approaches developed by researchers to estimate cracking in concrete due to 

shrinkage and different test methods to understand the effect of restraint on shrinkage 

cracking. A brief review of previous work on these topics will be discussed later in the 

chapter. 

When water moves in and out of concrete that is not fully rigid, swelling or 

shrinking takes place. This movement of water can occur both in its initial fresh state and 

later in its hardened state. The most important cause of volume change is from hydration 

of cementitious materials which leads to a reduction in the volume of cement paste. 

Water can also be lost by evaporation from the surface of the concrete while it is still in 

the plastic state. As concrete loses water from its pores (i.e., as it dries), it shrinks. 

If concrete is restrained from shrinking freely, tensile stresses develop. However, 

predicting these stresses in real structures has always been a challenge. Combining these 

tensile stresses with the low fracture resistance of concrete often results in cracking. 

Bridge decks, being thin flat structures with large areas exposed to dry environment, they 

are particularly susceptible to restrained drying shrinkage. Therefore understanding the 

effects of restraint on concrete has become a growing concern. 



10 

Unrestrained shrinkage measurements are useful in comparing different mixture 

compositions. However, such measurements do not provide sufficient information that 

can determine if a concrete mix will crack in service. Therefore understanding the 

resistance of concrete to cracking based on the tensile strength is also necessary. 

Cracking can be avoided if restraint in the structures is removed - even while the 

concrete is shrinking. However, it is not possible to completely avoid extemal restraint in 

the concrete structures. Therefore, another approach is to reduce the amount of shrinkage 

that occurs in a particular concrete mix. Such reductions can be achieved in several 

different ways, as discussed in Section 2.6. Recent work has demonstrated that the use of 

shrinkage reducing admixtures (SRAs) resuhs in significant reductions in shrinkage. 

Reducing drying shrinkage in bridge decks, especially at early ages in harsh drying 

conditions, can result in the reduction of cracking [Shah et al. 1997]. The use of SRAs to 

reduce material shrinkage along with different design approaches to reduce shrinkage 

cracking will be discussed later in Section 2.6. 

To better understand shrinkage cracking, knowledge of stiffness, or modulus of 

elasticity, and tensile strength of concrete is necessary apart from the understanding of 

the free material shrinkage of concrete. Therefore, modulus of elasticity and split tensile 

strength tests also were conducted along with free shrinkage tests to better predict the day 

of first shrinkage-induced crack in order to evaluate the effects of different curing 

durations. Apart from comparing different curing durations, using the internal moisture 

content of concrete, an effort was made to effectively compare different district mixes. 

The use of internal moisture content to compare different mixes is discussed later in sub

sections 2.4.3 and in section 2.7. 

2.2. Cracking in Bridge Decks 

Increased susceptibility to environmentally-induced cracking is of particular 

concern in large flat structures such as bridge decks because these structures have a high 

rate of shrinkage. Eariy-age cracking usually arises from rapid complex volume changes 
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such as autogenous shrinkage, drying shrinkage, and thermal deformation, which are 

discussed later in Section 2.3. These volume changes under restraint result in tensile 

stresses that typically lead to cracking. During the early age of concrete there is a 

competition inside the material between the development of tensile stresses and the 

development of strength. This competition leads to the potential for premature cracking. 

Cracks of substantial width observed in bridges in Minnesota suggest that early bridge 

deck cracking can be exacerbated by higher initial shrinkage rates [French et al. 1999]. 

Thus it can be said that by delaying the unavoidable volume changes, we can possibly 

reduce the chances of the confrontation of the tensile stresses and the low developing 

strength of concrete. It is possible that this delay in crack formation can be achieved by 

greater curing periods and/or by better curing practices apart from the use of shrinkage 

reducing admixtures. 

In the research conducted at University of Minnesota by French et al. (1999), 

available bridge documentation was reviewed to correlate the data obtained on the 

research with the available information of the behavior of the bridge decks to concrete 

shrinkage. Recommendations made include reducing shrinkage of the deck concrete 

through better mix design, improved curing practices and/or minimizing the deck 

restraint in order to reduce deck cracking [French et al. 1999]. 

Apart from structural restraint, staged deck construction and improper sequencing 

of pours also appear to have a significant effect on cracking in bridge decks. When bridge 

decks are cast in stages, there is a difference in the shrinkage experienced by the newly 

cast slab compared to the older slab. This differential shrinkage results in a significant 

cracking at the construction joints [Issa 1999]. 

Traffic on a portion of a bridge while another portion is under construction during 

redecking is also considered to be a significant cause of bridge deck cracking. Such 

staged construction led to longitudinal cracking in many bridge decks [Issa 1999]. It is 

suggested that closing traffic may be safe for the structure despite higher expenses 

incurred due to the need for temporary widening or detours. Most agencies however 
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prefer to allow traffic on part of the bridge deck while the other part is under construction 

to reduce expensive management of detours. Vibrations of the concrete induced by 

adjacent traffic can lead to differential consolidation of concrete, bond failure between 

the reinforcing steel and the concrete and bond failure between new and old concrete, all 

leading to the potential for cracking in a bridge deck [Manning 1981]. However, Issa 

(1999) suggests the effect of adjacent traffic may be minimized by imposing speed 

limitations on the bridge, as well as restrictions of heavy truck traffic in lanes adjacent to 

the area under construction. 

2.3. Types of Shrinkage 

The overall shrinkage of concrete can be classified into different types based on 

the type of loss of pore moisture that leads to the shrinkage. Such a classification is 

illustrated in Figure 2.1. 

Overall shrinkage ] 
i 

Plastic shrinkage Autogenous shrinkage Drying shrinkage 

Chemical shrinkage 

a. 
Shrinkage due to 
Self-desiccation 

Hydration shrinkage 

Thermal shrinkage 

Carbonation shrinkage 

Crystallization swelling 

Figure 2.1. Chart showing major types of shrinkage in concrete 
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When concrete is in a plastic state, shrinkage resulting from water loss from the 

surface of hardening concrete, is called plastic shrinkage. The shrinkage caused due to 

the consumption of pore water by hydration reaction is called autogenous shrinkage, 

which is further described in sub-section 2.3.2. From earlier studies, it has been well 

established that, as concrete dries, it shrinks. Shrinkage resulting from the drying of 

concrete due to exposure conditions is classified as drying shrinkage. 

2.3.1. Plastic shrinkage 

When water is allowed to evaporate from the concrete while it is still in its plastic 

state, contraction takes place. Concrete in its plastic state that is exposed to harsh 

environmental conditions such as high wind speed, high temperature and/or low ambient 

relative humidity can lose water from the pores leading to plastic shrinkage. However, 

the amount of water lost from the surface does not directly predict the amount of plastic 

shrinkage. Only when the amount of water lost per unit of surface area is greater than 

amount of water brought to the surface through bleeding, can such water loss lead to 

plastic shrinkage, and potentially lead to surface cracking. 

Other reasons for plastic shrinkage cracking are improper compaction of concrete 

and nearby traffic vibrations. An investigation of bridge deck cracking by Issa (1999) 

show's that shrinkage cracks form in the longitudinal direction. Settlement of poorly 

consolidated concrete along with nearby traffic vibrations were considered the cause of 

the concrete settlement that led to the formation of plastic shrinkage cracks [Issa 1999]. 

With the increased use of water-reducing admixtures for bridge deck concrete to 

increase workability, facilitate the use of low w/cm ratios, resulting in reduced drying 

shrinkage. However, a low w/cm ratio can lead to a lower amount of bleed water 

available to compensate for evaporation thus leading to a possibihty of greater plastic 

shrinkage. In bridge decks with silica fume in the concrete mix, a greater crack density 

has been observed [Schmitt 1999]. This increased crack density could be due to reduced 

bleed water resulting from the presence of silica fume as reported by Schmitt (1999). XX is 



14 

noted that silica fume was not used in any of the bridge test sites in this research project, 

nor is the use of silica fume anticipated for bridge decks in Texas. Also, no significant 

plastic shrinkage cracks have been reported on bridge decks in Texas. Thus, a specific 

study of plastic shrinkage was not conducted in this research project. 

The use of fibers has been observed to reduce plastic shrinkage significantly. A 

recent study was conducted at South Dakota School of Mines and Technology on a 

combination of small diameter synthetic (polypropylene or nylon) and steel fibers or a 

blend of small and large diameter synthetic fibers called synergy fibers. The study 

suggests that the use of synergy fibers can reduce the amount of plastic shrinkage cracks 

by 92 to 100% with a dosage of 0.5% to 2.0% (by volume) of fibers [Ramakrishnan 

2001]. In another investigation that focused on the type, dimension and surface texture of 

the fibers, it was observed that 0.1% (by volume) of fibers can reduce plastic shrinkage 

crack area by 30 to 40% [Wang et al. 2001]. Workability and quality control issues would 

have to be considered before addition of fibers can be considered for a particular concrete 

mix. 

2.3.2. Autogenous shrinkage 

As discussed previously, swelling or shrinkage of concrete is a result of 

movement of moisture in or out of concrete. However, even when this movement of 

moisture is not permitted, shrinkage occurs due to the result of internal moisture 

movements. During the process of hydration, water in the freshly formed voids reacts 

with cementitious materials, forming a bulk paste of lower volume than the combined 

volume of water and cementitious material prior to hydration. This reduction in the 

volume of concrete is classified as chemical shrinkage. Apart from the shrinkage due to 

direct chemical hydration reaction, the decrease in internal moisture content leads to 

additional shrinkage called self-desiccation, discussed later in the following subsections. 

Shrinkage of such a conservative system due to chemical hydration and self-desiccation 

is known as autogenous shrinkage. 
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2.3.2.1. Chemical shrinkage 

Virtually all chemical reactions are followed by a volume change. The cement 

hydration products always occupy less volume than the initial reactants i.e. cement and 

water. If the main constituents of Portland cement (PC) react with water, they undergo a 

characteristic volume change and a gross volume decrease of about 7% [Bazant 1983]. 

Equation 2.1 shows a pseudo-chemical reaction showing the volume loss during 

hydration of Portland cement given by Bazant (1983). A schematic representation of 

chemical shrinkage resulting in a loss of overall volume and loss of volume due to pore 

formation is shown in Figure 2.2. 

XOOmm^PC + X25mm'H^O -> 209mm' - AV Eq. 2.1 

C = cement 
W = water 

Extemal 
Volume reduction 

Hydration products 

Pore volume due to 
chemical shrinkage 

Figure 2.2. Schematic representation of chemical shrinkage mechanism 

During the process of cement hydration, several other volume changes take place 

apart from the dfrect reduction of volume due to the formation ofbulk paste. Major types 

of shrinkage resuUing from the chemical hydration reaction are classified as hydration 
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shrinkage, thermal shrinkage, carbonate shrinkage and crvstallization swelling. Each of 

these different phenomena leading to overall shrinkage is described below. 

2.3.2.1.1. Hydration shrinkage. Shrinkage of concrete in the conservative system 

(i.e. in the sealed conditions) in the first 2 to 3 hours is directly due to the chemical 

hydration reaction which does not involve any capillary action as the concrete has not yet 

hardened. Once a significant amount of cement is hydrated, the development of 

microstructure begins and the rate of hydration falls drastically. The true reason of the 

shrinkage of concrete after the initial hardening of the microstructure is either self-

desiccation or evaporation of moisture in the concrete to the low humid outside 

environment which is called drying shrinkage. 

Rate of shrinkage at early ages was observed to make a significant effect on the 

crack density of bridge decks [Weiss 1998; French et al. 1999]. As rate of hydration is 

directly proportional to shrinkage of concrete, reducing the rate of shrinkage at early ages 

has been the concern of many researchers. 

2.3.2.1.2. Thermal shrinkage. When cement or pozzolans react with water, a 

certain amount of heat is generated. The magnitude of the amount of heat produced is 

dependent on the rate of hydration. The majority of the heat is generated while the 

concrete is still young and easily deformable. Dissipation of this heat occurs relatively 

quickly in small thin structures such as bridge decks, hi massive concrete structures (e.g., 

dams) significant amounts of heat is produced during hydration. This heat is dissipated 

slowly compared to the same in thin structures. The rate of hydration slows after the 

formation of a solid microstructure. At this stage, dissipation of heat leads to shrinkage of 

the concrete structures and to the development of shrinkage stresses. 

Heat generated due to hydration has not been identified as a cause of cracking in 

bridge decks. However, seasonal and diurnal temperature changes can exacerbate other 

factors leading to cracks in bridge decks. 
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2.3.2.1.3. Carbonation shrinkage. Calcium hydroxide formed during hydration of 

cement is a metastable compound and can react with CO2 from the surrounding air. The 

chemical equation of this reaction is given by equation 2.2. 

Ca(OH)^ + CO, -^ CaCO, + H^O Eq. 2.2 

Under normal conditions, carbonation takes place in the zones near the surface of 

a concrete member. The liberated water evaporates and in the final state the reaction is 

accompanied by a decrease of volume, referred to as carbonation shrinkage. However, as 

carbonation typically takes place on the surface of the concrete, it is not considered to be 

a serious concern to the shrinkage of a structural member. 

2.3.2.1.4. Crystallization swelling. During hydration while cement (including 

pozzolans) and water reacts, both colloidal particles and crystallized phases are formed 

[Bazant et al. 1983]. The early hydration products can expand in the water-filled space 

between the solid particles. Once the solid skeleton is developed, additional crystal 

growth is hindered and thus an intemal pressure is created. Crystallization pressure can 

cause moderate swelling of concrete, which is termed crystallization swelling. 

Under normal conditions, this swelling is overcompensated by the shrinkage 

effects. This mechanism is used in shrinkage compensated cements. For example, by 

adding sulphates, sulphoaluminate hydrates are formed during hydration. These hydrates 

may balance normal shrinkage over a certain period if well proportioned [Bazant et al. 

1983]. However, additional research into specific mix designs is necessary for the use of 

these shrinkage reducing admixtures. Though, shrinkage reducing admixtures are not 

being studied in this research work, they are discussed in Section 2.6. 

2.3.2.2. Shrinkage due to self-desiccation 

While the concrete mix is still in the plastic state, its paste is primarily a network 

of cement particles in water. However, once the concrete sets, its gross volume remains 

approximately constant [Neville 1996]. The bulk cement paste in the concrete consists of 



poorly crystallized hydrates of various compounds collectively referred as gel, 

unhydrated cement and the residue of the water-filled spaces in the fresh concrete. 

As mentioned eariier, most of the products of hydration are colloidal. Due to 

continuing hydration, the surface area of these colloidal particles increases enormously, 

adsorbing large amounts of free water on the surface. With the progress of the hydration 

of the unhydrated cement and pozzolans (if any), there is a steady decrease in the pore 

diameter. Water in these pores is used for hydration until too little is left to saturate the 

solid surfaces. The moisture content in the pores then decreases. This resuhs in the 

increase of surface tension in the adsorption layer leading to the overall shrinkage of 

concrete. This type of shrinkage resulting from a loss of moisture content in the pores due 

to hydration alone (excluding the effect of outside environment on the pore relative 

humidity) is known as self-desiccation. 

2.3.3. Drying shrinkage 

During the initial curing period, concrete is not fully exposed to the low humidity 

outside environment. The pore water used by the hydration of concrete is initially 

replaced by the curing water. Therefore, while the concrete is cured, it swells. Once the 

applied curing process is terminated and concrete is exposed to the dry environment, it 

shrinks. Concrete which is cured continuously shows a significant amount of increase in 

net volume and overall mass. This swelling during curing is due to the adsorption of 

water by the cement gel in the concrete. These water particles tend to force the gel 

particles further apart resulting in a swelling pressure. Apart from this direct increase in 

the water volume, due to the increase in the thickness of the adsorption layer, there is a 

significant decrease in surface tension in the adsorption layer [Koenders 1997]. This 

decrease in surface tension, resuhs in a additional relatively small expansion of the bulk 

paste. Based on the experimental data obtained at the Delft University of Technology, 

Koenders (1997) developed a model to explain the effect of the increase in the thickness 

of the adsorption layer on the surface tension in this layer. His results are shown in the 
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form of a plot in Figure 2.3. Swelling of concrete during the initial curing period typically 

is not high enough to cause detrimental effects on the structure. 
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Figure 2.3. Surface tension in adsorption layer vs. thickness of adsorption layer 
[Koenders 1997]. 

However, immediately after curing is terminated, concrete begins to shrink at a 

relatively high rate. Exposure of concrete to an environment with low relative humidity 

compared to the humidity in the concrete capillary network results in the disequilibrium 

in the relative humidity between the concrete and its environment. This leads to a loss of 

water from the concrete to the environment, which results in shrinkage of concrete. This 

shrinkage is referred to as drying shrinkage. Drying shrinkage has been observed to be 

the most common cause of shrinkage cracking in flat structures like bridge decks. Thus, 

the work on this research project is primarily concenfrated on drying shrinkage. 

However, the change in volume of concrete due to drying shrinkage is not equal 

to the volume of the water lost to the environment. Due to the effect of drying, capillary 

water is first emptied causing a loss of water in the concrete without shrinkage. After a 

significant amount of capillary water has emptied, the removal of adsorbed water begins. 
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This loss of adsorbed water leads to a decrease in the adsorption layer around the gel 

particles, thereby increasing the surface tension in the layer [Figure 2.3] and thus leading 

to drying shrinkage of the concrete. Water movement in concrete is later discussed in 

sub-section 2.3.4. 

Water-to-cementitious material ratio (w/cm ratio) plays a major role in the free 

drying shrinkage of concrete. Higher w/cm ratios lead to greater porosity and thus to 

greater exposure of capillary water to the environment leading to a greater drying 

shrinkage. Figure 2.4 [Neville A. M. 1996] shows the drying shrinkage strain versus the 

weight of the water in volume of concrete mix. 
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The plot shows that independent of the aggregate type and the aggregate to 

cement ratio, the lower the w/cm ratio the lower is the amount of shrinkage strain that 

occurs. In summary a low w/cm ratio will reduce drying shrinkage while good curing 

practices can offset the loss of capillary water due to self-desiccation and drying. 

2.4. Material Properties Affecting Shrinkage 

Material properties such as mineral admixtures, chemical admixtures, aggregate 

content and cement content can have a significant impact on the durability of concrete. 

With shrinkage being one of the major causes of bridge deck cracking, there have been 

several investigations conducted to better understand the cause of shrinkage and to 

determine methods to reduce shrinkage, specifically in the bridge decks. However, the 

causes for bridge deck cracking are not fully understood, partly due to use of wide variety 

of construction techniques and material selections used for the placement of bridge decks. 

A good understanding of the materials used in concrete bridge deck construction 

is necessary when developing methods and mix designs to reduce shrinkage. The 

following section discusses several of the different material properties of concrete and the 

effect of each one on the shrinkage in bridge decks. 

2.4.1. Mineral admixtures 

Mineral admixtures are basically fine particles possessing certain cementitious 

properties. These admixtures are used to attain certain specific properties apart from 

economical benefits of their use. The two mineral admixtures typically used in bridge 

decks in Texas are fly ash and ground granulated blast furnace slag (ggbs). 

With Class F (low calcium) fly ashes, although after about a year the drying 

shrinkage of plain and fly ash concrete has been observed to be similar, they tend to 

increase initial values of drying shrinkage [Neville 1996]. Thus decrease in the curing 

period can lead to increased early age restrained shrinkage cracking. With Class C, high 
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calcium fly ash in concrete at replacement levels between 20% and 50% by cement 

weight has little influence on drying shrinkage. 

Ground granulated blast furnace slag (ggbs), with its glassy nature and chemical 

composition makes it a cementitious material. Unlike Class C fly ash that possesses self 

hardening characteristics like cement, slags need an activator to initiate hydration. Recent 

investigations suggest that it takes about 3 days before the contribution of cementitious 

properties of ggbs becomes noticeable [Ramachandran 1995]. Concretes containing 40% 

to 65% ggbs by weight of total cementitious material were having greater drying 

shrinkage than plain cement concrete. However, a study in Japan indicated that higher 

shrinkage tendency can be remedied by correcting optimum sulphate content (SO3 

content) of the total cementitious material to 2% to 2.5% [Ramachandran 1995]. 

The addition of silica fume as a cement replacement has been reported to reduce 

the drying shrinkage of concrete [Neville 1996]. The extent of reduction depends on the 

period of initial moist curing. However, silica fume also decreases bleeding in concrete, 

thus increasing plastic shrinkage cracking in bridge decks [Schmitt 1999]. Using silica 

fume also increases early temperatures and produces stiffer concretes that develop higher 

stresses. Thus, its use should be avoided without specific investigation of the mix 

[Rogalla et al. 1995]. 

2.4.2. Chemical admixtures 

Chemical admixtures are a very important group of water soluble admixtures 

typically used in small quantities. The chemical admixtures that will be discussed in this 

section are air-entraining agents, water reducers, retarders and superplasticizers. 

Air entrainment improves the workability and consistency of plastic concrete and 

reduces its bleeding and segregation tendencies. Air entrainment in concrete improves the 

durability of concrete to freezing-thawing exposure. Air-entraining agents reduce 

bleeding, thus increasing plastic shrinkage. However, it is reported that air entrainment 
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does not influence drying shrinkage or creep to a large extent [Neville 1996; 

Ramachandran 1995]. 

Water reducers are known to improve the properties of hardened concrete. In 

particular they increase the strength and durability of the finished concrete. However, if 

cracks are caused by plastic shrinkage, these admixtures can aggravate the cracking 

problem. Water reducers are capable of reducing the heat of hydration thus reducing 

thermal shrinkage. However, thermal shrinkage is not considered to be a concem in thin 

structures like bridge decks. It was observed that water reducers do not have much effect 

on drying shrinkage [Ramachandran 1995]. 

Retarders are admixtures used to increase the setting time of the cement paste. 

Retarding admixtures can accentuate plastic shrinkage by retarding the setting time -

unless concrete is protected from water loss [Ramachandran 1995]. Retarders do not 

show any significant effect on drying shrinkage [Neville 1996]. 

Superplasticizers are used to produce concrete having high workability for ease of 

placement. These admixtures allow for the production of high strength with lower water 

content. Superplasticizers do not influence shrinkage, creep, modulus of elasticity or 

resistance to freezing and thawing [Ramachandran 1995; Neville 1996]. 

2.4.3. Water movement in concrete 

As discussed earlier, the w/cm ratio plays an important role in the overall 

shrinkage of concrete as it determines both the amount of evaporable water in the cement 

paste and the rate at which water can be moved towards the surface of the specimen. As 

most of the mechanical properties of hardened concrete such as shrinkage appear to 

depend more on physical structure of the products rather than chemical composition of 

the hydrated cement, it is important to have a good understanding of the physical 

properties of the cement gel. As discussed previously, concrete in its plastic state is a 

network of aggregate in cement paste. The cement paste is in tum a network of particles 

of cement in water. Once concrete hardens these particles become part of the matnx that 
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binds the aggregate together into the hardened concrete. At any stage of hydration, the 

hardened paste consists of pooriy crystallized hydrates of various compounds, 

collectively referred to as gel, unhydrated cement, and residue of water-filled spaces in 

the fresh concrete that become capillary pores in the hardened concrete. 

Most of the products of hydration are colloidal (substance which is of a gelatinous 

rather than a crystalline nature). During hydration, the surface area of the solid phase 

increases substantially, and a large amount of free water becomes adsorbed on this 

surface of the solid particles [Koenders 1997]. This layer of water is called the adsorption 

layer, which has a significant impact on the volume changes of concrete. Due to the 

colloidal nature of gel particles, there exist interstitial voids, called gel pores [Neville 

1996]. Thus, in hydrated paste, two distinct classes of pores exist, as illustrated in Figure 

2.5, where the solid dots represent gel particles, interstitial spaces are gel pores and 

spaces such as those marked "C" are capillary pores. However, the size of gel pores is 

exaggerated in the figure to illustrate that the contact surface between the gel particles is 

small thus stressing on the significance of adsorbed water. 

Figure 2.5. A schematic model ofbulk paste structure [Neville 1996] 
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The water present in the concrete can be classified as either capillary water or 

adsorption water. The volume of water in the pore space is defined by the degree of 

saturation. Movement of water in the capillary pores has a significant impact on the 

volume changes of concrete. When concrete dries due to low extemal relative humidity 

or due to self-desiccation, the capillary water (water present in the capillary pores) is the 

first to evaporate. 

During the eariy stages of hardening, all pores are assumed to be completely filled 

with water. After a certain degree of hydration pores are partially filled with water, with 

the remaining pore volume filled with air. Thus, the loss of pore water does not directly 

lead to shrinkage of the concrete as the water lost from the pores is replaced by gas. This 

replacement however leads to a decrease in the thickness of adsorption layer, which 

increases the surface tension and indirectly lead to shrinkage of the concrete [Koenders 

1997]. The effect of thickness of adsorption layer is shown in Figure 2.3. Therefore, 

surface tension in the adsorption layer is considered to be the driving force behind the 

contraction of the hardening system. Thus, it is clear that hydration of concrete leads to 

shrinkage of concrete. It is clear that increase in surface tension leads to shrinkage of 

concrete. Thus, good curing in the early stage of hardening is critical, as it replaces the 

water lost from the capillary pores due to hydration, thereby helping reduce shrinkage of 

concrete. 

2.4.4. Aggregate and cement content 

Earlier research has suggested that an increase in the volume of the aggregate in 

concrete can decrease the amount of free shrinkage [French et al. 1999; Koenders 1997; 

Neville 1996]. However, this decrease is attributed to decrease in the cement content due 

to increase in aggregate content [Koenders 1997]. Field investigations of 21 bridges by 

the University of Minnesota on the basis of aggregate type and quantity, suggested a 

decrease in cracking with increase in aggregate quantity [French et al. 1999]. The ratio of 
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shrinkage of concrete S^, to shrinkage of cement paste Sp, depends on the aggregate 

content in the concrete a, and is given by 

S^=S^(\-ay. Eqn2.3 

The experimental values for n vary between 1.2 and 1.7 [Neville 1996]. However, 

the elastic properties of aggregate are considered to be of greater significance than the 

aggregate content. Relatively stiff aggregate restraints the cement paste in its vicinity 

causing micro-cracks and increase the stiffness of concrete leading to increased shrinkage 

induced stresses. On the other hand, stiff aggregate prevents the hardening cement paste 

from contracting thereby reducing the amount of free shrinkage of concrete. Also, with 

the increase in the cement content, the diameter of the pores in the hardened concrete is 

decreased thereby decreasing the amount of capillary pore water available for hydration. 

Due to this low availability of capillary water the intemal moisture content is 

significantly decreased with progress of hydration, thereby leading to shrinkage of 

concrete due to self-desiccation. A general trend of increased cracking with increased 

cement content has been noted in a field study conducted by University of Minnesota 

[French et al. 1999]. Durable, low-permeability concrete can be achieved with lower 

cement content concretes [Rogalla et al. 1995]. 

Effect of aggregate content also depends on the water absorbing capacity of the 

aggregate. If the aggregate absorbs greater amounts of water it leads to a thicker 

interfacial transition zone. The interfacial transition zone (ITZ) is defined as the region 

between the aggregate surface and the bulk paste as shown in the schematic diagram in 

the Figure 2.6 [Koenders 1997]. 

As shown in the figure, concrete is subdivided into three main parts i.e. aggregate, 

the interfacial tiansition zone and bulk paste. A schematic representation of these three 

parts is shown in Figure 2.6. The thickness of the ITZ also depends on the water/cement 

ratio and the fineness of the cement. The thickness of the ITZ is expected to be larger for 

a coarser type of cement and will decrease if the cement becomes finer [Koenders 1997]. 
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The addition of silica fume as a mineral admixture is considered to be effective in 

decreasing the thickness of the ITZ. A thicker ITZ leads to an increase in microcracking 

around the aggregate, thus leading to increased crack density. 

Model 

Aggregate ITZ Bulk paste 

Figure 2.6. Schematic representation of three different parts in concrete 

2.5. Restrained Shrinkage Cracking 

Shrinkage of concrete without any restraint in the structural member does not lead 

to cracking. However, as the concrete is restrained from shrinking freely, tensile stresses 

are developed. Based on the field study of bridge decks longitudinal end restraint in the 

bridge decks is considered to be one of the leading causes of bridge deck deterioration 

resulting in transverse deck cracking [French et al. 1999]. Figure 2.7 schematically shows 

the development of tensile stresses (a) in a slab, which is an integral part of the structure 

represented. 
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Figure 2.7. Schematic representation of a restrained slab member 
showing tensile stress (a) developed due to restraint 

Restraint is also offered due to stiff girders that can significantly increase the 

crack density in bridge decks. Slab casting sequencing and reconstruction of bridge decks 

also have been observed to have a significant impact on the development of cracking in 

bridge decks [Kwak et al. 2000; French et al. 1999]. Bridge decks cast at later ages were 

offered a significant amount of restraint by the bridge decks cast earlier, thus leading to 

increase in crack density in the latter placed concrete [Issa 1999] . This was observed 

both in constructions with improper lab casting sequence and in reconstructed bridge 

decks. 

The complexity of the early-age behavior of concrete is revealed in a study 

conducted by Altoubat et al (2001). He observed that shrinkage causes significant stress 

within the first two days of placement. Using admixtures to reduce free shrinkage alone 

cannot reduce shrinkage cracks. However, reducing the amount of restraint developed 



29 

due to the structural design can reduce the amount of shrinkage-induced cracks [French et 

al. 1999; Altoubat et al. 2001]. Methods to reduce shrinkage induced cracking have been 

discussed in the following section. 

2.6. Reduction of Shrinkage Cracking 

As discussed previously, cracking can be avoided if restraint in the structures is 

removed even if the concrete is shrinking. However, it is not usually possible to 

completely avoid extemal restraint in the concrete structures. Therefore, attempts are 

made to reduce the material shrinkage in concrete, which is achieved in several different 

ways. Lowering the w/cm ratio often results in reduction of shrinkage caused by drying. 

However, very less water in concrete means less water for hydration thus increasing the 

autogenous shrinkage. Recent reduction in w/cm ratio with the use of high-strength 

concrete (HSC) has significantly increased the concem of autogenous shrinkage. 

Therefore it is necessary to optimize the water to cement ratio in the mix design making 

shrinkage considerations. However, in thin structures like bridge decks, drying shrinkage 

is substantially high compared to autogenous shrinkage, thus reducing drying shrinkage 

should be a concem. 

As discussed earlier, an increase in aggregate content and the use of stiffer 

aggregate can reduce shrinkage induced cracking. However, stiffer aggregate increase the 

stiffness of the concrete, often resulting in greater shrinkage restraint and thus offsetting 

the beneficial effects of reduced shrinkage [Koenders 1997]. As stated previously, the 

reduction of shrinkage cracking with an increase in aggregate volume is due to the 

corresponding reduction in paste volume. 

Though an increase in the amount of steel reinforcement reduces shrinkage 

cracking due to an increase in tensile strength [Sule 2003], steel reinforcement is not 

generally useful until the concrete cracks. Therefore delay in the age of first shrinkage-

induced crack is not possible with increased reinforcement but it helps in reducing the 

crack width once cracking begins [Weiss 1999]. Reducing the crack width is considered 
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to be a significant achievement from the perspective of reducing the deterioration of steel 

reinforcement [Weiss 1999; Koenders 1997; Shah et al. 1997; and Ramakrishnan 2001]. 

Also, pre-stressed concrete bridge decks can help maintain service loads in the 

compressive range and eliminate cracking. However, in this research, only cast-in-place 

(CIP) bridge decks are considered. 

In one instance, discussed earlier, traffic vibrations while the concrete is at an 

early-age, was observed to cause significant longitudinal cracking in bridge decks [Issa 

1999]. However, it was reported by Manning (1981) that a survey of 30 bridges in Texas 

showed vibrations caused by normal bridge traffic had no detrimental effect on the 

concrete. Thus, it appears that a restriction on traffic speed while concrete is fresh, can 

eliminate the detrimental effect of traffic vibrations. 

With the focus on decreasing the material shrinkage in concrete, expansive 

cements and SRAs (shrinkage reducing admixtures) are being used. Expansive cements 

depend on the formation of ettringite to compensate for the shrinkage. During this 

process of ettringite expansion, steel reinforcement provides the restraint, causing the 

concrete to effectively pre-stress. Insufficient restraint can lead to self destruction of 

concrete due to breaking of the bond between aggregate and bulk paste due to excessive 

expansion. Due to the problems associated with the use of expansive cements several 

different SRAs are being introduced such as Tetragard "̂*^ which weakens capillary 

tension, reduces heat of hydration and reduces creep [Weiss 1999]. Another effective 

SRA (liquid form) is Eclipse™ that slows down shrinkage at the early-ages when the 

concrete is most vulnerable. A recent study also shows that steel fibers substantially 

delayed shrinkage cracking [Altoubat et al. 2001]. 

Shrinkage can also be reduced through proper curing conditions that can 

minimize the evaporation losses and provide water to the empty pores of concrete thus 

helping reduce both autogenous and drying shrinkage. This thesis focuses on normal 

strength concrete with cement replacement materials such as flyash and ground 

granulated blast fumace slag (ggbs). 
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Crack development at eariy ages, results in larger crack openings due to more free 

shrinkage in the slab after cracking and reduction of creep relaxation. Therefore, delaying 

the age of first crack in concrete is considered to have a significant reduction in crack 

widths [Shah et al. 1997; Weiss et al. 1998; Weiss 1999]. Thus, to compare two different 

curing conditions for shrinkage, the age of first crack can be compared. If increased 

curing leads to a significant delay in the age of first crack then that suggests that 

increased curing can reduce crack widths at any later age. 

2.7. Humidity 

As discussed earlier, intemal pore relative humidity is the driving force behind 

shrinkage of concrete and this pore relative humidity is significantly affected by the 

progress of hydration apart from the drying due to environmental conditions. Ambient 

relative humidity has a significant effect on both hydration and shrinkage of concrete. 

Hydration at a maximum rate can proceed only under conditions of saturation, and it has 

been shown that hydration is greatly reduced when relative humidity within capillary-

pores drops below 80% [Neville 1996]. Therefore, if the ambient relative humidity is at 

least 80% there will be little movement of water between the concrete and the ambient air 

[Koenders 1997; Neville 1996]. Thus, it can be said that if the ambient relative humidity 

is between 80 to 100%, the concrete is technically being cured. 

The loss in pore water is not the only factor leading to concrete shrinkage. The 

response of surface tension in the adsorbed layer to the loss of pore water depends on the 

material properties of concrete. Thus, this material characteristic can be used to compare 

different mix designs. If two different concrete mixes experience a similar loss of pore 

relative humidity and if one shows greater free shrinkage compared to the other, it means 

that the properties of materials in that concrete mix are causing higher shrinkage values. 

This phenomenon has been used in the investigation of this thesis to compare three 

different concrete mix designs used for bridge decks in Pharr, Fort Worth and Lubbock. 
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The pore relative humidity has been tracked using the weight measurements of the 

specimens at different ages and after being oven-dried. 

The stress development in restrained concrete based on tests conducted at 

University of Illinois at Urbana-Champaign, at different ambient relative humidity 

conditions did not show much difference. The stress at the failure in the case of 80% 

ambient relative humidity (RH) was higher by only 14% than that in the case of 50% RH, 

possibly because the higher RH reduced surface microcracking [Altoubat et al. 2001]. 

However, the early age stress evolution was not considered to be highly sensitive to the 

two drying conditions of 50% and 80%. 

2.8. Creep Relaxation 

Creep is a time-dependent deformation experienced by concrete under a sustained 

load or stress such as those imposed by shrinkage strains. The relaxation of stresses in 

restrained concrete due to creep results in a significant reduction in shrinkage induced 

stresses. Figure 2.8 is used to illustrate this phenomenon experienced by concrete. Figure 

2.8a shows the original length of the specimen before application of any load or stress. 

Figure 2.8b shows a constant application of strain, resulting in a change in length of 

ÊLASTIC- This state of sustained stress developed due to strain can be considered similar 

to a restrained concrete element under shrinkage stresses. Creep resuhs in a relaxation of 

the stresses in the concrete under these conditions without any change in strain as shown 

in Figure 2.8c and the stress and strain plots with respect to time are shown in Figure 2.8e 

and Figure2.8f respectively. 

Once the specimen is unloaded from the state shown in Figure 2.8c some 

permanent deformation (APERMANENT) continues to exist in the specimen after a certain 

recovery in length (ARECOVERY) as shown in Figure 2.8d. However, Figure 2.8d is not 

relevant to the discussion of shrinkage because a restrained concrete element such as a 
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bridge deck remains at the state referred by Figure 2.8c. This creep relaxation has a 

significant effect on the reduction of stresses developed due to shrinkage. 

AELASTIC 

(a) 

I 

(b) 

_i ARECOVERY 

APERMANENT 

(c) (d) 

£ 4 O A 

(.)(b) (c) (d) 

^ gpER>4ANENT 
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t 

(c) (d) 
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Figure 2.8. Creep Relaxation: (a) Original Length (b) Elastic deformation (c) Creep 
relaxation (d) Permanent creep stiain after unloading (e) strain vs. time (f) stress vs. time 

A recent study conducted at the University of Illinois at Urbana-Champaign 

showed that the creep coefficient (the ratio of creep strain to elastic strain) increased 

rapidly in the first two days due to high rate of shrinkage sfress development. The 

coefficient then increased at a lower rate [Altoubat et al. 2001]. At the time, when first 

crack was observed, creep coefficient reached 0.9, 1.5, and 1.0 for the mixtures with 

w/cm of 0.32, 0.4, and 0.5, respectively [Figure 2.9]. 
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Figure 2.9. Creep coefficient for concrete mixtures 

Figure 2.10 has been used to explain the effect of the shrinkage and creep on the 

resfrained specimen using the creep coefficient values. Figure 2.10a shows the original 

resfrained length of the specimen. Due to shrinkage in the concrete, if the resfraint was 

not available then the specimen would reduce its length by ASHRINKAGE as shovyn in 

Figure 2.10b. However, due to the presence of restraint the specimen length remains at 

the original length as shown in Figure 2.10a thus leading to gradual development of creep 

relaxation. If at this stage when shrinkage stress is relaxed by creep, if the restraint is 

released then it would result in a state shown in Figure 2.10c. Here elastic strain AELASTIC 

can be given by Eq. 2.4. 

'-^ELASTIC ~ '^SHRINKAGE "^ '^CREEP Eq. 2.4 

Considering creep coefficient values given by Altoubat (2001) in Figure 2.9 and 

the above discussion with the help of Figure 2.10, it is concluded that the tensile creep 

approximately doubles the shrinkage cracking strain capacity of restrained concrete 

[Altoubat et ah 2001]. 
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AcREEP 

Figure 2.10. Elastic and Creep deformation: (a) Original length (b) change in length due 
to free shrinkage (c) change in length due to both creep and shrinkage 

The investigated work in this thesis concentrates on comparison between various 

bridge deck concrete mix designs used in Texas for curing durations. Thus, this 

investigation assumes that the curing duration does not have a significant effect on the 

creep relaxation when comparing different curing durations for the estimation of the age 

of the first shrinkage-induced crack in concrete. 



CHAPTER 3 

FREE LINEAR SHRINKAGE TESTS 

3.1. Introductory Background 

The free linear shrinkage test was used to compare the effect of different curing 

durations on free shrinkage and to estimate the shrinkage stresses developed under 100% 

restraint. The amount of free shrinkage depends on many factors including the properties 

of the material, temperature and relative humidity of the environment and the age of 

concrete. Here different bridge deck concrete mixes have been exposed to different 

curing durations to help understand the effect of curing and to estimate the minimum 

curing period necessary for concrete bridge decks. 

Rogalla (1995) suggested that extending the wet curing time decreases the rate 

and extent of shrinkage and suggested that to minimize transverse cracking moist curing 

should normally last at least seven days based on the field study of bridge decks, 

preferably longer [Rogalla et al. 1995]. However, it has been reported by latest research 

studies that well-cured concrete shrinks rapidly and therefore the relief of shrinkage 

stresses by creep is smaller. Thus, increased curing is not expected to decrease shrinkage 

cracking despite increase in tensile strength with increased curing [Neville 1996]. 

An analysis made at the University of Minnesota showed that the ultimate 

shrinkage did not have a significant effect on the tensile stresses in the deck because 

creep mitigates these stresses [French et al. 1999]. Thus, study of initial shrinkage is 

considered to be of paramount importance for the development of tensile stresses in 

bridge decks. Thus, a decrease in the rate of initial shrinkage can significantly effect the 

reduction of crack density in concrete bridge decks. Therefore, in this investigation, to 

conclude that a particular curing period is good for concrete from shrinkage perspective, 

it should result in a low initial rate of shrinkage or low initial free shrinkage strains. 

36 
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As discussed earlier, delaying the age of first crack has a significant impact on the 

crack widths, as crack development at an early age resuhs in larger crack openings 

leading to greater deck deterioration [Weiss 1998], Thus, suggesting that for a reduction 

in crack density, concrete mix and/or curing conditions should result in the delay of the 

age of first shrinkage-induced crack. 

To compare the effect of different curing durations free shrinkage strain values 

are used with modulus of elasticity values to estimate the shrinkage stresses developed. 

Splitting tensile strength values are used to estimate the age of first crack, which occurs 

when tensile shrinkage stresses exceed the splitting tensile strength. However, different 

methods to estimate the day of first crack have been used recently such as, use of 

restrained specimens in a Tensile Stress Testing Machine (TSTM) [Koenders 1997; Sule 

2003] and use of ring specimens to assess the susceptibility of concrete to early-age 

cracking [Weiss 1999; Weiss et al. 2000]. Altoubat also used a uniaxial restrained 

shrinkage test setup to estimate the failure stresses and the day of first crack [Altoubat et 

al. 2001]. 

The TSTM machine showed in Figure 3.1 was used to measure autogenous 

shrinkage stresses from the time of casting. The results of the study by Koenders E. A. B. 

using TSTM are later discussed in section 6.1. The ring specimens used by Weiss W. J. 

use axi-symmetry to simulate an infinitely long slab, that is easy to conduct in the lab due 

to the removal of difficulties encountered with the end conditions when testing tensile 

specimens as in the TSTM. 

However, both TSTM and ring specimens are never cured, TSTM specimens are 

sealed to assess autogenous shrinkage stresses and ring specimens are allowed to dry 

immediately after demolding as they use a wooden base and a solid steel ring to apply the 

restraint as shown in Figure 3.2. Therefore, these tests are not suitable for curing the 

specimens thus they cannot be used to understand the effect of curing on concrete, 

however, these tests are effective in comparing two different concrete mixes. Thus, this 
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leaves ultimate tensile strength approach as the only possible approach for the study of 

the effect of curing on bridge deck concrete. 

Figure 3.1. Temperature Stress Testing Machine at Delft University of Technology 

Specimen 

Steel Ring 

Wooden Base 

A 
Plan View 

Silicone Rubber 
^ -^ Sealer 

1̂  250 mmo 
300 mm , 

K ^ 
1̂  370 mm ^ 

Scclioii .l-A 

I' 140mm 

Figure 3.2. Restrained shrinkage ring specimen used by Weiss W. J. 
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Here in this chapter, test method to measure free shrinkage values that lead to the 

estimation of shrinkage stress development under 100% restraint has been discussed. 

However, this method has also been used to compare different mixes for free shrinkage 

based on the development of shrinkage strain based on the intemal moisture content. 

Intemal moisture content was tracked taking weight measurements and by oven drying 

the specimens to obtain a 0% relative humidity weight. However, it is explained in detail, 

later in the chapter. 

ft has been observed by Shah et al. (1997) that for an equal amount of water loss 

in different free shrinkage specimens with and without shrinkage reducing admixtures 

(SRAs), the shrinkage values observed in specimens with SRAs showed less free 

shrinkage. This approach to compare different concrete mixes using the water loss 

measurements will be used to compare different bridge deck concrete mixes in the 

investigation of this thesis. 

3.2. Test Procedure 

The free linear shrinkage measurements have been obtained using modified ASTM 

157 - 93 method for length change of concrete specimens. The apparatus used for the 

determination of length change were in accordance with ASTM 490 - 96 except some 

modifications in specimen geometry. 

3.2.1. Apparatus 

The apparatus used for free shrinkage test have been discussed in this subsection. 

• The molds used for casting prismatic specimens for linear shrinkage 

measurements are in accordance with ASTM C 490 - 96. The mold used, provided for 

3-in square cross-section according to ASTM C 157-93, as all the aggregate passed 

I-in sieve. The length provided by the mold was 11 '/4-in with a gage length of lO-in. 

The gage length is considered as the nominal length between the innermost ends of 

the gage studs. The picture of the mold used, is shown in Figure 3.3. 
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Figure 3.3. Mold to cast 3 X 3 X 11.25 in prismatic shrinkage specimen 

• The length comparator shown in Figure 3.4 was used to determine the length 

change of specimens, which is in accordance with ASTM C 490 - 96. The length 

comparator used, that is shown in figure 3.4 uses a digital indicator to read in 0.0001-

in units, accurate within 0.0001-in. 

• The gage studs shown in Figure 3.5 that are made of Type 316 stainless steel have 

been used in accordance with ASTM C 490 - 96. 

Figure 3.5. Gage stud 

Figure 3.4. Length Comparator 
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3.2.2. Concrete materials and proportioning 

The cement, aggregate and admixtures were from the source of the bridge deck 

mix, designated by the contractor in respective districts. Materials and resulting mix 

designs confirm to the standard provisions of the standard specifications. The mix 

designs used for a cubic yard of mix in the bridge decks, which are being tested under 

this program, are listed in Table 3.1. 

Table 3.1 Mix designs used in bridge decks in different districts of Texas 

Parameter 

Cement 
Type 

Mineral 
Admixture 

Coarse 

Aggregate 

W/C 

Air 

Districts 
San 

Antonio 

I/II 

Flyash C 
20% 

LS 

0.43 

6% 

El Paso 

I/II 

Slag 
50% 

LS 

0.42 

5% 

Pharr 

I 

None 

Sil 

0.41 

6% 

Fort 
Worth 

I/II 

Flyash F 
22% 

LS 

0.43 

6% 

Lubbock 

I/II 

Flyash F 
31% 

LS 

0.45 

6% 

Atlanta 

I 

Fly ash F 
21% 

Sil 

0.46 

6% 

Houston 

I/II 

Flyash C 
27% 

LS 

0.46 

5% 

LS = Lime Stone 

Sil = Siliceous gravel 

As shrinkage tests should be conducted in a controlled environment, no specimens 

have been cast in the field. The cement, aggregate and admixtures have been brought to 

Lubbock and mixed and cast in a controlled environment of the lab. 

The molding of shrinkage specimens was conducted in accordance to ASTM C 

157-93. Figure 3.6 shows the shrinkage specimens in the molds immediately after 

finishing. 
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Figure 3.6. Shrinkage specimens in the molds immediately after finishing 

3.2.3. Curing and drying specimens 

The process of curing and drying of specimens and taking different measurements 

has been discussed in this subsection. 

• The specimens are cured in the molds for approximately 24 h covered with plastic 

sheets. Except for Houston-mix were it was found necessary to allow specimens to 

remain in the molds for more than 24 h in order to avoid damage during removal from 

the molds. 

• Three prismatic specimens were used for each curing period to ensure 

repeatability. The curing durations used for Pharr, Atlanta and Houston mix designs 

are 0, 2, 4, 7, 10 and 14 days, for San Antonio and El Paso mix designs its 0, 4, 7 and 

14 days, and for Fort Worth and Lubbock its 0, 4, 7 and 10 days. 

• Initial length comparator reading is taken immediately after removing the 

specimens from the molds, instead of leaving them in the lime-saturated water bath 

for 30 min before taking an initial reading as suggested by ASTM C 157 - 93. Length 

comparator readings are taken in accordance with ASTM C 490 - 96. 

• Weight and surface temperature measurements also taken to track the intemal 

relative humidity of the concrete and to avoid the error in the readings caused due to 
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variation in temperature for Pharr, Fort Worth and Lubbock mix-designs immediately 

after removing specimens from the molds. 

• After taking initial comparator reading, the specimens are stored in lime-saturated 

water in the controlled environment (except the 0-day cured specimens) until they 

have reached the required curing period. 

• Once specimens are taken out of the water bath, another reading of length 

comparator is taken for all the mix designs; weight and surface temperature readings 

are taken for Pharr, Fort Worth and Lubbock. These readings were taken at points of 

interest until day-28. Figure 3.7 shows the picture the shrinkage specimens being 

dried in a controlled environment. 

• After day-28 readings were taken, Pharr, Fort Worth and Lubbock specimens 

were oven-dried at 110° C for 24 h and weight measurements of the oven-dried 

specimens were recorded immediately after they were taken out of the oven. 

Figure 3.7. Shrinkage specimens being dried in a controlled environment 
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3.2.4. Calculating Length Change 

Calculating length changes and shrinkage strains is described in this subsection. 

• To measure the length of the specimen with respect to the length of the reference 

bar, first place the reference bar in the comparator and set the digital indicator reading 

to zero as shown in Figure 3.8 then place the shrinkage specimen in the comparator 

and read the digital indicator. The specimens were rotated gently in the measuring 

instrument while the comparator reading is being taken in accordance with ASTM C 

490 - 96 as shown in Figure 3.9. 

• The length change at any age after initial comparator reading, is calculated using 

L = L^.-L. Eq. 3.1 

L = change in length on day x after taking the initial reading in inches, 

Lj = initial comparator reading taken immediately after demolding in inches, 

Lx = comparator reading taken on day x in inches. 

• Shrinkage of the specimen with respect to the day-1 (immediately after removing 

from the molds) reading is being used to estimate the tensile stresses developed due to 

shrinkage of concrete under 100 % restraint conditions using: 

^24. - L^ - L. Eq. 3.2 

L24h = shrinkage after 24 h, on day x in inches. 

. Shrinkage of the specimen from the day it is taken out of the water bath is also 

calculated; it will be referred to as the drying shrinkage of the specimen hereafter. 

This is not used to estimate the developed restrained stresses; however, this will help 

compare different mix designs based on the intemal relative humidity that is 

discussed later. 

L,=L^-L, Eq.3.3 

Ld = shrinkage after the specimen is taken out of the water bath, on day x in inches, 

y = day when the specimen was taken out of the bath for drying. 
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Figure 3.8. Setting Length Comparator Reading to zero for the reference bar 

> > 

n 

Figure 3.9. Taking Length Comparator Reading of the specimen 
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. Shrinkage strain is calculated using the 10 in. gage length of the specimen which 

is the nominal length between the innermost ends of the gage studs, ft is calculated as 

follows: 

"diiAh- ^ x l ^ Eq. 3.4 

6d/24h = shrinkage strain in |i£; either after 24 h or drying shrinkage strain 

Ld/24h = L2411 or Ld in inches. 

G = gage length in inches, 10 in. 

3.2.5. Temperature correction 

The description of temperature corrections introduced in the calculation of 

shrinkage strains is given in this subsection. 

• The ambient temperature in the controlled environment of the storage room was 

always ±5°F of the average temperature. Based on the testing conducted on the 

shrinkage specimens of different district mixes, average coefficient of thermal 

expansion of concrete was found to be approximately 6 ps 1° F . Thus leading to a 

possible variation of +30^s where as the least count of the 10 in. gage length 

comparator \?,XO/LIS, therefore surface temperature of the specimens has been 

recorded along with the comparator reading for Pharr, Fort Worth and Lubbock 

mixes. 

• Using surface temperature readings and the approximate coefficient of thermal 

expansion of the concrete, all comparator readings have been brought to a reference 

temperature of 70° F as shown below: 

L,,=L,+(10'F-t)xa,xG Eq. 3.5 

t = surface temperature in ° F of the specimen while the reading is taken 

L, = Length comparator reading in in. at a specimen surface-temperature of r 

ttc = Coefficient of thermal expansion of concrete 
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G = gage length of the specimen 

3.2.6. Intemal Relative humidity Calculations 

Using the weight of the specimens taken for Pharr, Fort Worth and Lubbock 

mixes at different ages (Figure 3.10 shows the picture of the weight measurements) the 

moisture loss of the specimens was tracked. As discussed earlier the specimens were 

oven-dried at 110 C after the 28-day reading; specimens were placed in the oven for 24 h 

(Figure 3.11) and the weight measurements are taken immediately after they were taken 

out. The difference of the weight of the specimen at a given time to the oven-dried 

weight, gives the amount of intemal water content of the concrete at that point of time. 

• The intemal relative humidity relative to the humidity on day-1 is given as: 

i?.//.24/, =̂  
w. w ̂ xlOO Eq. 3.6 
w, —w^ 

R.H.24h = Intemal relative humidity (%) relative to day-1 humidity. 

Wx = weight of the specimen in grams on day x. 

Wo = weight of the oven-dried specimen in grams. 

Figure 3.10. Measuring the weight of the shrinkage specimen 
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Figure 3.11. Specimens placed in the oven for drying at 110° C 

3.3. Discussion of Results 

Based on the free linear shrinkage data obtained from different district mixes an 

attempt has been made to compare the effect of different curing durations on the free 

shrinkage. Also the drying shrinkage and intemal relative humidity data obtained for 3 

district mixes is used to compare them. The results obtained are discussed in this section. 

3.3.1. Free shrinkage with respect to day-l length 

Free shrinkage with respect to day-l length has been made using Eq. 3.2. Due to 

lack of surface temperature data for Atlanta, El Paso, San Antonio and Houston district 

mixes temperature corrections were not made. Temperature corrections using Eq. 3.5 

were made for Pharr, Fort Worth and Lubbock district mixes. Tables 3.6, 3.7, and 3.8 

give the free shrinkage strain values in micro strains (ps) for Pharr, Fort Worth and 
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Lubbock district mixes, the values shown in the table are temperature corrected. Tables 

3.2, 3.3, 3.4, and 3.5 give the free shrinkage strain values in micro strains (pe) with out 

temperature corrections for Atlanta, Houston, El Paso and San Antonio, respectively. 

Figures 3.12, 3.13, 3.14, 3.15, 3.16, 3.17 and 3.18 shows age (day of reading) 

versus shrinkage stiain (mps) plots, showing different curves for different curing 

durations for Atlanta, Houston, El Paso, San Antonio, Pharr, Fort Worth and Lubbock, 

respectively. 

Looking at the shrinkage strain values obtained in this section, it can be said that 

increased curing duration is able to delay the shrinkage strain of concrete. However, 

additional information regarding the strength and stiffness of the mixes is necessary to 

understand the significance of this delay. Thus, shrinkage strain values in correlation with 

the modulus of elasticity values obtained in chapter 4 are used to estimate the shrinkage 

tensile stress developed due to 100% restraint. The splitting tensile strength values 

obtained in Chapter 5 will be used to compare the tensile strength and shrinkage tensile 

stress development, to estimate the age of first crack. Comparing the age of first crack for 

different curing durations, optimum curing period will be predicted. 
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Table 3.2 Free shrinkage for Atlanta district mix, 24 h (with respect to day-1 length) 

Average Shrinkage strain in |i8 (after 24hours) 

Curing 

Days 

Oday 

2 day 

4 day 

7 day 

10 day 

14 day 

Shrinkage on Day 
1 

~ 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

D1-D2 

-3 

-67 

-67 

-67 

-67 

-67 

4 

DI-D4 

-7 

-33 

-93 

-93 

-93 

-93 

7 

DI-D7 

33 

17 

-13 

-117 

-117 

-117 

10 

Dl-DlO 

73 

67 

37 

-23 

-140 

-140 

14 

DI-D14 

117 

117 

110 

47 

-20 

-97 

21 

D1-D21 

153 

150 

143 

107 

45 

23 

28 

D1-D28 

210 

197 

193 

163 

125 

123 

450 
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t; 150 
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Figure 3.12. Free shrinkage strain (24 h) for Atlanta district mix 
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Table 3.3 Free shrinkage for Houston district mix, 24 h 

Average Shrinkage strain in ^8 (after 24hours) 

Curing 

Days 

Oday 

2 day 

4 day 

7 day 

10 day 

14 day 

Shrinkage on Day 
1 

~ 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

D1-D2 

30 

-47 

-47 

-47 

-47 

-47 

4 

D1-D4 

97 

20 

-83 

-83 

-83 

-83 

7 

DI-D7 

223 

130 

40 

-57 

~ 

~ 

10 

Dl-DlO 

263 

187 

120 

3 

-97 

-97 

14 

D1-D14 

347 

283 

240 

120 

27 

-95 

21 

D1-D21 

347 

310 

287 

200 

143 

80 

28 

DI-D28 

363 

353 

343 

273 

247 

215 

450 1 

10 

wo 

B 

C» 

Figure 3.13. Free shrinkage strain (24 h) for Houston district mix 
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Table 3.4 Free shrinkage for El Paso district mix, 24 h 

Average Shrinkage strain in (is (after 24hours) 

Curing 

Days 

Oday 

4 day 

7 day 

14 day 

Shrinkage on Day 

I 

Dl-Dl 

0.0 

0.0 

0.0 

0.0 

4 

D1-D4 

170 

-47 

-47 

-47 

7 

D1-D7 

317 

120 

-13 

~ 

14 

D1-D14 

337 

173 

77 

-60 

16 

D1-D16 

370 

207 

137 

-23 

21 

D1-D21 

390 

253 

177 

73 

28 

D1-D28 

433 

300 

243 

143 

28 2 9 

Figure 3.14. Free shrinkage stiain (24 h) for El Paso district mix 
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Table 3.5 Free shrinkage for San Antonio district mix, 24 h 

Average Shrinkage strain in us (after 24hours) 

Curing 

Days 

Oday 

4 day 

7 day 

14 day 

Shrinkage on Day 

1 

Dl-Dl 

0.0 

0.0 

0.0 

0.0 

4 

DI-D4 

77 

-50 

-50 

-50 

7 

D1-D7 

133 

63 

-57 

-57 

14 

D1-D14 

200 

163 

107 

-57 

16 

D1-D16 

227 

203 

147 

-3 

21 

D1-D21 

263 

253 

213 

130 

28 

D1-D28 

280 

263 

220 

173 

450 1 

400 

350 

300 

'is 
i 

s _ ^ 

q 
a 
u 
Vi 

il 
en 

.Ji 
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e 
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Figure 3.15. Free shrinkage strain (24 h) for San Antonio district mix 
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Table 3.6 Free shrinkage for Pharr district mix, 24 h 

Average Shrinkage strain in l̂e (after 24h) using 70V as reference 

Curing 

Days 

Oday 

2 day 

4 day 

7 day 

10 day 

14 day 

Shrinkage on Day 
1 
~ 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

D1-D2 

34 

-31 

-31 

-31 

-31 

-31 

4 

D1-D4 

93 

63 

-19 

-19 

-19 

-19 

7 

D1-D7 

142 

122 

85 

-16 

-16 

-16 

10 

Dl-DlO 

182 

169 

132 

79 

-27 

-27 

14 

D1-D14 

209 

203 

179 

133 

83 

-21 

21 

D1-D21 

242 

249 

219 

192 

155 

102 

28 

DI-D28 

258 

261 

241 

218 

188 

153 

Figure 3.16. Free shrinkage strain (24 h) for Pharr district mix 
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Table 3.7 Free shrinkage for Fort Worth district mix, 24 h 

Average Shrinkage strain in fie (after 24hours) using 70''F as reference 

Curing 

Days 

Oday 
4 day 
7 day 
10 day 

Shrinkage on Day 
1 

~ 

0.0 
0.0 
0.0 
0.0 

4 

dl-d4 

87 
-19 
-19 
-19 

6 

dl-d6 

148 
85 
— 

~ 

7 

dl-d7 

178 
121 
-47 
-47 

9 
dl-
d9 
226 
173 
87 
— 

10 

dl-dlO 

237 
191 
111 
-51 

12 

dl-dl2 

267 
227 
160 
57 

21 

dl-d21 

350 
323 
273 
213 

28 

dl-d28 

369 
349 
309 
256 

4 day —*— 7 day X 10 day 

28 3() 

Figure 3.17. Free shrinkage strain (24 h) for Fort Worth district mix 



56 

Table 3.8 Free shrinkage for Lubbock district mix, 24 h 

Average Shrinkage strain in \is (after 24hours) using 70''F as reference 

Curing 
Days 
Oday 
4 day 
7 day 
10 day 

Shrinkage on Day 
1 
~ 

0.0 
0.0 
0.0 
0.0 

4 
dl-d4 

142 
-39 
-39 
-39 

6 
dl-d6 

181 
81 
— 

— 

7 
dl-d7 
203 
113 
-60 
-60 

9 
dl-d9 
253 
173 
73 
~ 

10 
dl-dIO 

273 
200 
107 
-64 

12 
dl-dl2 

299 
236 
156 
46 

21 
dl-d2l 

375 
329 
279 
215 

28 
dl-d28 

388 
355 
311 
268 

4 day A 7 day X 10 day 

e 
•E 

12 14 16 18 20 22 24 26̂  28 39 

Figure 3.18. Free shrinkage strain (24 h) for Lubbock district mix 
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3.3.2. Drying shrinkage 

Drying shrinkage of the concrete, from the day the specimens are taken out of the 

water bath is calculated using Eq. 3.3. This drying shrinkage is not being used to estimate 

the tensile stress developed due to 100% restraint, as the stress development due to 

restraint begins right from the age when concrete is completely set (assumed as 24 h). 

However, drying shrinkage values using Eq. 3.3 in correlation with the intemal relative 

humidity values using Eq. 3.6 can be used to compare different mixes. Due to the lack of 

availability of the surface temperature and relative humidity values for Atlanta, Houston, 

El Paso and San Antonio, only Pharr, Fort Worth and Lubbock district mixes will be 

compared. 

Temperature variations make a significant difference in the drying shrinkage 

values therefore making it necessary to make temperature corrections using Eq. 3.5. As 

the surface temperature data is not available for all the district mixes, Pharr, Fort Worth 

and Lubbock district mixes will only be discussed for drying shrinkage. 
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Table 3.9 Free drying shrinkage for Pharr district mix 

Average Shrinkage strain in l̂e (drying shrinkage; after taking out of bath) 
using TÔ F as reference 

Curing 

Days 
Oday 
2 day 

4 day 
7 day 

10 day 

14 day 

Drying shrinkage on Day 

1 
0.0 

— 

— 

— 

— 

— 

2 

34 

0.0 
~ 

— 

— 

— 

4 

93 
94 

0.0 
— 

— 

— 

7 

142 
153 

105 
0.0 
~ 

~ 

10 

182 
200 
151 
95 
0.0 

— 

14 

209 
234 
199 
149 
109 

0.0 

21 

242 
280 
238 
208 
182 

123 

28 

258 
293 
261 
234 
215 

174 

450 

Figure 3.19. Free drying shrinkage strain for Pharr district mix 
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Table 3.10 Free drying shrinkage for Fort Worth district mix 

Average Shrinkage strain in 1̂ 8 (drying shrinkage; after taking out of bath) using 
VÔ F as reference 

Curing 
Days 
Oday 
4 day 
7 day 
10 day 

Shrinkage on Day 
1 

0.0 
— 

~ 

— 

4 

87 
0.0 
— 

— 

6 

148 
104 
~ 

~ 

7 
178 
141 
0.0 
~ 

9 
226 
193 
133 
— 

10 

237 
210 
157 
0.0 

12 

267 
246 
207 
107 

21 

350 
343 
320 
264 

28 
369 
369 
356 
307 

450 

400 

-•— 0 day — • — 4 day — A — 7 day X 10 day 

Figure 3.20. Free drying shrinkage strain for Fort Worth district mix 
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Table 3.11 Free drying shrinkage for Lubbock district mix 

Average Shrinkage strain in jxe (drying shrinkage; after taking out of bath) 
using 70"F as reference 

Curing 
Days 
Oday 
4 day 
7 day 
10 day 

Shrinkage on Day 
1 

0.0 
~ 

— 

~ 

4 
142 
0.0 
— 

~ 

6 
181 
120 
— 

— 

7 
203 
152 
0.0 
~ 

9 
253 
211 
133 
— 

10 
273 
239 
167 
0.0 

12 
299 
275 
216 
110 

21 
375 
367 
339 
279 

28 
388 
393 
371 
332 

Figure 3.21. Free drying shrinkage strain for Lubbock district mix 
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3.3.3. Intemal relative moisture content 

As discussed eariier in section 2.7, tracking intemal moisture content helps 

compare different mix designs. The comparison of different mix designs is done in 

section 3.3.4. Here in this section the loss of intemal moisture content will be discussed 

for 3 different district mixes. 

Relative moisture content with respect to the moisture content on day-1 increases 

as the concrete is being cured in the water bath and it later drops during the drying 

process, as shown in Figures 3.22, 3.24 and 3.26 for Pharr, Fort Worth and Lubbock 

district mixes respectively. However, the relative moisture content with respect to the 

moisture content on the day when concrete is taken out of the water bath is used to 

compare different mixes. This relative moisture content is referred to as drying relative 

moisture content and is shown in Figures 3.23, 3.25 and 3.27 for Pharr, Fort Worth and 

Lubbock district mixes. 

140 

o 

Figure 3.22. Moisture content relative to day-l for Pharr distnct mix 
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t; 65 

28 30 

Figure 3.23. Relative moisture content (drying) for Pharr district mix 

Figure 3.24. Moisture content relative to day-1 for Fort Worth district mix 
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Figure 3.25. Relative moisture content (drying) for Fort Worth district mix 

4 day A 7 day X 10 day 

c 
o 
U 

o 

Figure 3.26. Moisture content relative to day-1 for Lubbock district mix 
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100 

Figure 3.27. Relative moisture content (drying) for Lubbock district mix 

3.3.4. Comparison of different mixes 

Using the drying relative moisture content data obtained from section 3.3.3 and 

the drying shrinkage data obtained from section 3.3.2, a comparison is made between the 

behaviors of three different district mixes, i.e., Pharr, Fort Worth and Lubbock. For this 

comparison, based on the discussion in section 2.7, relative moisture content vs. drying 

shrinkage strain plots have been made for different curing durations. Here, if for a 

particular loss in moisture content, if one the mix shows a greater shrinkage strain, that 

suggests that the material properties of that mix have a greater tendency to shrink 

compared to the other. Using this approach the three district mixes have been compared. 

Figures 3.28 and 3.29 show the relative moisture content vs. drying shrinkage plots for 4 

and 7 days curing duration respectively for Pharr, Fort Worth and Lubbock district mixes. 

The ambient R.H. for Pharr mix was around 70% and for Fort Worth and Lubbock mix it 

was around 50%. 
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100 85 80 75 70 65 

Relative Moisture Content 
60 55 50 

Figure 3.28 Relative moisture content (drying) vs. drying shrinkage strain for 4-day cure 

450 

100 95 90 85 80 75 70 65 

Relative Moisture Content 

Figure 3.29 Relative moisture content (drying) vs. drying shrinkage strain for 7-day cure 
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Apart from plotting relative moisture content versus drying shrinkage strain for 

comparison, age vs. shrinkage stiain (24 h) was also plotted to compare the three district 

mixes. The age vs. shrinkage strain (24 h) plots comparing Pharr, Fort Worth and 

Lubbock district mixes are shown in Figures 3.30 and 3.31 for 4 and 7 days of cure, 

respectively. However, it should be noted that Pharr was dried at around 70% ambient 

relative humidity and Fort Worth and Lubbock were dried at around 50% ambient 

relative humidity. 

Fort Worth and Lubbock district, showed similar free shrinkage strain values for 

both 4 and 7 days of curing. Pharr showed less shrinkage strain (24 h) compared to Fort 

Worth and Lubbock but it can however be due to the high ambient relative humidity at 

which it was dried. 

450 

400 

100 

50 

0 

-50 

-100 

-150 

-•— Pliarr —•— Fort Worth —A— Lubbocli 

^ ^ ^ 
8 10 12 14 16 18 20 22 24 26 28 33 

Age in days 

Figure 3.30 Age versus shrinkage strain (24 h) for 4-day cure 
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-150 

Day of reading 

Figure 3.31 Age versus shrinkage strain (24 h) for 7-day cure 

3.4. Summary and Conclusions 

The observations made from the free linear shrinkage tests, without considering 

the stress development due to restraint or the tensile strength will be summarized in this 

section and the conclusions thus far will be discussed. 

Figures 3.12, 3.13 and 3.16 show the comparison of 0, 2, 4, 7, 10 and 14 days 

curing duration for Atlanta, Houston, and Pharr district mixes, respectively. The curves 

for 0-day and 2-day cure for these mixes do not show a significant difference in the 

shrinkage strain values, suggesting that 2-day cure does not help much compared to 0-

day. Therefore, 2-day cure was eliminated from the tests conducted on other distnct 

mixes. For the tests conducted on all the mixes excluding Fort Worth and Lubbock 
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district mix, 14-day cure was also tested. However, 14- day cure was not considered for 

comparison in Lubbock and Fort Worth district mixes. 

There was no significant difference between 0 and 4 day cure for the free 

shrinkage strain for all the district mixes except El Paso mix (Figure 3.14). The possible 

reason for this could be the use of 50% ggbs (slag) in the El Paso mix design which takes 

longer than Portland cement to hydrate [Section 2.4.1]. hi the 0-day cure, the drying 

begins immediately after demolding. In the case of El Paso mix, where hydration of slag 

starts much later, no water is available to replace the water taken by the process of 

hydration of slag. This leads to self-desiccation of concrete resulting in an increased 

shrinkage strain compared to the concrete cured at least for 4 days. 

Free shrinkage strain (24 h) for various curing durations for different district 

mixes from Figures 3.12 to 3.18 and drying shrinkage strain values for various curing 

durations for Pharr, Fort Worth and Lubbock district mixes from Figures 3.19, 3.20 and 

3.21 respectively, were compared. From the comparison, no significant decrease in the 

shrinkage strain with increase in the curing duration was observed. However, Houston 

and El Paso show a noticeable decrease in shrinkage strain with increase in curing 

duration but free shrinkage strain alone is not enough to understand the significance of 

this decrease. 

From Figures 3.28 and 3.29, no significant difference between drying shrinkage 

strain values for different mixes was observed for 4 and/or 7 day cure. Figures 3.30 and 

3.31 showing the shrinkage strain (24 h) versus age of concrete for 4 and 7 day cure 

respectively do not show much difference in the shrinkage strain (24 h) values for Fort 

Worth and Lubbock mixes. They show low shrinkage strain (24h) values for Pharr 

district mix but this low free shrinkage stiain is perhaps due to high ambient relative 

humidity of 70% while drying. Therefore, from Figures 3.28 and 3.30 for 4 day curing it 

can be concluded that ambient relative humidity had a greater effect on the free shnnkage 

strain compared to the material properties. 
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From this discussion, it is clear that free shrinkage strain test is effective enough 

to compare different mix designs but to understand the effect of curing duration, 

additional testing is necessary to estimate the development of shrinkage tensile stresses 

and tensile strength. Therefore, modulus of elasticity and splitting tensile strength tests 

were conducted to estimate the age of first shrinkage-induced crack. 



CHAPTER 4 

MODULUS OF ELASTICITY TESTS 

4.1. Introductory Background 

As discussed eariier, stiffer concrete leads to increased tensile stresses for a 

particular strain induced due to shrinkage, ft has been well established from recent 

research that greater modulus of elasticity results in an increase in cracking [French et al. 

1999]. However, it should be noted that a reduction in the modulus of elasticity of deck 

concrete will reduce the concrete tensile strength. Also, in restrained shrinkage tests 

conducted by Altoubat (2001) it was observed that decrease in plastic shrinkage resulted 

in an increase in the modulus of elasticity of concrete. This in tum resulted in greater 

restrained shrinkage stresses. Thus, it can be said that, development of concrete 

microstmcture plays an important role in the development of the stiffness of concrete. 

The strains in concrete developed due to shrinkage of concrete result in tensile 

stresses. Therefore, the modulus of elasticity of concrete in tension should be determined. 

However, due to the problems associated with conducting tensile modulus of elasticity 

test, standard specifications allow the use of ASTM C 469 - 94, which is a modulus of 

elasticity test in compression. The modulus of elasticity values obtained from this test for 

different curing durations will be used to understand the effect of curing on the stiffness 

of concrete. 

Apart from comparing the modulus of elasticity values for different curing 

durations, these values will be used to estimate shrinkage tensile stresses. Thus, the age 

of first shrinkage-induced crack is estimated for different curing durations. The relative 

prediction of the age of first shrinkage-induced crack is further discussed in chapter 6. 

The mixes tested for modulus of elasticity are El Paso, San Antonio, Fort Worth and 

Lubbock. All specimens were stored at around 50% ambient relative humidity. 

70 
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4.2. Test Procedure 

The standard test method used to estimate the modulus of elasticity was ASTM C 

469 - 94. Figure 4.1 shows the specimens cast for El Paso district mix and Figure 4.2 

shows the specimens just before testing. For all the district mixes tested for modulus, 

three 12-in tall and 6-in diameter cylinders were used for each curing period and each day 

of testing. However, for San Antonio district mix only two specimens each were used, as 

not enough material was available. The specimens were cast and stored similar to 

shrinkage specimens, as discussed in Chapter 3. The curing durations used for San 

Antonio and El Paso was 0, 4, 7, and 14 days; and for Fort Worth and Lubbock it was 0, 

4, 7, and 10 days. 

^,*,»^-'v-' 

L^g^_-
f 

» 
' "'^t.^^^if'' 

Figure 4.1. Finishing the specimens cast for El Paso district mix 
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For El Paso and San Antonio district mixes, 0 and 4 day cured specimens were 

tested on day 4, day 7 and day 16; 7-day cured specimens were tested on day 7 and day 

16; and 14-day cured specimens were tested on 16 day. For Fort Worth and Lubbock 

district mixes, 0-day cured specimens were tested on day I, 4, 7, 12, and day 21; 4-day 

cured specimens were tested on day 4, 6, 9, 12, and day 21; 7-day cured specimens were 

tested on day 7, 9, 12, and day 21; and 10 day cured specimens were tested on day 10, 12 

and day 21. The modifications made to the standard specification ASTM C 469 -94 and 

calculation of the modulus of elasticity of the concrete are discussed in sub-sections 4.2.2 

and 4.2.3, respectively. 

Figure 4.2. El Paso district mix cylinders before the test 



73 

4.2.1. Apparatus 

The apparatus used to measure the deformation was, H-2911 Humboldt 

manufactured compressometer. The compressometer used, is illustrated in Figure 4.3, 

which shows the test setup. A nominal gage length of 8-in between top and bottom rings 

was maintained by the fixed rod shown in Figure 4.3. The bottom ring was fixed to the 

cylinder through three screws while the top ring was free to pivot, attached with tivo 

contact points at point (b) shown in the Figure 4.3. The other end shown by point (c) in 

Figure 4.3 has a dial gage that measures length changes. 

Fixed rod 

Cylindrical 
specimen 

Spherically seated 
top platen 

Dial Indicator 

Rigid Ring 

Bottom platen 

Figure 4.3. Modulus of Elasticity test set-up in the loading machine 

This dial gage can measure the length changes with a least count of 0.0001 inches. 

Dividing this by 2 to account for the lever ratio gives a deformation of 0.00005 inches. 

Figure 4.4 is used to explain the geometric relation between the deformation of the 

concrete cylinder at the center with respect to the dial gage reading. A detailed 

explanation of this can be obtained from ASTM C 469 - 94. 
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Steel Rod 
Displacement = 

Actual specimen 
Displacement 

i 

Dial Gauge 
Twice the actual 

specimen Displacement 

(a) (b) (c) 

Figure 4.4. Geometric Relation to explain the lever ratio 

4.2.2. Modifications 

The modifications made to ASTM C 469-94 are discussed in this subsection. 

• The working stress range according to the ASTM C 469 - 94 is 0 to 40% of ultimate 

concrete strength. An estimate was made to approximate the 40% ultimate concrete 

strength based on the compressive strength results of the tests conducted on these mix 

designs by Garcia (2003). However, the load range was restricted to a maximum of 

45,000 lb. 

• Each specimen was loaded twice. The data of the first loading is not used. The 

calculations are based on the second loading. 

4.2.3. Calculation of modulus of elasticity 

Modulus of elasticity calculation is made to the nearest 50 ksi using Eq. 4.1. The stress 

corresponding to a longitudinal strain of 50 millionths is recorded as 5", in psi. andf2' 

i.e., the strain corresponding to 40% ultimate load is calculated using the deformation 

recorded at this load. 

(S,-S,) 
E = (s, - 0.000050) 

Eq. 4.1 
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where: 

E = modulus of elasticity, psi. 

S, = stress corresponding to 40% of ultimate load, psi. 

5", = stress corresponding to a longitudinal strain of 50 millionths, psi. 

£, = longitudinal strain produced by stress S, 

4.3. Discussion of Results 

Modulus of elasticity was calculated using Eq. 4.1. The modulus of elasticity 

\alues in ksi. for El Paso, San Antonio, Fort Worth and Lubbock district mixes are given 

in Tables 4.1, 4.2, 4.3, and 4.4, respectively. Modulus of elasticity versus age of concrete, 

plots for El Paso, San Antonio, Fort Worth and Lubbock are shown in Figures 4.5, 4.6, 

4.7, and 4.8. 

Table 4.1 Modulus of elasticity in ksi for El Paso 

Modulus of elasticity in KSI 

Curing days 

0 
4 
7 
14 

Age in days 
0 
0 
0 
0 
0 

4 
5409* 
5368 
5368 
5368 

7 
5115 
5293 
5516 
5516 

16 
4835 
5371 
5291 
5778 

* Represents the values that are an average of two specimens 

file:///alues
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Table 4.2 Modulus of elasticity in ksi for San Antonio 

Modulus of elasticity in KSI 

Curing days 

14 

Age in days 

5627* 
6028* 
6028* 
6028* 

5699* 
6118' 
5618* 
5618* 

16 
5937* 
6042* 
6313 = 
5801* 

Represents the values that are an average of two specimens 

Table 4.3 Modulus of elasticity in ksi for Fort Worth 

Modulus of elasticity in ksi 
Curing 

Day 
0 
4 
7 
10 

Age in days 
0 
0 
0 
0 
0 

1 
4176* 

4176* 

4176* 

4176* 

4 
4756 
5102 

5102 

5102 

6 
~ 

5140 
~ 

~ 

7 
4831 
~ 

5295 

5295 

9 
— 

5286 

5374 
— 

10 
— 

— 

— 

5611 

12 
5097 

5370 
5448* 
5617 

21 
5402 
5472 

5565 
5634 

* Represents the values that are an average of two specimens 

Table 4.4 Modulus of elasticity in ksi for Lubbock 

Modulus of elasticity in ksi 

Curing 

Day 
0 
4 
7 
10 

Age in t 

0 
0 
0 
0 
0 

1 
4012 

4012 

4012 

4012 

4 
4807 

5151 

5151 

5151 

6 
— 

5100 
— 

— 

7 
4789 
~ 

5348 

5348 

ays 
9 
— 

5164 

5163 

~ 

10 
— 

~ 

— 

5248 

12 
4885 
4986 

5417 

5245 

21 
4717 
4970 

4957 

5149 

Represents the values that are an average of two specimens 



77 

7000 

6000 

5000 

u 

•t; 4000 

3000 . 

^2000 
9 

—•—Oday A 4 day —> t—7day 14 day 

/ ^ ^ " ^ 

y 
. . / - _ _ 

/ 

V 1 1 1 1 1 1 1 1 1 1 

1000 

0 2 4 6 8 10 12 14 16 18 20 22 

Age in days 

Figure 4.5 Modulus of elasticity in ksi versus age in days for El Paso district mix 
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Figure 4.6 Modulus of elasticity in ksi versus age in days for San Antonio mix 
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Figure 4.7 Modulus of elasticity in ksi versus age in days for Fort Worth district mix 
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Figure 4.8 Modulus of elasticity in ksi versus age in days for Lubbock district mix 
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4.4. Summary and Conclusions 

From the modulus of elasticity values obtained for different curing durations for 

all district mixes, it can be observed that curing duration did not have a significant effect 

on the modulus of elasticity. It can also be observed that for all curing durations, there is 

no significant increase in the modulus of elasticity after day 4. These moduli of elasticity 

\alues \\ill be later used in Chapter 6 to predict the shrinkage tensile stresses developed 

due to 100% restraint. 

file:///alues


CHAPTER 5 

SPLIT TENSILE STRENGTH TESTS 

5.1. Introductory Background 

Split tensile strength values have been used to estimate the strength of concrete to 

sustain the tensile stresses induced due to restrained shrinkage strains. As the split tensile 

strength and free shrinkage tests are conducted on different specimens. It is however, 

important to ascertain the accuracy of predicting the age of first shrinkage-induced crack 

using tests conducted on two different specimens. The specimens tested for modulus of 

elasticity are used in the split cylinder test, immediately after they were tested for 

modulus of elasticity. However, this is not expected to affect the split cylinder strength 

results, as the loading in the modulus of elasticity test are in the elastic stress range. 

Tests conducted at Delft university of Technology on the Temperature Stress 

Testing Machine (TSTM) by Koenders (1997) for restrained shrinkage revealed that 

specimens cracked at a tensile stress, which was 0.69 times of the mean split tensile 

strength. A similar observation was made by Altoubat (2001), which indicate that the 

ratio of the stress to the splitting tensile strength at failure was approximately 0.60 to 

0.64. The lower strength compared to split tensile strength can be attributed to static 

fatigue that leads to slow crack growth under sustained load that eventually leads to 

failure. Thus, a sfrength reduction factor for predicting the time of first crack due to 

sustained load such as restrained drying shrinkage should be used [Koenders 1997]. 

However, in this work no strength reduction factor is being used, assuming that it is 

compensated by a conservative assumption of 100% restrain. 

As this work is only concenfrating on the relative understanding of concrete 

mixtures to different curing durations creep relaxation was not tested. However, to 

understand the effect of creep, creep correction based on Altoubat (2001) was used to 

estimate age of first shrinkage-induced crack in Chapter 6. 
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5.2. Test Procedure 

Split cylinder test was conducted in accordance with ASTM C 496 - 96 without 

any modifications. Figure 5.1 shows the test setup. The curing durations and day of 

testing are already discussed in subsection 4.2. Split tensile strength of the specimens is 

calculated using the following equation. 

2xP 
T = 

Tdd 
Eq. 5.1 

T = splitting tensile strength, psi. 

P = maximum applied load indicated by the testing machine, Ibf 

1 = length of cylinder = 12in. 

d = diameter = 6in. 

Figure 5.1. Split cylinder test set-up 
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5.3. Discussion of Results 

Split tensile strength values are calculated using Eq. 5.1. These values in Ibf/sq.in. 

for El Paso, San Antonio, Fort Worth and Lubbock are given in Tables 5.1, 5.2, 5.3, and 

5.4, respectively. Split tensile strength versus age of concrete, plots are for El Paso, San 

Antonio, Fort Worth, and Lubbock mixes are shown in Figures 5.2, 5.3, 5.4, and 5.5. 

Table 5.1 Split tensile strength in psi for El Paso district mix 

Sp 
Curing 

days 
0 
4 
7 
14 

itting tensile strength in psi 
Age 

0 
0 
0 
0 
0 

4 
243* 
346 
346 
346 

7 
346* 
415 
417* 
417* 

16 
382* 
464* 
520* 
409* 

Represents the values that are an average of two specimens 

Table 5.2 Split tensile strength in psi for San Antonio district mix 

Sp 
Curing 

days 
0 
4 
7 
14 

itting tensile strength in psi 
Aee 

0 
0 
0 
0 
0 

4 
357* 
417* 
417* 
417* 

7 
302* 
439* 
372* 
372* 

16 
336* 
337* 
574* 
403* 

* Represents the values that are an average of two specimens 



Table 5.3 Split tensile strength in psi for Fort Worth district mix 

* Represents the values that are an average of two specimens 
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Curing 
days 

0 
4 
7 
10 

Splitting tensile strength in psi 
Age 

0 
0.0 
0.0 
0.0 
0.0 

I 
307.3* 
307.3* 
307.3* 
307.3* 

4 
335.2 
352.0 
352.0 
352.0 

6 
— 

344.3 
~ 

— 

7 
320.4* 

— 

356.7* 
356.7* 

9 
— 

384.3 
386.3 

~ 

10 
— 

— 

--

358.5* 

12 
336.1 
399.4 
407.1 
372.7 

21 
318.0 
383.8 
381.2 

418.3* 

Table 5.4 Split tensile strength in psi for Lubbock district mix 

Splitting tensile strength in psi 
Curing 

days 
0 
4 
7 
10 

Age 
0 

0.0 
0.0 
0.0 
0.0 

1 
213.9 
213.9 
213.9 
213.9 

4 
283.9* 
320.8 
320.8 
320.8 

6 
~ 

316.3* 
— 

~ 

7 
329.5 

~ 

331.7 
331.7 

9 
— 

333.2 
356.6* 

— 

10 
— 

— 

— 

338.3 

12 
348.1 
367.3 
395.8 

371.3* 

21 
332.5 
409.1 
396.7 
366.5 

* Represents the values that are an average of two specimens 
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Figure 5.2 Split tensile strength in psi versus age in days for El Paso district mix 
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8 10 12 14 16 18 20 22 

Age in days 

Figure 5.3 Split tensile strength in psi versus age in days for San Antonio mix 
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600 

Figure 5.4 Split tensile strength in psi versus age in days for Fort Worth district mix 

600 

Figure 5.5 Split tensile strength in psi versus age in days for Lubbock distnct mix 
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5.4. Summary and Conclusions 

The split tensile strength plots for El Paso and San Antonio show a large amount 

of variability. However, they do not show any significant effect of curing duration. The 

split tensile strength plots for Fort Worth and Lubbock district mixes are in a range of 

300 to 450 psi, showing no significant effect of curing duration. Split tensile strength 

values do not show a significant development in strength after day 4 for any curing 

duration, similar to modulus of elasticity values for these mixes. These split tensile 

strength values will be used to predict the age of first shrinkage-induced crack for these 

mixes in Chapter 6. 



CHAPTER 6 

PREDICTION OF AGE OF FIRST CRACK 

6.1. Introductory Background 

This chapter discusses the relative prediction of the age of the first crack in 

concrete, due to tensile stresses developed from restrained shrinkage. Results of recent 

research related to the effect of curing on shrinkage and an outline of this chapter is made 

in this subsection. Earlier research suggests that prolonged curing delays the advent of 

shrinkage, but its overall effect on the magnitude of shrinkage is small. This can also be 

observed from the results of free shrinkage tests, reported in Chapter 3. ft has been 

reported by recent research studies that well-cured concrete shrinks rapidly and therefore 

the relief of shrinkage stresses, by increase in creep caused by increase in curing is small. 

Thus, increased curing is not expected to decrease shrinkage cracking despite increase in 

tensile strength with increased curing [Neville 1996]. Also, it has been observed from the 

split tensile strength results presented in Chapter 5 that a longer curing period did not 

have a significant effect on the split tensile strength of concrete mixes tested in this thesis 

study. 

The shrinkage strain values obtained from free shrinkage tests discussed in 

Chapter 3 and the modulus of elasticity values discussed in Chapter 4 will be used to 

obtain the corresponding shrinkage stresses developed due to 100% restraint. This 

discussion of shrinkage stress is done in subsection 6.2. It is understood that bridge decks 

are not exposed to 100% restraint. However, 100% restraint is used to estimate shrinkage 

stress and compare the effects of different curing durations. The comparison of shrinkage 

stresses and split tensile strength is made in subsection 6.3 to predict the age of first 

shrinkage-induced crack without considering creep effects. However, creep is expected to 

have a significant effect on the tensile stresses induced by shrinkage. Based on the results 

of Altoubat (2001) an assumption of creep coefficient was made to predict the age of first 
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shrinkage-induced crack in subsection 6.4. Based on the prediction of age of first 

shrinkage-induced crack in both subsections 6.3 and 6.4, a summary of the discussion of 

the effects of curing on shrinkage induced cracking is made in subsection 6.5. 

6.2. Estimation of Shrinkage Stresses 

Shrinkage tensile stresses were estimated using the free shrinkage strain values 

and moduli of elasticity in compression values for El Paso, San Antonio, Fort Worth and 

Lubbock district mixes. The moduli of elasticity values obtained in compression are 

assumed to be acceptable for tension. Therefore, these moduli values are used in both 

compression due to initial swelling (swelling takes place while the concrete is being 

cured) and tension due to shrinkage strains during drying. The calculation of shrinkage 

stresses is made using the Eq. 6.1. 

G = s^y.E Eq. 6.1 

where: 

G = shrinkage stress developed due to 100% restraint. 

£^ = free shrinkage strain. 

E = modulus of elasticity. 

The shrinkage stress values obtained for El Paso, San Antonio, Fort Worth and 

Lubbock district mixes are given in Tables 6.1, 6.2, 6.3, and 6.4, respectively. The 

shrinkage stress versus age in days, plots for El Paso, San Antonio, Fort Worth and 

Lubbock mixes are shown in Figures 6.1, 6.2, 6.3, and 6.4. 
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Table 6.1 Shrinkage stress in psi for El Paso district mix 

Shrinkage stress developed in PSI 

Curing 

14 

0.0 
0.0 
0.0 
0.0 

^ 

919.6* 
-250.5 
-250.5 
-250.5 

7 
1619.8 
635.2 
-73.6 

* Represents the values that are an average of two specimens 

16 
1789.1 
1110.1 
723.1 
•134.8 

Table 6.2 Shrinkage stress in psi for San Antonio district mix 

Shrinkage stress developed in PSI 
Curing 
Days 

0 
4 
7 
14 

* Represen 

A 
1 

0.0 
0.0 
0.0 
0.0 

ts the value 

4 
431.4* 
-301.4* 
-301.4* 
-301.4* 

s that are ai 

ge 
7 

759.9* 
387.5* 
-318.4* 
-318.4* 

1 average o 

16 
1345.8* 
1228.5* 
926.0* 
-19.3* 

'two specir 

Table 6.3 Shrinkage stress in psi for Fort Worth district mix 

Curing 
day 

0 
4 
7 
10 

Shrinkage stresses developed in 
As 

0 
— 

— 

— 

— 

1 
0.0 
0.0 
0.0 
0.0 

4 
415.4 
-98.6 
-98.6 
-98.6 

6 
— 

435.2 
~ 

~ 

7 
859.9 

— 

-247.1 
-247.1 

psi 
e 

9 
— 

916.2 
465.7 

~ 

10 
— 

~ 

~ 

-284.3 

12 
1359.1 
1217.2 
871.7* 
318.3 

21 
1890.8 
1769.2 
1521.1 
1202.0 

* Represents the values that are an average of two specimens 



Table 6.4 Shrinkage stress in psi for Lubbock district mix 

* Represents the values that are an average of two specimens 

90 

Curing 
day 

0 
4 
7 
10 

Shrinkage stresses developed in psi 
Age 

0 
— 

— 

— 

— 

I 
0.0 
0.0 
0.0 
0.0 

4 
682.7 
-199.2 
-199.2 
-199.2 

6 
— 

414.8 
~ 

— 

7 
973.7 

— 

-320.9 
-320.9 

9 
— 

891.6 
375.2 

~ 

10 
~ 

— 

— 

-335.8 

12 
1462.2 
1176.7 
845.1 
241.3 

21 
1770.5 
1633.3 
1381.4 
1108.7 

2000 
I —•— 0 day - sh —•— 4 day - sh —A— 7 day - sh 14 day - sh 

1750 

Age in days 

Figure 6.1 Shrinkage stress in psi for El Paso district mix 
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6X) 

B 

C/3 

-500 
Age in days 

Figure 6.2 Shrinkage stress in psi for San Antonio district mix 

2000 

c 

c« 

Age in days 

Figure 6.3 Shrinkage stress in psi for Fort Worth district mix 
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-500 
Age in days 

Figure 6.4 Shrinkage stress in psi for Lubbock district mix 

6.3. Prediction of Age of First Crack (Shrinkage Alone) 

In this subsection, prediction of age of first crack based on both the split tensile 

strength and shrinkage stress, excluding creep, will be made. The estimation of tensile 

stress due to 100% restraint to shrinkage strain is made in subsection 6.2 and the split 

tensile strength is obtained from Chapter 5. 

As eariier discussed in subsection 5.1, recent research conducted by Koenders 

(1997) and Altoubat (2001) on restrained shrinkage shows that first shrinkage-induced 

crack appears at a shrinkage stress, which is around 0.65 times the split tensile strength. 

However, recent research conducted by Sule (2003) on restrained shrinkage showed that 

strain capacity of specimens reinforced with four rebars was on an average 1.85 times 

higher than the strain capacity of plain specimens. Therefore, based on the above 
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discussion, it is conservatively assumed here that concrete shows first crack when the 

shrinkage stress due to 100% restraint exceeds split tensile strength i.e. when: 

where 

cr̂ = shrinkage stress induced due to 100% restrained in psi. 

T= split tensile strength in psi. 

The stress versus age of concrete plots comparing split tensile strength and 

shrinkage stresses for El Paso, San Antonio, Fort Worth and Lubbock are shown in 

Figures 6.5, 6.6, 6.7, and 6.8, respectively. The colored arrows on the plots show the age 

of concrete from the day the curing is stopped to the day when concrete shows its first 

shrinkage-induced crack for curing duration with its respective color. As discussed 

previously, the concrete is expected to show the first shrinkage-induced crack when the 

shrinkage stress due to 100% restraint exceeds the split tensile strength. This point on the 

plot is where the shrinkage stress curve crosses the split tensile strength curve. 

Figures 6.4 and 6.5 show a comparison of 0 day, 4 day, 7 day, and 14 day curing. 

In these figures, the 4 day and 7 day cure showed a significant difference in the predicted 

age of first shrinkage-induced crack. From Figure 6.5, it can be observed that. El Paso 

district mix showed a significant increase in the age of first shrinkage-induced crack. This 

could be due to the use of 50% ggbs that might have increased the need for hydration 

water. In contrast for the San Antonio district mix, no such conclusion could be made. 

However, it should be noted that only two specimens for each test were used for the San 

Antonio district mix. Figures 6.7 and 6.8 showing comparison of 0 day, 4 day, 7 day and 

10 day curing for Fort Worth and Lubbock district mixes, respectively, do not show 

significant delay in the age of first shrinkage-induced crack with respect to the days of 

drying for 0, 4 and 7 day curing durations. However, both mixes show a significant 

difference in the 10 day curing duration compared to 0, 4 or 7 day curing duration. 
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Figure 6.5 Shrinkage stress and split tensile strength in psi for El Paso district mix 
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Figure 6.6 Shrinkage stress and split tensile strength in psi for San Antonio mix 
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Figure 6.7 Shrinkage stress and split tensile strength in psi for Fort Worth mix 
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Figure 6.8 Shrinkage stress and split tensile strength in psi for Lubbock mix 
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6.4. Prediction of Age of First Crack (Shrinkage and Creep) 

In this subsection, a prediction of age of first shrinkage-induced crack based on 

spht tensile strength and shrinkage stresses incluomg creep relaxation is made. Based on 

the earlier discussion on creep relaxation in subsection 2.8 from Chapter 2, stresses 

induced due to shrinkage considering creep relaxation is assumed to be half the shrinkage 

stresses estimated in subsection 6.2. This assumption is based on the creep coefficient 

value, i.e., the ratio of creep strain to elastic strain, which is assumed to be equal to 1 

[Ahoubat et al. 2001]. Based on this assumption, first shrinkage-induced crack 

considering creep relaxation in concrete is predicted to occur when half of the shrinkage 

stress exceeds the split tensile strength, i.e., when: 

where: 

'/L = shrinkage stress induced due to 100% restraint, including creep relaxation in psi. 

T = spht tensile strength in psi. 

The stress versus concrete age plots comparing split tensile strength and shrinkage 

stress including creep relaxation for the El Paso, San Antonio, Fort Worth and Lubbock 

district mixes are shown in Figures 6.9, 6.10, 6.11, and 6.12, respectively. The colored 

arrows on the plots represent the age of first shrinkage-induced crack considering creep 

relaxation similar to the arrows shown on plots discussed in subsection 6.5. Figure 6.9 

and 6.10 shows a comparison of 0 day, 4 day, 7 day and 14 day curing duration for El 

Paso and San Antonio. A significant difference between the age of first crack for 4 day 

and 7 day cure was observed for the El Paso mix. This was also observed in San Antonio 

but it should be noted that only two specimens were used for each of the San Antonio 

district mix tests. 

Using Figures 6.11 and 6.12, where the age of first shrinkage-induced crack is 

shown with arrows of respective colors for different curing durations, table 6.5 was made. 
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Table 6.5 shows the age of first shrinkage-induced crack from the day concrete is taken 

out of the bath for different curing durations. From table 6.5 for Lubbock district mix, a 

certain amount of increase in age can be observed with increase in curing duration from 0 

to 4 days and from 4 to 7 days. From the same table for Fort Worth district mix, no 

difference in the age of first shrinkage-induced crack was observed with increase in 

curing duration from 0 to 4 days or from 4 to 7 days. However, both mixes show a 

significant increase in the age of first shrinkage-induced crack for 10 day curing duration. 

These ages of first shrinkage-induced crack are also illustrated with arrows of respective 

colors in Figures 6.11 and 6.12 for Fort Worth and Lubbock district mixes, respectively. 

Table 6.5 Age of first shrinkage-induced crack, considering creep relaxation 

Age of first Shrinkage-induced crack considering creep, in days 

District 

Mix 

Lubbock 

Fort Worth 

Curing Duration in Days 

0 
2 

4 

4 

3 
4 

7 

4 

4 

10 

7 

6 
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Figure 6.9 El Paso, Shrinkage stress including creep and split tensile strength in psi 
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Figure 6.10 San Antonio, Shrinkage stress including creep and split tensile strength in psi 
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6.5. Summary and Conclusions 

The observations made from the prediction of age of first shrinkage-induced crack 

in temis of diying days for both with and without considering creep relaxation are 

summarized. Also, conclusions from the prediction of age of first shrinkage-induced 

crack are discussed. 

From Figure 6.5 comparing the estimated shrinkage stress without creep 

considerations and split tensile strength for El Paso mix design, a significant difference 

between the ages of first crack was observed. This can be attributed to the presence of 

50% ggbs in El Paso district mix design. Figures 6.7 and 6.8 do not show any significant 

effect of curing duration on age of first shrinkage-induced crack. However, it should be 

noted that creep relaxation was not considered in these predictions. 

From the prediction of age of first shrinkage-induced crack including creep 

relaxation for Fort Worth and Lubbock district mixes, it can be observed that difference 

in curing duration in the range of 0 to 7 days did not have significant difference. 

Nevertheless, 10 day curing duration illustrated a significant difference in the age of first 

shrinkage-induced crack. However, the implications of these inferences on crack density 

are further discussed in Chapter 7. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The objective of this thesis is to compare the effects of different curing durations 

on the extent of shrinkage-induced cracking in bridge deck concrete. A comparison of 

different mixes was performed by assessing the interaction betiveen moisture movement 

in concrete and free shrinkage strains in concrete. Comparison of different curing 

durations was performed through lab testing of free shrinkage, modulus of elasticity and 

split tensile strength. Using the results of this testing, theoretical method to predict 

restrained shrinkage cracking in concrete has been developed for both with and without 

creep considerations. 

7.1 Summary 

Due to the increase in the deterioration of concrete bridge decks, bridge deck 

replacement has become necessary. The increased cost of detours and increased the 

amount of traffic congestion, during deck replacement has led to the need for early 

opening of bridge decks. To accomplish the required early openings it necessary to 

understand when (i.e., at what age) concrete bridge decks can safely be opened to full 

traffic without compromising the durability of bridge decks. 

Experiments have been performed on various district mixes to help understand the 

effects of curing on different materials. Free shrinkage strain, modulus of elasticity and 

split tensile strength tests were performed on these mixes for different curing durations. 

Using free shrinkage strain values and the modulus of elasticity values obtained from the 

testing, shrinkage tensile stresses at 100% restraint were predicted. It was conservative 

assumed that concrete begins to crack when the shrinkage tensile stresses at 100% 

restraint exceed the split tensile strength based on the discussion in subsection 5.1. Thus, 

predicting the age of first shrinkage-induced crack from the day concrete begins to dry. 

101 
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It is understood from eariier research [Shah et al. 1997; Weiss et. al. 1998; Weiss 

1999] that a delay the age of first crack can result in decreased long term crack width. 

Therefore, decrease in the age of first shrinkage-induced crack can result in an increase in 

crack widths that can lead to increased bridge deck deterioration. Thus, based on the age 

of first shrinkage-induced crack from the day concrete begins to dry, different curing 

durations were compared. This approach has been followed for four different district 

mixes, i.e.. El Paso, San Antonio, Fort Worth, and Lubbock mixes. The results obtained 

from these predictions have been used to make the conclusions presented in subsection 

7.2. 

The results of free shrinkage tests performed on seven different district mixes, i.e. 

Atlanta, Houston, Pharr, El Paso, San Antonio, Fort Worth, and Lubbock mixes, were 

also used to understand the effects on curing duration on free shrinkage strains. In order 

to compare different mixes weight measurements were taken for three district mixes, i.e. 

Pharr, Fort Worth and Lubbock. Using the weight measurements at different ages, 

intemal moisture content was calculated. Free shrinkage strain values for a particular loss 

in intemal moisture content, were compared for different mixes to help understand the 

effect of material properties on free shrinkage strain. 

7.2. Conclusions 

It is concluded from results of free shrinkage tests presented in Chapter 3 that a 

certain amount of decrease in free shrinkage strain was observed with increase in curing 

duration. However, other tests were conducted to understand the significance of this 

decrease in free slirinkage. The decrease in free shrinkage with increase in curing 

duration was more profound in El Paso district mix with 50% ggbs. This could be 

attributed to the slow hydration of ggbs, increasing the autogenous shrinkage of concrete 

due to continued hydration of cement and ggbs even after concrete is allowed to dry. 

From the weight measurements taken to compare three different district mixes, 

i.e. Pharr, Fort Worth and Lubbock mixes it has been observed that the ambient relative 
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humidity made a greater effect on the free shrinkage strain than any particular material 

properties. 

Modulus and split tensile strength tests have been conducted to assist in the 

prediction of age of first shrinkage-induced crack to better understand the effects of 

curing duration on restrained shrinkage cracking. Moduli of elasticity results discussed in 

Chapter 4 do not indicate a significant difference with an increase in curing duration in 

controlled lab conditions, ft is also observed that there is no noticeable increase in the 

modulus of elasticity after an age of 4 days for any curing duration. However, the moduli 

of elasticity values being used for predicting tensile stresses were calculated from 

compression tests assuming that modulus of elasticity of concrete is same for both 

tension and compression. 

Split tensile strength results discussed in Chapter 5 also did not show any 

significant increase with increase in curing duration. Thus, it can be said that no 

significant improvement in the tensile strength can be achieved by an increase in curing 

duration over 4 days. The split tensile strength resuhs also indicate that there is no 

noticeable increase in the split tensile strength after an age of 4 days for any curing 

duration. 

Prediction of age of first shrinkage-induced crack, with and without creep 

considerations, was discussed in Chapter 6. From the prediction of the age of first 

shrinkage-induced crack without creep considerations, no noticeable delay in the age of 

first crack was observed from an increase in curing duration. However, when creep 

relaxation is considered, a noticeable delay in the age of first crack from an increase in 

curing duration was observed. 

When creep relaxation was considered a significant increase in the age of first 

shrinkage-induced crack was observed from an increase in curing duration from 4 days to 

10 days. However, the difference between the effects of 4 day and 7 day curing duration 

on shrinkage-induced cracking is not significant as indicated by the age of first 

shrinkage-induced crack values from Table 6.5. 
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Based on the above discussion it can be concluded that 4 day cure from shrinkage 

perspective, is sufficient for bridge decks with mixes using Type 1 or III cements without 

fly ash, as these bridge decks are currently being cured for 8 days in Texas. However, 

conducting restrained tests would be beneficial the change in curing duration can be 

implemented 

It can also be concluded that from shrinkage perspective 4 day cure can also be 

used for bridge deck mixes with Type II or I/II cements or for bridge deck mixes with 

flyash as cement type or flyash content is not expected to make any significant effect on 

shnnkage of concrete. However, additional parametric study on cement types and flyash 

contents from shrinkage perspective would be beneficial before the change in curing 

duration is implemented for these mixes. 

7.3. Future Work 

While the approach used in this thesis to predict the age of first shrinkage-induced 

crack to comparing different curing durations is considered accurate enough to 

comparatively predict the restrained shrinkage crack density in bridge decks, further work 

on restrained shrinkage tests is warranted. Concrete slabs can be cast and a restraint can 

be applied to simulate the restraint experienced by the bridge decks from the stmcture. 

Additional study to understand the tensile stress development behavior 

considering creep relaxation would be beneficial. Further work can be performed to 

better assist in the understanding the effect of shrinkage reducing admixtures on reducing 

the detrimental effects caused by shrinkage. The use of different types of fibers can also 

be studied as a method to reduce the overall bridge deck crack density. Tests can be 

performed to understand the effects of fibers on tensile strength of concrete. 
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