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Designers have consistently been concerned with long term deformation of bridges to 

mitigate unfavorable effects such as excessive movement and cracking. Furthermore, any 

developed tool of use to a designer must make use of parameters known at the time of 

design as well as be simplistic in nature as defined in the code. As such, many prediction 

models for the free shrinkage of a concrete specimen have been developed toward this 

end.  However, structures designed and placed in the field experience shrinkage under 

restraint. Also, the differences in environmental conditions affect the shrinkage of 

structures. It is important to understand the restrained shrinkage of structures under field 

conditions and use this understanding to make improved guidelines on shrinkage from a 

design standpoint. 
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In this study, the prediction and modelling of the free shrinkage of small samples under 

constant conditions were expanded to the prediction and modelling of restrained 

shrinkage under field conditions of large samples using finite element analysis. A 

parametric analysis was then performed to derive useful information from a design 

perspective such as the impact of various design parameters on the performance of a 

bridge deck. The findings indicated that the use of reinforcement is the preferable method 

of addressing shrinkage in bridge decks. Furthermore, the efficacy of the amount of 

reinforcement specified in the AASHTO guidelines to mitigate excessive cracking in 

bridge decks was discussed. The traditional and empirical methods of bridge deck design 

were investigated for shrinkage reinforcement. Finally, recommendations were suggested 

to the reinforcement requirements based on the findings of this study.  
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    CHAPTER I 

1. INTRODUCTION 

Cracking of concrete bridge decks is a common problem that affects the serviceability 

of a concrete bridge deck. It occurs when the movement of a bridge is restrained by 

elements such as the boundary conditions and connections. Shrinkage of concrete, 

defined as the change in volume due to loss of moisture, is a major contributor to the 

movement of concrete bridge decks. Attempts have been made to quantify and account 

for the amount of shrinkage in a concrete specimen. Physical measurements of concrete 

samples are often collected however such procedures may require more time than is 

available to a designer. This gave rise to the development of shrinkage prediction models 

to estimate the shrinkage of a concrete sample under specified conditions, based on data 

from a database of shrinkage readings. These readings were taken from relatively small 

samples under constant conditions and as such are not directly transferable to large scale 

samples under field conditions and under restrained conditions. There is a need to explore 

shrinkage under restrained and external environmental conditions in order to gain a better 

understanding of shrinkage under these conditions.   

In this study, shrinkage samples were taken from small, medium and large scale 

samples under various environmental conditions. Laboratory experiments were 

conducted under constant conditions and the results were compared to samples taken 

under ambient environmental conditions. Environmental influences observed in the data 

were separated from true shrinkage using an approximate method. Additionally, data 



2 

 

 

from samples of various sizes were collected to observe the effect of size on the 

shrinkage of concrete samples. The shrinkage of small samples was extrapolated to larger 

samples and a comparison was made to measured results. Finite element models of the 

samples were built to further facilitate the study of the shrinkage behavior of the concrete 

samples.  Finally, a parametric analysis of design variables was performed using the 

finite element models to observe and assess the effect of the design variables on the 

cracking behavior of a bridge deck. The AASHTO LRFD guidelines for the design of 

concrete bridge decks in the area of shrinkage and temperature reinforcement were re-

evaluated based on the findings from the parametric analysis. 
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1.1. Motivation 

Cracking in concrete bridge decks is undesirable as it leads to deterioration as salts and 

other impurities in the environment accelerate the corrosion of the embedded 

reinforcement. Shrinkage, known as the deformation of a concrete section predominantly 

due to loss of moisture, has been identified as a contributor to the development of high 

strains which lead to the formation of cracks in concrete sections under restraint (Elsafty 

& Jackson, 2012). Previous studies of shrinkage have allowed for the development of 

prediction models and consequently design guidelines, with the aim of accounting for and 

mitigating shrinkage effects on designed structures (Branson & Christiason, 1971; 

CEB,1993). However, these shrinkage studies were performed using data compiled from 

small specimens relative to structures in the field as well as specimens undergoing 

unrestrained shrinkage known as free shrinkage (ACI, 2008). Additionally, these studies 

were done in laboratories with controlled environments. Structures constructed in the 

field usually experience some degree of restraint due to boundary conditions, embedded 

reinforcement and formwork. Furthermore, they are subject to changing environmental 

conditions such as temperature and relative humidity. It is important to extend the study 

of shrinkage to restrained shrinkage under field conditions. Knowledge gained can be 

used to adapt current design guidelines. 

 

1.2. Research Significance 

The degree of cracking of a structural element is affected by the amount of shrinkage the 

element undergoes. An assessment of the serviceability of a structure therefore requires 

knowledge of the time-dependent strains experienced by the structure. The development 
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of shrinkage prediction models is in response to this need. However, these models were 

developed for small samples undergoing free shrinkage under laboratory conditions. 

Several issues arise in the use of these models directly to larger structures under field 

conditions. Change in size of specimen and environmental conditions greatly affect the 

prediction results. Furthermore, the presence of restraint also alters the expected 

shrinkage.  

Although modification factors are provided for adaptation of the prediction model results 

to varying sizes and environmental conditions, the databank used for the development of 

these models did not contain data from structures in the field. It is beneficial to study the 

shrinkage of structures under field conditions. Adaptation of prediction models can be 

improved based on field data. An improvement of the understanding of shrinkage in the 

field can facilitate the design of structures in the field to perform better under 

serviceability conditions. This results in decreased deterioration and reduction in the 

associated maintenance costs. 

 

1.3. Objectives and Scope 

The primary objective of this research is to study restrained shrinkage of concrete bridge 

decks under field conditions. Toward this end, finite element models of concrete bridges 

in the field, capable of simulating restrained shrinkage will be developed. Based on this 

research, modifications to design guidelines for restrained shrinkage of concrete bridges 

under field conditions will be provided. The relationship between free shrinkage of a 

small sample and restrained shrinkage of a bridge deck will also be examined. 

In this research, shrinkage data for small free shrinkage prisms, medium size concrete 

slabs and large concrete bridge decks in the field were collected. Finite element models 
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for all specimen were modeled and a method to incorporate shrinkage was calibrated. 

Measured data was compared with the finite element analyses, finally, a parametric 

analysis was performed to assess the effect of design parameters on restrained shrinkage. 

 

 

1.4. Organization of the thesis 

This dissertation comprises of seven chapters.  Chapter one provides an 

introduction to the research problem and outlines the objectives herein. 

In chapter two, a literature review of related topics is presented to lay groundwork 

for the research. A more in depth discussion on bridge deck cracking, its effects and 

causes was presented. Also, Current design guidelines and shrinkage predictions models 

were presented. Testing methods for free and restrained shrinkage were outlined. 

In Chapter three, details on laboratory experiments performed to facilitate the 

study of shrinkage under various conditions were outlined. Experiments were initially 

performed on small free shrinkage prism samples. The first set of testing was performed 

on small free shrinkage prisms. Shrinkage data was measured from a sample under 

constant conditions, a sample under controlled fluctuating temperature, a sample under 

external environmental conditions and a larger sized sample. Furthermore, shrinkage data 

from a scaled bridge deck sample built in a laboratory were collected from a report for 

use in the study of shrinkage.  

Chapter four presents the field work performed to facilitate the study of shrinkage 

in this report. Several bridges were instrumented with Vibrating Wire Strain Gages 

(VWSG) during construction to facilitate the collection of strain data over time. Static 
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and dynamic tests were also conducted to allow for the validation of models of these 

bridges during computer analysis. Also, concrete samples were collected during 

construction to be tested for concrete material properties. 

In Chapter five, the results of all the laboratory experiments performed previously 

are presented. Also, finite element models built for the analysis of shrinkage are 

discussed.  A comparison between measured data and finite element analysis results are 

presented in this chapter.  

In Chapter six, results of a parametric analysis performed using the developed 

finite element models are presented. The influence of various design variables on the 

cracking behavior of the bridges is discussed. The AASHTO LRFD guidelines for 

shrinkage and temperature reinforcement are re-evaluated based on the results of the 

parametric analysis. Recommendations based on the results of the study are also given. 

Chapter seven summarizes the findings and conclusions of this study. 
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1. Bridge Deck Cracking and Deterioration 

Cracking in bridge decks is a common problem experienced by many bridge owners 

(Krauss and Rogalla, 1996). Early references of concrete cracking date back to the 1960s 

where cracking was identified as a problem with concrete bridge decks that leads to 

further deterioration of the decks and often occurs before any live loads are applied or 

soon after (Banks, 1986; Tam & Scanlon,1984). Banks (1986) found a huge occurrence 

of cracking in the state of Texas and recommended that changes be made to the design, 

material and construction methods being used. Design recommendations included an 

increase in the deck thickness from 6 in to a minimum of 7 in as well as an increase in the 

concrete clear cover from 1.5 in to 2 in. Material modifications included the use of class 

S concrete with 3600 psi strength and construction modifications included a mandatory 

use of moist curing and the requirement of entrained air.  

 

Over the years, the problem of bridge deck cracking has persisted. A report by Babaei 

and Purvis (1995) mentioned that cracking in newly constructed bridges remains a 

concern in the state of Pennsylvania, with transverse cracking being the prevalent type of 

cracking. A separate report by French, Eppers, Le and Hajjar (1999) expressed similar 

concerns of early age transverse cracking observed in the state of Minnesota. Numerous 
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other studies have been performed by bridge owners and researchers with the aim of 

addressing the problem of cracking in concrete decks. Frosch, Bice, & Erickson (2003) 

stated that transverse cracking has been observed at early ages when volumetric changes 

in a deck due to shrinkage or thermal effects are restrained by the girders. Rahim, Jansen 

& Abo-Shadi (2006) stated that concrete bridge deck cracking is the most common issue 

with concrete bridge decks throughout the United States and performed research on the 

use of sealants to retrofit bridge decks with extensive cracking in order to prevent further 

deterioration. Curtis (2007) published a report for the New York State Department of 

Transportation (NYSDOT) after High Performance Concrete (HPC) bridge decks were 

found to undergo premature cracking before any load was applied due to concrete 

shrinkage and temperature loads. Subramaniam & Agrawal (2009) performed research on 

the influence of local materials on concrete cracking and provided recommendations 

relating to temperature gradient limits, good aggregate use and addition of admixtures. 

Ganapuram, Adams & Patnaik (2012) performed a study to quantify the problem of 

cracking in the state of Ohio by performing visual inspection of bridges and calculating 

crack densities of the corresponding bridges.   

 

The use of High Performance Concrete (HPC) has increased in the last decade owing to 

its superior characteristics such as increased strength and improved workability which 

have allowed concrete to be used for capabilities that where hitherto challenging (Wang, 

2013).  However a study by Chaunsali, Li, Mondal, Foutch, Richardson, Tung and Hindi 

(2013) stated that the use of HPC may exacerbate the problem of bridge deck cracking 
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because it tends to have a lower water-cement (w/c) ratio and has been found to be more 

susceptible to shrinkage, which is a major cause of cracking in bridge decks. 

 

Bride deck cracking is of significant concern because it leads to further deterioration of 

the bridge deck, thereby reducing its normal service life (Rahim et al., 2006) and 

increasing maintenance costs (Ganapuram et al., 2012). Several issues associated with 

bridge deck cracking include corrosion of the embedded reinforcement  as chlorides and 

carbon dioxide penetrate through the cracks into the concrete and to the reinforcing steel 

(Elsafty & Jackson, 2012), Spalling of concrete when corroded rebar expands in volume 

and applies a stress to the concrete (Krauss & Rogalla, 1996) and  loosening of the bond 

between the concrete and the reinforcement as the corrosion process forms a powdery 

coating between the rebar and the concrete and thereby causing reinforcement slip. 

Cracking also affects the degradation of bridge decks by reducing the benefits which 

come from air entrainment in concrete. To tackle freeze/thaw cycles, it is common 

practice to make use of air-entrained concrete. These air pockets allow the concrete pore 

water to expand when the bridge is exposed to freezing temperatures. When cracks occur 

in the concrete, water penetration can saturate the concrete and hamper the effect of the 

air entrainment. The expanding water, having no room for volume increase, exerts 

stresses on the concrete and enhances the cracking process further (Krauss and Rogalla, 

1996).  
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Bridge deck cracking is a relevant problem affecting bridge owners today. Causes of 

bridge deck cracking and methods of mitigation from previous research will be discussed 

in detail below.  

 

 

2.2. Causes of Bridge Deck Cracking 

Many studies have been performed to uncover the causes of bridge deck cracking. A state 

of the art review pertaining to cracking of concrete bridge decks by Hadidi and 

Saadeghvaziri (2005) highlighted that cracks in bridge decks occur when concrete 

undergoing volumetric changes, is restrained. Other studies performed more recently also 

support this finding with the predominant cause of volume changes in concrete being 

shrinkage and temperature loads (Elsafty & Jackson, 2012; Chaunsali et al., 2013).  As a 

result, cracks form on bridge decks when the concrete develops tensile stresses greater 

than the tensile capacity of the concrete. A large number of factors and processes can 

cause or affect the degree of volumetric changes and restraint which cause tensile stresses 

on a bridge deck. These causes can be broken into three distinct areas which are design, 

material properties and construction practices.  

Design factors affect cracking in concrete because the extent of restraint in a bridge is 

usually determined during design. The design process dictates the boundary conditions to 

be used, size and spacing of reinforcement and shear studs as well as connection 

methods, which are all factors that determine the amount of restraint on a bridge deck. 

Bridge decks with more restraint show greater occurrences of cracking than those with 

less restraint. A study by Schmitt and Darwin (1995) evaluated forty bridges to ascertain 

the cause of cracking. Field surveys were performed to compile information on crack 
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densities and subsequently, compared with construction documents, weather logs and 

other field books to identify correlations. It was found that fixed ended girders exhibited 

more cracking than pin-ended girders because of the additional restraint.  Ramey et al. 

(1997) stated that although durability is of utmost importance in highway maintenance, 

little consideration is given to this during bridge design and bridge deck cracking is a 

major factor affecting the durability of bridge deck. Saadeghvaziri and Hadidi (2005) also 

added that research on the effect of structural design factors on bridge deck cracking has 

received less focus than in the other areas of concern such as materials and construction 

practices. They performed a study to evaluate the effect of design factors on deck 

cracking and recommended that uniform reinforcement meshes and more flexible 

superstructures be employed. A study by Nielson, Schmeckpeper, Shiner and Blanford 

(2010) was also performed to assess the effectiveness of current AASHTO design 

methods in controlling bridge deck cracking. The proposed reinforcement ratios were 

found to be inadequate and recommendations were made to reduce reinforcement spacing 

and increase bar size, factors which are decided upon in the design process.  

The material properties of the concrete are also another significant factor affecting 

cracking of concrete bridge decks. Properties such as the modulus of elasticity and 

thermal expansion coefficient affect the reaction of the concrete to applied strains and 

external temperature variations. Also, all concrete mixes exhibit a behavior known as 

shrinkage. This is the natural tendency for the concrete to reduce in volume as chemical 

reactions occur and water gradually evaporates from the mix. This behavior causes 

tensile stresses when the volumetric changes are restrained on the bridge deck. The 

survey responses collected by the NCHRP determined that majority of all bridge deck 



10 

 

 

cracking is attributed primarily to shrinkage and thermal stresses (Krauss and Rogalla, 

1996). Folliard (2003) performed a study to evaluate methods for controlling cracking in 

concrete from a material perspective by optimizing concrete mixes and using innovative 

materials. The use of Shrinkage Reducing Admixtures (SRAs) and fibers were 

encouraged to reduce the shrinkage of a concrete mix. Tia, Submaranian, Brown and 

Broward (2005) researched effective laboratory tests for evaluating the shrinkage 

potential of a concrete mix. It was found that an embedded strain gage in a concrete 

specimen was adequate for measuring shrinkage potential. Optimization of concrete 

mixes was also performed and the use of fly ash and SRAs were found to mitigate 

shrinkage. Ray, Gong, Davalos and Kar (2012) compared different HPC mixes to 

develop a threshold for cracking potential. Chaunsali et al. (2013) performed a study on 

type K and type G shrinkage compensating concretes as a technique to counteract 

concrete shrinkage. During small scale tests, the concrete mixes expanded which 

produced a compressive strain in the concrete. As such, the tensile stresses produced 

were lessened when the concrete began to shrink. Wang (2013) also performed research 

to address high shrinkage strains often found in HPC. The influence of additives such as 

slag and fly ash was analyzed. 

Construction practices also affect the degree of cracking that occurs on a bridge deck. 

The method of curing as well as length of time which the concrete is cured for impact the 

amount and rate of moisture loss that affects concrete shrinkage. Xi, Shing, Abu-Hejleh, 

Asiz, Suwito,  Xie and Ababneh (2003) performed analyses on 72 bridges in the state of 

Colorado. A report was issued on recommendations to mitigate bridge deck cracking 

which included construction practices such as a temperature limit between 45º F and 80º 
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F at the time of deck casting and a minimum of seven days continuous wet curing.  

Darwin, Browning, Lindquist, McLeod, Yuan, Toledo & Reynolds (2010) began a six 

year study to develop methods across design, materials and construction practices to 

produce Low Cracking High Performance Concrete bridge decks (LC-HPC). To 

accomplish this, strict guidelines were given in all three areas of concern. Construction 

recommendations included wet curing for fourteen days and a narrower temperature 

range of 55º F to 70º F. Also, concretes which are placed on days with high temperature 

ranges have been found to exhibit a high degree of cracking (French et al., 1999; Curtis, 

2007). The time at which construction loads are first applied to the bridge deck also 

affects the occurrence of cracks. Bridge decks which are loaded before the concrete has 

attained adequate strength are likely to suffer from early age cracking. 

 

2.3. Means and methods of studying bridge deck cracking 

The approach to studying the problem of bridge deck cracking has evolved over the 

years. Earlier research made use of visual inspections and bridge surveys to correlate 

incidences of cracking with several variables in order to identify the causes of cracking 

and make recommendations. However, these methods are more qualitative in nature. As 

experimental methods became available, laboratory tests were conducted to learn more 

about concrete cracking and develop solutions. These tests include the ASTM free 

shrinkage test (ASTM, 2008) and retrained shrinkage ring tests by AASHTO and ASTM 

and are discussed in greater detail in a later section. Although these tests prove useful, 

laboratory conditions may not be adequately representative of field conditions where 
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temperature and humidity influence bridge deck cracking. Also, it is challenging to 

quantify and replicate the level of restraint of a bridge in the field. Furthermore, the time 

taken to conduct a test and procure relevant information may not be conducive to the 

development timeline of a bridge. This has improved with the development of prediction 

models such as the ACI 209 prediction equation (ACI, 2008). Finally, the use of sensors 

in bridge decks and finite element methods to perform analyses on bridge deck cracking 

has been increasing in recent times. Instrumentation of bridges with sensors such as 

Vibrating Wire Strain Gages (VWSG) and Accelerometers provide data on the 

performance of a bridge under field conditions in real time. Shortcomings of this method 

are that sensors cannot be placed in every part of the bridge deck and it is difficult to 

predict where cracking may occur. The use of Finite Element (FE) methods is beneficial 

because field information can be used to produce a more global result. FE models can 

also be used to simulate various analyses that may be difficult or time consuming to 

conduct physically. Using a combination of these tools, design criteria for restrained 

shrinkage which were developed based on empirical methods can be improved by 

analytical means.  

Over the years, the use of finite element methods to study shrinkage in concrete bridge 

decks has increased.  Tang (2000) conducted a study to understand the process of 

cracking in concrete overlays on a segmental box-girder bridge using finite element 

methods after severe cracking and delamination were found shortly after construction. 

Saadeghvaziri and Hadidi (2002) also performed research to study the factors 

contributing to cracking in concrete bridge decks. The study employed FE analysis in 

addition to traditional methods such as bridge surveys and physical inspection. A study 
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was performed by Lange et al. (2003) to analyze the behavior of HPC in regards to 

cracking with a focus on creep and shrinkage. Several other studies have been performed 

over the years using FE modeling to analyze shrinkage such as Frosch et al. (2003), 

Eldhose (2006) and Minnetyan (2011).  

2.4. Shrinkage experimental testing 

As previously discussed, concrete undergoes volume changes due to chemical reactions 

and loss of water. When the concrete is free to expand and contract, no tensile forces 

occur and as such no cracking occurs. This change in length under unrestrained 

conditions is referred to as the free shrinkage of concrete. However, when concrete is 

placed, there are usually many components which prevent the concrete from freely 

changing in volume. Some of these components include embedded reinforcement, 

formwork, boundary conditions and shear studs. The corresponding change in length 

under restrained conditions is referred to as restrained shrinkage. Experimental 

procedures exist for the determination of both free and restrained shrinkage properties of 

a concrete sample. 

2.4.1. Free shrinkage experimental testing 

There are several methods for measuring free shrinkage. This report makes use of the 

standard ASTM C-157 test (ASTM, 2008). In this test, the concrete is placed in a 

rectangular prism with gage studs at the end. A mechanical dial gage length comparator 

or an embedded strain gage is then used to measure the change in length over time  
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Figure 1: Free shrinkage testing equipment a) using length comparator b) using 

embedded vibrating wire strain gage 

 

2.4.2. Restrained shrinkage experimental testing 

There are several methods for testing the restrained shrinkage of a concrete sample. The 

most popular experimental method is the ring test. In this test, a concrete sample is cast 

around a steel ring which serves as a restraint to the concrete’s change in length. As the 

concrete shrinks, it exerts a compressive stress on the steel ring, which in turn exerts a 

tensile stress on the concrete. If the tensile stress in the concrete exceeds the tensile 

strength of the concrete, a crack will form in the concrete. Strain gauges can be used to 

measure the time and strain at which the crack occurred.  Both ASTM and AASHTO 

have adopted versions of this ring test with slight variations. 

a) 

b) 
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Figure 2: Retrained shrinkage testing equipment 

Free shrinkage tests are used more often than restrained shrinkage tests in determining 

the shrinkage potential of a concrete sample because the free shrinkage test is easier to 

perform than the restrained shrinkage test. A study performed by Nassif et al. (2007) 

showed a correlation between the free and restrained shrinkage performance of a concrete 

sample.  

2.5. Design code guidelines for shrinkage 

The development of codes has been useful in providing design standards for 

infrastructure. Code specifications are central to the design of bridges today as they 

provide minimum standards that designers can reference. Guidelines from the AASHTO 

and the ACI design codes relating to concrete shrinkage will be discussed in the sections 

below. 

2.5.1. AASHTO 

In the United States, the American Association of State Transportation and Highway 

Officials (AASHTO) publishes guidelines for the design of bridges. Krauss and Rogalla 

(1996) stated that 92% of US agencies design based on AASHTO specifications.  Much 
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of the specifications given are based on past research which is beneficial to the design 

community at large. However, in the area of concrete shrinkage, the guidelines given are 

based on empirical methods and are applicable for the case of unrestrained shrinkage. For 

the case of restrained shrinkage, the code indicates that the effect of temperature and 

shrinkage loads should be considered but gives no further guidance (AASHTO, 2010). 

Concerns exist on the ability of the given guidelines to mitigate restrained shrinkage 

cracks. Nielson et al. (2010) expressed that although the Idaho Department of 

Transportation (IDOT) allows bridge decks to be designed using the AASHTO empirical 

method, there is a perceived inability of the code to control bridge deck cracking 

evidenced by the cracking problem of bridge decks in Idaho. Current guidelines for the 

treatment of shrinkage and temperature loads in bridge decks will be discussed below. 

  

The AASHTO LRFD Bridge Design Specifications is the primary design code used to 

design concrete bridges within the United States. Although, some states have additional 

provisions, the AASHTO specifications serve as the backbone for bridge design in the 

US. Two methods are provided by the code for the design of bridge decks which are the 

empirical method and the traditional method. The code considers cracking in concrete 

decks as a serviceability issue and not a strength issue. This means that cracking in 

concrete bridge decks does not directly cause a failure in the bridge but rather reduces the 

service live and user comfort of the structure as well as causes increased maintenance 

costs. Hence, the deck design methods were developed primarily to meet strength 

requirements.  



17 

 

 

The empirical method is based on internal arching action and stipulates a set of design 

criteria that must be met in order for the specified reinforcement to be used. Four layers 

of reinforcement are provided with a minimum reinforcement amount of 0.27 in
2
/ft of 

steel for each bottom layer and 0.18 in
2
/ft of steel for each top layer. Spacing shall not 

exceed 18 in and reinforcing steel shall be grade 60 or better (AASHTO, 2010). The 

commentary indicates that 0.2 % reinforcement in each of the four layers satisfies 

strength requirements as shown by testing. However, a conservative value of 0.3 % of the 

gross area which corresponds to 0.27 in
2
/ft for a 7.5 in slab is specified for better crack 

control (AASHTO, 2010). The code does not expatiate on the effectiveness of a 0.3 % 

reinforcement criterion for the control of cracking.   

 

The traditional method is based on flexural behavior between beams and provides four 

layers of rebar provided that the slab meets certain design requirements. The transverse 

reinforcements are designed for flexure. The top transverse reinforcement is designed for 

negative flexure while the bottom transverse reinforcement is designed for positive 

flexure. The bottom longitudinal reinforcement is designed as a percentage of the positive 

flexure reinforcing steel.  The top longitudinal reinforcement is designed as temperature 

and shrinkage reinforcement (AASHTO, 2010). The area of reinforcement per foot on 

each face and in each direction is to satisfy the following criteria 

𝐴𝑠  ≥  
1.30𝑏ℎ

2(𝑏 + ℎ )𝑓𝑦
 

0.11 ≤  𝐴𝑠  ≤ 0.60 
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Where As = area of reinforcement (in
2
/ft) 

b = least width of component section 

h = least thickness of component section 

fy = specified yield strength of reinforcing bars (must be ≤ 75 ksi)  

Other limitations apply for components with dimensions that vary across the length, for 

components 6 inches or less and in cases where prestressed concrete is used.  

The AASHTO code commentary indicates that these guidelines are derived from the ACI 

207.2R and ACI 318 reports.  

2.5.2. ACI 

The American Concrete Institute (ACI) publishes guidelines pertaining to the use of 

concrete. The ACI 318 building code (ACI, 2008) gives directions on the use of 

shrinkage and temperature reinforcement in section 7.12 which are summarized below. 

Shrinkage and temperature reinforcement shall be provided with a minimum 

reinforcement to gross concrete area of the following but not less than 0.0014 

a) Slabs where grade 40 or 50 deformed bars are used………………….. 0.0020 

b) Slabs where grade 60 deformed bars or welded wire fabric are used….0.0018 

c) Slabs where reinforcement with yield stress exceeding 60,000 psi measured at 

yield strain of 0.35 percent is 

used………………………………………………...…
0.0018 × 60000

𝑓𝑦
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Shrinkage and temperature reinforcement shall not be spaced further apart than 18 in 

or five times the slab thickness. 

Furthermore, the code adds that in cases of restrained shrinkage, consideration should be 

given to the effects of shrinkage and temperature changes. However, the code does not 

give further guidelines on the matter.  

The commentary on the code adds that these provisions are satisfactory in the case of 

unrestrained shrinkage and that it may be necessary to increase the reinforcement in cases 

where the movement due to shrinkage or temperature is significantly restrained but does 

not give provisions on how much reinforcement is adequate.   

The commentary on the equation from the AASHTO code states that the coefficient is 

derived from the ACI provision by using a reinforcement ratio of 0.0018 and grade 60 

bars for a one foot slab section. However, the ACI code explains that this is inadequate in 

cases with significant restraint such as exists in a bridge deck.   

2.6. Drying shrinkage prediction methods 

Several methods have been developed for the prediction of unrestrained shrinkage. A 

database of free shrinkage measurements for various concrete specimen under various 

conditions was assembled. Researchers then developed models to fit this databank within 

certain guidelines. The American Association of State and Highway Transportation 

Officials (AASHTO) developed a model as well as the American Concrete Institute 

(ACI) and Euro-International Concrete Committee/International Federation of 

Prestressing (CEB-FIP). Additional models for the prediction of drying shrinkage exist 

such as the Bazant B3 (Bazant & Baweja, 2000), Sakata (Sakata, 1993) and 
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Gardner/Lockman (Gardner & Lockman, 2001) equations. These methods are described 

in the sections following. 

 

2.6.1. AASHTO 

The AASHTO method for calculating shrinkage strains is shown in the equation below. 

𝜺𝒔𝒉 = 𝒌𝒔𝒌𝒉𝒔𝒌𝒇𝒌𝒔𝒕𝟎. 𝟒𝟖 ∗ 𝟏𝟎−𝟑     

In which 

Khs = 2 – 0.0014H  

Where 

Khs = humidity factor for shrinkage 

 

2.6.2. ACI model 

The ACI method is detailed in ACI report 209 (ACI, 1997) and is given. 

(𝜺𝒔𝒉)𝒕 = 
𝒕

𝟑𝟓+𝒕
(𝜺𝒔𝒉)𝒖  

Where, 

(εsh)t    = shrinkage at time t after curing 

t          = time after curing 
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(εsh)u    = ultimate shrinkage coefficient  

The default value of the ultimate shrinkage coefficient is 780 x 10
-6

 με. This equation is 

valid for shrinkage after 7 days under moist curing conditions as well as other standards 

conditions detailed in the report. To use this equation for other non-standard conditions, 

correction factors are provided in the report.  

 

2.6.3. CEB-FIP model 

The CEB-FIP 90 model for predicting shrinkage strains is given in the equation below 

𝜺𝒄𝒔(𝒕 − 𝒕𝒔) =  ɛ𝒄𝒔𝒐𝜷(𝒕 − 𝒕𝒔)   

 In which 

ɛ𝑐𝑠𝑜 = ɛ𝑠(𝑓𝑐𝑚)𝛽𝑅𝐻 

𝛽𝑅𝐻 = −1.55 [1 − (
𝑅𝐻

100
)
3

] 

ɛ𝑐𝑠(𝑓𝑐𝑚) =  [160 + 10𝛽𝑠𝑐 (9 − 
𝑓𝑐𝑚

1450
)] ∗ 10−6 

𝛽𝑠(𝑡 − 𝑡𝑜) =  
√

𝑡 − 𝑡𝑠

350 (
ℎ
4)

2

+ (𝑡 − 𝑡𝑠)

 

Where 
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βsc is a factor accounting for cement type with 4 for slow hardening concrete, 5 for 

normal/rapid hardening concrete and 8 for rapid hardening high strength cement. 

2.6.4. Bazant B3 model 

The Bazant B3 model by Bazant and Baweja (2000) was developed at northwestern 

university. It is recommended for complex structures of structures that require very 

accurate prediction values. The method is summarized below.  

𝜀𝑠ℎ (𝑡, 𝑡0) =  −𝜀𝑠ℎ∞𝐾ℎ𝑆(𝑡) 

𝜀𝑠ℎ∞ = −𝛼1𝛼2(26(𝑤)2.1(𝑓𝑐
′)−0.28 + 270)10−6 

𝐾ℎ = 1 − ℎ3 

𝑆(𝑡) = tanh√
𝑡 − 𝑡0
𝑇𝑠ℎ

  

Where,  

εsh(t,t0) = shrinkage strain (in/in) 

εsh∞ = ultimate shrinkage strain (in/in) 

α1 = 1, α2 = 1 

w= water content of concrete (lb/ft
3
) 

Kh = cross section shape factor 

h = relative humidity (%) 
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t = age of concrete (days) 

t0 = age of concrete at beginning of shrinkage 

S(t) = time function for shrinkage 

2.6.5. Gardner/Lockman model 

A model was developed by Gardner and Lockman (2001). The method can be used for 

concretes with chemical admixtures and can account for various curing procedures.  This 

method is summarized below. 

𝜀𝑠ℎ = 𝜀𝑠ℎ 𝛽(ℎ)𝛽(𝑡) 

𝜀𝑠ℎ𝑢 = 1000𝐾 (
4350

𝑓𝑐𝑚28
′ )

1
2

 10−6 

𝛽(ℎ) = 1 − 1.18ℎ4 

𝛽(ℎ) =  (
𝑡 − 𝑡𝑐

𝑡 − 𝑡𝑐 + 97 (𝑉/𝑆)
1
2

) 10−6 

εsh = shrinkage strain (in/in) 

εshu = ultimate shrinkage strain (in/in) 

β(h) = correction term for effect of humidity on shrinkage 

β(h) = correction term for effect of time on shrinkage 

h = humidity 
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tc = age drying commenced (days) 

t = age of concrete (days) 

 

2.6.6. Sakata Model 

This model was developed by Sakata (1993). The method is summarized below. 

𝜀𝑠ℎ (𝑡, 𝑡0) =  𝜀𝑠ℎ∞[1 − 𝑒𝑥𝑝{−0.108(𝑡 − 𝑡0)
0.56}] 

𝜀𝑠ℎ∞ =  −50 + 78 (1 − 𝑒𝑥𝑝 (
𝑅𝐻

100
) + 38 (ln(𝑤)) − 5(

𝑙𝑛 (
𝑉
𝑆)

10
)

2

 10−5) 

Where, 

εsh(t,t0) = predicted shrinkage strain (in/in) 

εsh∞ = ultimate shrinkage strain (in/in) 

w = water content of the concrete (kg/m
3
) 

RH = relative humidity (%) 

V/S = volume to surface area ratio 

t = time (days) 

t0 = time drying started (days) 
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2.7. Adaptation of prediction models 

Several factors affect the free shrinkage of a concrete sample. As such, the prediction 

models developed above are given in generalized forms. Modification factors are then 

provided so to adapt the equations to a wider array of scenarios. These modification 

factors include size factors, environmental factors and concrete material factors. The 

process by which these factors have been accounted for is detailed in the sections below. 

2.7.1.  Sample size factor 

The free shrinkage of a concrete specimen changes with the sample size. This effect has 

been considered in two ways which are the ultimate shrinkage and the rate of shrinkage. 

Over the years, a general consensus has emerged on the effect of sample size on the rate 

of shrinkage. Several early research projects such as the work by Hansen and Mattock 

(1966) and Almudaiheem and Hansen (1987) present results indicating that the rate of 

shrinkage reduces as specimen size increases. Furthermore, more recent studies such as 

Al-Saleh and Al-Zaid (2004), Bissonnette, Pierre and Pigeon (2009) and Jayakumar, 

Upadhyah and Bhandari (2013) support these earlier findings. Hence, smaller concrete 

samples are expected to shrink at a faster rate than their corresponding larger samples.  

There is no general agreement on the effect of specimen size on the ultimate shrinkage. 

The study by Hansen and Mattock (1966) stated that the ultimate shrinkage of a concrete 

sample decreases with specimen size and is widely cited by proponents of this 

conclusion. In this study, samples of various sizes were monitored for a period of four 

years. This work forms part of the basis for the ACI code position that specimen size 

affects the ultimate shrinkage of a sample (ACI, 2008).  A more recent publication by 
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Mingfang, Chunxiang and Hui (2013) also supports this conclusion. Conversely, studies 

by Almudaiheem and Hansen (1987), Al-Saleh and Al-Zaid (2004), and Bissonnette, 

Pierre and Pigeon (2009) conclude that specimen size does not affect the ultimate 

shrinkage. The CEB code (CEB, 1991) agrees with this finding and cites that the 

conclusion of the study by Hansen and Mattock (1966) on ultimate shrinkage is a result 

of insufficient time for which measurements were observed.   

The length of time for which the experimental measurements were taken and the point at 

which samples were considered to have reached ultimate shrinkage is an important factor 

in this debate. As it is generally agreed that smaller samples shrink faster, it then follows 

that at any given point in time, smaller samples will record higher values of shrinkage 

than larger samples because they are further along in the shrinkage process.  A study by 

Sener, Sener and Koc (2009) presented results collected for 70 days that indicated that 

smaller samples had higher values of shrinkage than larger samples. However, since 

results were not measured for a significant period of time, the samples were dried in an 

oven to expedite moisture loss. It was found that larger specimens lost about 70% more 

moisture while smaller samples only lost 20% more moisture. This would indicate that 

while the smaller specimens were closer to reaching ultimate shrinkage, the larger 

specimens were still far away. Hence, over time the ultimate shrinkage values may 

approach the same value.  Studies by Almudaiheem and Hansen (1987) and Jayakumar, 

Upadhyah and Bhandari (2013) stated that while the difference in the shrinkage of small 

and large samples was significant curing early measurements, the values appeared to be 

converging over time. The methods adopted by the ACI and the CEB for modifying 

shrinkage for size are given below. 



27 

 

 

2.7.1.1. ACI size modification 

The ACI 209 equation for predicting concrete shrinkage indicates that the effect of 

shape/size can be taken into consideration with or without adjusting ultimate values and 

leaves the decision up to judgement of the user. The general form of the ACI 209 

prediction model is reiterated below. 

(𝜀𝑠ℎ)𝑡 = 
𝑡

𝑓 + 𝑡
(𝜀𝑠ℎ)𝑢 

f is the shrinkage half time of the concrete sample taken as 35 and 55 for 7 days moist 

curing and 1-3 days steam curing respectively. To modify the rate of shrinkage, the time 

ratio portion of the ACI equation is modified by adjusting f as follows 

f = 26.0e
(1.42 x 10^-2(v/s))

        in S.I. units 

f = 26.0e
(0.36(v/s))

             in.-lb units 

 

To modify the ultimate shrinkage value for size, it is multiplied by the the size factor 

ɣsh,vs. ɣsh,vs can be derived from the volume to surface ratio (v/s) or from the average 

thickness of the member. 

For volume/surface ratio 

ɣsh,vs = 1.2e
(-0.00472(v/s))

       in S.I. units 

  ɣsh,vs = 1.2e
(-0.12(v/s))

               in in.-lb units 

 

For average thickness 
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ɣsh,d = 1.17-0.00114d              in S.I. units 

ɣsh,d = 1.17 – 0.029d in          in.-lb units 

 

2.7.1.2. CEB size modification 

The CEB MC90 equation accounts for specimen size in the time development component 

of the equation only not on the notional (ultimate) shrinkage in accordance with their 

views on the available research. The time function accounting for the size factor is 

reiterated below.   

𝛽𝑠(𝑡 − 𝑡𝑜) =  
√

𝑡 − 𝑡𝑠

350 (
𝑣/𝑠
𝑣/𝑠0

)
2

+ (𝑡 − 𝑡𝑠)

 

where v/s is the volume to surface ratio of the concrete specimen. 

 

 

2.7.2. Environmental factor 

Environmental factors such as relative humidity as well as temperature have an effect on 

the shrinkage of a concrete sample. Samples stored in higher relative humidity 

environments give lower shrinkage values than samples stored in lower relative humidity 

environments. Since shrinkage is related to a loss of water, it follows that samples stored 

in drier environments will lose moisture more rapidly than samples stored in moist 

environments. A study by Barr, Hoseinian and Beygi (2003) supported this finding. 
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Additionally, both the ACI and the CEB code include parameters that adjust shrinkage 

values in this manner. An interesting study stipulated that a sample under cyclic RH 

conditions does not produce different results from a sample under the average of those 

conditions (Bazant and Wang, 1985).  

The effect of temperature on the shrinkage of a concrete sample is similar to the effect of 

relative humidity. Concrete samples stored under high temperature conditions give higher 

shrinkage values than samples stored in lower temperature conditions. Additionally, 

samples under cyclic temperature variations give similar results to samples stored under 

the average of the cyclic condition. 

2.7.2.1. ACI environmental modification 

The ACI code accounts for relative humidity on the ultimate shrinkage using a multiplier 

described below. 

ɣsh,RH = 1.40 – 1.02h          for 0.4 < h <0.80 

ɣsh,RH = 3 – 3h                for 0.8 < h < 1 

 

The ACI code does not give any modification factors for temperature. The standard 

conditions specified for use of the prediction model stipulates a temperature value of 

73.4°F. 

2.7.2.2. CEB environmental modification 

The CEB MC90 provides an adjustment to the predicted notional (ultimate) shrinkage 

based on relative humidity. The formulas are reiterated below. 
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𝛽𝑅𝐻(ℎ) =  −1.55 [1 − (
ℎ

ℎ0
)
3

]           for 0.4 ≤h≤0.99 

𝛽𝑅𝐻(ℎ) = 0.25                             for h ≥ 0.99 

 

The CEB considers the effect of temperature on both the time development and the 

ultimate shrinkage for sustained temperatures above 86°F. The formulas provided by the 

CEB code for temperature adjustment are also shown below. 

Notional shrinkage 

𝛽𝑅𝐻,𝑇 = 𝛽𝑅𝐻(ℎ) [1 + (
0.08

1.03 −
ℎ
ℎ0

)(
18.778 ∗

𝑇
𝑇0

− 37.778

40
)] 

 

Time development 

𝛽𝑠,𝑇(𝑡 − 𝑡𝑐) =  

[
 
 
 
 
 
 

𝑡 − 𝑡𝑐
𝑡1

350 [

𝑣
𝑠
𝑣
𝑠0

]

2

𝑒𝑥𝑝 [−0.06 (18.778
𝑇
𝑇0

− 37.778)] + (
𝑡 − 𝑡𝑐

𝑡1
)

]
 
 
 
 
 
 
0.5

 

 

Where, 

h= ambient relative humidity 

h0 = 1 



31 

 

 

T= ambient temperature 

T0 = 1°C (33.8°F) 

 

 

2.8. Summary 

Cracking in concrete bridge decks is a problem affecting bridges throughout the United 

States (Ganapuram et al., 2012). It leads to further deterioration of bridge decks as 

corrosive chlorides seep into the bridge deck (Rahim et al., 2006). Some examples of 

degradation closely linked with concrete cracking are corrosion of reinforcement and 

concrete spalling (Elsafty & Jackson, 2012). These issues are of critical importance in 

maintaining the integrity of bridge decks over their service life. 

Cracking in concrete occurs when tensile stresses in the concrete exceed the tensile 

strength of the concrete (Hadidi and Saadeghvaziri, 2005) Tensile stresses develop in 

concrete when the concrete is connected to other permanent fixtures that prevent it from 

freely undergoing volumetric changes. Temperature changes and concrete shrinkage are 

factors responsible to volumetric changes in concrete (Chaunsali et al, 2013). 

Concrete shrinkage is a serviceability issue and is therefore not designed for directly. 

However, the AASHTO LRFD Bridge Design Code specifies reinforcement to be 

included in bridge decks for the purpose of mitigating concrete cracking due to shrinkage 

and temperature loads (AASHTO, 2010). These provisions are derived from the ACI 318 

code (ACI, 2008) and were developed by empirical methods. Furthermore, the ACI code 



32 

 

 

indicates that the provisions are applicable for the case of unrestrained shrinkage and 

restrained shrinkage cases should be considered although no guidelines are provided.  

Previous attempts to study restrained shrinkage have been performed using analytical 

methods such as finite element modelling and field instrumentation of bridges (Frosch et 

al., 2003; Lange et al., 2003). Past research can be improved by modelling of shrinkage 

as a time dependent load and comparing shrinkage results with data collected from 

instrumented bridges under field conditions. Using these techniques and validated 

models, parametric analyses can be performed and observations can be made on the 

response of concrete bridge decks to shrinkage under field conditions. 
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CHAPTER 3 

3. LABORATORY SETUP 

Several laboratory experiments were conducted to aid in the study of shrinkage. These 

experiments were simplified cases of shrinkage performed under controlled conditions. 

Experiments were initially performed on small free shrinkage prism samples. 

Subsequently, data from experiments conducted on larger laboratory specimen was 

collected and used to further the study of shrinkage under more controlled conditions 

than in the field. This section details the laboratory experiments performed towards the 

end of modelling shrinkage.  

 

3.1. Shrinkage prism experiments 

Previously conducted free shrinkage tests were collected and additional free shrinkage 

tests were performed to study the occurrence of shrinkage under varying conditions and 

develop a suitable shrinkage model to aid in the study of concrete shrinkage. Details of 

data collected and setup of various experiments are detailed below.  

 

3.1.1. Experiment 1 

In the first experiment, a sample was cast under controlled environmental conditions in 

the laboratory. A free shrinkage prism sample measuring 3” x 3” x 10” was cast in the 

laboratory.  Figure 3 below shows the shrinkage prism.   
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Figure 3: Free shrinkage prism 

The prisms were cast in a steel mold and wrapped in plastic wrap for 24 hours until the 

concrete set. Afterwards, the samples were demolded and stored under constant 

conditions in an environmental chamber to prevent strains due to changes in temperature 

and other environmental effects. The free shrinkage prism was cured for 14 days using 

wet burlap. Strain readings were measured at regular intervals using a length comparator 

for up to 56 days. 

Furthermore, cylinders measuring 4 x 8 in were also collected during casting so that the 

concrete material strength could be measured. The 28 day compressive strength of the 

mix was found to be 10589 psi. The strength of the concrete mix was high because a high 

early strength mix was used. 
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3.1.2. Experiment 2 

Another experiment was performed to observe the shrinkage of a concrete prism sample 

with the addition of restraint. Restraint was applied to the free shrinkage prism in the 

form of reinforcement bars. Three #4 reinforcement bars were embedded in a shrinkage 

prism during casting with the configuration shown below. 

 

Figure 4: Configuration of prism with reinforcement restraint 

A control free shrinkage prism from the same concrete batch was also cast for direct 

comparison. Strain gages were embedded in the concrete during batching to facilitate the 

collection of data in more frequent intervals. The samples were also wrapped in plastic 

wrap for 24 hours and demolded afterwards. Both samples were stored in the 

environmental chamber so that the effect of reinforcement could be observed without 

influence from other factors such as temperature or humidity. The environmental 

chamber was held at 25°C and 50 % relative humidity. The samples were cured for 14 

1.5 in

1.5 in
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days and readings were taken for up to 56 days. The 28-day material strength of the 

concrete used was measured as 6791 psi.  
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3.1.3. Experiment 3 

The third laboratory setup was expanded to include more parameters than the previous 

two setups. An experiment was performed in the lab to compare the results of a free 

shrinkage sample under constant conditions with a free shrinkage sample under a 

controlled temperature fluctuation. Furthermore, multiple prism sizes were also used to 

observe the effect of sample size on the free shrinkage of a sample. The free shrinkage 

samples were all taken from the same batch to ensure uniform material properties. 

Six free shrinkage prisms were cast with VWSG embedded in the samples to measure 

strain and temperature over time. Four of these samples were cast in free shrinkage prism 

molds measuring 3 x 3 x 10 in while the other two samples were cast using larger molds 

measuring 6 x 6 x 20 in to highlight the effect of sample size. The samples were all cast 

on the same day and wrapped in plastic wrap for 24 hours. Afterwards, the samples were 

demolded. Two small samples and one large sample were kept in an environmental 

chamber with constant relative humidity and temperature. The rest of the samples were 

stored under a heat blanket where the temperature could be controlled manually. The 

figure below shows the experimental setup while the table gives details on the samples. 
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Figure 5: a) Free shrinkage prism mold with embedded VWSG b) Concrete prisms stored 

in environmental chamber c) Concrete prisms connected to datalogger d) Concrete prism 

stored under heat blanket (top left to bottom right) 

Table 1: Sensor label and description for experiment 3 

Label Description 

Strain1 Small sample, constant temperature 

Strain3 Large sample, constant temperature 

Strain4 Small sample, under heat blanket 

Strain5 Small sample under heat blanket 

Strain6 Large sample, under heat blanket 

 

The heat blanket was turned on and off intermittently to simulate temperature fluctuation. 

Strain readings form the samples were collected over time. Readings from Sensor 2 were 
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unavailable as the sensor malfunctioned after placement. Temperatures under the heat 

blanket as well as in the environmental chamber were also recorded over time.  

The environmental chamber maintains a temperature of 18ºC ± 2. The samples under the 

heat blanket were heated to 30ºC ± 2 during the day for approximately eight hours after 

which the blanket was switched off and the samples cooled down to match the 

environmental chamber. The samples were cured using wet burlap for 14 days. Cylinders 

were also cast along with the shrinkage prisms to allow for the compressive strength of 

the concrete to be tested. The 28 day compressive strength of the concrete was measured 

as 4844 psi. 
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3.1.4. Experiment 4 

A final experiment was conducted in the lab to compare shrinkage under controlled 

temperature and humidity with external environmental conditions which are more 

variable than conditions controlled by a heat blanket. Four samples were cast using molds 

measuring 6 x 6 x 20 in and shrinkage sensors were embedded in the samples as shown in 

the figure below. Furthermore, two of the samples were embedded with reinforcement 

bars while the other samples were cast without reinforcement. The samples were wrapped 

in plastic wrap for 24 hours and demolded afterwards. The figure below shows the setup 

of the molds.  

 

Figure 6: a) Mold with reinforcement b) mold without reinforcement used for 

experimental setup 4 
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One sample with reinforcement and one sample without reinforcement were stored in an 

environmental chamber under constant temperature and humidity. The other two samples 

were stored outdoors and exposed to environmental conditions.  The experimental setup 

is shown in the figure below. 

 

Figure 7: Concrete samples for experimental setup 4 stored in chamber and outdoors 

The samples were cured for 14 days using a wet burlap. VWSG were embedded in the 

samples to measure strain as well as temperature of the samples. The strain gages were 

connected to a datalogger to collect the data every five minutes. The temperature in the 

environmental chamber and outdoors where samples were stored, was also measured 

using a thermocouple connected to the datalogger. Furthermore, samples were collected 

during the pouring of the concrete to test for the concrete material strength. The concrete 

material strength was measured found to be 6500 psi. 
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Data from all these experiments were compiled and used to study shrinkage using finite 

element analysis. The results of these studies are discussed in the FE modelling section. 
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3.2. Slab experiment 

Following the collection of experimental shrinkage data for small samples, data was 

collected for a larger and more complex sample. This mid-scale model used was a slab 

segment built in a laboratory under more controlled conditions. The laboratory model 

was a closer representation of bridges in the field than the free shrinkage prism and as 

such data collected from the model provided a more accurate representation of the 

behavior of the shrinkage in a full scale bridge.  

Data for the analysis of the laboratory model was acquired from a study performed by 

Frosch et. al (2006). In this study, a slab segment was built by Blackman (2002) and 

shrinkage data was measured over time. The segment was 33 in wide, 44 in long and 8 in 

thick. It was built using wooden forms and aluminum tape to create a sealing effect at the 

bottom of the slab. No reinforcement was included in the setup. Hence the results were 

considered to be free shrinkage.  

Afterwards, a similar laboratory model was built by Radabaugh (2001). The slab was a 

scaled down segment of an existing bridge deck built using wood forms and measured 9 

ft x 9 ft x 8in. The slab was cast on two W12 x 65 girders with 78 in between the girders. 

The experimental setup is shown in Figure 8 below. 
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Figure 8: Restrained shrinkage slab segment (Radabaugh, 2001) 

Shear studs were used to promote composite behavior between the slab and the concrete 

deck as is done in full scale field bridges. A steel deck pan was also used to build the 

form work for the slab. Reinforcement was included as shown in the figure below.  

  

Figure 9: (a) Top reinforcement and (b) Bottom reinforcement in restrained shrinkage 

specimen for medium scale slab experiment (Frosch, 2006) 
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The results derived using this specimen were considered restrained shrinkage since the 

use of shear studs, reinforcement and the form work introduced restraint in the concrete 

slab. The concrete mixes and slab dimensions used by Blackman (2002) and Radabaugh 

(2001) were found to be similar which allowed for their results to be compared 

reasonably. Data for the concrete material input as well as the steel beam was derived 

from the study. Radabaugh (2001) did not perform any compressive strength tests for the 

concrete and so the compressive strength from Blackman (2002) was used. The available 

compressive strength measurements were limited to 21 days. Consequently a value for 

the 28 day strength was extrapolated and taken as 5750 psi. The plot showing the 

development of compressive strength with time is shown in Figure 10. 

 

Figure 10: Development of compressive strength with time 

There were a total of three functioning sensors in the slab. One sensor was installed in the 

center of the slab on the bottom rebar. The other two sensors were installed at 30.5 in 

0

1000

2000

3000

4000

5000

6000

7000

0 5 10 15 20 25 30

c
o

m
p

re
ss

iv
e

 s
tr

e
n

g
th

 (
p

si
)

Time (days)



46 

 

 

north from the center as indicated in the figure below, with one on the top rebar and 

another on the bottom rebar.  

 

Figure 11: Sensor locations on restrained shrinkage slab (Frosch, 2006) 

The top reinforcement was a distance of 2.5 in from the top of the slab while the bottom 

reinforcement was a distance of 1 in from the bottom of the slab. Readings were collected 

for a period of 21 days, during which the slab was cured for the first four days. These 

results were used to facilitate the study of shrinkage using FE modelling. 

3.3. Summary 

The section above discussed details of experiments performed and experimental data 

collected under controlled conditions in a laboratory. These studies are instrumental in 

understanding the behavior of shrinkage under controlled conditions and to verify the 

validity of any modelling procedure. Reinforcement, sample size and environmental 

conditions were taken into consideration in the experiments described above. These 
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results will be used in the finite element modelling section to assess the performance of 

the developed shrinkage model. 
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CHAPTER 4 

4. FIELD TESTING 

This section discusses field testing performed to facilitate the modelling of shrinkage. 

Previously, shrinkage data had been procured from small samples in controlled laboratory 

conditions. In this section, free shrinkage tests were performed and collected during the 

construction of bridges under field conditions to provide data under actual conditions. 

Strain gages were placed in the bridge decks to facilitate the collection of long term strain 

data. This chapter discusses the details of the bridges used to study shrinkage.  

4.1. Bridge database 

Available bridges as well as relevant data for the study of restrained shrinkage in each 

bridge were compiled. The input required to perform the shrinkage analysis for all 

bridges included geometric data as gotten from bridge plans and concrete material 

properties from field samples so that finite element models of the bridges could be built. 

The details of the input data for each bridge are discussed in the sections following.  

4.1.1. Patcong Creek Bridge 

The Patcong Creek Bridge is a five span continuous for live load bridge with two simply 

supported portions at the ends, and a 3 span continuous section in the middle. The slab 

thickness of the deck was 9 inches. The bridge is located along the Garden State Parkway 

(GSP) between exit 31 and 36. Figure 12 and Figure 13 below show the dimensions of 

the bridge. 
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Figure 12: Plan of Patcong Creek Bridge 

 

Figure 13: Elevation of Patcong Creek Bridge 

During the re-decking of this bridge, a total of 15 Vibrating Wire Strain Gages (VWSGs) 

were embedded in the northbound half of the concrete deck. Figure 14 below shows the 

locations of the sensors. 
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Figure 14: Plan view of VWSG sensor location of Patcong Creek Bridge 

More information on the location of the sensors labeled in Figure 14 above is given in 

Table 2 below. 

Table 2: Location of VWSG on Patcong Creek Bridge 

Sensor Orientation Location along 

span 

Location across 

span 

Location 

below top of 

deck 

ASL1 Longitudinal 16’ 2” from south 

abutment 

4 ‘ from G 15 8.5” 

AST1 Transverse 16 ‘ 8 “ from south 

abutment 

4’ 4 “ from G 15 8.5” 

ASL2 Longitudinal 16’ 2” from south 

abutment 

Above G 16 2” 

G 10

G 11

G 12

G 13

G 14

G 15

G 16
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G 18

South 
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ASL3 Longitudinal 16’ 2” from south 

abutment 

Above G 16 4” 

ASL4 Longitudinal 16’ 2” from south 

abutment 

Above G 16 5.5” 

ASL5 Longitudinal 16’ 2” from south 

abutment 

Above G 16 8.5” 

BSL1 Longitudinal 25 ‘ from pier 1 2’ 10” from G 15 8.5 ” 

BST1 Transverse 24 ‘ 9” from pier 1 3’ from G 15 1.5 ” 

BSL2 Longitudinal 25 ‘ from pier 1 Above G 16 1.5 ” 

BSL3 Longitudinal 25 ‘ from pier 1 Above G 16 3.25” 

BSL4 Longitudinal 25 ‘ from pier 1 Above G 16 5” 

BSL5 Longitudinal 25 ‘ from pier 1 Above G 16 8.5” 

CSL1 Longitudinal At pier 2 4’ 6” from G 15 8.5 ” 

CST1 Transverse At pier 2 4’ 6” from G 15 1.5 ” 

CSL2 Longitudinal At pier 2 Above G 16 1.5 ” 

CSL3 Longitudinal At pier 2 Above G 16 3.25” 

CSL4 Longitudinal At pier 2 Above G 16 5” 

DSL1 Longitudinal At pier 3 Above G 16 8.5 ” 

DST1 Transverse At pier 3 Above G 16 1.5 ” 
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The concrete for the bridge deck was poured in stages. Consequently, the material 

properties for different stages were tested separately and varied slightly. The pouring 

schedule is shown below in Figure 15.   

 

Figure 15: Concrete pour staging of Patcong Creek Bridge 

Cylinder samples were collected during the pouring of the concrete deck. These samples 

were tested for compressive strength. The average value across the days of pouring was 

used and is shown below in Table 3.  

Table 3: Concrete compressive strength of Patcong Creek Bridge 

Age (days) 
Average 

Compressive Strength (psi) 

14 3670 

21 4128 

28 7747 
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Furthermore, free shrinkage samples were collected during the pouring of the concrete. 

The free shrinkage properties of the concrete samples collected at each pouring stage are 

shown in Figure 16 below. 

 

Figure 16: Free shrinkage of Patcong Creek Bridge 

Data was collected to validate the structural behavior of this bridge for use in the finite 

element modelling. The segments of the bridge were separated to appropriately capture 

the behavior of the bridge. The bridge is conceptualized as a continuous for live load 

bridge with a continuous concrete pour and discontinuous steel girders however, it was 

found that the bridge behaves more closely like three separate parts owing to the presence 

of expansion joints above pier 1 and pier 4 where the simply supported spans meet the 

continuous span. This assumption was later checked and found to be valid using results 

from the strain transducers installed to validate the bridge model by a static analysis.  
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Dynamic and static tests were performed to validate the structural behavior of the FE 

model of the bridge. In this test, STS strain transducers were attached to the girders on 

the bridge as shown in Figure 17 below. 

 

Figure 17: Plan view of STS sensors for Patcong Creek Bridge validation 

 

Figure 18: Elevation view of STS sensors for Patcong Creek Bridge validation 

10 strain transducer sensors (STS) which measure short term strain were installed on the 

bridge girders. The sensors were located at about the midspan of span 1 and span 2 to 

capture the maximum strain readings.   

G 10

G 11

G 12

G 13

G 14

G 15

G 16

G 17

G 18

South 
Abutment

North 
Abutment

17’ 20’

Span 1 Span 2 Span 3 Span 4 Span 5

sts sensor B1 – B5

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

Pier 1 Pier 2 Pier 3 Pier 4

sts sensor B6 – B10

sts sensor B6 – B10
sts sensor B1 – B5

Span 1 Span 2 Span 3 Span 4 Span 5



55 

 

 

As previously mentioned, the analysis for this bridge was performed using separate 

segments to capture the behavior of the bridge. This is because the concrete deck and the 

steel girders of the bridge are discontinuous at pier 1 and pier 4. Therefore, it is expected 

that minimal strains will be propagated from one simple supported span to the continuous 

span and vice versa. Two major static tests were performed on the bridge. In the first 

static test, the truck is positioned at the midspan of span 1 as shown in Figure 19 to 

maximize the strain readings of the sensors on span 1 that are located directly below the 

truck. 

 

Figure 19: Truck and sensor location for static test 1 

The validity of the assumption made can be seen from results of the strain gage results 

derived from the static testing as shown in the Figure 20 below. From the results of the 

static tests, it was observed that the sensors on span 2 recorded little or no strains as a 

result of the maximum loading scenario of span 1. The strains recorded at sensor B6 and 

B7 are less than five microstrains and are negligible.  

Pin support

Roller support
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Figure 20: Patcong Creek Bridge span 1 static test results 

In the second static test, the truck is positioned above span 2 to maximize the strain 

readings on sensor 6-10 located directly below the truck in the transverse direction. 

 

Figure 21: Truck and sensor location for static test 2 

Figure 22 below shows that minimal strains are transferred from span 2 to the simply 

supported span during the maximum loading scenario as shown in Figure 21. The strains 

recorded by the sensors located on span 1 are all less than 5 microstrains and are 

negligible. This may be due to the presence of the parapet and other minor components 

which connect all the spans together.  
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Figure 22: Patcong Creek Bridge span 2 static test results 

 

Additionally, the results from the dynamic test were used to confirm this assumption. In 

the dynamic test, the truck was driven across the bridge from one end to the other and 

strain readings from each sensor were recorded throughout the duration of the test. From 

previous knowledge of structural analysis, the maximum strain reading for each sensor is 

expected to occur when the load is directly located above each sensor. Also, tools such as 

influence lines allow for the shape of a moving truck load along a bridge span to be 

appropriately predicted. The relevant information is shown in Figure 23 below for the 

associated dynamic test. 
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Figure 23: Truck location for Dynamic test on Patcong Creek Bridge 

The result of the dynamic test is shown in Figure 24 for span 1 while the results for span 

2 are shown in Figure 25 below. 
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Figure 24: Dynamic test result for span 1 

From the results of the dynamic test performed on span 1 of the bridge, it is observed that 

there is one maximum reading point for each sensor, where the truck load is directly 

overhead the strain gages. The results of the test performed using the simply supported 

model match the shape of the experimental results collected from the field.  
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 Figure 25: Dynamic test results of span 2 

Figure 25 shows the results of the dynamic test performed on span 2 of the bridge. It was 

observed that there is one maximum reading point for each sensor, where the truck load is 

directly over the location of the strain transducers. It is also observed that span two (first 
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span of the continuous segment) goes into reverse curvature when the truck load moves 

to span three (second span of the continuous segment) and causes the negative strains in 

span two. This behavior is expected of a continuous bridge under a moving load.  

To validate the bridges, the results of the dynamic test collected from the field were 

compared to the results of similar tests performed using the FE model and the 

comparisons are shown in Figure 24 and Figure 25. The results of the FE models closely 

follow the results of the experimental tests and appropriately capture the behavior of the 

bridge. 

The developed FE model was found to be satisfactory for structural behavior. Along with 

the data collected, this model was used to study shrinkage.
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4.1.2. Garden State Parkway  Interchange 67 

The Garden State Parkway Interchange 67 is an overpass located along the NJ Garden 

State Parkway in Barnegat Township, NJ. It spans a southbound section of the New 

Jersey Turnpike at exit 67 on the parkway. The bridge is a simply supported bridge 

spanning 90 ft. The bridge deck has a thickness of 8.5 in. The figure below shows greater 

detail on the geometry of the bridge. 

 

Figure 26: Elevation view of I-67 

Sensors were installed on the bridge to measure strain over time. The locations of these 

sensors are shown in Figure 27 below and further details are given in Table 4. 
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Figure 27: Sensor location on Interchange-67 Bridge 

Table 4: sensor label details 

Sensor Label Location 

Sensor 2 G10, Midspan, longitudinal, top 

Sensor 3 G10, Midspan, longitudinal, top 

Sensor 4 G10, Midspan, longitudinal, top 

Sensor 6 G10, Midspan, longitudinal, top 

Sensor 7 G10, Midspan, longitudinal, top 

Sensor 10 G10, Midspan, longitudinal, top 

Sensor 12 G10, Midspan, longitudinal, top 

Sensor 14 G10, Midspan, longitudinal, top 
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Samples were also collected during the pouring of the concrete for this bridge to measure 

the compressive strength as well as the free shrinkage. Compressive strength and free 

shrinkage tests were performed on the samples and the results are shown in Table 5 and 

Figure 28 below. 

Table 5: Compressive strength of concrete of I-67 Bridge 

Time Strength (psi) 

0 0 

3 4634 

7 5609 

14 6026 

28 6929 

56 7637 

 

 

Figure 28: Free shrinkage of concrete for I-67 Bridge 
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The FE model for I-67 was validated by comparing the girder strains under a truck load 

to a simulation performed using the FE model. The truck weigh was not measured during 

the testing, therefore the FE model was analyzed using an iterative procedure. The 

comparison of the steels train is shown in the table below. The results were found to be 

satisfactory. 

Table 6: Comparison of steel strain for validation of I-67 FE model 

 Girder 3 Girder 4 Girder 5 

FE model strain 0.000075 0.00006 0.000041 

Field strain 0.000078 0.000066 0.000044 
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4.2. Summary 

This section details the field work performed on full scale bridges and data collected for 

the study of shrinkage under field conditions. This data included concrete strength and 

free shrinkage data. Furthermore, the field bridges were instrumented and validated using 

data collected from the bridges. Results from this section are presented in the finite 

element modelling section and comparisons are made to validate the developed shrinkage 

model. 
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CHAPTER 5 

5. FE MODELLING 

This chapter details the finite element (FE) modelling of the laboratory experiments and 

field testing discussed in the previous chapters. Shrinkage data was incorporated into FE 

models of the samples to simulate the time development of shrinkage. The methodology 

employed in this study was developed by Eldhose (2006) as discussed in the literature 

review section. The FE software used does not come readily programmed to simulate 

concrete shrinkage however it allows the user to create user specified functions known as 

user subroutines which can be tailored to specialized uses as required by the user. A user 

subroutine was used to simulate the shrinkage process and is discussed in greater detail in 

the sections following. The general process of FE modelling of shrinkage in this study 

began with the simulation of shrinkage in the small free shrinkage specimens. The output 

of this analysis was checked against laboratory results. Consequently, the methodology 

was transferred to a larger scale laboratory specimen. In this case, the small slab built in a 

laboratory was modeled and the results were compared with the available laboratory data. 

Finally, the analysis was applied to a model of an existing full scale bridge and compared 

with results collected over time. This process is detailed below beginning with the 

development of the user subroutine used to model concrete shrinkage behavior. 

5.1. Shrinkage modelling 

To perform the finite element analyses and simulate concrete shrinkage, a software 

package known as ABAQUS was used. This software has no function tailored 
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specifically towards modeling concrete shrinkage however it allows for certain functions 

to either be used as-built or to be modified to a user defined function otherwise known as 

a user subroutine. These user subroutines are written in FORTRAN and then linked to 

ABAQUS. Whenever an analysis requiring the use of a defined subroutine is run, 

ABAQUS calls the FORTRAN file and runs the embedded code for every instance where 

the defined subroutine is called.  

To model the effect of shrinkage, a user subroutine known as UEXPAN was used as done 

by Eldhose (2006). This UEXPAN subroutine is the designated user specified function 

used to define a material’s expansion behavior. By default, the material expansion feature 

in ABAQUS functions as a thermal expansion component which calculates thermal strain 

ε as: 

𝛆 =  𝛂𝚫𝐓 

Where, 

ε       = thermal strain 

α       = coefficient of thermal expansion 

ΔT    = change in temperature 

To make use of the default material expansion, the user need only provide the coefficient 

of thermal expansion and temperature changes as input during the modeling process. No 

FORTRAN coding is necessary in this case.  

The shrinkage model was built by modifying the material expansion function to apply a 

negative strain to the modeled specimen equivalent to the concrete free shrinkage 
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laboratory test results over a specified period of time. The test results are written in the 

FORTAN file as an equation which ABAQUS can use to calculate the shrinkage strain at 

a specific point in time and apply the corresponding strain to the finite element model. In 

this analysis, the CEB equation and the ACI equation were both used to model the 

laboratory free shrinkage results in the FORTRAN file. The prediction results from these 

equations were modified to fit laboratory measured free shrinkage results to increase 

accuracy and improve their long term prediction. Consequently, the effect of the user 

subroutine is to create a contraction or ‘shrinkage’ which matches the measured concrete 

shrinkage behavior over time. The free shrinkage strain may also be approximated 

directly from the predictive equations where laboratory tests are unavailable however this 

will directly reflect the accuracy of the chosen equation and affect the final results. The 

models were set to simulate specified time periods during which the strain in the model 

was calculated incrementally by the finite element program.      

5.2. Laboratory free shrinkage prisms 

Details on the laboratory experiments performed on free shrinkage prisms under 

laboratory conditions were discussed in the laboratory setup section. This section 

discusses the results of the FE analysis of the samples and provides a comparison with 

the laboratory measurements.  

5.2.1. Experiment 1 results 

In experiment 1, measurements were taken from a free shrinkage prism under constant 

temperature and humidity as discussed in chapter three. The Figure below shows the 

finite element model of the sample. 
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Figure 29: Finite element model of prism 

The model was created using a course mesh consisting of only 3 elements and was free to 

move in the longitudinal direction. All points in the model had a roller-type boundary 

condition so that they were free to translate in the longitudinal direction. The midpoint 

had a pin-type connection. This point was not free to translate in any direction to avoid 

rigid body motion of the model which would cause errors and early termination of the 

analysis. Additionally, holding the midpoint allowed the model to shrink symmetrically. 

The free shrinkage prism was cured for 14 days during which shrinkage was nearly zero. 

Readings were then collected up to 56 days. Consequently, the finite element model was 

programmed for 56 days during which the shrinkage was delayed until after the first 14 

days.  

The input strain used in the FE model was a best fit of available free shrinkage prediction 

models to the experimental measurements. In this case, the best fit was produced by the 

CEB equation and so the input used in the FE model was the CEB equation calibrated to 

experimentally measured results. 
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Figure 30: Fit of prediction models to laboratory free shrinkage prism data 

The CEB equation produces a better match during the first 2 weeks of measurement 

while the ACI 209 equation underestimates the shrinkage. However, the ACI 209 model 

produced a better match during the last two weeks of measurement. The error of the ACI 

equation exceeded that of the CEB equation overall and so the CEB equation was used. 

Details on the calculated errors are given in the table below. 

Table 7: Comparison of measured results and adapted prediction model for free shrinkage 

prism 

Day 21 28 42 56 Average 

Error 

ACI 

(Error) 

85 

(51) 

145 

(29) 

226 

(0.4) 

278 

(0.7) 

20.27 

CEB 187 229 264 280 8.95 
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(Error) (6.8) (11.7) (17.3) (0) 

LAB FS 175 205 225 280  

 

 From the calculated errors in the table above, it can be seen that the CEB model 

produced a better match in this case with an average error of 8.95 % compared to an error 

of 20.27 for the ACI model. Consequently, the CEB model was used to incorporate 

shrinkage into the finite element model of the shrinkage prism. The figure below shows 

the comparison between the experimentally measured free shrinkage strains, and the 

results from the finite element model. 

   

Figure 31: Comparison of experimental free shrinkage and FE results of prism 

The results showed that the model adequately simulates the shrinkage behavior of the 

prism under unrestrained conditions. The average error between the free shrinkage 

-300

-250

-200

-150

-100

-50

0

50

14 21 28 35 42 49 56 63

St
ra

in
 (

m
ic

ro
st

ra
in

)

Time (days)

EXP

FE el 1

FE el 2

FE el 3



73 

 

 

measurement and the finite element output is about 9%. This error is the same as that 

between the adapted CEB and the true free shrinkage. Therefore the model produces the 

same results as the input. This is reasonable as the sample is free to shrink and therefore 

no significant reduction in shrinkage is expected. Furthermore, this indicates that during 

this analysis, the model introduces no additional error. A more refined model was built 

using C3D8 solid elements as shown in the figure below. 

 

Figure 32: FE solid model of concrete prism 

The shrinkage of the model was uniform and also correlated well with the input data as 

shown in the figure below. There was no observed mesh sensitivity in the results of the 

refined model. 
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Figure 33: Longitudinal strain in FE solid model of concrete prism 

The performance of the model was considered acceptable in capturing the shrinkage 

behavior of the prism and the modelling of other laboratory setups was continued. 
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5.2.2. Experiment 2 results 

In the second setup described in the laboratory experiment section, reinforcement was 

added to test the response of the model when restraint of this nature was applied as 

discussed in the laboratory setup. A more refined model of the free shrinkage prism was 

built using C3D8 brick elements. The reinforcement was modeled as a rebar layer within 

a surface element. The surface element was then embedded into the solid element. The 

FE model is shown in the figure below. 

 

Figure 34: FE model of shrinkage prism using brick elements 

The measured free shrinkage results of the concrete prism with embedded reinforcement 

as well as a control sample with no rebar are shown in the figure below.  
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Figure 35: Shrinkage of prism with reinforcement restraint and control prism 

The samples were initially cured for 14 days using wet burlap. It was observed that no 

shrinkage occurred during this period. Less strain was recorded in the sample with 

reinforcement than the sample without reinforcement as the reinforcement introduces 

restraint to the movement of the sample. Furthermore, as done previously, the input for 

the FE model was derived by adapting a prediction model to the measured data from the 

sample without reinforcement. This data was then applied to the FE model with 

reinforcement. A shrinkage analysis was performed and the comparison between the 

measured data from the sample with rebar and the FE model output is shown in the figure 

below. 
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Figure 36: Comparison of experimental and FE results of prism with reinforcement 

It was observed that the initial measured strain results and the shrinkage input used in the 

FE model did not match completely. However, the result showed a close agreement 

between the measured data and the FE model. This indicates that the model is capable of 

accounting for the presence of reinforcement in the concrete sample as is the case in full 

scale bridge decks. Other data were checked to verify the accuracy of the model. Since 

the section was uncracked, strain compatibility was expected between the concrete and 

the reinforcement. The strain results at the level of the reinforcement were extracted and 

compared in the table below. 

Table 8: Strain compatibility in FE model of concrete prism 

ɛconcrete ɛrebar 

-0.000159 -0.000157 
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The strain in the concrete at the level of the rebar and the strain in the rebar show close 

agreement which indicates that there was strain compatibility in the model.  

Furthermore, the stress in the concrete was observed as shown in the figure below. 

 

The stress in the concrete was approximately zero which is in agreement with a concrete 

sample with little or no restraint. The analysis model was modified to include boundary 

restraints as shown in the figure below.  

 

Figure 37: Restraint applied to FE concrete prism model 

Although no experiment was performed to simulate this case, useful observations were 

made from the results as shown in the figure below.  
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The concrete was modeled to include inelastic behavior and had a strength of 5 ksi. The 

tensile strength used in the FE model was approximately 0.55 ksi. The stress in the 

concrete increases steadily and then the concrete fails. A kink was observed in the plot 

above at approximately .57 ksi indicating a crack in the concrete prism. This agrees with 

the known tensile capacity of the concrete indicating that the model correctly simulates 

the cracking behavior of the concrete.  

The behavior of the model was considered acceptable and the analysis was continued. 
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5.2.3. Experiment 3 results 

Furthermore, free shrinkage samples were cast and stored under varying temperature 

conditions controlled by a heat blanket as discussed in experiment three of the laboratory 

setup section. This was done to study the effect of fluctuating environmental conditions 

as commonly observed in the field and to develop a method by which temperature data 

could be separated from strain data in samples collected under these conditions. The 

temperature under the heat blanket was regulated to 31°C for a period of 8 hours and 

reduced to 17°C for a period of 16 hours intermittently. The results are shown and 

discussed below.  

 

Figure 38: Results of experimental setup 3 

Strain(1) represents the sample which was stored in an environmental chamber while 

strain(5) represents the sample which was stored under a heat blanket with daily 

temperature variation. The result gotten from the strain(1) sample shows a smooth and 
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gradually increasing curve which indicates pure shrinkage. However, the result gotten 

from the strain(5) sample shows a gradually increasing strain curve with daily 

fluctuations. This indicates a combination of shrinkage and temperature strain due to the 

change in temperature between day and night.   

To isolate the shrinkage effect in strain(5), the average of the daily high and low strain 

readings were taken. The results of this is shown in the plot above as strain(5) ave. From 

the plot, it was observed that strain(1) and strain(5) ave show close agreement. This 

indicates that if the average temperature of a sample stored under fluctuating temperature 

conditions is equal to the temperature of a sample stored under constant temperature 

conditions, the average of the strain of the sample under fluctuating conditions should 

equal the strain of the sample stored under constant conditions. It is noted that in this case 

the weighted average temperature of the fluctuating sample is 22°C while the temperature 

of the sample stored under constant conditions is 18°C. Hence, the average curve for 

strain(5) differs slightly from strain(1). This difference in shrinkage under different 

average temperatures also appears to be due to the difference in the average temperature.  

The daily change in shrinkage due to the change in temperature was used to estimate the 

coefficient of thermal expansion for the sample. This value was found to be between 1.8 

to 2.2 °C/microstrain. This value approximately equals the difference between the 

coefficient of thermal expansion of the steel gage and the concrete which are 12.2 and 

10 °C/microstrain respectively. Because the concrete prism is free to move, only the 

difference between the response of the concrete and the response of the steel to 

temperature changes was recorded by the strain gage. This effect was discussed in greater 

detail in the literature review section. When this value is multiplied by the difference in 
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the average temperatures which was 3°C, a difference in strain of 5 to 7 microstrains is 

expected between the 2 lines. The results in figure 6 above indicate this to be the case as 

the average difference between the two curves is approximately 7 microstrains.  

This was also confirmed using the finite element model. The strain(5) curve was derived 

by combining the known applied thermal load and the measured isolated shrinkage data. 

The figure below shows the thermal strain from the finite element model based on the 

applied fluctuating temperature.   

 

Figure 39: FE result of thermal strain 

The thermal strain due to the increase in temperature was found to be 28.8 microstrains. 

This was close to the thermal strain gotten by subtracting the daily minimum strain from 

the daily maximum strain which was found to range from 22 to 26 microstrains. The 
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shrinkage strain was then derived by subtracting the calculated thermal strain from the 

measured strain (5). The plot below shows the result of the shrinkage isolation. 

 

Figure 40: Strain isolation using FE results 

Strain (5sh) is the isolated shrinkage curve derived by subtracting the FE results directly 

from strain (5). The coefficient of thermal expansion was calculated at several points and 

it was observed that this value increased over time. However, only one value of thermal 

coefficient was used in the finite element model for the duration of the analysis. Hence, it 

was observed that the results produced a closer match during the early periods than 

towards the end. The method of taking daily averages proves viable as an approximate 

method in removing the temperature effect.  

The results of laboratory experiment three were also used to investigate the effect of size. 

As discussed in the laboratory setup section, two different sample sizes were cast during 
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the experimental setup. One prism measured 3 in x 3 in x 10 in and is labeled as strain(1) 

in the figure below while the other measured 6 in x 6 in x 20 in and is labeled as strain(3). 

The free shrinkage results under constant conditions are shown in the figure below. 

 

 Figure 41: Laboratory setup 3 showing size effect  

From Figure 41, it was observed that the shrinkage of the strain(1) sample was greater 

than the shrinkage of strain(3) for the time period shown. This indicates that larger 

samples undergo a reduced shrinkage. Furthermore, based on this observation alone, it 

appears that the ultimate shrinkage of the larger sample would be less than that of the 

smaller sample provided that the rate of shrinkage of the two samples remain the same 

over the measured period of time or if the rates of shrinkage slowed down at the same 

pace. The rates of shrinkage of the samples were therefore plotted to further determine 

the behavior of shrinkage of the samples as shown in Figure 42 below.  
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Figure 42: Laboratory 3 setup results showing rate of shrinkage 

The rate of shrinkage for the smaller sample slows down quicker than the rate of 

shrinkage for the larger sample. Therefore although the smaller sample has a larger 

overall shrinkage, the increase in shrinkage slows while the larger sample continues to 

increase. This behavior of the rate of shrinkage indicates that the two samples may 

approach the same value while taking different time frames to do so. In this study, the 

ultimate shrinkage of a concrete sample was taken to be the same independent of sample 

size in agreement with the CEB recommendation. Consequently, the ultimate shrinkage 

derived for smaller samples was used to predict drying shrinkage of larger samples. 

The efficacy of this method was analyzed. The figure below shows the results of the use 

of volume to surface ratio in the CEB model to adapt the shrinkage from a small sample 

to a larger sample using the results of the experimental data from experiment 3.  
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Figure 43: Adaptation of small sample shrinkage to larger sample 

The CEB model was fit to the results gotten from the small sample as shown in the figure 

above. The value of the ultimate shrinkage was taken to be 390 microstrains to match the 

experimental results. Afterwards, while maintaining the same ultimate shrinkage, the 

volume to surface ratio (v/s) of the sample was changed to reflect that of the larger 

sample and the CEB (v/s adjusted) curve was derived and plotted. This was then 

compared to the measured result from the 6 x 6 x 20(s3) sample. The comparison 

indicates that the use of the v/s ratio correctly reflects a reduction in shrinkage due to an 

increase in sample size, even with the same ultimate shrinkage. However, the parameter 

did not produce a reduction commensurate to the measured result from the large sample. 

Additional samples were taken from a paper by Bryant and Vadhanavikkit (1987) to 

further investigate the use of v/s ratio for the adaptation of shrinkage to different sample 

sizes. 
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Figure 44: Investigation of volume to surface ratio 

It was found that the adjustment using v/s ratio produced a closer comparison between 

the prediction and the measured data as the value of shrinkage increased, generally after 

28 days than during the days prior. The average error for all the prediction curves after 

the initial 28 day period was 3%. However, it was noted that the error increased with 

increase in size. The data was adjusted from a sample with a thickness of 3.9 inches 

(100mm) up to a sample with a thickness of 15.7 in (400 mm). The typical thickness of a 

bridge deck is between 7 and 9 inches (200 mm), and the error in this case was found to 

be 11%. It was noted that some variability in the accuracy of the use of v/s ratio to 

extrapolate shrinkage data from small samples to larger samples exists. 

The results of this experimental setup were used to study the effect of changing 

temperature conditions on the behavior of shrinkage in small samples.  The results 
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indicated that taking the average of the maximum and minimum data points 

approximately removed the temperature effect relative to the sample taken under constant 

conditions, provided that the average temperature of the two samples were equal. 

Otherwise, the difference in the average temperature of the two samples must also be 

accounted for and removed by calculating the thermal strain due to the difference in the 

average temperatures and adjusting the data accordingly. Furthermore, the results were 

used to study the effect of varying sizes on the shrinkage of the small samples. It was 

observed that the smaller samples exhibited a higher shrinkage than the larger samples. 

However, the rate of shrinkage of the larger samples reduced slower than that of the 

smaller sample. Hence the ultimate shrinkage for the two samples was assumed to be 

approximately equal and the size effect was accounted for on the rate of shrinkage only.  
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5.2.4. Experiment 4 results 

Finally, free shrinkage samples were cast and stored under external environmental 

conditions as discussed in experiment four of the laboratory setup section. Reinforcement 

bars were also embedded in half of the samples. Control samples were stored in an 

environmental chamber to facilitate comparison. In this setup, the effect of ambient 

conditions and reinforcement were combined to create conditions representative of field 

conditions. The results are shown and discussed below. 

 

Figure 45: Results of experimental setup 4 

The data was plotted from the period after the initial 14 days of curing during which 

shrinkage was minimal. Strain 2 and strain 3 are readings derived from samples stored 

under constant conditions in the environmental chamber. This can be observed in the plot 

above as the readings are steady which indicate that there is no daily temperature 
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fluctuation. Furthermore, strain 2 is derived from the sample containing embedded 

reinforcement while strain 3 is derived from a sample without reinforcement. The reading 

from strain 2 shows a reduced shrinkage compared to the reading from strain 3 due to the 

restraint introduced by the embedded reinforcement. This reconfirms the results from 

laboratory setup 2 whereby reinforcement was embedded into the free shrinkage samples 

and reduced values were measured. Furthermore, it was shown that the FE model was 

capable of accounting for a reduction in shrinkage due to the addition of reinforcement.  

Strain 4 and strain 5 are readings derived from samples stored outdoors under external 

environmental conditions. This was observed in the plot above as the readings from these 

samples showed daily fluctuations indicative of temperature changes. Strain 4 was 

derived from a sample with embedded reinforcement while strain 5 was derived from a 

sample without reinforcement. Consequently, the readings from strain 4 were slightly less 

than strain 5 due to the restrain introduced by the reinforcement. It was observed that the 

reduction in strain due to the addition of reinforcement was more pronounced in the 

samples stored under constant conditions (strain 2 and 3) than in the samples exposed to 

ambient conditions (strain 4 and 5). It could be that the combination of environmental 

effects makes the addition of reinforcement less effective as the embedded rebar also 

responds to the changes in temperature and expands and contracts along with the 

concrete, thereby providing less resistance. 

The temperatures under which the samples were stored are also shown in the figure 

above. The environmental chamber was kept at a constant temperature of 25°C while the 

external temperature ranged between 0°C and 32°C.  The average external temperature 

over the measured time period was 13.3°C however, the variability during this period was 
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large. The procedure presented earlier for the removal of the temperature effect in the 

section on experiment three was once again applied to the results and is shown in the 

figure below.   

  

As discussed previously, the daily temperature fluctuation was first removed by taking 

the average of the daily maximum and minimum strain readings. This produced the curve 

labeled strain 5 ave. Moreover, the average temperature for each day still differed from 

the temperature at which the control samples were stored. This difference was observed 

in the plot as the strain 5 ave curve still differed significantly from the strain 3 curve. 

Therefore the average curve needed to be adjusted for this difference in average 

temperatures. The thermal strain due to the difference in temperature between the lab 

samples and the daily average temperature of the samples stored outdoors was derived 

and is shown in the figure below. 
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Figure 46: Thermal strain due to temperature difference in experiment 4 

The coefficient of thermal expansion was taken as 2 °C/microstrain as the difference 

between the concrete and steel coefficients of thermal expansion. This thermal strain was 

then subtracted from the strain 5 ave curve to produce the strain 5(sh). Strain 5(sh) is the 

final result gotten after the temperature removal procedure was performed. The strain 

5(sh) curve closely matches the result of the control sample stored under constant 

conditions. 

The findings from the laboratory setup using small free shrinkage prisms were considered 

satisfactory. The procedure was transferred to a larger sample and is discussed in the 

following sections.
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5.3. Laboratory slab experiment 

As discussed in the laboratory setup section, data from experimental testing performed on 

a larger sample as documented by Frosch et. al (2006) in a controlled laboratory 

environment was collected. The sample was a scaled section of a bridge deck. This 

section discusses the results of the FE analysis of the sample. 

The FE model was built using C3D8 brick elements for the slab. The slab was divided 

into three layers to derive more refined results. The girders were modeled using B32 

beam elements.  Connections were made using beam type Multi Point Constraints (MPC) 

to simulate full composite behavior between the concrete slab and steel beams. 

Reinforcement was applied as rebar layers within embedded surface elements. Since the 

slab contained four layers of reinforcement, four layers of embedded surfaces were 

included in the model to represent each reinforcement layer. The FE model is shown in 

Figure 47. 

 

Figure 47: Finite element model of laboratory slab 

The analysis was ran for a period of 21 days. However, the specimen was cured for four 

days, during which the shrinkage was taken to be zero as observed in the small free 
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shrinkage samples. The slab had a pin-roller boundary condition for the girders. The 

locations at which results were compared are shown in the figure below. 

  

Figure 48: Corresponding sensor locations on a) experimental slab (Frosch, 2006) and b) 

FE model 

There were a total of three functioning sensors in the slab. One sensor was installed in the 

center of the slab on the bottom rebar. The other two sensors were installed at 30.5 in 

north from the center as indicated in the Figure 48a above on the left, with one on the top 

rebar and another on the bottom rebar. The top reinforcement was a distance of 2.5 in 

from the top of the slab while the bottom reinforcement was a distance of 1 in from the 

bottom of the slab. The measured reinforcement strain results were compared to those 

from the finite element model and are shown in the charts below for each of the three 

measured locations.  

a) b) 
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Figure 49: Comparison of experimental and FE results at bottom midspan 

 

 

Figure 50: Comparison of experimental and FE results at top 30.5 in 
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Figure 51: Comparison of experimental and FE results at bottom 30.5 in 

The results for the locations at the bottom sensor at midspan and the top sensor at 30.5 in 

give reasonable results. The average error for each location respectively is 1% and 5.7%. 

However, it was observed that the result for the bottom location at 30.5 in did not agree 

as closely.   

The above analysis was performed to verify the validity of the developed shrinkage 

model in a larger scale model which presented more challenges than the previously 

analyzed small scale model. The results showed that the shrinkage model produced 

similar behavior to the experimental results. 

Although no results were measured in which the slab deck was restrained externally by 

elements such as abutments, a FE analyses was run with this case to observe the cracking 

behavior of the deck. The strain input in the model was increased to facilitate cracking as 

shown in the figure below. 
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Figure 52: Strain input in laboratory slab specimen for cracking 

The strain was increased to reach a value of 200 microstrains at about 20 days. The 

concrete strength was 5.8 ksi and the tensile strength was 0.531 ksi which was measured 

from a tensile splitting test performed on a small specimen of the concrete used. This 

value was gotten at 21 days and used as a conservative value for the 28 day tensile 

strength of the concrete. The modulus of elasticity was measured as 3550 ksi. 

Consequently, the cracking strain was calculated to be approximately 150 µɛ. The 

boundary conditions on the slab specimen were modified in the model to prevent motion 

of the slab in the direction of the applied shrinkage. The results from the analysis are 

shown in the figure below. 
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Figure 53: Strain output of restrained laboratory slab specimen 

It was observed that the concrete cracked when the stress reached the maximum tensile 

capacity. This occurred after a period of 18 days when the applied strain was 155 

microstrains. This value corresponds closely with the calculated cracking strain of 150 

µɛ.  

The model was considered to be capable of simulating restrained behavior and the 

analyses was transferred to the full scale models bridge model sunder field conditions. 
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5.4. Bridge database  

This section discusses the results of the FE analysis of the bridges in the database 

discussed in the section titled field setup. 

5.4.1. Patcong Creek Bridge 

A FE model of the Patcong Creek Bridge was developed to perform a shrinkage analysis 

using the free shrinkage data measured from a standard free shrinkage mold. The process 

of adapting the data measured from a small sample for use in this larger sample is 

detailed in this section. Consequently, a comparison is made between the experimentally 

measured data and the results of the FE analysis. The finite element models for the 

segments of the bridge are shown below in Figure 54. 

 

 

Figure 54: Finite element model of Patcong Creek Bridge (a) simply supported span (b) 3 

span continuous 

a)

b)
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The model consists of solid C3D8 elements used for the concrete slab and B32 beam 

elements used for the girders. The slab is connected to the girder using beam type multi 

point constraints (MPC) which restrain the movement of the slab to the girders. Pin-roller 

boundary conditions are applied to the girders.  

The input data to be used for the shrinkage analysis of the bridge was derived from 

smaller free shrinkage prism samples cast from the same batch of concrete. These 

samples were stored under constant temperature and pressure. These results were adapted 

for size and relative humidity before they were used in the FE analysis. This process is 

detailed in the sections following. 

5.4.1.1. Free shrinkage data adaptation 

The free shrinkage of a prism sample taken from the same concrete batch as a full scale 

bridge in the field was measured. The prism was cured for 14 days during which the 

sample swelled. Shrinkage was taken to begin at the end of curing. To adapt the CEB 

curve to the experimental measurements, a more accurate value for the ultimate shrinkage 

of the sample was derived from the experimental measurements. The CEB code suggests 

using a value of 480 microstrains if experimental data is unavailable, however, better 

results were achieved when the CEB equation was calibrated to measured data. 

The ultimate shrinkage used in the shrinkage analysis was derived from the measured 

free shrinkage. This also eliminated the need for material correction factors since the 

shrinkage prism and the larger samples were gotten from the same batch and therefore 

had the same material composition. Hence, the material effects were the same and were 

already included in the experimental measurements.  
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The rate of shrinkage was plotted against the shrinkage as done by Hobbs and Mears 

(1971). Over time, the rate of shrinkage slowed down until it reached the point of 

ultimate shrinkage. Theoretically, at this point the rate of shrinkage was assumed to be 

zero.  

 

Figure 55: Derivation of ultimate shrinkage for PCB span 1 

The linear portion of the curve is extrapolated to give the ultimate shrinkage. However, 

only 2 points were measured during which the period in which the rate of shrinkage 

began to decrease. These points give different trends for the ultimate shrinkage as shown 

in the figure above. An average value was taken between the two points and a value of 

250 microstrains was used as the ultimate shrinkage for the sample. Using this derived 

value, the CEB prediction model was calibrated to the data for the collected sample. The 

original data and the CEB curve are shown in the figure below. 
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Figure 56: Free shrinkage and CEB calibration for PCB span 1 

Afterwards, the effect of relative humidity was taken into account. Weather records for 

the applicable period were collected for the full scale bridge. It was observed from the 

plot that the ambient and sensor temperatures followed a seasonal trend.  
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Figure 57: Temperature and relative humidity for Patcong Creek Bridge 

Sensor temperatures did not differ significantly from one VWSG to another. Hence the 

average of all the sensor temperatures was plotted in the figure as the temperature inside 

the concrete. The daily average ambient temperature and relative humidity were also 

plotted in the figure. The sensor temperature closely followed the ambient temperature. 

The average sensor temperature was 23.8°C (74.8°F). The average sensor temperature 

over the six month period was less reliable due to multiple periods of data loss indicated 

by the broken line in the plot above.  The average relative humidity was 71.1%. 
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The free shrinkage samples were stored at a relative humidity of 50% as mentioned 

previously. The data was then adjusted for relative humidity using multipliers specified 

by the CEB model. The CEB equation provides an adjustment to the predicted notional 

(ultimate) shrinkage based on relative humidity. The code considers the effect of relative 

humidity on shrinkage development with time to be negligible between 50 and 75%. 

Therefore, the effect of relative humidity on time development was disregarded since 

both the small sample and the full scale bridge fell within this range. The average relative 

humidity in the field was taken to be 70%. The relative humidity factor βrh was 

calculated at 50% and at 70%, and the difference was applied to the predicted free 

shrinkage strains. This was done because the effect of the 50% humidity was already 

included in the measured results and so only the difference was further accounted for. 

Table 9: Relative humidity multiplier 

Relative Humidity βrh (h) 

50 1.356 

70 1.018 

 

An increase in relative humidity from 50% to 70% reduced the notional shrinkage 

by .338 based on the CEB equation. Consequently, the ultimate shrinkage for the full 

scale bridge was reduced from 250µε to 188µε. 

Finally, the free shrinkage data was modified for sample size to that of the full scale 

bridge. As previously discussed, the CEB code does not account for the effect of sample 

size on the ultimate shrinkage of a sample. The rate of shrinkage was adapted using the 
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CEB equation by modifying the volume to surface ratio (v/s) to that of a full scale bridge. 

The initial v/s ratio for the prism was calculated to be 0.652 while that of a full scale 

bridge was found to be 9 assuming that the bridge lost moisture primarily from the 

exposed top surface. This effectively altered the shape of the FS curve and the results are 

shown in the figure below. 

 

Figure 58: Adjusted free shrinkage curve for full scale bridge  

This new curve was taken to be the effective free shrinkage curve for the full scale 

bridge. This new curve was then used to perform a shrinkage analyses on the full scale 

bridge using the developed finite element model. 
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This was achieved using the same averaging process used on the laboratory free 

shrinkage prism experiments performed under fluctuating temperature, as discussed in an 

earlier section. Readings from a sensor installed on PCB span 1 as well as temperature 

and relative humidity data are shown in the figure below, prior to any adjustments. 

 

Figure 59: Unfiltered strain data for PCB sensor ASL1 
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temperature. A seasonal trend was also observed caused by cyclical changes in average 

temperature with the change in seasons. These are highlighted in the figure above. 

As performed in the smaller samples discussed previously, daily temperature effects were 

removed by averaging the daily peak and valley strain readings. The table below shows 

this procedure for a period spanning one week.  

Table 10: Average daily strain 

Date 
E 

(Peak) 

E 

(Valley) 

E 

(average) 

5/16/2012 -84.8 -55.4 -70.1 

5/17/2012 -88.2 -55.4 -69.9 

5/18/2012 -91.3 -49.2 -70.2 

5/19/2012 -88.4 -47.5 -67.9 

5/20/2012 -75.7 -58.2 -66.9 

5/21/2012 -72.7 -60.9 -66.8 

5/22/2012 -74.1 -58.7 -66.4 

 

A plot of this data in the figure below shows that taking the average of the daily peak and 

valley strain values produced a smooth curve. This indicates that the daily effect of 

temperature had been removed from the readings.  
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Figure 60: Removal of daily temperature effect from PCB span 1 

The plot of the daily average curve was extended to a one year period as shown in Figure 

61 below. From this plot, it was observed that the curve still followed a seasonal trend. 

This was because the average daily temperature for the bridge under field conditions still 
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Figure 61: Seasonal variation of strain in PCB span 1 

This seasonal effect was quantified by taking the average of the seasonal peak and valley 

strain readings. This was found to be 105 µε and 75 µε respectively. The difference in 

these values is 30 µε which indicates a seasonal temperature variation of ±15 µε from the 

average value during peak and valley months. The peak and valley strain readings were 

modified by 15 µε respectively to 90 µε. These values were then used as markers from 

which a new approximate curve for shrinkage was plotted. The approximate shrinkage 

curve makes use of five points as detailed in the table below. 
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number 

1 First  data point recorded 0 

2 Data point at end of heat of hydration reaction  

(~2 days) 

-50 

3 Adjusted peak data point -90 

4 Midpoint of adjusted points -90 

5 Adjusted valley data point -90 

 

Using this procedure, a new plot was derived for the isolated shrinkage strain as shown in 

Figure 62 below. The new strain plot serves as a guideline for the isolated shrinkage over 

time. It was observed that the current adaptation appears flat. Shrinkage is expected to 

increase over time although this process occurs very gradually due to the large size of the 

specimen and the increased average relative humidity. Furthermore, the number of data 

points collected after the initial one year period was reduced significantly. As a result, the 

valley data points were excluded during collection which compounded the difficulty of 

observing the downward trend.  
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Figure 62: Typical strain reading showing isolated shrinkage effect 

The filtered strain data shows a rapid rise in shrinkage within the first few months after 

which the shrinkage effect becomes more gradual. Hereafter, the isolated shrinkage strain 

data was then used for comparison with the analysis data.  
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shrinkage component of the strain. Comparisons between the filtered experimental strain 

data and the FE analysis results are shown in the figures below. A total of five VWSGs 

were installed on span 1 in the longitudinal direction to capture transverse strains 

however data for the last sensor was corrupted and unused. 

 

Figure 63: Comparison of PCB sensor ASL1 
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Figure 64: Comparison of PCB sensor ASL2 

 

Figure 65: Comparison of PCB sensor ASL3 
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Figure 66: Comparison of PCB sensor ASL4 
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comparison showed better correlation between the measured results and the FE analysis 

during the earlier time period. However, as the time increased, the results gradually 

deviated. This is because the FE input makes use of extrapolated data which reduces in 

accuracy the further the data is extrapolated. Furthermore, shrinkage in the measured 

results slowed down significantly within the first three to six months after pouring. 

Conversely, the FE results continue to increase albeit at a more gradual rate, as 

determined by the prediction model based on a smaller sample.  
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The comparison for sensor ASL3 produced a less satisfactory match. This was due to a 

jump in the unfiltered measured strain which occurred after a period where data was lost. 

This jump caused a larger strain average to be derived during the data filtering process. It 

is likely that the sensor or the connection for this sensor was affected and the result 

therefore, altered. ASL4 is the sensor located at the bottom of the concrete deck. This 

location takes the longest to feel the effect of shrinkage due to the shrinkage gradient and 

loses moisture much slower than sections closer to the top of the deck. It is also located 

directly above a girder which makes this region stiffer. As a result, the recorded 

shrinkage for this location was low and showed a relatively flat trend.  

The analysis procedure detailed above was also performed for the three span continuous 

segment of the Patcong Creek Bridge. Two sections of concrete were poured separately 

as previously described. The ultimate shrinkage based on measurements taken from the 

segments was found to be 260 and 230 microstrains. The comparison is shown in the 

figures below. 
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Figure 67: Comparison of PCB sensor BSL1 

 

Figure 68: Comparison of PCB sensor BSL2 
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Figure 69: Comparison of PCB sensor BSL3 
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Figure 70: Comparison of PCB sensor BSL4 

A correlation can be observed between the FE results and the filtered measured data. The 

comparison also produced better results earlier on and deviated as time increased due to 

the absence of longer term input data. The measured results stabilized within the first four 

months and showed a slower rate of shrinkage then the FE results. 
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5.4.2. Garden State Parkway Interchange 67 

A FE model of the Garden State Parkway Interchange 67 was used to perform a 

shrinkage analysis using the free shrinkage data measured from a standard free shrinkage 

mold. The finite element model of the bridge is shown in the figure below.  

 

Figure 71: FE model of GSP I-67 

This model consists of two layers of C3D8 solid elements used for the concrete slab and 

B32 beam elements used for the stringers. Reinforcement was embedded in surface 

elements. The slab was connected to the girder using beam type multi point constraints 

(MPC) which restrain the movement of the slab to the girders. Pin-roller boundary 

conditions were applied to the girders. The procedure outlined in the earlier section for 

the preparation of input data for use in the shrinkage analysis was also performed for this 

bridge. The ultimate shrinkage of the small sample was found to be 454 microstrains. The 

temperature and relative humidity under field conditions at the location of the bridge are 

shown in the figure below. 
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Figure 72: Temperature and relative humidity for Garden State Parkway Interchange 67 

 

The strain data collected for the bridge was also filtered to isolate the shrinkage 

component following the procedure outlined above. A comparison was made between the 

measured data and the finite element model analysis results and is discussed in the next 

section. 
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5.4.2.1. Data comparison 

The same procedure used in the previous sections was repeated for this bridge to facilitate 

the shrinkage analysis. Comparisons between the filtered experimental strain data and the 

FE analysis results are shown in the figures below. 

 

Figure 73: Comparison of GSP I-67 Sensor 2 
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Figure 74: Comparison of GSP I-67 Sensor 4 

 

Figure 75: Comparison of GSP I-67 Sensor 7 
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Figure 76: Comparison of GSP I-67 Sensor 10 

 

Figure 77: Comparison of GSP I-67 Sensor 12 
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Figure 78: Comparison of GSP I-67 Sensor 14 

The comparison between the measured and the FE results produced a reasonable match. 

From the plots above, the measured shrinkage steadied within the first month. The 

available data for the GSP I-67 bridge consisted of a three month time period spanning 

April to July. As discussed previously, this time period excluded the coldest and hottest 

months of the year which affected the performance of the averaging method since the 

seasonal high and low are unknown.  However, the majority of the time period during 

which data was collected occurred during months with more moderate temperatures and 

as such, the seasonal temperature effect was minimized. The data from sensor 14 showed 

the greatest disparity as there was a slight dip in the data which caused the averaging 

process to reflect a greater value. In the absence of longer term data, such anomalies in 

the data have a greater effect on the filtered results.  
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5.5. Summary 

The incorporation of shrinkage analysis into FE modelling described in the chapter 

produced acceptable results although some limitations were observed. The comparison 

between field and FE results showed greater agreement during the first months and 

gradually deviated afterwards. This indicates that the accuracy of extrapolation of short 

term data is limited and the further the data is extrapolated, the less accurate the results. 

Additionally, results based on measured data from small samples were observed to 

continue increasing after the measured data from larger samples had otherwise stabilized. 

Since larger samples undergo shrinkage slower than smaller samples, it is expected that 

data adapted from smaller samples would exhibit an increasing trend beyond data 

measured from a larger sample. Furthermore, longer measurement periods enabled the 

removal of thermal strain better than shorter measurement periods as the seasonal effect 

in short time periods was more difficult to observe. 
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CHAPTER 6 

6. PARAMETRIC ANALYSIS 

A parametric analysis was performed using the models previously developed to observe 

the impact of design variables on the shrinkage behavior of the modeled bridges. During 

the development of a bridge, designers have greatest impact on the design factors rather 

than the environmental conditions or construction factors. Therefore, a greater 

understanding of these design factors in relation to concrete shrinkage can improve the 

impact of shrinkage strain on a bridge from a design perspective. The developed 

shrinkage models were used to make relative comparisons between several design factors 

and the impact was observed and discussed in greater detail in the sections following. All 

models made use of 4000 psi concrete which is a common design strength for concrete 

bridge decks. The associated tensile strength was taken as 0.08 to 0.09 of the concrete 

compressive strength. This gave a tensile strength between 320 and 360 psi. 

 

6.1. Variables 

Previous studies have been performed to determine which variables affect the shrinkage 

behavior of a bridge therefore no new analysis was performed towards this end. 

Additionally, variables were chosen such that designers have control over the decision 

making during the design process. The variables chosen for use in the parametric study 

such are reinforcement, boundary conditions and deck thickness.  
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6.2. Influence of reinforcement  

The reinforcement of the developed bridge models was varied to study its impact. The 

bridges were designed with #5 rebars spaced at 12 in. The spacing of the rebars was held 

constant. The results are compiled in the plots below for the available bridge models. A 

high shrinkage strain was applied to the models to encourage cracking so that the 

behavior under this condition could be observed. 

6.2.1.  Reinforcement size 

The stress and strain in the concrete for the change in reinforcement size are shown in the 

plots below. 

 

Figure 79: Stress in PCB simply supported span reinforcement analysis 

The plot above shows the stress in the PCB simply supported span. The stress results 

above indicate that the concrete cracks when the tensile capacity is reached. This 

occurred at a tensile strength of approximately 306 microstrains. All the analysis cases 

0

50

100

150

200

250

300

350

0 50 100 150 200 250

St
re

ss
 (

p
si

)

Time (days)

#4 #5 #6 #8



128 

 

 

cracked at this capacity regardless of the rebar size, indicating that cracking in concrete is 

mainly a result of the concrete stress and the concrete tensile capacity. However, the post 

cracking behavior differed between the bridges. The #4 rebar provided little resistance 

after cracking and the tensile capacity of the bridge deck reduced greatly. The #8 rebar 

provided the greatest post cracking resistance. 

 

Figure 80: Strain in PCB simply supported span reinforcement analysis 

The strain in the concrete reflects the results of the stress shown in the plot above. Upon 

cracking, the bridge deck with the #4 rebar experienced a very high strain as the cracks 

continued to open. This reinforcement performed less satisfactorily than the #5, #6 and 

#8 rebars to control the crack after cracking began.  

The result of the influence of reinforcement on the continuous span are shown in the 

figure below. 
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Figure 81: Stress in PCB continuous span reinforcement analysis 

The concrete cracked at a tensile stress of 316 microstrains. Again, the larger rebars 

provided better resistance after cracking than the smaller rebars. This agrees with the 

results derived above for the simply supported span. 

 

Figure 82: Strain in PCB continuous span reinforcement analysis 
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The strain in the continuous span also indicated that larger rebars provided a better 

response after the concrete undergoes cracking.  

The results for the Garden State Parkway Interchange 67 are shown in the plots below. 

 

Figure 83: Stress in GSP I67 reinforcement analysis 

 

Figure 84: Strain in GSP I67 reinforcement analysis 
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The behavior of the reinforcement in the GSP I67 Bridge mirrored the behavior of the 

Patcong Creek Bridge. The use of a #4 rebar showed continued material failure after the 

concrete exceeded its tensile capacity. Larger rebars however provided some post 

cracking resistance. The increasing strain in the concrete deck was due to a widening of 

the cracks in the concrete deck as the tensile strain continued to increase even after initial 

cracking. Larger rebars also provided a greater resistance to the growth of cracks. 

6.3. Influence of boundary conditions 

The boundary conditions of the developed bridge models were varied to study its impact. 

The results were compiled in the plots below for the available bridge models. The 

influence of boundary conditions on the simply support PCB span is shown in the plot 

below. 

 

Figure 85: Stress in PCB simply supported span boundary condition analysis 
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The behavior of the bridge deck was similar when the ends were pinned and when a pin-

roller connection was used. Greater stress was observed in the model when the deck was 

fixed as a fixed boundary condition resists strain more than a pinned or roller boundary 

condition. The concrete deck withstood a greater stress when the ends were fixed before a 

reduction in capacity occurred. 

 

Figure 86: Strain in PCB simply supported span boundary condition analysis 

The strain results also showed that the behavior of a pinned end and a rollered end were 

similar. However, the when the end was fixed, the shrinkage strain was significantly 

reduced as the bridge was not free to move as freely. The results for the continuous span 
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Figure 87:  Stress in PCB continuous span boundary condition analysis 

In the case of the continuous span, the difference in the use of a pinned boundary 

condition over a rollered boundary condition was also less distinguishable. The strain 

results given in the figure below also indicated that the difference in the use of a pin 

connection over a rollered connection was marginal. This effect was not influenced by 
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Figure 88: Strain in PCB continuous span boundary condition analysis 

The results of the change in boundary condition for the GSP I67 Bridge are shown in the 

plots below. 

 

Figure 89: Stress in GSP I67 span boundary condition analysis 
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Figure 90: Strain in GSP I67 span boundary condition analysis 

The results of the stress and strain in GSP I67 indicated that the fixed end analysis 

terminated early which can be attributed to excessive cracking. However, there was no 

significant difference observed in this case due to a change in boundary conditions.  
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Figure 91: Stress in PCB simply supported span deck thickness analysis 

In the PCB simply supported span, no significant differences in the stress were observed 

when the thickness of the deck was altered during the parametric analysis.  

 

Figure 92: Strain in PCB simply supported span deck thickness analysis 
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From the strain results, it was observed that a reduction in the deck thickness showed a 

reduced shrinkage strain, however an increase in the thickness of the deck indicated an 

increase in shrinkage strain. The results for the PCB continuous span are continued 

below. 

 

Figure 93: Stress in PCB continuous span deck thickness analysis 
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Figure 94: Strain in PCB continuous span deck thickness analysis 

The results of the continuous span did not show a significant difference in the stress or 

strain in response to the change in the thickness of the deck. The results for the influence 

of deck thickness on the GSP I67 Bridge are shown in the figures below. 

 

Figure 95: Stress in GSP I67 span boundary condition analysis 
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Figure 96: Strain in GSP I67 span boundary condition analysis 

Similar to the behavior of the PCB, the stress and strain in the GSP I-67 Bridge showed 

no significant response to the change in deck thickness.  
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From the results above, the plots for reinforcement size from PCB and GSP I67 all 

indicated that less reinforcement produced greater strain and more reinforcement 

produced less strain. The #4 rebar provided insufficient resistance after the onset of 

cracking. The amount of reinforcement in the bridge deck did not affect the stress at 

which the concrete cracked but influenced the post cracking behavior. The response of a 

simply supported bridge to shrinkage strains did not differ significantly from a bridge 

with pinned supports on both ends. However, a bridge which was fixed on one end 

showed greater resistance to shrinkage strain due to an increase in stiffness. Finally, the 

reduction in deck thickness did not produce any significant effect on the stress or the 

strain of the concrete. 

The findings from the parametric analysis were used to discuss the guidelines provided 

by the code for the control of shrinkage cracking in the following section. 
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6.5. Code impact 

The analysis above indicated that the use of reinforcement was the most effective way to deal 

with shrinkage cracking in concrete bridge decks. The stipulations from the code were revisited 

to compare the guidelines on shrinkage with the performance of the parametric analysis of the 

full scale bridges. 

As discussed previously, the code provides two methods for the design of bridge decks which 

are, the empirical and traditional method.  

The empirical method in the AASHTO LRFD code specified a minimum of 0.27 in
2
/ft of 

reinforcement in each bottom layer of steel and 0.18 in
2
/ft of reinforcement in the top layer. A 

maximum spacing of 18 in was also specified. The commentary on the code states that 0.27 in
2
/ft 

corresponds to 0.3 % reinforcement ratio for a deck with a thickness of 7.5 in. This value was 

specified for the purposes of better crack control since a 0.2 % reinforcement ratio was seen to be 

sufficient to satisfy strength requirements. Furthermore, a reduced amount of reinforcement of 

0.18 in
2
/ft is specified in the top layer to prevent spalling of the concrete caused by corrosion of 

the rebar. It is of note that shrinkage in bridge decks is higher at the exposed surface of the deck 

than at the bottom surface bounded by a deck pan. No specific layer of reinforcement was 

designated as shrinkage reinforcement.  

The traditional method provides four layers of rebar provided that the slab meets certain design 

requirements. Specifications for the design of the top transverse and longitudinal as well as the 

bottom longitudinal reinforcement are outlined in the code. However, the top longitudinal 

reinforcement is designed as temperature and shrinkage reinforcement as specified in section 
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5.10.8 of the AASHTO LRFD code (AASHTO, 2010) since no other specific reference is made 

for the design of top distribution reinforcement. 

The guidelines from the code are shown in the table below. Furthermore, the minimum 

requirements for the Patcong Creek Bridge and the Garden State Parkway Interchange 67 based 

on these guidelines are shown in the table as well. 

Table 12: AASHTO code reinforcement requirements for selected bridges 

 Required reinforcement 

per face per direction 

(in
2
/ft  ) 

PCB  GSP I67 

Empirical method 

(AASHTO 9.7.2.5) 

0.18  top layer (0.2% 

reinforcement ratio) 

 

0.27 bottom layer (0.3% 

reinforcement ratio) 

0.18 (0.216) 

 

 

0.27 (0.324) 

0.18 (0.204) 

 

 

0.27 (0.306) 

Traditional method 

(AASHTO 9.7.3.2/5.10.8) 𝐴𝑠  ≥  
1.30𝑏ℎ

2(𝑏 + ℎ )𝑓𝑦
 

 

0.11 ≤  𝐴𝑠  ≤ 0.60 

0.0557 

 

 

0.11 

0.0539 

 

 

0.11 

As built  0.31 0.31 

 

As mentioned in the literature review section, transverse shrinkage cracking is the most 

prominent type of cracking in bridge decks as documented by reports over the years. As such, 

this was the focus of this study. Furthermore, shrinkage is more severe at the top surface of a 

bridge deck than at the lower surface where the concrete is less exposed. It follows that the top 

longitudinal reinforcement is the primary reinforcement responsible for the control of shrinkage 

cracks in the bridge decks. 

In the table above, the minimum reinforcement for the Patcong Creek Bridge and the Garden 

State Parkway Interchange 67 Bridge derived based on the guidelines given in code are 
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calculated and compared with the actual reinforcement used in the bridge as designed. Both 

bridges make use of #5 rebars spaced at 12 in for the temperature and shrinkage reinforcement to 

give a reinforcement ratio of 0.287 % and 0.304 % respectively. These values are greater than 

the 0.2% reinforcement minimum specified for the top layer of reinforcement. However, the 

reinforcement ratio for the Patcong Creek Bridge is less than the 0.3% which the code states is 

preferable for improved crack control. Both bridges have greater reinforcement than the values 

specified by the shrinkage and temperature reinforcement requirements used in the traditional 

method. In the case of the PCB, The empirical method is more conservative than the design and 

while for the GSP I67, it is less conservative. This difference in the outcome is due to the 

difference in the thicknesses of the bridge decks. The empirical method is also more conservative 

than the traditional method in the specification of top longitudinal reinforcement to mitigate the 

effect of transverse shrinkage cracking. 

The parametric analysis indicates that satisfactory post cracking behavior is better achieved with 

a reinforcement of 0.31 in
2
/ft in the bridges used above, with an average reinforcement ratio of 

0.296 %. This value is close to the minimum values specified by the empirical method using a 

guideline of 0.3 %. However, this value differs significantly from the minimum for the 

traditional method which at 0.11 in
2
/ft would give an average reinforcement ratio of 0.105 %. 

According to the parametric analysis performed above, a reinforcement amount producing less 

than satisfactory post cracking behavior could be chosen based on the minimum guidelines given 

by shrinkage and temperature reinforcement guidelines used in the traditional method.    

Furthermore, when the equation given by the shrinkage and temperature requirement is used in 

the traditional method for a 12 in width of bridge deck, a thickness of at least 66 in is required to 

meet the minimum reinforcement of 0.11 in
2
/ft. This thickness value is unlikely with regards to 
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bridge deck design and the chosen design value would simply default to the minimum of 0.11 

in
2
/ft. This again indicates that the use of the temperature and shrinkage guidelines when using 

the traditional method falls short in ensuring adequate post cracking behavior.  
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6.6. Discussion 

In this section, a parametric analysis was performed to see the effect of various design 

parameters on the performance of the concrete deck of several bridges under restrained 

conditions. The post cracking behavior was compared as the design parameters were 

varied. It was observed that the post cracking behavior of the bridge decks responded 

most significantly to the change in reinforcement. This is also the parameter used by the 

code to address shrinkage and temperature cracking. It was observed that higher 

reinforcement sizes provided better post cracking resistance than smaller bars, especially 

when a #4 rebar was used.  Furthermore, the temperature and shrinkage reinforcement 

requirements given by the AASHTO code were discussed.  

It was found that the empirical method provided guidelines that encouraged better post 

cracking performance of bridge decks based on the results of the parametric analysis. 

However, the code stipulates a reduced reinforcement ratio for the top reinforcement 

layer of the deck than the bottom layer of the deck, whereas shrinkage stresses are higher 

at the top of the deck than at the bottom of the deck. It was noted that the code does this 

to prevent spalling of concrete at the top layer of the deck. Further analysis is needed to 

optimize the reinforcement in the top layer of the deck between optimal resistance to 

shrinkage strains after cracking and prevention of spalling of concrete to prevent 

reinforcement corrosion.   

The guidelines for temperature and shrinkage used in the traditional method allowed for 

very low reinforcement ratios, which could cause have less than satisfactory post 

cracking behavior, to be used. Additionally, bridge decks designed today typically have a 
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thickness between 7 in and 9 in. However, the equation given by the AASHTO code for 

temperature and shrinkage reinforcement consistently produces a reinforcement ratio 

below the stipulated minimum of 0.11 in
2
/ft. This makes the equation given by the code 

impractical for use in bridge decks as the minimum reinforcement chosen by the designer 

will always default to the minimum value. This minimum value of 0.11 in
2
/ft would not 

encourage good post cracking resistance based on the results of the parametric analysis. It 

is recommended that this minimum reinforcement ratio be increased.    
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CHAPTER VII 

7. SUMMARY AND CONCLUSIONS 

7.1. Summary 

In this study, shrinkage under restrained conditions and field conditions was 

investigated. Laboratory experiments were performed and information was gathered on 

small prism samples, a scaled down slab section and full scale bridges under field 

conditions. Finite element models for the experiments were developed and the models 

were validated using measured data. Shrinkage analyses were also performed using the 

developed models. A comparison was made between the measured data from the 

laboratory experiments and the finite element model results.  Finally, a parametric 

analysis was performed on the full scale bridge models to observe the shrinkage response 

of the bridges to changes in variables. These variables included reinforcement size, 

boundary conditions and deck thickness. From this analysis, observations were made to 

aid in the understanding of shrinkage under field conditions.   Finally, the results were 

compared to the AASHTO LRFD guidelines on reinforcement in bridge decks as relates 

to shrinkage. Key findings from the study are itemized below.  

7.2. Findings 

(1) The use of short term data from small samples to predict long term field behavior 

is limited in accuracy and the further out data is extrapolated, the less accurate the 

results.   
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(2)  Shrinkage in larger samples stabilizes significantly quicker than smaller samples 

from the same concrete. Shrinkage in the field samples was found to have slowed 

down significantly within the first two months of data collection. Subsequent 

increases in shrinkage also occur at a much slower pace than smaller samples.  

(3) The use of volume to surface ratios to estimate the shrinkage of larger samples 

based on smaller samples accurately predicts a reduction in shrinkage strain. 

However, the modification is less accurate as the size of the sample being 

predicted increases.  

(4) There is a significant reduction due to size in the shrinkage of a full scale bridge 

deck. Strains due to shrinkage alone are unlikely to cause cracking in bridge 

decks. However, when combined with strain due to thermal and live loading, 

cracks are likely to occur.  

(5) There is a significant strain due to the hydration reaction within the first few days 

of the pouring of the concrete locked into the bridge deck.  

(6) It was observed that the reduction in strain due to the addition of reinforcement 

was more pronounced in the samples stored under constant conditions than in the 

samples exposed to ambient conditions possibly due to expansion and contraction 

of reinforcement.   

(7) The average of the strain of a sample stored under fluctuating temperature 

conditions is comparable to the strain of a sample stored under constant 

temperature conditions, provided that the average temperature under fluctuating 

conditions equals the temperature under constant conditions.  
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(8) The parametric analysis indicated that less reinforcement produced greater strain 

and vice versa. The #4 rebar performed poorly in post cracking behavior and 

offered less resistance than the #5, #6 and #8 rebar. 

(9) The stress in the concrete and the onset of cracking was not greatly affected by the 

size of the reinforcement used. Instead, it was determined by the tensile strength 

of the concrete. 

(10) The bridges produced a similar response when both roller supports and pinned 

supports were investigated. However, there was a reduction in shrinkage strain 

when the ends were fixed due to increased stiffness  

(11) The reduction in deck thickness resulted in a marginal response in stress and 

strain in the concrete bridge deck. 

(12) The results indicated that the modification of reinforcement provides the greatest 

influence on the stress and strain in the deck particularly in the post cracking 

behavior of the deck.  

(13) It was found that the empirical method produced more conservative 

reinforcement specifications than the traditional method for shrinkage and 

temperature reinforcement in the top longitudinal layer of a bridge deck. 

(14) It is recommended that the reinforcement ratio for the top layer of reinforcement 

in the empirical method be increased to match the bottom layer of reinforcement 

given that shrinkage is higher in the top layer of a concrete deck, subject to the 

adverse effect of concrete spalling. 

(15) It is recommended that the minimum reinforcement ration in the shrinkage and 

temperature guidelines in section 5.10.8.2 of the AASHTO LRFD code be 
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increased to prevent the use of too little reinforcement to ensure adequate 

resistance after the onset of cracking in decks. 
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7.3. Conclusions 

The following conclusions were drawn from the analysis performed in this study. 

(1) Short term data from small samples can be used to the behavior of larger samples 

in the field with limited accuracy. The use of longer term data from larger 

samples is recommended. 

(2) Finite element models can be used to simulate and study the behavior of 

shrinkage of large samples which would otherwise be challenging and resource 

intensive. 

(3) It is necessary to filter out temperature strains from the total strain measured 

under field conditions to derive an accurate representation of shrinkage strain in 

the field. These can be approximately averaged out using long term data covering 

several seasonal cycles. 

(4) Reinforcement is a more effective parameter in the control of post cracking 

behavior than deck thickness or boundary conditions. 
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