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Continuously Reinforced Concrete Pavement (CRCP) is the most widely used 

rigid pavement type in Texas. The advantages of CRCP over other rigid pavement types 

include the absence of transverse contraction joints. With the increased use of CRCP, a 

vast amount of information has been collected on design variables and their effects on 

CRCP performance. Most advanced CRCP designs use the mechanistic-empirical 

approach.  In this approach, structural responses of CRCP due to environmental and 

traffic loadings are computed.  Damage to concrete is estimated over time, and 

pavement distress is predicted using empirically derived distress models. The reliability 

of the current CRCP design procedures depends, to a large extent, on the accuracy of 

the empirically derived distress models.  The primary objective of this study is to 

identify the “cause and effect” relationship between early-age CRCP behavior and long-

term performance, thereby improving the accuracy of the distress prediction models. 

In the first phase of this study, a detailed analysis was conducted on the 

environmental loads in CRCP at early ages – temperature and moisture variations in 
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concrete. Temperatures in concrete were evaluated using thermochron devices; 

moistures were evaluated using various devices.   

In the next phase, early-age behavior of CRCP in terms of concrete and steel 

strains and stresses due to environmental loading was extensively investigated.  Stress 

independent and total strains in concrete were measured using vibrating wire gages in 

several test sections; concrete stresses were calculated from the measured strains.  

Steel strains were also measured using resistance type gages and steel stress calculated.  

A methodology to estimate in-situ zero-stress point was developed and applied to 

calculate in-situ zero-stress points in several test sections. 

In the final phase of the study, CRCP behavior in terms of crack spacing and 

crack width was monitored for three years. Current theories on CRCP distress 

mechanisms and their limitations were critically reviewed and improvements needed are 

suggested.  Efforts were made to identify relationships between early-age CRCP 

behavior and long-term pavement performance.  It is expected that the findings from 

this study will help improve the accuracy of the CRCP distress mechanisms and make 

CRCP design algorithms more mechanistic-based and accurate.
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CHAPTER 1  

 INTRODUCTION 

 

 

1.1 BACKGROUND 

 

1.1.1 Continuously Reinforced Concrete Pavement (CRCP) 

Continuously reinforced concrete pavement (CRCP) is portland cement concrete 

pavement with continuous longitudinal steel reinforcement and no intermediate 

transverse expansion or contraction joints. Instead, the pavement is allowed to crack in a 

random pattern and the cracks are held tightly closed by the steel reinforcement. 

The first experimental use of CRCP was built in 1921 by the Bureau of Public 

Roads on Columbia Pike in Arlington, Virginia. The first significant length of CRCP 

was constructed by the State of Indiana in 1938 (Highway Research Board, 1973). The 

performance of the Indiana project and other projects (built in Illinois, California, and 

New Jersey around 1949) led to an increased interest in this design (AASHTO design 

guide, 1986). The use of CRCP expanded in the 1960s, 1970, and 1980s during 

construction of the Interstate Highway System, where it constituted important stretches 

of roadway in various parts of the U.S (Plei). Installations of CRCP have increased until 

more than 10,000 miles of equivalent two-lane pavement were in use or under contract 

at the end of 1971(Highway Research Board, 1973). To date, over 28,000 lane-miles of 

CRCP have been built in the U.S. More than 35 states have built CRCP, at least on a 

trial basis, including Texas, Illinois, Oklahoma, Oregon, South Dakota and Virginia, 

among others (ERES, 2001).  

Texas and Illinois, with dissimilar weather and environmental conditions, lead 

the nation in CRCP usage. Texas constructed its first experimental section in Ft. Worth 

in 1951. From the 1960s on, Texas has constructed more CRCP than any other state, 
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possibly more than all other states combined. Approximately 80 percent of current 

concrete paving projects let in Texas are CRCP. Illinois constructed its first CRCP in 

1947 on U.S. 40 west of Vandalia. Based on the performance of this experimental 

project, Illinois began extensive construction of CRCP. Approximately two-thirds of the 

Illinois Interstate system was constructed with CRCP (Plei). 

 

 

1.1.2 Early-Age Behavior of CRCP 

CRCP is the most widely used rigid pavement type in Texas due to its durable 

nature and minimum maintenance cost. The advantages of CRCP over other rigid 

pavement types include the absence of transverse contraction joints and the lack of need 

for dowels and transverse joint saw cutting or for maintenance of transverse joint 

sealant. 

In the phase of early-age behavior of CRCP, cracking starts within a few days 

after construction due to environmental loads. CRCP is nearly always restrained to 

some degree, both externally by adjoining end member and subgrade friction, and 

internally continuously reinforced steels and even from differential strains between the 

exterior and the interior of concrete itself. Thus, due to these imposed restraint 

conditions, environmental loads induce compressive and/or tensile stresses in the CRCP. 

If tensile stress in concrete exceeds tensile strength, cracks will occur.   

The spacing of cracks has been found to be inversely proportional to the 

percentage of steel in CRCP – the more steel, the shorter the crack spacing – and crack 

widths are directly related to crack spacing. It should be noted that the width of a crack 

is greatest and most noticeable at the surface because of slight raveling and abrasion of 

the slab surface by traffic. As the crack goes deeper into the slab it becomes 

progressively smaller. At and below the reinforcing steel, the width is usually very fine 

or microscopic. 
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In addition to steel percentage, several other factors influence the spacing of 

cracks. Although not enough quantitative information is available, what is available 

indicates that factors such as bond area of steel, depth of reinforcement, friction 

between concrete and base, concrete strength, time of year and even time of day of 

construction and curing temperature definitely influence crack spacing (Highway 

Research Board, 1973).  

To understand actual behavior of CRCP at early-age, it is necessary to conduct 

testing on actual CRCP because simulating CRCP in the laboratory has some limitations.  

 

 

1.1.3 Long-Term Performance of CRCP 

In the phase of long-term performance of CRCP, it is necessary to define what 

constitutes pavement failure in order to estimate pavement life. Yoder et al. made a 

distinction between two different types of failure. Structural failure is a breakdown of 

one or more of the pavement components. Functional failure is such that the pavement 

will not carry out its intended function without causing discomfort to passengers or high 

stress in the vehicle passing over it, due to its roughness. In CRCP, structural failures 

lead to functional failures. Therefore, the major concern in this study is structural 

failures: punchouts.  

A study by McCullough et al found that punchout is a major failure 

manifestation in CRCP. The punchout is a structural failure in which a small segment of 

pavement is loosened from the main body and displaced downward under traffic. The 

punchout usually is bounded by two closely spaced transverse cracks, a longitudinal 

crack, and the pavement edge. 
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1.2 OBJECTIVES 

 

With the increased use of CRCP, a vast amount of information has been 

collected on design variables and their effects on CRCP performance. Most advanced 

CRCP designs use the mechanistic-empirical approach.  In this approach, structural 

responses of CRCP due to environmental and traffic loadings are computed.  Damage to 

concrete is estimated over time, and pavement distress is predicted using empirically 

derived distress models.  The reliability of the current CRCP design procedures depends, 

to a large extent, on the accuracy of the empirically derived distress models.  The 

primary objective of this study is to identify the “cause and effect” relationship between 

early-age CRCP behavior and long-term performance, thereby improving the accuracy 

of the distress prediction models. In order to achieve the primary objective, several 

secondary objectives were required during this study. These secondary objectives are as 

follows: 

 

- Detailed analysis of the environmental loads in CRCP at early ages  

- Quantify the early-age behavior of CRCP in terms of concrete and steel 

strain and stress due to environmental loads 

- Development of a methodology to estimate in-situ zero-stress point 

- Critical review of current theories on CRCP distress mechanisms 

   

 

1.3 SCOPE 

 

In the pre-phase of this study, a literature review was conducted to gather the 

information regarding the factors that affect CRCP behavior at early age, mechanical 

behavior of CRCP and distress types of CRCP. The findings are summarized in Chapter 

2.  
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In the first phase of this study, an overview of field studies and field 

instrumentations are described in Chapter 3. A detailed analysis of temperature 

variations in concrete at early ages was conducted and summarized in Chapter 4. 

Concrete temperature analysis consists of temperature variation through vertical, 

longitudinal and transverse directions of pavement. Subbase temperature and effects of 

surface reflective, shading and covering of concrete were also investigated.  

In the next phase, the early-age behavior of CRCP in terms of concrete and steel 

strains and stresses due to environmental loading was extensively investigated and is 

described in Chapters 5 and 6. Moisture variation in concrete is mentioned in Chapter 5.  

Stress independent and total strains in concrete were measured using vibrating wire 

gages in several test sections and a concrete stress calculation method was suggested 

from the measured strains.  Steel strains were also measured using resistance type gages 

and steel stress calculated.  A methodology to estimate in-situ zero-stress point was 

developed and applied to calculate in-situ zero-stress points in several test sections. 

In the final phase of the study, CRCP behavior in terms of crack spacing and 

crack width was monitored for three years, and current theories on CRCP distress 

mechanisms and their limitations were critically reviewed and improvements needed are 

suggested in Chapter 7.  Efforts were made to identify relationships between early-age 

CRCP behavior and long-term pavement performance.  Chapter 8 summarizes the 

study’s observations and findings. It is expected that the findings from this study will 

help improve the accuracy of the CRCP distress mechanisms and make CRCP design 

algorithms more mechanistic-based and accurate. 
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CHAPTER 2  

 LITERATURE REVIEW 

 

 

CRCP performance depends on numerous variables: (1) portland cement 

concrete properties (tensile strength, elastic modulus, coefficient of thermal expansion 

and drying shrinkage); (2) steel properties (percent reinforcement, steel bar diameter 

and location); (3) slab and subbase resistance (vertical and horizontal stiffness); (4) 

environmental loads; (ambient air temperature, solar radiation, wind speed and relative 

humidity); (5) dimension and geometry of structure (pavement thickness and boundary 

conditions); (6) external wheel loads (static wheel load and moving dynamic load). The 

interactions of all these factors are quite complex. Section 2.1 will present some of the 

major factors that influence the early-age behavior of CRCP; concrete temperature and 

shrinkage. Section 2.2 investigated the relationship between each variables and crack 

spacing and width. Current theories on punchout distress mechanisms were reviewed in 

Section 2.3.  

 

 

2.1 FACTORS THAT AFFECT CRCP BEHAVIOR 

 

2.1.1 Concrete Temperature 

The thermal stress development in CRCP depends on (1) the thermal properties 

of the young concrete (heat of hydration and coefficient of thermal expansion); (2) the 

conditions at placement (curing effectiveness); (3) the environmental conditions 

(ambient air temperature and solar radiations); (4) dimension and geometry of the 

structure (zero-stress point). 
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If a concrete structure is unrestrained, the concrete expands and contracts during 

the early-age heating and the subsequent cooling process without stress development. In 

practice, however, the concrete is nearly always restrained to some degree, either 

externally by adjoining structures or internally by different temperature in the 

components of the structure itself. Thus, due to these imposed restraint conditions, 

temperature change induces compressive and/or tensile stresses in the concrete. A 

question of primary interest is, of course, whether the induced tensile stresses lead to 

cracking or not.  (Cha, 1999) 

 

 

2.1.1.1 Effect of Heat of Hydration and Curing Temperature 

Hydration of the fresh concrete is accompanied by the release of energy in the 

form of heat, with the actual rate of heat release varying with time. Mixing portland 

cement compounds with water results initially in a rapid release of heat which then 

ceases within about 15 minutes. This reaction probably represents the heat of the 

solution of aluminates and sulfates in the mixture (Mehta, 1986). The primary heat-

generation cycle begins hours after the cement compounds are mixed with water. Before 

this primary cycle, concrete is in a plastic state and is relatively inactive chemically. The 

peak of the primary cycle is reached several hours after concrete is mixed with water. At 

this stage, the major hydration products crystallize from the solution of the mixture. 

This stage includes the time of initial and/or final set of the concrete. As hydration 

products grow, they form a barrier to the infiltration of additional water; the reaction 

slows and may eventually stop when there is no room for further growth of crystals, or 

when hydration is theoretically completed (Mindess et al, 1981). It should be noted that, 

because the reaction is chemically controlled, the rate of hydration is chemically 

controlled. The rate of hydration is very sensitive to temperature, especially during the 

primary cycle (Mindess et al. 1981). Therefore, the temperature condition during 

construction is an important factor affecting the rate of hydration. Figure 2.1 (Samarai et 



 8

al, 1983) shows the effect of curing temperature on the hydration of tricalcium silicate. 

It can be seen that the higher the curing temperature, the faster the heat release and the 

higher the peak. 

 

 
Figure 2.1 Effect of curing temperature on the hydration  

 

Heat generation and buildup depend on many factors, including the chemical 

composition of the cement, water-cement ratio, fineness of the cement, amount of 

cement, admixture, dimension of the concrete, ambient temperature, and fresh concrete 

temperature. Tricalcium silicate (3CaO·SiO2) and tricalcium aluminate (3CaO·Al2O3) 

are the compounds of cement primarily responsible for the high heat generation. An 

increase in the water-cement ratio, fineness of cement, and/or curing temperature 

increases the heat of hydration (Kosmatka et al, 1988).  

Heat of hydration can be useful in cold weather placement: It often generates 

enough heat to provide a satisfactory curing temperature, obviating the need for other 

temporary heat sources (Kosmatka et al, 1988). In hot weather, however, heat of 

hydration can be detrimental to the concrete.  
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2.1.1.2 Coefficient of Thermal Expansion (COTE) 

The COTE of concrete is affected by a large number of factors that can be 

generally grouped into the two major components of concrete: cement paste and 

aggregate. The COTE of the paste is primarily affected by the moisture content of the 

paste; thus, it will vary in a significant manner during the hydration process and will 

stabilize thereafter. Since dimensional changes in the portland cement concrete 

influence the formation of transverse cracks, thus the thermal characteristics of concrete 

obviously affect the crack pattern. COTE of concrete is also directly related to coarse 

aggregate type. Because coarse aggregates form a large part of concrete by volume, it is 

logical that the COTE of the aggregates would have a large effect on the COTE of the 

concrete (McCullough et al, 1999).  

Since there exists an interaction between the factors of coarse aggregate type 

and slab temperature on cracking behavior, the effect of coarse aggregate type should be 

interpreted along with the effect of slab temperature. The effect of coarse aggregate type 

on the crack width is shown in Figure 2.2. The use of siliceous river gravel (SRG) 

results in larger crack widths than does the use of limestone (LS), and the difference is 

greater at lower temperatures. This difference may be the result of the higher SRG 

thermal coefficient (Suh et al, 1992). 

 
Figure 2.2  Effect of coarse aggregate type and slab temperature on crack width  
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The COTE of concrete, cα , is approximately equal to the volumetrically 

weighted average of the coefficients of its ingredients. One needs to know the COTE of 

concrete to estimate the thermal strains and stresses. Depending on aggregates, 

constituents and the moisture state of concrete, the COTE varies within 2.78 – 8.33×10-

6/ºF (Byfors, 1980). It has been reported that the COTE is slightly greater during heating 

than cooling. Additionally the coefficient of early-age concrete is higher than that of 

mature concrete (Byfors, 1980; ACI 517.2R, 1988, Emborg, 1989). In this study, 

however, the coefficient is assumed to be constant over time, and the thermal strain 

( th
iε ) of concrete can be calculated as follows.  

 

ic
th
i T∆=∆ αε                                                     (2.1) 

where iT∆  is the temperature increment during time step. 

 

2.1.1.3 Environmental Conditions 

High temperature in fresh concrete due to ambient air temperature and solar 

radiation may induce such undesirable effects as increased water demand, increased rate 

of slump loss, increased rate of setting, increased tendency for plastic shrinkage 

cracking, difficulties in controlling entrained air, and critical need for prompt curing. In 

hardened concrete, high temperature may result in decreased strength, increased 

shrinkage, increased creep, decreased durability, and non-uniformity of surface 

(Kosmatka et al, 1988 and Samarai et al, 1983). 

Figure 2.3 shows that, for the summer construction, the peak concrete 

temperature was quite high (in excess of 140 degree F) - an effect attributed to the high 

air temperature and to the high initial temperature of the fresh concrete. 
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Figure 2.3  Ambient air temperature effects on the slab temperatures 

 

Since the hydration of cement is a chemical process, a high ambient temperature 

will increase the rate at which the concrete hydrates. High solar radiation during 

construction also plays an important role in increasing the concrete temperature and the 

rate of hydration. This faster rate of hydration produces a higher and earlier peak 

concrete temperature during the construction day (Suh et al, 1992). 

 

2.1.1.4 Zero-Stress Point 

Setting temperature is the temperature at which the concrete begins to resist 

loads induced by temperature change or drying shrinkage. In Figure 2.4 it is assumed 

that the concrete is placed at A and the setting temperature occurred at P. As the 

concrete temperature increases from the setting temperature, P, to the peak temperature, 

B, the concrete will be in a compressive mode, as the expansion of the concrete caused 

by the temperature rise is restrained. After the peak temperature, as the concrete cools, 

the compressive stress will be relieved until the concrete temperature drops to a certain 

point (zero stress point, Q), where the stress condition changes from compression to 

tension. If tensile stress caused by a further temperature drop exceeds the strength of the 

concrete, a crack will occur. Assuming that there is no drying shrinkage or creep (or 
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relaxation) of concrete during this period, the temperature at the zero stress point, Q, 

will be the same as the setting temperature, P. But, if the effect of drying shrinkage and 

creep are considered, the zero stress point will occur at a slightly higher temperature, 

possibly at Q’; this is because part of the compressive stress gained during the 

temperature change from P to B will be relieved by shrinkage and creep. The 

temperature at the zero stress point is the reference temperature needed in the stress 

calculation (Suh, et al, 1992). 

 

 
 

Figure 2.4   A conceptual determination of zero-stress point 
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2.1.2 Concrete Shrinkage 

Concrete is composed largely of water. Water-related shrinkage is a volumetric 

change caused by the movement and the loss of water (i.e., change in the internal pore 

pressure caused by drying or self-desiccation). Drying is driven by the environmental 

conditions in which the relative humidity of the concrete strives to equilibrate with the 

humidity of the surrounding environment. As the internal humidity attempts to 

equilibrate with a lower environmental humidity, water is evacuated from the capillary 

pores resulting in the development of tensile stresses. This tensile stress is responsible 

for compressing the rigid skeleton of concrete providing a partial explanation for the 

effect we commonly refer to as drying shrinkage. 

 

 

2.1.2.1 Plastic Shrinkage 

Plastic shrinkage is a term reserved for freshly poured concrete. Plastic 

shrinkage occurs when the rate of loss of water from the surface exceeds the rate at 

which the bleed water is available. Environmental considerations including solar effects, 

wind speed, high temperature, and low relative humidity drastically influence the 

potential of plastic shrinkage cracking (Schaels and Hover, 1988). In general, plastic 

shrinkage cracking can be prevented by limiting early-age evaporation through the use 

of plastic sheeting, mono-molecular films, water fogging, or wind breaks in conjunction 

with properly designed concrete mixtures. If proper curing is not provided, plastic 

shrinkage cracks could occur at a very early age of CRCP. 

 

2.1.2.2 Drying Shrinkage 

Drying shrinkage is by far the most common cause of shrinkage. Drying 

shrinkage occurs in hardened concrete as a result of water movement. To better 

understand drying shrinkage, consider the structure of the cement-based matrix. The 
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reaction of cement and water results in the formation of a calcium silicate hydrate gel 

(C-S-H) with water-filled space. The size of the pores in the water-filled space varies 

from large capillary pores (>5 nm) to smaller voids in the C-S-H gel that are filled with 

adsorbed water (0.5~2.5 nm). As drying occurs, disjoining pressure removes adsorbed 

water from these pores and hydrostatic forces (capillary stresses) form a meniscus that 

exerts stresses on the C-S-H skeleton causing the cement paste to shrink. 

One of the most substantial factors influencing free shrinkage is the water-to-

cement ratio (w/c). The w/c required for complete hydration is typically assumed to be 

approximately 0.42 depending on the amount of gel porosity that is assumed (Powers 

and Brownyard 1947). The amount of water has a direct influence on the size and 

magnitude of the porosity (i.e., higher w/c pastes have higher porosity). Therefore, 

specimens with a lower w/c have a lower amount of pore water and consequently 

exhibit lower drying shrinkage. Currently, TxDOT limits the water-to-cement ratio to a 

maximum 0.45 for paving concrete.  

Another factor that influences shrinkage is the degree of hydration. At later ages, 

more water has chemically combined; consequently less water is available to move and 

lower shrinkage is frequently observed. It can be argued however in some cases that the 

shrinkage may not decrease as the hydration of the specimen is increased since 

hydration also results in a reduction in pore size. Other factors that influence shrinkage 

include chemical admixtures, mineral admixtures, and cement composition, since they 

typically alter the reaction products, porosity, and mechanical stiffness. 

Aggregate grading probably does not directly influence shrinkage values 

(Neville 1996), although it should be noted that the use of larger aggregates might 

indirectly result in the use of higher aggregate volumes. Concrete with a higher 

aggregate volume typically exhibits lower free shrinkage since the aggregate is 

generally dimensionally stable and acts as hard inclusions restraining paste movements. 

Aggregates with higher stiffness (elastic modulus) exhibit lower free shrinkage based on 

the same reasoning. In some parts of the world, high absorption aggregates exist and use 
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of these aggregates will increase the water content and may increase shrinkage. 

However, it should be noted that recently the use of high porosity lightweight aggregate 

(LWA) has been proposed as one method to minimize autogenous shrinkage (Van 

Breugel and deVries 1998; and Bentur et al. 1999). For this purpose, the LWA is 

saturated to various degrees before casting and the aggregate acts as a water reservoir to 

supply water that counteracts the self-desiccation of the paste. 

 

2.1.2.3 Autogenous Shrinkage 

Autogenous shrinkage occurs under sealed concrete (i.e., no moisture loss) 

without temperature change. Autogenous shrinkage occurs primarily as a result of 

chemical shrinkage (i.e., volume reduction due to the hydration reaction) and self-

desiccation (i.e., the internal consumption of water by the hydration reaction). Although 

autogenous shrinkage was described as early as the 1930’s (Lyman, 1934) it did not 

pose significant problems in construction until recently since a high w/c was typically 

required to maintain sufficient workability. This changed, however, with the 

development of water-reducing and high-range water-reducing agents that have 

permitted common use of low w/c mixtures (i.e., less than ~0.42) and as a result 

autogenous shrinkage has become a cause of concern.  

 

2.1.2.4 Moisture Gradient in Early-Age Concrete 

Several investigations have been conducted to assess the moisture profile that 

develops in concrete as a result of drying. The description that follows is not intended to 

be entirely comprehensive; however, it is intended to outline some of the most 

significant investigations and provide an overview of different research approaches. 

Several experimental methods have been used to assess the drying process of concrete. 

These methods can be broadly classified into three main types: overall weight change, 

destructive sectioning, and internal relative humidity/water content measurements 

(Parrot 1988). The drying behavior of cementitous systems is complicated due to the 
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wide range of pore sizes, ongoing hydration, and differences in material composition. 

Mathematical modeling using linear and non-linear diffusion has been proposed as one 

technique to approximate the complex nature of moisture loss in concrete. The 

following section provides a brief review of available techniques and their findings. 

The pioneering work of Carlson (1937) showed that mass changes resulting 

from moisture loss exhibited a strong dependence on structural size. In this work, water-

loss (i.e., weight change) was measured for a wide range of specimen thicknesses and it 

was observed that the percentage of water lost for thinner specimens (150 mm) was up 

to four times higher than the thicker specimens (1200 mm). This led Carlson to reason 

that shrinkage was a diffusion-controlled process, similar to that of heat transfer. Using 

a linear diffusion theory, he calculated the water content at different depths from the 

drying surface. 

Bazant and Najjar (1971, 1972) developed a semi-physically based relationship 

between the diffusivity coefficient, internal pore humidity, and temperature. Similar to 

the work of Pihlajavaara, Bazant and Najjar investigated various forms of the moisture 

diffusion relationship. In this work they concluded that the diffusion problem is highly 

non-linear. They also proposed the drying rate to be proportional to the square of the 

depth from the drying surface. While the preliminary formulation was based on semi-

empirical fitting of constants and parameters, considerable work has been conducted to 

update this model and assess these constants (Xi et al. 1993).  

Parrott (1988) investigated the moisture profiles that develop in concrete as a 

result of drying using two different techniques. First, small sealed cavities (7 mm) were 

cast in a larger concrete cube (100 mm). A commercially available capacitive relative 

humidity probe was used to measure the internal relative humidity of the cavity. In 

addition, small paste prisms (4.4 × 4.4 × 18 mm) were stored in each cavity. Over time, 

prisms from each cavity were weighed to determine the changes in water content. 

Parrott demonstrated that the relative humidity of several different material systems 
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containing mineral additives could be represented using either a hyperbolic or 

exponential function. 

Molina used a capacitive relative humidity meters to assess the internal moisture 

conditions of different age specimens at different heights. Several different types of 

probes were reviewed and experimental procedures were outlined. Moisture profiles 

were studied for several systems. This investigation was aimed at understanding the 

moisture transport properties of mature concrete. Specimens were typically stored 

between a low relative humidity environment (33%) and standing water. Measurements 

were conducted using a relative humidity sensor at different depths in the specimen 

using 9-mm-diameter cavities. This investigation provides moisture transport 

coefficients for a wide range of water-to-cement ratios. 

 

 

2.2 MECHANICAL BEHAVIOR OF CRCP 

 

2.2.1 Development History of CRCP Computer Programs 

The first mechanistic model, CRCP-1, was developed in the mid-1970s under a 

study sponsored by the National Cooperative Highway Research Program (NCHRP).  In 

1991, Won et al. made an improvement to the CRCP program, CRCP-5, that simulates 

the variability in concrete tensile strength and includes fatigue failure models.  The 

normalized curing curves were determined for different coarse aggregates commonly 

used in Texas pavements and these curves and the calibrated failure prediction model 

were included in CRCP-7.  In 1995, previous versions of the CRCP programs were 

integrated into one program, CRCP-8, with simplification of the user input process.  

Although CRCP-8 has permitted pavement engineers to develop and evaluate designs of 

CRCP, there have been some limitations due to the simplified assumptions of the one-

dimensional analysis.  In 1996, a research project was conducted to expand the ability 

of the mechanistic model by incorporating the variations in temperature and moisture 
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changes through the depth of the concrete slab.  As a result of the project, a two-

dimensional (2-D) finite element model was developed.  In 1998, Texas Department of 

Transportation (TxDOT) decided to extend the research project to complete the 

development of a new mechanistic model, CRCP-9.  CRCP-9 uses 2-D finite element 

theories to reduce the cost of computation, but in order to increase the accuracy of the 2-

D model, three-dimensional (3-D) analyses were also performed and the differences 

between 2-D and 3-D analysis results were investigated.  Until CRCP-9, the external 

wheel load stresses are calculated considering a static single wheel load by using 

Westergaard equations.  To include the effect of the moving dynamic tandem-axle loads, 

a new wheel load stress calculation procedure has been developed and integrated into 

the CRCP-10 computer program, which is the latest version of the CRCP series 

computer programs.   

 

 

2.2.2 Crack Spacing Analysis using CRCP Computer Programs 

The sensitivity analysis of the design variables has been performed using 

mechanistic modes of CRCP -8 and CRCP-10 to investigate the effects of the variables 

on the CRCP behaviors under TxDOT project 1700 (Nam et al, 2003). The practical 

ranges of the variables have been selected, and the typical values of the variables have 

been determined. From sensitivity analysis, the effects of each variable to the CRCP 

behaviors have been investigated. The analysis results point to the following 

observations: 

 The variables that make the crack spacing larger as they increase are, as shown 

in Figure 2.5 

- Pavement thickness 

- Tensile strength of concrete 

- Steel bar diameter 

- Minimum temperature at first day after placement 
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 The variables that make the crack spacing smaller as they increase are,  

as shown in Figure 2.6 

- Coefficient of thermal expansion of concrete 

- Percent reinforcement 

- Horizontal stiffness between concrete slab and subbase 

- Zero-stress temperature 

 

The most sensitive variables affecting the CRCP performance, according to CRCP 

computer program, are related to coefficient of thermal expansion and zero-stress 

temperature of concrete. 
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Figure 2.5   Variables that make the crack spacing larger as they increase  
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Figure 2.6 Variables that make the crack spacing smaller as they increase  

 

2.2.3 Crack Width 

Crack width significantly influences CRCP behavior and performance. 

Excessive crack width can lead to (1) the loss of load transfer, causing extreme flexing 

of the concrete slab under traffic that, in turn, leads to concrete spalling, possible 

punchouts; (2) the infiltration of incompressible material, causing spalling and blowups; 

and (3) water infiltration, which can reduce roadbed support and cause rusting of the 

steel (Burke et al, 1968). Thus, to ensure effective pavement performance, engineers 

seek narrow crack widths that provide sufficient aggregate interlocking and which 
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inhibit infiltration of an appreciable amount of water. A maximum allowable crack 

width of 0.04 inch was suggested by AASHTO in 1986, based on the considerations of 

spalling and water penetration.  

Crack width varies with temperature: that is, cracks are wider in cold weather, 

when the concrete slab has contracted, and narrower in hot weather, when the concrete 

slab has expanded.  

With respect to steel reinforcement in the concrete, it is generally accepted that 

crack width is a function of the amount of longitudinal steel, where the greater the 

amount of longitudinal steel, the smaller the crack width (Burke et al, 1968 and Lindsay, 

1959). In other words, crack width is a function of steel stress and the effectiveness of 

the bond between the concrete and steel near the crack. Crack width also varies with 

certain construction variables, including coarse aggregate type and placement time of 

the year. 

 

 

2.3 DISTRESS TYPE OF CRCP 

 

Distress types of CRCP consist of two different types of failure; structural and 

functional failure. In CRCP, structural failures lead to functional failures. Therefore, the 

major structural failure, punchouts, is described in this chapter.  

 

2.3.1 Punchouts 

A study by McCullough et al found that the punchout is a major failure 

manifestation in CRCP. The punchout is a structural failure in which a small segment of 

pavement is loosened from the main body and displaced downward under traffic, as 

shown in Figure 2.7. The punchout usually is bounded by two closely spaced transverse 

cracks, a longitudinal crack, and the pavement edge and, sometimes, by the branches of 

a Y-crack and the pavement edge. Punchouts are invariably associated either with short 
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transverse crack spacings (1 to 2 feet) or Y-cracks (1986 AASHTO Design Guide). 

Since transverse cracks are unavoidable in CRCP, it is necessary to prevent longitudinal 

cracks, closely spaced transverse cracks, and Y-cracks in order to prevent punchouts.  

 

 
Figure 2.7  Punchouts in CRCP  

 

Many factors affect longitudinal cracking due to wheel loads. These factors 

include transverse crack spacing, magnitude of wheel load, and structural continuity at 

transverse cracks. The fact that punchouts are invariably associated with narrow 

transverse cracks strongly indicates that transverse crack spacing is an important factor. 

Slabs with small transverse crack spacings act as beams in the transverse 

direction and the wheel load stress for the transverse direction becomes dominant.  For 

slabs with larger transverse crack spacings, wheel load stress in the longitudinal 

direction is greater than that in the transverse direction. If the crack width is negligible 

and perfect aggregate interlock is provided, wheel load stress in the transverse direction 

will be kept low.  On the other hand, if the aggregate interlock is lost and the transverse 

crack spacing is very small, wheel load stress in the transverse direction will be 

considerable. Once the aggregate interlock is lost, deflection due to wheel load will 

increase, which in turn aggravates the loss of aggregate interlock and eventually will 
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lead to longitudinal cracking. Fatigue damage due to wheel load applications is a 

primary cause of longitudinal crack propagation and finally induces the punchout failure.   
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CHAPTER 3 

EXPERIMENTAL FIELD STUDIES OF CRCP 

 

 

 Simulating CRCP in the laboratory has limitations in understanding true CRCP 

behavior. These limitations are partly due to the difficulty in setting boundary 

conditions of CRCP in small scale and generating actual environmental and traffic 

loadings.  To understand actual behaviors of CRCP, these limitations make it necessary 

to conduct testing in actual CRCP. However testing of actual CRCP in the field poses 

difficulties, such as proper scheduling with contractors, installing, protecting testing and 

data acquisition equipment and setting up traffic control for detailed field condition 

survey after the pavement is open to traffic. Due to these difficulties, a majority of 

studies have been conducted in the laboratory, resulting in some limitations in the 

validity of the findings. To overcome these limitations and understand true CRCP 

behavior in the field, extensive field experimentation was conducted in this study. The 

difficulties associated with the field experimentation mentioned above were resolved by 

working closely with contractors and TxDOT. This chapter presents the overview of 

field studies, including factorial experiment and description of instrumentations. 

 

3.1 OVERVIEW OF FIELD STUDIES 

 

The primary objective of the field studies was to investigate microscopic 

behavior of CRCP at both early and late ages, which includes stresses and strains in 

concrete and steel due to environmental loading-temperature and moisture variations. 

To achieve this objective, six field test sections were selected across Texas and various 

field testing was conducted for 3 years. Six test sections were in Van Horn, Houston, 
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Baytown, Austin (two different areas) and Cleveland.  Figure 3.1 shows the locations of 

the test sections and information on construction date.  

 

 
Figure 3.1 Field test locations in Texas 

 

 

The Van Horn test section is in the El Paso District, approximately 80 miles east 

of El Paso between Sierra Blanca and Van Horn near milepost 125 in IH-10. Testing 

was performed at the outside shoulder of the westbound lanes, as shown in Figure 3.2 

(a). The project is described as the IH-10 PHASE 11 and 12 (CSJ 0002-08-048) in 

Van Horn 
Cleveland 

Houston 

Baytown 

Austin

Texas 

9/25/03 on US183 (11 in.) 

7/20/04 on US59 (13 in.) 

7/26/03 on SPUR330(13 in.) 

4/19/0303 on US59(15 in.) 

3/26/03 on IH10 (12 in.) 

10/25/04 on US290 (13 in.)



 26

Hudspeth County. The Houston test section is located between Bissonnet St. and S. 

Gessner Dr. on US-59. Testing was conducted at the shoulder of the north and south 

bound. 

The Baytown test section is located between Baker Rd. and Little Rd. on SPUR 

330, as shown in Figure 3.2 (b). Testing was performed at the inside main lane and 

length is about 700 ft. 

In Austin test sections, one is on the north US-183 between Board Walk Dr. and 

Anderson Mill Rd., as shown in Figure 3.2(c) and the other is located at the intersection 

between US-290 and IH-35 near Ben White.  

The Cleveland test section is in the Houston District described as Federal Aid 

Project No: NH 2001(93), etc; CSJ. 0177-05-088 in Montgomery County; south of 

Cleveland, Texas.  The project is 3.668 miles long and extends from FM 2090 south to 

approximately Fosteria Road, as shown in Figure 3.2 (d). 
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(a) Van Horn 

 
(b) Baytown 

` 

(c) Austin 

 
(d) Cleveland 

 

Figure 3.2 Detail locations of each test sections 
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3.2 DESIGN VARIABLES OF FIELD TESTS 

 

Over the years, a majority of pavements were 8 inches since that was maximum 

thickness allowed by FHWA. Sometimes pavement thicknesses as low as 6 inches were 

used. Recently thicknesses of 15 inches on heavy duty highways are used. A typical 

pavement thickness is 12 inches in Texas. An increase in slab thickness reduces wheel 

load stresses and thicker slabs result in larger crack spacing. Table 4.1 shows the 

pavement thickness and concrete mix designs of each test section.  

 

Table 3.1 Concrete mix designs of each test section 
  Van Horn Houston Baytown Austin1 Austin 2 Cleveland

General       

Pavement 

Thickness (in.) 
12 15 13 11 13 13 

Mixture Proportion       

Cement (lbs/yd3) 246 406 362 329 336 362 

Fly Ash (lbs/yd3) 224 135 129 121 152 131 

Coarse Agg. (lbs/yd3) 2000 1836 1695 1814 1816 1848 

Fine Agg. (lbs/yd3) 1161 1277 1413 1330 1287 1265 

Air Content (%) 6 5 5 5 6 5 

Water (lbs/yd3) 240 198 220 262 219 215 

Material Type       

SCM Type 

(replacement rate) 

GGBFS 

(50%) 
Class 

C(25%) 
Class 

C(30%) 
Class 

C(30%) 
Class 

C(35%) 
Class 

F(30%) 

Cement Type Type I Type I Type I/II Type I Type I Type I/II 

Coarse Aggregate 

Type 
Lime stone Lime stone Lime stone Lime stone Lime stone Lime stone

 

Limestone (LS) and siliceous river gravel (SRG) were the most widely used 

coarse aggregate types in Texas. In the previous study (Ref 5), significant differences in 

crack spacing and crack width were noted between SRG and LS sections. The LS 

sections showed fewer cracks (larger crack spacings) than the SRG sections during the 
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short-term monitoring of the test sections. In addition, the LS sections showed smaller 

crack widths than the SRG sections, even though the crack spacings were larger. The 

factors that might account for the fewer cracks and smaller crack widths observed in the 

LS sections include that pavement’s lower thermal coefficient and lower elastic 

modulus of LS concrete. 

 

 

3.3 INSTRUMENTATION 

 

To verify early-age behaviors of CRCP, concrete temperature, relative humidity, 

concrete strain and steel strain were measured using many different devices in seven test 

sections, as shown in Table 3.2.  

By using Thermochron button concrete temperature was measured and its 

analysis is described in Chapter 4. In Chapter 5, concrete stress analysis has been 

conducted using concrete strains measured by vibrating wire gages, and relative 

humidity was measured using various devices in laboratory. Steel strain data were 

adapted for steel stress analysis in Chapter 6.  

 

Table 3.2 Summary of instrumentation of each test section 

Location 
Testing 

day 

Temperature 

 

Concrete 

Strain 

Steel 

Strain 

Van Horn (IH-10) 3/26/03 √   

Houston (US-59) 4/19/03 √   

Baytown (Spur 330) 7/26/03 √ √ √ 

Austin (US-183) 9/25/03 √ √ √ 

Cleveland (US-59) 7/20/04 √ √ √ 

Austin (US-290) 10/25/04 √   
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CHAPTER 4 

TEMPERATURE ANALYSIS OF CRCP 

 

 

This chapter presents a field test program to measure the temperature in concrete 

pavements, a development of a measuring device, and a comprehensive analysis of the 

temperature patterns in concrete pavements. Exact analysis of temperature variations 

which is one of the major loading in concrete could be good starting point to understand 

the behavior of CRCP. The concrete will experience tensile stress due to the 

temperature differential between the zero-stress temperature and subsequent concrete 

temperatures. The higher the temperature differential, the higher the stress is. The 

higher stress results in successive cracking until the stress has been relieved to a point 

below the tensile strength of the concrete and no more cracking occurs. 

 

 

4.1 MEASUREMENT METHOD 

 

The Thermochron i-Buttons have been employed to measure concrete 

temperatures. The Thermochron i-Buttons are dime-sized devices that contain a 

temperature sensor, network interface, memory and a battery, as shown in Figure 4.1. 

These devices can be programmed to record the temperatures at any desired time 

interval.  They can internally store 2048 readings of temperatures (for instance, they can 

hold about 28 days of temperature data with every 20-minute reading, or about 170 days 

of temperature data with every 2-hour reading). The battery in the Thermochron lasts 

more than a few years.  The data can be downloaded into any standard laptop or palm 

computer using software provided by the manufacturer. Since the Thermochrons are 
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inexpensive, monitoring of temperatures in the concrete pavement can be achieved in an 

economical way. 

 

 
      Figure 4.1 Shape of Thermochron i-Button 

 

In order to measure temperatures at desired depths of the concrete slab, holes 

slightly larger than the diameter of the Thermochron were made in the plexiglass probes 

at the desired depths and, the Thermochrons were inserted in the holes and epoxied to 

withstand immersion in concrete. These Thermochron i-Button assemblies were 

installed in the concrete pavement, as shown in Figure 4.2, just after concrete placement 

but before tinning operations. Since each Thermochron has its own serial number, the 

Thermochrons can be connected to each other in parallel using wires.  Therefore, as 

shown in Figure 4.2, only two wires are needed to download the data regardless of the 

number of the Thermochrons attached in the assembly. 

 

 

4.2 FIELD TESTS 

 

In-situ measurements of concrete pavement temperatures have been conducted 

using the Thermochron i-Button assemblies in several different locations in Texas, as 

shown in Figure 3.1 and Table 3.2. The temperature data was collected from the 
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beginning of the construction. About 200 Thermochrons were installed in the pavement 

in those test sections.  In each test section, Thermochrons were installed at various 

longitudinal and transverse locations of the pavement as well as at various depths of the 

pavement to comprehensively identify the temperature patterns in the concrete 

pavement in Figure 4.3.  The failure ratio of the sensor was less than 1% during the first 

month after concrete placement and about 20% after one year of construction. 

i-Buttonsi-Buttons

 

 

 
Figure 4.2  Installation of Thermochron i-Buttons in the concrete pavement 
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Figure 4.3 Installation layout of Thermochron i-Buttons 

 

 

4.3 AMBIENT AIR TEMPERATURE 

 

Air temperatures were also measured using the Thermochron i-Buttons.  To 

verify the accuracy of the air temperature measurements using the buttons, the readings 

collected from the buttons were compared with those obtained using a portable weather 

station.  Figure 4.4 illustrates the data collected in the Van Horn test section, which 

shows very good agreement between the two devices. In this case the i-Button was tied 

to the portable weather station under its humidity measurement device, which provided 

very good ventilation and shade to the i-Button.  Therefore, a specially designed device 

was used to ensure very good ventilation and shade for the use of the air temperature 

measurements with i-Buttons. 

 
 

7 AM 9 AM 10 AM 11 AM Noon 2 PM 4 PM 

Longitudinal 

Vertical Direction 

 Sub Base 

Pavement 

Transverse Direction 
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Figure 4.4  Comparison of air temperatures collected using i-Button and weather 

station 

 

Figure 4.5 shows the air temperatures collected using i-Buttons at the different 

testing sites.  The air temperatures at the Van Horn testing site are the lowest because 

the testing was performed in the late March and at the Baytown testing site are the 

highest because the testing was performed in the summer.  The daily variations of the 

air temperatures were about 35 to 50 degrees Fahrenheit in Van Horn, and 10 to 30, 15 

to 20, and 20 to 30 degrees in Houston, Baytown, and Austin, respectively.  The 

temperatures were collected every 30 minutes during at least the first 72 hours after 

concrete placement, then every 2 hours.  . 

The actual ambient air temperature measurement values with i-Button during 1 

year show reasonable compared to NCDC (National Climatic Data Center) maximum 

and minimum monthly temperature data, as shown in Figure 4.6. Especially, the 

maximum air temperature variation during 1 year was over 100 ° F in Van Horn. 
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(a) Van Horn (03/26/03-04/02/03)                         (b) Houston (04/11/03 – 04/18/03) 
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(c) Baytown (07/26/03 – 08/02/03)                        (d) Austin (09/25/03 – 10/03/03) 

Figure 4.5  Air temperatures collected using i-Buttons 
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Figure 4.6  Ambient air temperature variation during 1 year in Van Horn 
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4.4 CONCRETE TEMPERATURE VARIATION  

IN THE VIRTICAL DIRECTION 

 

The time histories of the concrete temperatures at the top, mid-depth, and 

bottom of the concrete slab are shown in Figure 4.7 from the beginning of the concrete 

placement time for seven days.  The data were collected at the Cleveland test section, 

and the concrete placement time was at 11 a.m.  In the figure, the concrete temperature 

at the top represents the temperature collected from the Thermochron installed at 1 in. 

below the surface of the concrete slab.  Similarly, the bottom temperature represents the 

concrete temperature at 1 in. above the bottom of the concrete slab.  As shown in the 

figure, the pattern of the concrete temperature at the top is similar to that of the air 

temperature, but the concrete temperature is higher than the air temperature.  The daily 

concrete temperature variation is the largest at the top and the smallest at the bottom.  

The daily peak temperature (maximum or minimum) occurs at the top first and then 

time delays to the daily peak temperatures are observed at other depths.  This lag 

becomes larger as the depth from the top increases.  Since the concrete temperature at 

the top is much affected by the air temperature, the concrete temperature at the top is the 

highest in the daytime and the lowest at night, except for the concrete placement day.  

On the placement day, the concrete temperature is affected not only by the air 

temperature but also by hydration heat of concrete generated during the concrete curing 

process.  As a result, the highest concrete temperature on the placement day can occur at 

any depth, not always on the top of the slab, depending on the air temperature variation 

and the amount of hydration heat.  As can be seen from the figure, on the placement day, 

the maximum concrete temperature occurs at the mid-depth, but the maximum 

temperature at the top is clearly lower. 
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Figure 4.7  Time histories of concrete temperatures at different depths 

 

Figure 4.8 shows the concrete temperature variations at top, mid-depth and 

bottom during 1 year in Van Horn test section. The annual temperature variations of 

concrete at top were about 94, 79, and 79 ° F in Van Horn, Austin and Baytown, 

respectively.  Based on these observations, larger stress could be induced to surface area 

of pavement. 

The typical daily cycle of the concrete temperature profile through the depth of 

the concrete slab is shown in Figure 4.9.  The results shown in the figure illustrate the 

variation of the temperature profile through the slab depth for 24 hours on the 12th day 

after concrete placement.  The concrete was placed at 7 a.m. in the Cleveland test 

section.   
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 Figure 4.8  Concrete temperature variations during 1 year in Van Horn 
 

After sunrise, the concrete temperature begins to increase and the increment is 

the largest at the top and the smallest at the bottom (see data from 7:30 to 16:30 in the 

figure).  As the air temperature drops after sunset, the top temperature begins to 

decrease but the bottom temperature still increases for a while and then finally begins to 

decrease (see data from 19:30 to 7:30 in the figure).  The maximum temperature 

gradient through the depth in the daytime (occurred at 16:30 in this case) is clearly 

larger than the opposite signed maximum temperature gradient occurred in the early 

morning (occurred at 7:30 in this case).  Daily maximum concrete temperature 

variations at top and bottom are about 22.5 and 4.5 ° F, respectively.  Large variation of 

temperature at concrete surface compared to that of bottom could be one of the reasons 

for more distresses at pavement surface.  

The concrete temperature profile through the slab depth for a few days after 

placement is different from the typical profile pattern described above due to hydration 

heat of concrete.   
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Figure 4.9  Daily cycle of concrete temperature profile through the slab depth 

 
Figure 4.10 shows the concrete temperature profiles on the placement day, 

second day, and the 12th day after the concrete placement when the concrete 

temperature at the top of the slab is at its daily maximum or minimum temperature.  On 

the placement day, as shown in Figure 4.10 (a), when the top of the slab is at its 

maximum temperature, the temperatures near the mid-depth are higher.  The 

temperature gradient through the slab depth is larger when the top of the slab is at its 

minimum temperature around sunrise.  With time, as shown in Figures 4.10 (b) and (c), 

the temperature gradient through the depth when the top of the slab is at its maximum 

temperature becomes larger and that when the top of the slab is at its minimum 

temperature becomes smaller.  Finally, the temperature gradient when the top of the slab 

is at its maximum temperature is larger than that when the top of the slab is at its 

minimum temperature.  This phenomenon happens because the daily maximum or 

minimum concrete temperature at the top of the slab remains almost the same due to the 

close daily maximum or minimum air temperature as shown in the figure, but as time 

passes by, the concrete temperature at the bottom of the slab when the temperature at 

the top is at its daily maximum or minimum temperature becomes lower due to gradual 

disappear of hydration heat. 
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(b)    On the second day 
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(c)    On the 12 th   day 

Figure 4.10  Concrete temperature profile when the temperature at the top is at its daily 

maximum and minimum value 
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4.5 CONCRETE TEMPERATURE VARIATION 

IN THE LONGITUDINAL DIRECTION 

 

On the concrete placement day, the air temperatures at the time of concrete 

placements will change as the placement progresses.  The differences in the air 

temperature histories at different longitudinal locations will affect the temperatures of 

the concrete pavement in the very early age because hydration heat of concrete 

generated in the very early age is dependent on the time history of the air temperature.  

The Thermochron i-Button assemblies were installed along the longitudinal direction as 

the paving process proceeded to investigate the concrete temperature variation along the 

longitudinal direction of the pavement.  The placement time of the paving day was used 

as the control for the longitudinal location rather than the longitudinal distance. 

The variation of the concrete temperature within very close longitudinal 

locations was investigated first.  Figure 4.11 shows the concrete temperatures at the top 

of the slab within close longitudinal locations (sensors are 2 ft apart from each other) 

obtained in the Austin test section.  As shown in the figure, the concrete temperatures 

within close longitudinal locations are basically the same.  However, there exist slight 

differences near the daily maximum concrete temperatures.  Since the daily minimum 

concrete temperatures are identical among different locations, the slight differences in 

the maximum concrete temperatures might have resulted from the slightly different 

surface conditions such as textures and colors of the surface that govern the rate of the 

absorption of solar radiation.  The effects of surface conditions on the concrete 

temperatures are explained later in chapter 4.3.8. 
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Figure 4.11  Concrete temperatures within close longitudinal locations 

 

The time histories of the concrete temperatures at several different longitudinal 

locations are shown in Figure 4.12.  The data shown in the figure was collected at the 

top of the concrete slab in the Austin test section.  Since about 164 ft of concrete was 

placed in an hour, the longitudinal distance between the placement times of the 2-hour 

interval shown in the figure is approximately 328 ft.  The significant differences in the 

concrete temperatures among the locations with different placement times are observed 

on the paving day.  The maximum concrete temperature on the paving day decreases as 

the time of placement becomes later on the day in this case.  As the pavement becomes 

older, the temperature differences among the different placement times decrease.  From 

several days after the concrete placement, the minimum temperatures are basically the 

same among the different placement times, but there are slight differences in the 

maximum temperatures as previously mentioned with Figure 4.11.  Figure 4.13 shows 

changes in the difference between the temperatures of the concrete slab at the top placed 

at 8:00 a.m. and 2:00 p.m. as time passes by.  In the x and y coordinate system, if the x 

and y axes are the temperatures at the 8:00 a.m. and 2:00 p.m. placement locations, 
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respectively; the relationship between them can be obtained by plotting the temperatures 

at the same collection times.  If the temperatures at those two locations are identical, the 

slope of the linear relationship graph will be 1 (45 degree linear line between the two 

axes) and the R2 value will be 1 (all data is on the linear line and no scattering around 

the line).  As shown in Fig. 4.13, the slope of the linear trend line between the 

temperatures at the 8:00 a.m. and 2:00 p.m. placement locations is initially less than 1 

(the temperatures at 8:00 a.m. placement location are higher than those at 2:00 p.m. 

placement location), but the slope becomes close to 1 rapidly as time passes by.  The R2 

value also becomes close to 1 as the pavement age increases, which implies that 

scattering of the data around the linear trend line becomes smaller and the differences in 

the concrete temperatures between the two locations with different placement times 

decrease, as the pavement gets older. 
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Figure 4.12  Concrete temperature variation depending on the time of placement 
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Figure 4.13  Differences in concrete temperatures between 8:00 AM and 2:00 PM 

placement times 

 

Figure 4.14 shows the relationship between the maximum concrete temperature 

on the concrete placement day and the concrete placement time obtained from various 

test sections.  The maximum concrete temperature on the placement day is different 

depending on the placement time as already mentioned.  Normally, if the concrete is 

placed in the morning, the time of the maximum hydration heat occurrence and that of 

the maximum air temperature occurrence become closer, and as a result, the concrete 

temperature goes up higher.  On the other hand, if the concrete is placed in the 

afternoon, the air temperature begins to drop while hydration heat generates, and as a 

result, the concrete temperature cannot go up significantly high.  In the Baytown test 

section (Figure 4.14(b)), however, since the air temperature variation was very small on 

the placement day (Figure 4.5(c)), the temperature differences among the placement 

times at a given depth were very small.  In most of the test sections, the placement day’s 

maximum concrete temperature at a given location (or placement time) is the lowest at 

the top of the slab and those at the mid-depth and at the bottom of the slab are close to 
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each other.  As pointed out previously, since the maximum concrete temperature on the 

placement day is mostly affected not only by the air temperature but also by hydration 

heat of concrete, normally the maximum temperature does not occur at the top of the 

slab on the placement day.  Since the zero-stress temperature is a function of the 

maximum concrete temperature on the placement day (Schindler 2002), the placement 

time would be an important factor that affects the pavement behavior and performance. 
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(c)  Austin                                               (d)  Cleveland 

 

Figure 4.14   Relationship between maximum concrete temperature and placement time 

on paving day obtained at the test sections 
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4.6 CONCRETE TEMPERATURE VARIATION  

IN THE TRANSVERSE DIRECTION 

 

The Thermochron i-buttons were installed in the transverse direction at 9 a.m. 

placement time in Austin test section. Top concrete temperatures were measured at 2, 

14, 29, 53 and 90 in. from the pavement edge and installation layout is shown in Figure 

4.3. Except temperature at 2 in. from the edge, concrete temperature variations over 3 ft. 

from the edge are almost same in Figure 4.15.  Because the Thermochron button 

installed 2 in from the edge is exposed to top surface and edge surface of pavement, its 

temperature variation is highly affected by the ambient air temperature and solar 

radiation than others. Based on this result, most sensors were installed 3 ft. from the 

edge to minimize edge effects.  
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Figure 4.15  Concrete top temperature comparison in the transverse direction (Austin) 
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Figure 4.16 shows the comparison of the concrete top, mid-depth and bottom 

temperatures in the transverse direction at 1st day and 14th day in Austin test section. 

Even though the ambient air temperatures at both days were similar, maximum 

temperature patterns in the transverse direction are significantly different due to effect 

of hydration heat at 1st day. At first day, Maximum concrete temperature can be found 

at the intersection between concrete bottom in depth and middle in the transverse 

direction. The temperature pattern at 14th day represents the regular temperature pattern 

in the transverse direction in pavement. 
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      (a) Concrete temperature at 1st day                (b) Concrete temperature at 14th day 

Figure 4.16  Concrete temperature in the transverse direction (Austin) 

 

 

4.7 SUBBASE TEMPERATURE  

In Austin test section, subbase consists of 2 in. type C asphalt, 8 in. type A 

asphalt and 6 in. lime-treated subgrade. To evaluate subbase temperatures, four 

Thermochron i-buttons have been installed at the subbase top, 2, 4, and 6 in. from the 

subbase top in the vertical direction. During first three days after placement, the subbase 

temperature has a gradient with subbase depth due to hydration heat of concrete, but 
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after that subbase temperature is almost the same regardless of subbase depth as shown 

in Figure 4.17. Although pavement top temperature is fluctuated with air temperature 

variation during first 3 days, subbase material absorbed temperature from pavement and 

kept it until 2 days and then absorbed temperature was diverged steadily.  
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Figure 4.17 Subbase temperature in the vertical direction (Austin) 

 

 

4.8 EFFECTS OF OTHER VARIABLES ON TEMPERATURE  

 

4.8.1  Effect of Surface Reflectivity 

The color of the pavement surface is slightly different from location to location 

because of several reasons such as variations in the rate of curing compound 

applications.  The differences in the pavement surface colors can cause the different 

absorption rates of solar radiation, and result in different concrete temperatures.  Tests 
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have been conducted on the concrete pavement and small concrete specimens to 

investigate the effect of the surface reflectivity (or color) on the concrete temperature in 

Figure 4.18.  The effect of the surface reflectivity on the concrete temperature in the 

concrete pavement was also investigated.  Small square area (4 ft by 4 ft) of the 

concrete pavement surface was kept covered with plastic sheets while white curing 

compounds were sprayed on the pavement and the cover was removed just after the 

curing compound application. The area without the curing compound application 

showed the concrete color that was gray (no curing).  One area was sprayed with black 

paint after curing compounds were spread (curing + black).  The temperature 

measurement sensors were installed in the pavement at the areas of the white (regular 

curing), gray, and black colored surfaces.  Figure 4.19 shows the concrete temperatures 

at the top of the slab for the three different colored pavements.  At daytime, the black 

colored pavement shows the highest concrete temperatures and the white colored one 

the lowest, which is the same result obtained with the small specimens.  Even in night 

times, the black colored pavement shows slightly higher temperatures.  The temperature 

differences among the different colored pavements become smaller as the depth 

increases.  The daily maximum concrete temperature differences at the top, mid-depth, 

and bottom of the slab between the white and gray colored pavements are about 5 to 14, 

4 to 5, and 2 to 3 °F, respectively, and those between the white and black colored 

pavements are about 18 to 25, 9 to 16, and 7 to 13 °F, respectively, in this case.  Based 

on these results, using white curing compound can reduce concrete surface temperature 

up to 14 °F.  On the placement day, the difference in temperature between gray and 

white sections was minimal.  This happens because the gray colored pavement does not 

have any curing compound on the surface and as a result the loss of heat due to 

evaporation makes the concrete cooler. 
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      (a) Small specimen test (Austin, CTR)                (b) Field test (Cleveland) 

Figure 4.18    Concrete temperature measurement with different surface colors 
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Figure 4.19   Differences in concrete temperatures among different surface colors 

 

4.8.2  Shading Effect 

Providing a shade immediately after the concrete placement could reduce the 

concrete temperature and the zero-stress temperature under hot weather conditions by 

decreasing the amount of solar radiation.  To investigate the effect of the shade on the 
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concrete temperature, tests have been conducted on the concrete pavement as well as 

with small specimens of concrete in Figure 4.18.  For the test with small concrete 

specimens, two specimens were made and curing compounds were sprayed on the 

surface of both specimens.  A shade was provided over one specimen and the other 

specimen was placed under direct sunlight.  Therefore, it has been found that the daily 

concrete temperature variation decreases significantly when a shade is provided on the 

concrete specimen (about 14 to 21 °F in this case). 

The effect of the shade on the concrete temperature was also investigated with 

the concrete pavement.  A part of the concrete pavement surface (4ft by 4ft) was shaded 

and the concrete temperatures there were compared with those measured under direct 

sunlight.  Figure 4.19 shows the concrete temperatures at the top of the slab with and 

without shade in the Cleveland test section.  If the pavement is shaded, the daily 

maximum concrete temperature becomes much lower and the daily minimum concrete 

temperature becomes slightly higher.  This implies again that the daily temperature 

variation is much smaller if the shade is provided.  The decrements of the daily 

maximum concrete temperatures at the top, mid-depth, and bottom due to the shade are 

about 9, 5, and 4 °F, respectively, in this case.  In other test sections, the shade effect 

was also investigated and the results showed that about 11 °F of the daily maximum 

concrete temperature could be reduced with the shade at the top of the slab.  The results 

obtained with the actual concrete pavement are basically the same as those obtained 

with the small concrete specimens. 

 

4.8.3  Covering  Effect 

If rain is expected during concrete placement, the pavement is covered by the 

polyethylene sheet to prevent damages from rainfalls.  To investigate the effect of the 

cover with the polyethylene sheet on the concrete temperature, tests have been 

conducted on the actual concrete pavement and with small concrete specimens in Figure 

4.18.  For the test with small concrete specimens, a specimen was covered with the 
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polyethylene sheet as soon as the specimen was made, and placed under sun light with 

the other specimen that was not covered.  The daily maximum concrete temperatures 

are significantly higher in the specimen with the polyethylene sheet cover.  In this case, 

the differences in the daily maximum concrete temperatures between the two are about 

11 to 18 °F.  The maximum difference can be observed on the first day, which is 34 °F.  

This large difference happens because in the specimen with the cover, heat generated by 

concrete hydration and solar radiation is mostly kept in the specimen and evaporation 

cooling is limited.  The daily minimum concrete temperatures in both specimens are 

almost the same. 

In the Baytown test section, because the weather changed suddenly from sunny 

to rainy about 2 p.m. on the concrete placement day, the pavement constructed after 

about 1 p.m. was covered by the polyethylene sheet to prevent rainfall damage.  The 

concrete temperatures under the polyethylene sheet could be measured since a 

Thermochron i-Button assembly was installed at the location of the 1:30 p.m. concrete 

placement, which was covered by the polyethylene sheet.  The polyethylene sheet cover 

was removed two days after the concrete placement.  Figure 4.20 shows the concrete 

temperatures at the top of the slab with and without the polyethylene sheet cover.  

During the first two days after the concrete placement when the polyethylene sheet 

cover was applied, the concrete temperatures are much higher in the pavement with the 

polyethylene sheet cover compared with those in the pavement without the cover.  The 

maximum concrete temperature differences at the next day of paving are about 25, 14, 

and 11 °F higher at the top, mid-depth, and bottom of the slab, respectively.  Even after 

the cover was removed, the concrete temperatures are still slightly higher.  Since the 

zero-stress temperature is normally determined on the concrete placement day, the 

temperature increase because of covering makes the zero-stress temperature higher.  

This could result in higher concrete stresses when the temperature drops.  Therefore, if 

the polyethylene sheet cover is necessary, it should be removed as soon as possible to 

avoid a significantly large temperature build-up in the concrete slab. 
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Figure 4.20    Covering effect on concrete temperatures at top 

 

4.9 SUMMARY  

 
The temperature patterns in portland cement concrete pavements were measured 

and comprehensively analyzed from the beginning of the concrete placement based on 

the temperature measurement technique developed using temperature measurement 

sensors.  The temperature measurements were taken at several different locations in 

Texas in CRCP with various slab thicknesses.  The concrete temperature patterns in the 

vertical, transverse, and longitudinal directions of the pavement were analyzed and the 

effects of the pavement surface reflectivity, shading, and covering on the concrete 

temperatures were evaluated.   

 

 The devices developed for concrete temperature measurements using the 

Thermochron i-Buttons have been tried many times in the field and give very 

reliable readings.  Since the installation of the devices in the concrete slab and 
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the temperature data acquisition from the devices can be done easily, they can 

be implemented for the temperature management of the concrete pavement. 

 When the Thermochron i-Button is employed to measure the ambient air 

temperature, it should be placed under good ventilation and shade. 

 The pattern of the concrete temperature at the top of the slab is similar to that of 

the ambient air temperature, but the concrete temperature is higher than the 

ambient air temperature. 

 The daily concrete temperature variation is the largest at the top and the 

smallest at the bottom of the slab.  The daily peak temperatures (maximum or 

minimum) occur at the top first and then moves to another depth, which 

becomes larger as the depth from the top increases. 

 On the concrete placement day, the highest concrete temperature throughout the 

depth of the concrete slab can occur at any depth, not always on the top of the 

slab, because the concrete temperature is affected not only by the air 

temperature but also by hydration heat of concrete generated during the 

concrete curing process. 

 The maximum concrete temperature gradient through the slab depth on the 

concrete placement day occurs when the top of the slab is at its minimum 

temperature, but as time passes by, that occurs when the top of the slab is at its 

maximum temperature. 

 The differences in the concrete temperatures for the different concrete 

placement times decrease as the pavement becomes older.  The maximum 

differences are observed on the concrete placement day.  Normally, the 

maximum concrete temperature on the placement day is higher for the morning 

placement than that for the afternoon placement. Since the zero-stress 

temperature is a function of the maximum concrete temperature on the 

placement day, the placement time would be an important factor that affects the 

behavior and performance of concrete pavements. 
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 In the transverse direction of pavement, concrete temperature variations over 3 

ft. away from the edge are almost same and maximum concrete temperature at 

placement day can be found at the intersection between concrete bottom in 

depth and middle in the transverse direction. 

 During the first three days after placement, subbase temperature varies with 

subbase depth due to hydration heat of concrete, but after that time, subbase 

temperature is almost the same regardless of subbase depth 

 Regardless of the surface color of the pavement, the concrete temperatures at 

night times are almost the same, but those during the day show significantly 

large differences among different surface colors.  The daily maximum concrete 

temperature decreases as the color of the pavement surface becomes brighter, 

because a brighter color has a higher reflectivity and a lower absorption rate of 

solar radiation.  Therefore, the use of very bright white colored curing 

compounds can reduce the maximum concrete temperature and the zero-stress 

temperature on the concrete placement day. 

 If the pavement is shaded, the daily maximum concrete temperature becomes 

significantly lower and the daily minimum concrete temperature becomes 

slightly higher.  This means that the daily concrete temperature variation is 

much smaller if a shade is provided.  Therefore, under very hot weather 

conditions, if a shade is provided on the placement day, the zero-stress 

temperature can be reduced considerably. 

 If the pavement is covered by the polyethylene sheet, the concrete temperatures 

are much higher compared with those for the pavement without the cover.  

Therefore, if the polyethylene sheet cover is necessary to prevent damages from 

rainfalls, it should be removed as soon as possible to avoid a significantly large 

temperature buildup in the concrete slab. 
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CHAPTER 5 

CONCRETE STRESS ANALYSIS 

 

 

Early-age behavior of CRCP in terms of concrete strains and stresses due to 

environmental loading was extensively investigated in this chapter.  Stress independent 

and total strains in concrete were measured using vibrating wire gages in several test 

sections. In-situ COTE and drying shrinkage were successfully measured and these 

measured values were used to stress dependent strain calculation. Concrete stresses 

were calculated from stress dependent strain and calculated stress was verified from 

comparison between calculated stress and measured strength. A methodology to 

estimate in-situ zero-stress point was developed and applied to calculate in-situ zero-

stress points in several test sections 

 

5.1 CONCEPT OF CONCRETE STRESS ANALYSIS  

 

The free strain of the concrete is the strain when the structure is free to move.  If 

the structure is not free to move and has some restraints, then stress occurs in the 

structure. 

 

5.1.1 Definitions of Concrete Strains 

 Time dependent deformation of concrete consists of (1) stress dependent strain 

and (2) stress-independent strain. Stress dependent strain , σε i , which is produced by 

stresses in the concrete, is the sum of the elastic strain, e
iε  and the creep strain, c

iε . On 

the other hand, the stress-independent strain, 0
iε , which is not related to stresses, is the 
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sum of the thermal strain, th
iε , and the shrinkage strain, sh

iε , (see Fig. 5.1). Therefore, 

total strain during time step ( )1−−=∆ rrr ttt  is as follows (Bažant, 1988)  

sh
i

th
i

c
i

e
i

ii
T
i

εεεε

εεε σ

∆+∆+∆+∆=

∆+∆=∆ 0

                                           (5.1) 

where T
iε∆  is the total strain increment; e

iε∆  is the elastic strain increment; c
iε∆  is the 

creep strain increment; th
iε∆  is the thermal strain increment; sh

iε∆  is the shrinkage 

strain increment. 

 

Figure 5.1  Rheological model describing deformation 

 

5.1.2 Concept of Concrete Stress Analysis in CRCP 

  If there is no external loading and the environmental loads such as changes in 

temperature and moisture are the only loads, the stress independent strain will be the 

only stain developed.  For instance, it is assumed that the stress independent strain on 

the bar due to the environmental loads is 0
iε∆  as shown in Figure 5.2.  If the bar is free 

to move, as shown in Figure 5.2 (a), the stress independent strain in the bar will be 0
iε∆  

and the stress will be zero.  If the bar is restrained at both ends (Figure 5.2(b)), when 

subjected to the same environmental loads, there will be no strain because of the 

restraints but the stress will be the same as the stress independent strain multiplied by 
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the elastic modulus of the bar (the negative sign of the stress means the compression).  

Similarly, if the bar is allowed a certain strain T
iε∆ , the stress dependent strain due to 

the environmental loads on this bar will be the difference between total strain and stress 

independent strain. In this case the stress of the bar can be calculated by multiplying the 

difference between the bar’s total strain and the stress independent strain by the elastic 

modulus of the bar, as shown in Figure 5.2 (c). 

 

)( StraintIndependenStressStrainTotalModulusElasticStress −×=            (5.2) 

 

Stress independent strains obtained using stress independent devices can 

similarly be applied to calculate the actual concrete stresses in the pavement systems.  

For instance, if the stress independent strain at a given location of the concrete 

pavement is known and the total strain of the pavement at the same location is measured, 

the actual stress of that location will be the strain difference between the stress 

independent strain and total strains multiplied by the elastic modulus of the concrete at 

the time of measurement. 
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Figure 5.2 Strains and stresses in different conditions 

 

5.1.3 Stress Independent Strain Measurement 

To measure the stress independent strains in actual pavement, several methods 

are being evaluated. One of the stress independent strain measurement devices is shown 

in Figure 5.3 (a). This type of in-situ stress independent strain measurement was just 

conducted by Young-Chan Suh in a Houston project in 1989. To find the stress 

independent strains, a half cylinder was imbedded in the test section, as shown in Figure 

5.3 (a). The instrument was a 6×12 in.- PVC pipe mold that was cut longitudinally 

along each side of the mold. A two-ply plastic sheet made of two layers of plastic film 

was fitted inside the mold to minimize the friction between the inside of the mold and 

the concrete. Similar two-ply plastic sheets were also used at both ends of the mold as 

(a) 

(b) 

(c) 

Δεi
0 

Strain =Δεi
0 , Stress = 0

Strain = 0,  Stress = -E×Δεi
0 ,  

Δεi
T 

Strain = Δεi
T , Stress = E×(Δεi

T -Δεi
0 )
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membranes to ensure the separation of the concrete inside and outside the mold at this 

location when the tensile stress started developing in the concrete. 

In this study, a few modifications were made to improve the accuracy of the 

device and the modified stress independent strain measurement devices and small 

beams have been tried in Baytown and Austin test sections. To measure stress 

independent strain, vibrating wire gages were installed inside of these devices as shown 

in Figure 5.3 (b) and (c). Even though the shape of stress independent strain 

measurement devices has been modified, the basic concept remains the same.  

 

 
 

 

Fig. 5.3  Stress independent strain measurement devices 
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5.1.4 Total Strain Measurement 

Measuring the stress dependent strain directly using strain gages requires more 

extensive efforts and is more costly than measuring total strain. Total strain can be used 

to calculate concrete stress. If creep strain is considered as one part of elastic strain, 

stress dependent strain can be the difference between the total strain and the stress 

independent strain. 

 
0
i

T
ii εεε σ ∆−∆=∆                                        (5.3) 

To measure total strain in concrete, many vibrating wire gages were installed in 

the pavement at different locations. To ensure transverse cracking at the location where 

gages were installed, a crack inducer was designed and applied. Figure 5.4 shows how a 

transverse crack was induced at the desired location.  On the subbase, an L-shaped 

bottom crack inducer was installed before concrete placement.  Then, a top crack 

inducer was inserted through fresh concrete at the top of the slab just after concrete 

placement.  Because of the smaller concrete cross sectional area at the location of the 

crack inducers, the concrete stress will be higher at that location, thus a transverse crack 

will occur at the location of the inducers. 

 

Figure 5.4 Detail drawing of crack inducers 

12 in .

14 ft .

Cr ack  

Crack Inducers

1 in .

3 in .
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To place vibrating wire gages type (VWG) EM-5 at desired locations, two wood 

dowels were driven into the subbase, and the VWGs were placed approximately 5  

inches apart from each other in the vertical direction (top, mid-depth and bottom) as 

shown in Figure 5.5.  Figure 5.6 provides an actual picture of the gage installations. The 

VWG across the crack will only be functional for strain measurements prior to the crack 

formation, but afterwards it will be used as a crack width measurement device. 

 

Figure 5.5 Detail drawing of VWG installation layout 

 

 

 
Figure 5.6 Details of VWGs installation 

Induced Crack
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Reinforced Steel

Vib rating Wire Gage

 5 in .

 5 in .
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5.2 STRAIN MEASUREMENT METHOD USING VIBRATING WIRE GAGE 

 

5.2.1 Principle of Vibrating Wire Gage 

The vibrating wire gage (VWG) is designed to measure internal strains in  

concrete, where long-term reliability coupled with high resolution are required. The 

gage consists of two end flanges separated by a stainless steel tube with a tensioned 

high-strength steel wire clamped into the end flanges and running axially through the 

center of tube.  

An electromagnet potted in epoxy resin and mounted at the center of the tube is 

used to vibrate and measure the vibration frequency of the wire. When the gage is cast 

into concrete, the concrete strains or deformations are conveyed to the gage through the 

end flanges and measured as changes in the wire vibration frequency by the data logger. 

The strain derived from wire vibration is a function of wire length, wire diameter, and 

wire tensioning.  

 

 
Figure 5.7 Shape of Vibrating Wire Gage 

 

 

5.2.2 Calibration of Vibrating Wire Gage 

Temperature variations deform objects in such a way that an increase in 

temperature forces an object to expand whereas a lowering temperature forces the same 

object to contract. The extent of this effect is related to the coefficient of thermal 

expansion of the object.  
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The expansion of the gage and the concrete, when temperature increases, 

produce opposite effects on the strain reading. If the temperature increases, this will 

induce an expansion of the wire of a vibrating wire transducer (the tension of the wire 

decreases). This corresponds to compression reading (negative deformation). On the 

other hand, this increase of temperature will also induce the expansion of the concrete, 

which in turn increases the tension of the wire. This corresponds to an expansion 

reading (positive deformation). Consequently, the net temperature effect depends on the 

ratio of the coefficient of thermal expansion of gage to that of coefficient of thermal 

expansion of concrete. 

The total concrete strain could be measured considering the coefficient of 

thermal expansion of the steel wire enclosed in this gage, 6.388 microstrain/°F, as 

shown in Eq.5.4. 

 

                                )()( 0101 TTLL G
T −+−= αε                                              (5.4) 

 

where : Tε     : Total strain or Apparent strain 

  0L      : Initial reading     0T    : Initial temperature 

  1L      : Final reading       1T    : Final temperature 

  Gα     : Coefficient of thermal expansion of VWG 

 

 

5.2.3 Concrete Hardening 

To analyze the concrete strain more accurately, determination of concrete 

hardening time in early age concrete is important. Depending on the concrete hardening 

time, calibrated concrete total strain can be slightly changed since the hardening 

temperature of concrete affects VWG calibration processing, as mentioned in Eq. 5.4.  
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The fresh concrete is a multiphase mixture of cement, water and aggregate. It 

transforms from a liquid to a hardened structure due to chemical reactions of the 

hydration process. The liquid phase of fresh concrete is the cement paste and 

consequently, the concrete hardening depends on the cement past hardening. The 

hardening of cement paste is schematically represented in Figure 5.8. 

In Figure 5.8 three stages of the cement paste are represented. The dormant 

period begins after the addition of water to the cement. During the dormant period the 

concrete is in a liquid phase. Setting starts when the hydrated cement particles begin to 

be in mutual contact and ends when the cement paste become solid. The setting period 

is a transition period during which the cement paste is transforming from a liquid to a 

hardened structure.  After the setting, cement paste continues to harden, and its 

mechanical strength increases (Glisic, and Simon, 2000). 

 

 
Figure 5.8 Hardening of cement paste (Glisic, and Simon, 2000) 

 

The initial and the final setting times do not mark a specific change in the 

physical-chemical characteristics of the cement paste; they are purely functional points 

in the sense that the former defines the limit of handling and the latter defines the 

beginning of mechanical strength development. (Mehta, and Monteiro, 1993). There is 
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no strict dividing line between setting and hardening. Any distinction is more or less 

arbitrary and poorly defined. The time of set of concrete is usually determined by 

measuring repeatedly the changes in its resistance to penetration by specified small rods 

or needles, although slump, heat development(Kleinlogel 1933), ultrasonic pulse 

velocity (Whitehurst 1951), shearing test (Bombled 1967), and electrical resistivity 

measurement (Calleja 1952, Szuk 1962) are also applicable for this purpose. (Concrete 

Materials by Sandor Popovics, Noyes Publications 1992) 

Figure 5.9 illustrates that initial set and final set of concrete measured by ASTM 

C 403 do not necessarily coincide with the periods marking the end or the complete loss 

of workability and the beginning of mechanical strength, respectively. Instead, the 

initial set represents approximately the time at which fresh concrete can no longer be 

properly mixed, placed, and compacted; the final set represents approximately the time 

after which strength begins to develop at a significant rate. Initial and final sets are 

defined as times at which the penetration resistances are 500 psi and 4000 psi, 

respectively (Mehta and Monteiro,1993) The standard initial set of commercial portland 

cement concrete ranges approximately from 2 to 4 hr, and final set from 5 to 8 hr.  

Figure 5.9 Progress of setting and hardening in concrete 

(Mindess and Young,1981) 
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The very early age deformation of concrete is indeed not easy to measure 

because of the viscosity and the low stiffness of the mixture.  In order to determine the 

hardening time of concrete in very early age, two different types of fiber optic sensors 

were used by Glisic and Simon.  In the beginning, after pouring of the concrete, the 

standard sensor measures the swelling of concrete, while the stiff sensor remains 

inactive. After the concrete hardening, both sensors are activated and measure the same 

deformation. The moment of the concrete hardening is registered as the moment after 

which the measured deformation difference between two sensors becomes constant as 

shown in Figure 5.10.  Determination of hardening time using this method has some 

limitations, because this hardening time is depended on the rigidity of the stiff sensor. 

 

 
Figure 5.10 Measurement of concrete hardening time (Glisic and Simon, 1999) 

 

New methodology for measuring concrete hardening time using VWG’s 

principle was developed in this study. During the lab experiment, it was observed that, 

prior to concrete placement, the raw VWG data were directly proportional to 

temperature variations. Just after concrete pouring, the plastic concrete didn’t provide 

resistance and thus the raw data from VWG increased with temperature. Due to the heat 
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of hydration of concrete and ambient air temperature and solar radiation, not only the 

length of wire inside of VWG is elongated (shows negative sign) but also the concrete is 

expanded (shows positive sign), thus the sum of these two effects results in positive 

sign during 7 hrs after concrete placement, as shown in Figure 5.11. With concrete 

hardening, the length of wire inside of VWG is still elongated with temperature 

increment, but the deformation of VWG is affected by concrete stiffness with time. In 

about 7 hrs after concrete placement, strain from VWG starts decreasing even thought 

concrete temperature still goes up. All the VWGs installed at the total strain 

measurement locations and stress independent strain measurement devices show the 

similar trend. This time is considered as hardening time of concrete and then, based on 

this approach, calibrated total concrete strain using Eq. 5.4 is presented in Figure 5.11 
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Figure 5.11 Measurement of concrete hardening time using VWG 

 

The penetration resistance test has been conducted simultaneously as a 

supplementary test method to figure out the concrete hardening time in Figure 5.12. The 

initial setting and final setting time in Austin test section show 6.3 and 7.5 hrs 

respectively, as shown in Figure 5.13.   
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Figure 5.12 Penetration Resistance test (ASTM C-403) 

0

1000

2000

3000

4000

5000

6000

7000

4 5 6 7 8 9

Elapsed Time (hr)

Pe
ne

tr
at

io
n 

R
es

is
ta

nc
e 

(p
si

)

Initial Setting : 6.3 hr

Final Setting : 7.5 hr

 
Figure 5.13 Penetration Resistance test result in Austin test (ASTM C-403) 
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5.3 IN-SITU MEASUREMENT OF STRESS INDEPENDENT STRAINS 

 

This chapter presents the in-situ coefficient of thermal expansion (COTE) and 

in-situ drying shrinkage measurements using VWGs as stress independent strains. 

 

5.3.1 In-situ COTE Measurement 

The concrete COTE has a major influence on concrete pavement performance, 

thus several methods were being evaluated to measure the in-situ COTE. The modified 

half cylinder provides a direct in situ measure, as shown in Figure 5.14 and the small 

beams are job prepared specimens. The current TxDOT method of measuring concrete 

COTE using prepared cylinders was used as the control test in Figure 5.15. 

The stress independent strain measurements using the VWGs installed at the left 

and right sides of the modified half cylinder were used to estimate the in situ concrete 

COTE.  If the total strain data are plotted with respect to the temperatures, the average 

slope of a daily cycle curve is the concrete COTE value of the day. Figure 5.16 is one 

example of the data from the Baytown test section. Note, the general repositioning of 

the daily cycles downward is the result of concrete drying shrinkage. As shown in 

Figure 5.16, the average slopes are almost the same regardless of the concrete age. The 

slope of the regression line is the concrete COTE i.e. 4.4×10-6/°F.  Using this 

methodology, the in-situ concrete COTE can be obtained. 

Small beams can also be used to find the in-situ concrete COTE. The VWGs 

were installed in the small beams and the total strain data will be analyzed as explained 

in the previous paragraph. Figure 5.17 shows the results of the small beams for the 

COTE measurements.  Even though the size of the small beam affects the drying 

shrinkage values, but does not affect the COTE values. In Figure 5.17, the 3rd period 

data (over 200 days after placement time), compared with 1st (1st – 13th days after 

placement) and 2nd (16th – 26th days after placement) periods data, shows almost linear 

regardless of the concrete ageing during that period. That means drying shrinkage effect 
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is almost minimized at 3rd period.  The average COTE values during 1st period is 

4.47×10-6/°F.   

Three cylinders were prepared to measure the concrete COTE at early age in 

laboratory.  The measurements were taken at 7 days after placement followed by Tex-

426-A COTE test at TxDOT. To insure proper estimates of temperature change during 

the testing program, Thermochron buttons were inserted in the cylinders. The average 

COTE value is 4.5×10-6/°F.   

Three different methods have been conducted to measure the in-situ COTE and 

in-situ COTE could successfully be obtained analyzing concrete strain data using 

VWGs, as shown in Table 5.1. 

 

        
(a) Before installation                                (b) After installation 

Figure 5.14 Modified half cylinder installation 
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Figure 5.15 Tex-428-A Laboratory COTE test 

 

Table 5.1 Summary of COTE test results 

Test Method Average COTE value (×10-6/°F) 

Modified half cylinders 4.4 

Small beams 4.47 

Current TxDOT method 4.5 
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Figure 5.16 In-situ COTE measurement using modified half cylinder in Baytown 
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Figure 5.17 In-situ COTE measurement using small beam in Baytown 
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5.3.2 In-situ Drying Shrinkage Measurement 

The in-situ drying shrinkage, one of the stress independent strains, was 

investigated in the field, as shown in Figure 5.18, since the behavior and performance of 

concrete pavements are partly dependent on the early-age drying shrinkage variations.  

Figure 5.19 shows an example plot of the measured concrete temperature and total 

strain vs. time collected from the small beam made in a Baytown as part of stress 

independent strain measurement. The decrease of the concrete total strain with the daily 

temperature cycles is the evidence of the drying shrinkage effect, even though the 

minimum daily concrete temperatures are almost the same. Based on the previous in-

situ COTE test results, in-situ drying shrinkage strain can be obtained the difference 

between the total strain and the thermal strain of stress independent devices in Eq. 5.4. 

The in-situ drying shrinkage was successfully calculated using stress independent 

devices, as shown in Figure 5.20.  
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(a) Before installation                                (b) After installation 

Figure 5.18 Small beam installation 
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Figure 5.19 Total strain measurement using small beam in Baytown 
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Figure 5.20 In-situ drying shrinkage calculation using small beam in Baytown 
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If the relative humidity is measured in the stress independent specimen along 

with the temperature and concrete total strain, the above procedure can also be used to 

find the relationship between the relative humidity and concrete drying shrinkage.  

Drying shrinkage, due to evaporation, which leads to cracking or warping is also 

controlled by minimization of water loss from capillary pores. Evaporation at the 

surface of a concrete slab can be defined as the net rate of vapor transport to the 

surrounding atmosphere. Water available in the capillary pores of concrete evaporates at 

the surface of concrete when it is exposed to ambient weather conditions that create a 

lower vapor pressure above the concrete surface and within the concrete. Because the 

predominance of moisture movement associated with evaporation occurs near the 

surface of the concrete, moisture variations within the cross-section of the concrete are 

found mostly near the surface. Moisture measurements in field slabs have indicated that 

the drying process in concrete tends to concentrate shrinkage development in the upper 

portion of the concrete slab (Parrott, 1988 and Janssen, 1987). 

The relative humidity measurement was adopted as a supplementary method to 

measure moisture movement on the concrete surface. To measure relative humidity in 

fresh concrete at early age, three different devices, SHT-75, Hygro-button and HM44, 

were evaluated. The SHT-75 is a high-precision relative humidity and temperature 

sensor with approximately 20 mm in length, as shown in Figure 5.21 (a). Internal R.H. 

measurement can begin immediately and the accuracy of R.H measurement is ±3.5%. 

The condensation problem can occur when SHT 75 is installed into the fresh concrete. 

SHT 75 can be effectively used in laboratory testing rather than filed testing because it 

does not have memory in itself and therefore should be connected to the computer.  

HM 44 set is one of the solutions for measuring humidity in structures such as 

concrete. First, a hole is bored at the required depth, cleaned out, and a plastic sleeve 

inserted. At this point, the probe can be pushed into the sleeve and sealed. The material 

at the bottom of the hole releases humidity onto the space around the probe until 



 77

equilibrium is reached. The HM 44 meter can then be connected to the probe cable and 

a reading taken. The accuracy of R.H measurement is in the range of ±3.0%. The 

HM44 is not adequate to field testing because the recording meter should be connected 

to the probe, as shown in Figure 5.21 (b).  

         
(a) SHT-75                                      (b) HM 44 

Figure 5.21 Relative humidity measurement devices 

 

The temperature/humidity logger Hygro-button is a rugged, self-sufficient 

system that measures temperature and/or humidity and records the results in a protected 

memory section. The recording is done at a user-defined rate. The R.H measurement 

accuracy is relatively low, i.e., ±5.0%. For use in concrete, containment device which 

protects the Hygro-button from the wet concrete, but allowed the humidity and 

evaporation, should be designed and improved.  Hygro-button is packaged in a small 

plastic tube with both end covered with Gore-Tex to apply for fresh concrete. The Gore-

Tex allows water vapor to pass through, but blocks any liquid water from entering the 

tube. This allows the sensor to be cast directly into fresh concrete, as shown in Figure 

5.22. 
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(a) Before installation                                (b) After installation 

Figure 5.22 Hygro-button installation with Gore-Tex 

 

In laboratory test, measured relative humidity results were very similar 

regardless of different device types in the air. In fresh concrete, Hygro-buttons were 

installed at top, 1 in. to 3 in. below the top, mid-depth and bottom location. Except top 

location, the relative humidity from the other locations of Hygro-buttons were not 

changed significantly, as shown in Figure 5.23  During three days laboratory test, 

minimum top relative humidity was about 80 %. From this test result, relative humidity 

variations within the cross-section of the concrete are confined mostly near the surface. 

The study of the relationship between relative humidity and the concrete drying 

shrinkage is in progressing under TxDOT project No.0-5106 “Evaluation of curing 

membranes effectiveness to reduce evaporation”. 
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Figure 5.23 Relative humidity measurement using Hygro-buttons in concrete 

 

 

5.4 TOTAL STRAIN MEASUREMENTS 

 

5.4.1 Installation layouts   

To measure total strain of concrete, several VWGs have been installed in 

Baytown, Austin and Cleveland test sections during three years as shown in Figure 5.24. 

The basic installation lay out is shown in Figure 5.25, even though the detailed 

installations are slightly different for each test section. To make sure transverse cracking 

at VWGs installed location, crack inducers were installed at the top and bottom 

locations, as mentioned in Chapter 5.1.4. The VWG at the top, mid-depth, and bottom 

were located at just below the top crack inducer, reinforced steel depth, and 1 in above 

the subbase surface, respectively. To reduce edge effect of pavement, all VWGs were 

installed about 4 feet from the pavement edge except for the 90 degree installation 

(transverse direction). Based on the previous experiences, average crack spacing of 

CRCP is about eight feet. Additionally, top, mid-depth, and bottom VWGs were 
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installed four feet longitudinally from the crack induced location to measure concrete 

strain variation before and after cracking. One VWG was located at eight inches from 

the crack-induced location to measure the strain variation in the longitudinal direction. 

All data were measured at 10 minute interval during one month continuously and then 

measured at 2-hr intervals periodically.  

 

             
(a) Before paving                                                       (b) After paving 

Figure 5.24 VWG installation in Austin test section 
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Figure 5.25  Installation layout of Austin test section (9/25/2003) 
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5.4.2 Concrete Strain Variation through Depth before Cracking 
 

Figure 5.26 shows the variations of concrete total strains at crack induced area 

during three days after placement. With increasing of concrete temperature due to heat 

of hydration and ambient air temperature, concrete top, mid-depth and bottom total 

strains are increased at the very beginning. But total strain variations are not directly 

proportional to the concrete temperature variations because of boundary conditions of 

structure. The total strain is the sum of the stress independent strain and the stress 

dependent strain. It means stress independent strains are usually proportional with 

environmental loads, but stress dependent strains are governed by structural boundary 

conditions. Until now, most CRCP researches have been conducted with very simplified 

boundary assumptions such as perfect restrained condition due to convenience of simple 

approaches and lack of real measured total strain data. If this approach is true, the total 

strains should not change with time before cracking. But as shown in Figure 5.27, total 

strains about 4 ft. from the crack-induced location also changed with time before 

cracking. Even though the total strain variations are not significantly high, information 

on the exact behaviors of concrete at early-age will help develop proper boundary 

conditions for more accurate analysis of CRCP systems.  



 83

0

20

40

60

80

100

120

140

0 0.5 1 1.5 2 2.5 3

Time (day)

C
on

cr
et

e 
St

ra
in

 (m
ic

ro
 s

tr
ai

n)

0

10

20

30

40

50

60

70

80

90

100

C
on

cr
et

e 
Te

m
pe

ra
tu

re
 (F

)

VWG-C-Top VWG-C-Mid. VWG-C-Bot.
VWG-C-Top (Temp.) VWG-C-Mid.(Temp.) VWG-C-Bot.(Temp.)  

Figure 5.26  Measured concrete total strain at crack induced area in Austin  
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Figure 5.27  Measured concrete total strain at 4 ft. from crack induced area in Austin  
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5.4.3 Concrete Crack Width Variation through Depth after Cracking 

The first crack occurred at the crack-induced location about three days after 

placement. In the very early morning, the time at which the concrete temperature 

reached the daily minimum, a crack was developed in a sudden fashion through the 

concrete depth. Considering the data logging interval of 10 minute, at the moment of 

cracking, the total strain of top was drastically increased during 10 minutes, as shown in 

Figure 5.28.  Through the crack spacing survey, the first crack was also found at crack 

induced location at that day. 

After cracking, the measured total strain multiplied by VWG length should be 

understood as a crack width.  When temperature goes down, crack width increases. The 

daily maximum crack width occurred just before the sunrise, and daily minimum crack 

width can be found at late afternoon around 2 to 4 P.M. 

The daily crack width variation on top is higher than that of other locations. It 

means the crack width through the depth is like the “V” shape. Considering the large 

amount of temperature and humidity variations on the top location compared to other 

locations, as mentioned in the previous chapters, and the effect of reinforcements at the 

mid-depth, this “V” shape crack width variation can be anticipated. The cores from 

crack location also show that as the crack goes deeper into the concrete, crack width 

becomes progressively smaller.  



 85

0

500

1000

1500

2000

2500

0 1 2 3 4 5 6 7
Time (day)

C
on

cr
et

e 
St

ra
in

 (m
ic

ro
 s

tr
ai

n)

0

10

20

30

40

50

60

70

80

90

100

C
on

cr
et

e 
Te

m
pe

ra
tu

re
 (F

)

VWG-C-Top
VWG-C-Mid.
VWG-C-Bot.
VWG-C-Top (Temp.)

 
Figure 5.28  Measured concrete crack width after cracking in Austin  

 
 
5.4.4 Concrete Strain Variation in the Longitudinal Direction 
 

Concrete strain variations at the moment of cracking in the longitudinal direction 

were investigated, as shown in Figure 5.29.  The concrete total strains at 8 in. and 48 in. 

from the crack-induced location were suddenly decreased at the time of cracking. This 

means that cracking phenomenon at a crack-induced location can affect the surrounding 

area; stress is relieved at a crack, but this relieved stress should be transferred to other 

locations. Figure 5.29 describes this phenomenon very well. After cracking, the total 

stains at 8 in. and 48 in. from the crack changed with the temperature variation 

proportionally although the variations were very small compared to that of crack width, 

as shown in Figure 5.30. But the stress dependent strain increased until the next 

cracking. A detailed study is described in Chapter 7 as long- term performance behavior 

of crack width.  
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Figure 5.29  Measured concrete total strain at the crack in Austin  
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Figure 5.30  Concrete total strain variation in the longitudinal direction  
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5.4.5 Concrete Strain in the Transverse Direction 
 

Figure 5.31 shows the concrete total strain variation in the transverse direction 

during 7 days in the Austin test section. The total strain in the transverse direction was 

changed with concrete temperature variation proportionally due to the relative weak 

restraint boundary condition compared to that of longitudinal direction. The total strain 

variation was not affected by the cracking because of the perpendicular direction of the 

gage relative to the principal directions of concrete displacement.  
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Figure 5.31  Concrete total strain variation in the transverse direction  
 
 

5.5 CONCRETE STRESS CALCULATION 

 
5.5.1 Concrete Stress Calculation Method 

 

The concept of concrete stress analysis is already described in Chapter 5.1.2. To 

calculate concrete stress, in-situ stress independent strain and total strain were 
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successfully measured using VWGs. The stress dependent strain is calculated by 

subtracting the measured stress independent strain from the measured total strain in 

concrete.   

To obtain the concrete strength, material properties tests were conducted in 

accordance with ASTM C 469 “Standard test method for static modulus of elasticity 

and poisson’s ratio of concrete in compression”, ASTM C 39 “Standard test method for 

compressive strength of cylindrical concrete specimens” and ASTM C 496 “Standard 

test method for splitting tensile strength of cylindrical concrete specimens”.  About 40 

cylinders were prepared in the test site from the paving concrete and these specimens 

were moist cured with the standard method and tested at 1st, 4th, 8th, 14th and 28th day, as 

shown in Figure 5.32. 

Compared to direct tension, the splitting tension test is known to overestimate 

the tensile strength of concrete by 10 to 15 percent (Mehta and Monteiro, 1993). Figure 

5.33 presents the material properties test results of splitting tensile test that was reduced 

by 13 percent of original test results and elastic modulus test during 8 days after 

placement. To calculate concrete stress, measured elastic modulus curve was used.  

 

 

      
(a) ASTM C-496                                     (b) ASCT C-39 & C-469 

Figure 5.32   Material properties test using UTM 
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(a) Tensile strength                                              (b) Elastic modulus 

Figure 5.33 Material properties test results 

Figure 5.34 shows the measured total strain, measured stress independent strain 

and calculated stress dependent strain in the concrete. At the very beginning, stress 

dependent strain goes to compression due to expansion of concrete and then goes to 

tension with temperature decrease because of contraction of concrete. Depending on the 

daily concrete temperature cycles, maximum concrete tensile strain steadily increased. 

Finally, three days after placement, concrete tensile strain reached the maximum 

capacity of about 140 micro strain and then cracking occurred.  
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Figure 5.34 Concrete strain variations in Austin test section 
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If the concrete stress exceeds the concrete strength, concrete will crack. Just 

before cracking, the calculated concrete stress is slightly below the measured concrete 

tensile strength, as shown in Figure 5.35. The similar results can be found from 

Baytown and Cleveland test sections. Based on this result, the concrete stress analysis 

method suggested in this chapter is reasonable.  
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Figure 5.35 Concrete stress and strength variations in Austin test section 

 
5.5.2 Zero-Stress Point 

Figure 5.36 presents the development of early-age concrete temperatures and 

stresses over time, in a fully restrained specimen. The displayed temperature 

development is typical for concrete placed under hot weather field conditions. The 

concrete is plastic at placement and stresses do not start to develop until enough 

hydration products have formed to cause final setting, which occurs at time tfs. The 

hydration of cement with water is exothermic in nature, and this causes the concrete 

temperature to increase beyond the setting temperature. The restrained expansion of the 

concrete caused by the temperature leads to the development of compressive stresses 

until the peak temperature (Tmax) is reached at time tmax. During this phase, the 
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hydrating paste is still developing structure, the strength is low, and most of the early-

age compressive stresses are relaxed (Springenschmid and Breitenbucher, 1995, 

Westman, 1999). As a decline in concrete temperature starts to occur, the compressive 

stresses are relieved until the concrete temperature drops below the zero-stress 

temperature (Tzs). This condition is reached at time tzs, where the stress condition 

changes from compression to tension for the first time. The zero-stress temperature is 

generally significantly higher than the final-set temperature, due to the relaxation of 

early-age compressive stresses and the rapid gain in concrete stiffness during early-ages. 

If the temperature continues to decrease, additional tensile stresses will develop, and 

when these tensile stresses exceed the tensile strength, cracking will occur at time tcrack. 

The effective temperature change that caused cracking is the difference between the 

zero-stress temperature and the temperature at cracking. 

An experimental procedure was developed in Research Project 1244-3 (Suh et 

al., 1992) to determine the zero-stress temperature on site. It was determined that the 

zero-stress temperature was about 93% of the maximum concrete temperature. 

Although it was the first trial of the in situ zero-stress measurement using the unique 

half cylinder mentioned as described in Chapter 5.1.3, observing the zero-stress 

temperature point using brass plugs has some limitations of its accuracy. Zero-stress 

temperatures were also evaluated with the restrained thermal cracking test data from 

Springenschmid and Breitenbucher(1995). The suggested average zero-stress 

temperature is about 95.5% of the concrete maximum temperature. But these tests have 

been conducted in fully restrained boundary condition using the temperature-stress 

testing machine. Based on the data from Schindler, the zero-stress temperature was 

about 92 to 94 % of the maximum concrete temperature. These values were obtained 

from the mathematical model using early-age relaxation theory.   

In situ zero-stress temperature was measured using calculated stress data in the 

Austin test section, as shown in Figure 5.37. The in situ zero-stress temperature point 

where the stress condition changes from compression to tension is shown just after the 
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concrete temperature reached the maximum temperature. A similar result was also 

found in the Cleveland test section, as shown in Figure 5.38.   

The term “zero-stress temperature” was derived considering it is used to 

calculate the concrete stress based on temperature variation only. But in CRCP analysis, 

stresses are derived from and calculated for boundary conditions of the structure itself, 

shrinkage stress of concrete and geometry of structure, etc. as well as temperature 

variations. For those reasons, it is better to use the terminology of the zero-stress point 

and the term “zero-stress point” is more appropriate. To estimate the zero-stress point in 

CRCP more accurately, further research is needed.  
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Figure 5.36 Conceptual diagram of zero-stress temperature 
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Figure 5.37 In situ zero-stress point measurement in Austin 
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Figure 5.38 In situ zero-stress point measurement in Cleveland 
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5.6 SUMMARY 

 

To analyze concrete stresses in CRCP at early age, stress independent and total 

strains were measured using vibrating wire gages in several test sections. Modified half 

cylinders and small beams were used to measure in-situ stress independent strains and 

top, mid-depth and bottom total strains were measured in crack induced area. A 

methodology to determine concrete hardening time was suggested using the principle of 

the vibrating wire gage. In-situ COTE and drying shrinkage were successfully measured 

and these measured values were used for stress dependent strain calculation.  Using 

stress dependent strain, concrete stress was calculated and calculated stress was verified 

from comparison between calculated stress and measured strength. A methodology to 

estimate the in-situ zero-stress point was developed and applied to calculate the in-situ 

zero-stress point in several test sections.  

 

 Time dependent deformation of concrete consists of (1) stress dependent strain 

and (2) stress-independent strain. Stress dependent strain is the sum of the 

elastic strain and the creep strain. The stress-independent strain is the sum of 

the thermal strain and the shrinkage strain. 

 Strain measurements using vibrating wire gage required temperature calibration 

to compensate temperature error reading. A new method to determine concrete 

hardening time using the vibrating wire gage principle was suggested.  

  If there is no restraint, and the environmental loads such as changes in 

temperature and moisture are the only loads, the stress independent strain will 

be the only strain developed. Stress independent strains were measured using 

stress independent devices : modified half cylinder and small beams 

 In-situ COTE measurements were successfully performed using stress 

independent devices, and these measured values were verified from the current 
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TxDOT method. In-situ drying shrinkage was calculated using the difference 

between stress independent strain and thermal strain.  

 Top, mid-depth and bottom total strains in CRCP were measured using 

vibrating wire gages. Before cracking, total strain variations were not directly 

proportional with concrete temperature variations because of the structure’s 

boundary conditions.  

 After cracking, the daily crack width variation on top was higher than that of 

other locations due to large amount of temperature and humidity variation on 

surface.  

 Concrete total strains at the 8 in. and 48 in. from crack induced location were 

suddenly decreased at the time of cracking. This means that cracking 

phenomenon at a crack-induced location can affect the surrounding area in the 

longitudinal direction; stress is relieved at a crack, but this relieved stress 

should be transferred to other locations. 

 The total strain in the transverse direction was changed with concrete 

temperature variation proportionally due to the relative weak restraint boundary 

condition compared to that of longitudinal direction. 

 Stress dependent strains in CRCP were the difference between total strain and 

stress independent strain. Using stress dependent strain, the concrete stress was 

calculated and the calculated stress was verified from comparison between 

calculated stress and measured strength. 

 The term “zero-stress temperature” was derived considering it is used to 

calculate the concrete stress based on temperature variation only. But in CRCP 

analysis, stresses are derived from and calculated for boundary conditions of 

the structure itself, shrinkage stress of concrete and geometry of structure, etc. 

as well as temperature variations. For those reasons, it is better to use the 

terminology of the zero-stress point and the term “zero-stress point” is more 

appropriate. 
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CHAPTER 6 

STEEL STRESS ANALYSIS 

 

 

One of the special features of CRCP is continuously connected reinforced steel 

compared to other pavement systems. Studying reinforced steel behavior in the aspect 

of strain and stress should be conducted to understand the total mechanical behavior of 

CRCP. This chapter presents steel strain measurement method, steel strain and stress 

analysis.  

 

6.1 MEASUREMENT METHOD  

 

6.1.1 Resistance Type Steel Strain Gage 

A resistance type strain gage is a general-purpose of constantan strain gage 

widely used in experimental stress analysis. Ideally, a strain gage bonded to reinforcing 

steel would respond only to the applied strain in the steel, and be unaffected by other 

variables in the environment. Actually, the electrical resistance of the strain gage varies 

not only with strain, but with temperature as well.  To minimize the temperature effect 

on strain measurement, self-temperature compensation strain gages were selected.  The 

selected steel strain gage has a temperature range between -100 to +350°F for 

continuous use in static measurements.  

 

6.1.2 Calibration of Steel Strain Gage 

 Before the actual field application, steel strain gages were calibrated in the 

laboratory. To find the relationship between the output unit (voltage) and the actual 

strain, number 6 steel was installed in the Universal Test Machine (U.T.M.) and 

tensioned, as shown to Figure 6.1. At the early loading stage, cyclic loading was applied 
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to verify the linear elastic behavior of steel. The relationship between measured steel 

strain and stress is very linear, as shown in Figure 6.2, and the modulus of 29 million 

psi was obtained. This indicates the gages are properly calibrated no additional 

calibration needed.  

 
Figure 6.1 Calibration of steel strain gage using U.T.M. 
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Figure 6.2 Relationship between steel strain and steel stress. 
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6.1.3 Installation Process of Steel Strain Gage 
 

The procedure to install the steel gages consisted of grinding the rebar 

corrugations to leave a smooth surface. After the corrugations were ground, sand paper 

was used to smooth any surface indentations. The surface was smoothed even more 

with sand paper grade 60 and then with sand paper grade 400. The grinding was done 

not to reduce the diameter of the rebar. Before adhering the resistance gage to the 

surface, isopropyl alcohol was used to clean and degrease the treated surface of the 

rebar. The gages with pre-attached lead wires were taped to the rebar. A conditioning 

solution was brushed on the surface of the rebar and on the area of the gage to be 

bonded to the rebar. After adhering the gage, mechanical protection was applied to 

avoid damage of the gage during the construction operations. Once the gages were 

installed, a small trench was dug into the subbase, in the area of the paver track, to lead 

all the sensor wires out of the pavement and into the datalogger. Figure 6.3 shows the 

strain gages installation pictures on the reinforcing steel in the Austin test section.  

 

       
 

Figure 6.3 Details of steel strain gages installation 
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6.2 STEEL STRAIN MEASUREMENT 

 

6.2.1 Installation Layouts 

Because the maximum steel stress occurs at transverse cracks, steel strain gages 

should be located at the transverse crack. Therefore, steel strain gages were installed at 

the induced crack, as shown in Figure 6.4, then following proper installation procedures, 

as mentioned in Chapter 6.1.3. The general locations of the steel strain gages are shown 

in Figure 6.5.  To prevent data loss, several gages were installed at the crack induced 

area. Additional gages were installed in the longitudinal direction with 6 in. distance to 

measure the steel strain variation from the crack.  

 
 

Figure 6.4  Section of installed steel strain gages 
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Figure 6.5  Steel strain gages installation layout in Cleveland ( 7/20/2004) 
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6.2.2 Steel Strain Measurement at Crack 

Figure 6.6 shows the variations of steel strains at crack induced area and 

temperature variations at steel location for six days after placement in the Austin test 

section. Before cracking, steel strain variation is relatively small and after cracking, 

which occurred at three days after placement, its variation increased drastically. Before 

cracking, stress due to temperature and moisture variations is carried by both concrete 

and steel. At cracking, the stress portion carried by concrete before cracking is 

transferred to steel at the crack location. Considering a measurement interval of 10 

minutes, Figure 6.6 shows the drastic steel strain increment at three days after 

placement (about 7:00 A.M). After cracking, as temperature further dropped, steel strain 

was increased as more stress is transferred from concrete to steel through bond stress.  
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Figure 6.6  Measured steel strain at crack in Austin 

 

Figure 6.7 shows the measured steel strain at crack in the Cleveland test section. 

In the Austin test section, both top and bottom crack inducers were installed; however, 

in the Cleveland test section, only top crack inducer was installed to simulate a more 

natural crack. For this reason, the drastic steel strain increase at cracking observed in the 
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Austin test section was not found in the Cleveland test section. Instead of this sudden 

strain increment, steel strains increased gradually with a decrease of concrete stiffness at 

the crack. From this measurement, stress seems to be re-distributed gradually from 

concrete to steel with temperature decrease when natural crack occurs.  Considering 

relatively similar temperature variations, a comparison of steel strain variation between 

Austin and Cleveland test sections indicates that stresses seem to be re-distributed 

gradually from concrete to steel, resulting in less steel strain when a crack was induced 

only at the top surface.  
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Figure 6.7  Measured steel strain at crack in Cleveland 

 

6.2.3 Steel Strain Variation in the Longitudinal Direction 

Steel strain variation in the longitudinal direction was investigated in this section. 

Before cracking (during two days after placement), steel strains in the longitudinal 

direction were very similar except strain at crack-induced location due to pre-formed 

crack, as shown in Figure 6.8, but with the crack propagating (after two days after 

placement), the steel strain at crack increased gradually; however the strains at the other 



 104

locations did not change significantly. Very early in the morning of the sixth day after 

placement, a sudden increment of steel strain at crack was found due to a large decrease 

of temperature, at the same time, steel strain at 6 in. from the crack also increased 

significantly. Even though strain variation at 12 in. from crack was not significantly 

changed, strain at 12 in. from crack was also affected from large strain variations at the 

crack. The rapid reduction in steel strains as it is away from a crack indicates that an 

anchoring effect exists and is confined within a relatively small distance. 
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Figure 6.8  Measured steel strain in the longitudinal direction in Cleveland 

 

 

6.3 STEEL STRESS CALCULATION 

 

The steel stress calculation process is relatively simple compared to that of 

concrete mentioned in section 5.5.1. Before cracking, most stress is carried by concrete 

due to its relative massive volume compared to that of steel. But after cracking, if the 

crack occurs through the pavement depth, the entire stress has to be carried by steel 

before stress re-distribution processing.  
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The steel stress at a crack could be calculated by multiplying elastic modulus of 

steel times the measured total strain. Figure 6.9 shows the calculated steel stresses at a 

crack in the Austin test section during 10 days after placement. The maximum steel 

stress at the crack is about 25 ksi. The calculated maximum steel stress in the Cleveland 

test section is about 21 ksi, as shown in Figure 6.10. These two tests were conducted in 

September 03 and July 04, respectively. Actually steel stress in winter is more critical 

because maximum steel stress occurs in the winter when temperature drops to the 

annual minimum. To get the maximum steel stress in the winter, long term monitoring 

of steel strain should be conducted in the future.  
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Figure 6.9  Steel stress at crack in Austin 
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Figure 6.10  Steel stress at crack in Cleveland 

 

6.4 SUMMARY 

 

Understanding reinforced steel behavior in CRCP is important to properly 

comprehend the total behavior of CRCP. In this chapter, reinforced steel stains were 

measured and steel stresses at cracks were calculated using measured strains.  

 

 Resistance type steel strain gages (self-temperature compensation) were 

installed in crack-induced area to measure the total strains of reinforcing steels 

in several test sections.  

 Before concrete cracking, the steel strain variation was relatively small and 

after cracking, its variation increased drastically at top and bottom crack- 

induced area because at cracking, the stress carried by concrete was transferred 

to the steel. 

 When a crack was induced at the top only in order to simulate natural cracking 

better, a drastic steel strain increase at cracking was not observed. Instead of a 
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sudden strain increment, the steel strain increased gradually as the concrete 

crack propagated through the pavement depth.  

 Large strain variation at crack location after cracking also affected the steel 

strain variations about 12 in. from crack due to the steel elongation in the 

longitudinal direction. 

 The steel stress at crack was calculated by multiplying the elastic modulus of 

steel times the measured total strain. The calculated maximum steel stress range 

was between 21 and 25 ksi in the summer. Steel stress in the winter is more 

critical because the maximum steel stress occurs in the winter when 

temperature drops to the annual minimum. To get the maximum steel stress, 

long term monitoring of steel strain should be conducted in the future.  
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CHAPTER 7 

IMPLICATIONS OF EARLY-AGE BEHAVIOR ON LONG-TERM 

PERFORMANCE OF CRCP 

 

 

7.1 INTRODUCTION 

 

In Chapter 4, one of the major environmental loadings, temperature variations 

were evaluated in several test sections using temperature sensors. Concrete relative 

humidity was measured using various devices in the laboratory.  Concrete and steel 

stresses and strains resulting from environmental loadings were analyzed using 

measured stress independent and total strains, as described in Chapters 5 and 6, 

respectively.  This chapter describes implications of early-age behavior as affected by 

environmental loadings on long-term CRCP performance as well as what needs to be 

done to improve long-term CRCP performance in design, materials, and construction. 

Compared with other pavement types, there are only a few major CRCP 

distresses that necessitate rehabilitation or repair activities.  They are punchouts, 

spalling, and roughness.  Punchouts are structural distress whereas spalling and 

roughness are functional distress.  There are other types of distress that require 

rehabilitation or repair such as scaling and other chemically-induced distress, i.e. alkali- 

silica reaction.  Functional or other types of distress is beyond the scope of this study.  

In this chapter, first, existing theories on punchouts and related factors are reviewed, 

followed by how early-age behavior affects punchouts.  This chapter concludes with 

discussions on what needs to be done during design, materials selection, and 

construction to minimize the punchouts. 
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7.2 EXISTING THEORIES ON PUNCHOUTS 

 

The punchout is a structural failure in which a small segment of pavement is 

loosened from the main body and displaced downward under traffic, as shown in Figure 

7.1. Punchouts are serious distresses since, if not repaired quickly, they pose hazards to 

the traveling public and further deteriorate the pavement conditions.  Consequently, 

state DOTs make it a rule to repair punchouts as quickly as they can.  Since punchouts 

are the only structural distress in CRCP, they have attracted significant amount of 

attention in the research area.  

 

 
Figure 7.1  Punchouts in CRCP  

 

 Currently, there is a general agreement among researchers that longitudinal 

cracking is a key element for punchouts development and that longitudinal cracking due 

to fatigue automatically results in punchouts. However, there are two schools of 

thoughts on the mechanisms of longitudinal cracking.  Both theories are based on the 

assumption that longitudinal cracking results from fatigue of concrete due to wheel load 

applications.  The major difference between the two theories lies in how the 

longitudinal cracking develops.  One theory assumes that the longitudinal cracking 

initiates from top to bottom as in a cantilever beam, while the other theory states that 
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longitudinal cracking occurs from bottom to top as in simply supported beams.  Other 

than this difference, there is good agreement on the punchouts mechanisms as follows. 

 

1. Large crack widths lower load transfer efficiency at transverse cracks, resulting 

in the increase of wheel load stress in transverse direction. 

2. Repeated wheel load applications increase fatigue damage of concrete. 

3. If the cumulative fatigue damage exceeds the fatigue limit, longitudinal cracking 

and punchouts occur. 

 

In this mechanism, keeping the crack widths as tight as possible is one of the 

key requirements to minimize punchouts.  In CRCP, it is generally assumed that crack 

widths are a function of crack spacing, among other factors.  The larger the crack 

spacing, the larger the crack widths.  Based on this assumption, efforts are made during 

CRCP design to keep crack spacing under certain limits including the use of adequate 

amounts and size of longitudinal steel.  Also, based on the field observation that 

punchouts occur in slabs with small transverse crack spacing, efforts are made during 

design, materials selection, and construction to avoid narrow crack spacing.  Use of 

concrete with low thermal coefficient of expansion, temperature control, and providing 

less friction at the concrete and subbase interface are a few examples.   

Crack widths observed on the pavement surface vary significantly from one 

location to the next even in the same transverse crack, and do not present representative 

crack widths throughout the slab depth.  Crack widths on the pavement surface vary 

depending on the surface conditions such as temperature and moisture.  Since it is 

intuitively correct to assume that true crack widths are functions of crack spacing, along 

with the difficulty of measuring crack widths and their variability described above, it is 

customary to measure transverse crack spacing for potential evaluation of punchouts.  In 

this section, existing methodologies in evaluating crack spacing and crack widths and 

their effect on punchouts, are reviewed. 
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7.2.1 Crack Spacing 

As described in the previous chapters, transverse cracking in CRCP results from 

thermal and moisture variations in concrete and restraints provided by longitudinal steel, 

subbase friction, and self weight.  In CRCP, transverse cracks are intended and, in some 

sense, beneficial since they relieve stresses.  However, as described above, current 

theories assume that crack spacing plays an important role in punchouts development. 

To evaluate pavement designs for punchouts potential, there are several 

equations proposed to predict transverse crack spacing for given design, materials, and 

construction conditions.  In the 1986 AASHTO guide for design of pavement structure, 

Eq.7-1 is recommended for the prediction of crack spacing.  This equation was derived 

from a theoretical model.  According to this equation, crack spacing is a function of 

reinforced steel amount, shrinkage, thermal coefficients of concrete and steel, bar 

diameter, wheel load stress, and concrete tensile strength.  
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In the 2002 Mechanistic-Empirical Pavement Design Guide (2002 MEPDG), 

based on more specific studies, Eq.7.2 is recommended.  In this equation, crack spacing 

could be the function of concrete tensile strength, reinforced steel amount, slab 

thickness, concrete temperature and shrinkage and subbase friction.  

                                                                                 (7.2) 

where: 

 

                                                                                                (7.3) 

                                     (7.4) 
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As indicated in the above equations, there are a number of variables affecting 

cracking and crack spacing in CRCP.  Some of them are design-related such as slab 

thickness and longitudinal steel size, amount, and depth.  Some are materials-related 

such as concrete strength, modulus of elasticity and thermal coefficient. There are 

construction-related factors, such as concrete zero-stress point at construction and 

curing effectiveness.  

Slab thickness is determined considering primarily structural adequacy of the 

pavement system for a given design traffic.  Therefore, slab thickness is not a variable 

used to control crack spacing.  Longitudinal steel is an important design parameter since 

it determines the degree of restraint on the concrete volume changes and, thus 

transverse crack spacing and crack widths. Many studies have identified the relationship 

between longitudinal reinforced steel amount and transverse crack spacing (Won et al, 

1991, Suh et al, 1992 and McCullough, 1999). In general, increased steel amount result 

in decreased crack spacing (Gharaibeh et al, 1999, Simpson et al, 1994 and 

LaCourseiere et al 1978). Figure 7.2 shows crack spacing survey result from the 

Houston test section with different longitudinal steel percentages about 2700 days after 

placement in a test section with SRG coarse aggregate placed in the winter. Note in 

Figure 7.2 that the section having the lowest steel percentage has the largest mean crack 

spacing, as would be expected.  In the United States, steel percentages of 0.6 to 0.8 

(mostly in colder climates) have provided suitable crack patterns and performance in 

CRCP systems. Field studies have shown that increased steel content also results in 

fewer punchouts and increased smoothness (Darter, 1992, Gharaibeh et al, 1999, 

LaCourseiere et al 1978, and Zollinger et al, 1990).  For a given amount of longitudinal 

steel, the smaller the bar size, the more restraint on concrete volume changes and more 

cracking.  It has been also observed that the location of the longitudinal steel has an 

effect on crack spacing; the higher the steel location, the more restraint on the concrete 

volume changes near the surface, which results in more cracking and smaller spacing. 
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Concrete strength and modulus have a direct effect on crack spacing.  In paving 

concrete, coarse aggregate type has a significant effect on modulus of elasticity and 

thermal coefficient of concrete.  Therefore, for a given concrete mix design with fixed 

cement factor and water-cement ratio, it was noted that crack spacing varies 

substantially depending on the coarse aggregate type used.   

Construction-related variables such as concrete zero-stress point at construction 

and curing effectiveness affect early-age crack spacing in CRCP.     
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Figure 7.2 Comparison of crack spacing vs. steel percentage at 2700 days  

 

7.2.1.1 Crack Spacing Survey Results  

Crack spacing surveys have been conducted in Van Horn, Baytown, Austin and 

Cleveland test sections periodically. At very early-age, it was difficult to locate cracks 

by observing the pavement surface, due to tining and tightness of the cracks.  Instead, it 

was more convenient to observe the edge of the pavement to locate cracks, as shown in 

Figure 7.3. After the pavement was opened to traffic, traffic control was needed and 

provided by TxDOT during crack survey.  
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Figures 7.4 and 7.5 show the total number of cracks versus a distance from the 

construction joint in Van Horn and Austin test section, respectively.  The crack surveys 

were conducted up to 250 days for Austin section and 546 days for Van Horn test 

section.  In the Van Horn test section, no cracks were observed one day after 

construction.   On two days after construction, many cracks occurred due to substantial 

temperature drop during the night of the day one. On three days after construction, 

additional cracks were observed. As shown in Figure 7.3, approximately 40 percent of 

the total cracks observed in two years occurred within three days after placement. The 

difference in crack numbers between 400 and 546 days was fairly small. In the Austin 

test section, 42 percent of the total cracks observed in 200 days occurred within 18 days 

after placement.  

The different crack patterns with placement time were not significantly found in 

all test sections during short-term monitoring period, as shown in Figures 7.4 and 7.5. If 

crack patterns are just directly related to zero-stress temperature, the pavement at 

morning placement would have more cracks than that at afternoon placement. But crack 

occurrences are affected by the combination effects of concrete temperature and 

shrinkage, concrete tensile strength, geometry of structure and boundary condition, as 

shown in Eqs.7.1 to 7.4, zero-stress temperature could not be the only variable for long-

term performance.  

 
Figure 7.3 Crack spacing survey along the pavement edge 
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Figure 7.4 Number of crack survey along the pavement length in Van Horn 
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Figure 7.5 Number of crack  survey along the pavement length in Austin 
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Figure 7.6 shows the average crack spacing versus the age of the pavement for 

all test sections. Except for the Van Horn test section at very early age, average crack 

spacing patterns are very similar and average crack spacing converged to 7 to 11 ft. 

regardless of different pavement placement conditions; pavement thickness, material 

properties and environmental loads, etc..  Based on the current theories on punchouts, 

all the sections will perform similarly in terms of punchouts.  
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Figure 7.6 Average crack spacing vs. time in all test sections 

 

7.2.1.2 Long-Term Monitoring of Crack Spacing 

For the long-term monitoring of crack spacing, two test sections were selected. 

Under TxDOT project 1244, the crack spacing surveys of SH-6 Summer and BW-8 

Winter test sections were conducted by Suh in the summer and winter of 1989, 

respectively. In 2005, follow-up crack spacing and distress surveys were conducted on 

the same sections. Figures 7.7 and 7.8 show the average crack spacing versus time for 

those sections.  During the 16 years, there was not much change in average crack 

spacing, a similar trend observed in Figure 7.6.   
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Figure 7.7 Average crack spacing vs. time in Houston (SH6-Summer, LS) 
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Figure 7.8 Average crack spacing vs. time in Houston (BW8-Winter, LS) 
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7.2.2 Crack Width 

The basic premise of the CRCP design is to induce sufficient number of 

transverse cracks to relieve stresses in concrete due to temperature and moisture 

variations, and to keep the cracks tight so that the structural continuity is maintained at 

transverse cracks.  Maintaining “structural continuity” at transverse cracks is of utmost 

importance in ensuring good performance of CRCP and it is quantified as “load transfer 

efficiency (LTE).”  As described in the previous section, current theories on punchouts 

mechanism heavily rely on the crack width.  The width of the transverse crack is 

fundamental to many aspects of CRCP performance, as it plays a dominant role in 

controlling the degree of load transfer capacity provided at the transverse cracks and is 

used to determine the required design steel content. Smaller crack widths generally 

increase the capacity of the crack for transferring repeated shear stresses (caused by 

heavy axle loads) between adjacent slab segments. Wider cracks generally exhibit lower 

LTE over time and traffic, which results in increased load-related critical tensile stresses 

in transverse direction at the top or bottom of the slab, followed by increased fatigue 

damage and eventually the development of longitudinal cracks and punchouts (2002 

MEPDG). 

Crack width is also important in regions where deicing salts are used. In these 

areas, crack widths must be maintained very tight to minimize the possibility of 

corrosion of the reinforcement (e.g., <0.02 in at steel depth which is calculated in 2002 

MEPDG). One study shows that longer crack spacing increases the potential for wider 

opening of transverse cracks. (2002 MEPDG) 

In the 1986 AASHTO guide for design of pavement structure, Eq.7-5 is 

recommended for the estimation of crack width at the coldest day in the winter after the 

pavement is sufficiently aged that the concrete drying shrinkage is almost complete. 

According to this equation, crack width is a function of reinforced steel amount and bar 

size, concrete tensile strength and wheel load stress.  
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Another crack width prediction model was proposed by Miguel from TxDOT 

Research Report 1244-4 in 1992. A regression analysis was performed using the 

Statistical Analysis System (SAS). The order of significance of these variables is as 

follows: (1) residual shrinkage; (2) temperature (interaction between thermal coefficient 

and temperature differential); (3) steel (interaction between steel reinforcement 

percentage and reinforcing bar diameter); and (4) elastic modulus (on the day the crack 

occurred). 

 

)((%)203294.260740028.0 411
3 Φ××−∆××+×−×+∆= −− eTEeZCW i α         (7.6) 

 

where: 

CW  = crack width, inch 

3Z  = residual shrinkage, inch/inch 

iE = elastic modulus on the day the crack occurred, psi 

 α = thermal coefficient of the concrete, inch/inch/F 

T∆  = temperature differential F 

% = reinforcing steel percentage 
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Φ  = reinforcing bar diameter, inch 

 

In the 2002 MEPDG, the following formula is used to estimate crack width. 

 

                                  (7.7) 

where: 

 

 
The unrestrained shrinkage strain at any time t at the reinforcing steel level for 

an atmospheric relative humidity corresponding to a month i is given by the following 

equation: 

                                                                               (7.8) 

 

                                                                           (7.9) 
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The maximum longitudinal tensile stress in concrete at the steel level are 

calculated using the following equation: 

                                                                        (7.10) 

 
 

This equation assumes that the crack width is approximately proportional to 

crack spacing.  It also assumes that the crack width is independent of when the cracks 

occur.  Intuitively, this assumption is not correct in that cracks that occurred at the early 

ages will experience more subsequent drying shrinkage than the cracks occurring at 

later stage, resulting in larger crack widths.  Also, according to this equation, for a given 

temperature, the crack width will keep increasing due to continued drying shrinkage of 
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concrete.  Field measurements obtained in this study indicate otherwise, as discussed 

later.  

 

7.2.2.1 Crack Width Survey Results with Microscope 

For the crack width measurement, Baytown, Austin and Cleveland test sections 

were selected.  The crack widths were measured with a microscope having a scale of 

0.001-in. gradations and a resolution of ×60. The microscope was brought onto the 

pavement to obtain a viable reading. Measurements were performed by one operator, a 

precaution taken to reduce variability due to multiple operators.  It should be noted that 

the crack widths were measured near the edge of the traffic lane, as shown in Figure 7.9.  

It is generally believed that the greater the crack spacing, the wider the crack 

width, as shown in equation 7.7.  To identify the relationship between crack spacing and 

crack width, in 1989 Suh measured crack spacings and crack widths using microscope 

in Houston. Figure 7.10 shows the findings, indicating no significant correlation 

between crack spacing and crack with.  Figure 7.11 shows the relationships between 

crack spacing and crack width measured at Baytown, Austin, and Cleveland test 

sections in 2005.  No positive correlation is observed.  There can be a number of 

reasons for this discrepancy.  One of them is that concrete is not homogeneous material 

and crack widths at the pavement surface are affected by localized variations in concrete 

material properties.  During the cracking due to temperature and moisture variations, the 

concrete near the crack area will experience stretching up to the point of cracking, and 

then contraction upon the cracking.  The extent of this stretching and contraction might 

vary depending on the localized microscopic material properties, resulting in variations 

in crack widths even in the same crack.  Another reason for the poor correlation 

between crack spacing and crack widths is that, as described above, the crack widths are 

a function of when the cracks occur.  Cracks that occur at early ages will experience 

subsequent drying shrinkage, resulting in larger crack widths, whereas cracks that 

develop at later ages are very tight, since most of the drying shrinkage is already 
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completed.  Also, the cracks that occur at later ages are due to the combined effects of 

environmental and wheel load stresses, and cracking relieves environmental stresses 

only which are lower than the environmental stresses that occur at early ages.  This will 

result in smaller crack widths.  Even though crack width is believed to play an 

important role in punchouts development, evaluating crack widths on the slab surface 

poses a challenge.   

 

 
Figure 7.9 Crack width measurement using microscope in Cleveland 
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Figure  7.10  Relationship between crack spacing and crack width in Houston (1989) 
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Figure 7.11  Relationship between crack spacings and crack widths (2005) 

 

7.2.2.2 Long-Term Monitoring of Crack Width using VWGs 

Many researchers have indicated that crack width varies with the depth of the 

crack, being greatest at the surface and progressively smaller at increasing depths 
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(Zollinger, 1989 and Burke et al, 1968). This kind of crack width variation through 

pavement depth is expected considering higher temperature and moisture variations as 

well as drying shrinkage at the pavement surface as mentioned in Chapter 4 and 5.  

Figure 7.12 shows the typical crack width pattern in CRCP. 

 In Austin and Baytown test sections, crack inducers were installed at both top 

and bottom of the concrete slab.  This configuration of crack inducer installation caused 

the transverse crack to take place in a rather sudden passion from the top to bottom.  In 

Cleveland test section, on the other hand, the crack inducer was installed at the top only 

in order to better simulate the natural crack development and propagation.  Figure 7.13 

shows the crack developments at different depths measured using vibrating wire gages 

in Cleveland test sections.  It shows that the concrete undergoes gradual displacements 

and the crack occurred in one day where the strain is about 140 microstrain.  Note that 

while the displacement at the mid-depth follows the same pattern at the top, the bottom 

displacement is in the opposite direction, indicating flexural-type slab behavior during 

cracking and the location of neutral axis at between mid-depth and the bottom.  The 

flexural-type slab behavior during cracking explains the variations observed in the crack 

width through the slab depth as shown in Figure 7.12.  It also helps explain why some 

CRCP sections provided excellent long-term performance even though the crack widths 

at the slab surface appear to be large. 

 



 127

 
Figure 7.12  Crack width variation through the pavement depth in Van Horn 
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Figure 7.13  Measured crack width  through the pavement depth in Cleveland 
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As described above, it is a generally accepted theory that crack width increases 

with time.  Both drying shrinkage after the initial crack formation and incompressible 

foreign material entering the crack contribute to the increase of crack width over time 

(Hughes et al, 1988 and Russell et al, 1950), though the actual rate of growth decreases 

with time (Burke et al, 1968). However, contrast to the generally accepted theory and 

previous researches, crack width variation with time measured in Austin test section 

shows gradual decrease over time. 

Crack width variation over time was monitored in Austin test section from 2003 

September using VWGs at crack induced area. Figure 7.14 shows the crack width and 

concrete top temperature variation with time. For the convenience of the presentation, 

x-axis is not corresponding to real time; rather, it shows five different measuring 

periods. First one is during 1-10 days, second one is 11-28 days, third one is 81-89 days, 

forth one is 183-193 days, and fifth one is 511-516 days after pavement placement.  The 

following observations are made; 

 Crack widths are inversely proportional to the temperature. 

 The variation of crack widths due to temperature changes decreases with time. 

 Overall, the crack widths decrease with time.  This is contradictory to the 

generally accepted theory.  This can be due to the development of additional 

cracks with time, which relieves concrete stresses and reduces widths of 

existing cracks near the newly developed cracks. 
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Figure 7.14 Crack width variation with time in Austin 

 

 

Figure 7.15 shows the variations of the crack widths at the top for concrete 

minimum temperatures measured at different periods of time, extending up to 630 days 

after the pavement construction.  Figures 7.16 and 7.17 present crack width variations at 

the middle and the bottom of the slab, respectively.  From these figures, the following 

observations are made; 

 

 Crack widths decrease over time.   

 The rate of crack width variations due to temperature changes remains 

practically unchanged over time, except for the last period where the 

temperatures are relatively high. 

 There is a more scatter of data up to 28 days at the top than at the middle or 

bottom of the slab.  The scatter is believed to be due to the occurrence of 

additional cracks near the pre-formed crack area. 
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  For the temperature range above the zero-set point (623 to 630 days after 

construction), crack width is quite small and its variation due to temperature 

changes is negligible.  

 

The observation that crack width decreases with time, at least up to 630 days after 

construction, is quite contrary to generally accepted theory among researchers.  One of 

the major reasons for the decrease of crack width over time could be related to the 

development of additional cracks near the crack induced area.  The mechanism of how 

the additional cracks reduce the widths of existing cracks is explained by the re-

distribution of concrete stress, as clearly shown in the concrete strain variations in the 

longitudinal direction when additional cracks occur described in Chapter 5.4.4.  The 

other possible reason may be related to the concrete relaxation.   However, this stress 

relaxation mechanism needs further evaluation and verification. 
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Figure 7.15 Crack width variation at top in Austin 
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Figure 7.16 Crack width variation at mid-depth in Austin 
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Figure 7.17 Crack width variation at bottom in Austin 
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7.2.2.3 Crack Width and Load Transfer Efficiency  

In 2002 MEPDG, crack width variations are applied by the seasonal temperature 

variation; Crack width is narrow in the summer and is wide in the winter. Also crack 

widths increase with pavement aging until 10 years, as shown in Figure 7.18. After that 

period, crack width is adjusted by seasonal variations only. Crack width is assumed to 

be directly related to dry shrinkage, as shown in Eq. 7.7. Dry shrinkage effect is 

significant in the early age of concrete. With increasing crack width, LTE values 

decrease due to lack of aggregate interlock, as shown in Figure 7.19, which will lead to 

increased wheel load stress in the transverse direction and resulting fatigue damage and 

eventual punchout.  
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Figure 7.18 Crack width variation in 2002MEPDG 
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Figure 7.19 Percent crack LTE variation in 2002MEPDG 

 

7.2.3 Punchouts Mechanisms  

As described in the beginning of this chapter, currently there are two schools of 

thoughts on the punchout mechanisms.  In this section, more detailed descriptions of the 

two mechanisms are provided.  Both mechanisms assume that the longitudinal cracks 

are due to the fatigue damage of the concrete slabs resulting from traffic wheel load 

applications.  Another assumption made is that the crack widths play an important role 

in that wheel load stresses in the transverse direction depend on the load transfer 

efficiency at the transverse cracks.  However, both theories do not consider the effect 

pavement deflections have on the deterioration of the subbase support. 

 

7.2.3.1 Top-Down Cracking Mechanism 

In this theory, the development of punchout distress is directly related to the 

formation of a longitudinal crack between two adjacent closely spaced transverse cracks, 

which initiates at the top of the slab and propagates downward through the CRCP after 

the transverse cracks have lost LTE.  It appears that this theory applies to the CRCP 
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system with no tied shoulders, where the edge and corner loadings are the most critical 

loading conditions. 

The load transfer capability at the longitudinal traffic lane/tied shoulder joint 

affects the magnitude of the transverse bending stress at the top of the slab (between the 

wheel loads). This load transfer affects the critical transverse stress at the slab surface, 

which controls the development of longitudinal cracking between transverse cracks and, 

consequently, the development of punchout distress. If shoulders for CRCP are not 

CRCP and are placed separately and tied into the CRCP, the long-term load transfer is 

fairly low due to the difficulty in securing a permanent tie. 

The further development of the longitudinal crack is, in turn, related to the 

accumulated fatigue damage caused by a slab bending in the transverse direction. 

Therefore, the prediction of punchouts can be considered in the design process in terms 

of the accumulated fatigue damage associated with the formation of longitudinal cracks 

( Zollinger, et al, 1999, LaCourseiere, et al, 1978, Zollinger, et al, 1990, Darter, 1988 

and Selezneva, et al, 2001) 

CRCP punchout model which predicts punchouts as a function of accumulated 

fatigue damage due to top-down stresses in the transverse direction is as follows: 

                                                                                    (7.11) 

 
 

The fatigue damage due to all design wheel loads and all traffic increments can 

be accumulated according to Miner’s damage hypothesis by summing the damage over 

the entire design period using following equation: 
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                                                                                          (7.12) 

 
 

Total fatigue damage is computed by summing fatigue damages incurred during 

each analysis increment. Several input parameters are adjusted for different time 

increments, as shown in Figure 7.20. 
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Figure 7.20 Punchout prediction algorithm for CRCP 
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7.2.3.2 Bottom-Up Cracking Mechanism 

Field and analytical studies have shown that the wider slabs keep truck axles 

away from the free edge, greatly reducing bending stresses at the top slab surface and 

deflections and most likely reducing the occurrence of edge punchouts (Yu et al, 1998 

and Tang, 1996). When the slab is widened, the mode of failure will change completely 

to where wheel load stresses at the bottom of the slab under the inner wheel may 

become predominant, leading to bottom-up punchout. This is similar to the behavior of 

simply supported beams.  It appears that this theory applies to the CRCP with tied-

shoulder where edge or corner loading conditions do not exist.   

 

 

7.3 CASE STUDIES OF PUNCHOUS 

Transverse cracking is considered as an important CRCP design parameter 

affecting the prediction of crack width, crack load transfer efficiency, and critical 

stresses leading to longitudinal cracking and punchout development.  The relationship 

between transverse crack spacing characteristics and punchout development were 

analyzed using selected field survey data by Olga et al. in 2003. They found that almost 

90 percent of punchouts developed on the narrow slab segments with spacing about 1 to 

2 ft. and concluded the existence of the narrow concrete segments bound by transverse 

cracks is a necessary condition for punchout development.  

However, in the Report on the 1992; U.S. Tour of European Concrete Highways, 

there is one interesting CRCP long-term performance survey result in Belgium.  Over 

62 miles of the original CRCP design, as shown in Table 7.1, was built on freeways 

with heavy trucks. It has shown exceptional performance: no punchouts occurred over 

the past 20 years under very heavy truck traffic. However, in about 1978, the 

government became concerned that the pavements had closely spaced cracks (crack 

spacing was 1.4-2.6 ft.) due to high steel amout (0.85 %) and the pavement would break 

up. On subsequent projects the reinforcement was reduced to 0.67 percent and the AC 
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interlayer was eliminated, which resulted in larger crack spacing. Some of these newer 

pavements are starting to show crack spalling and a few punchouts.  

 

Table 7.1 Case study of punchouts in Belgium 

Item Original (1970-1978) Later (1979-1992) 
CRCP Thickness(in.) 7.9 7.9 
Reinforcement (%) 0.85 0.67 
AC Interlayer(in.) 2.4 - 

Lean concrete Base (in.) 7.9 7.9 
Granular Mat 7.9 7.9 

Mean crack spacing (ft.) 1.31 (summer) 
2.46 (winter) 

3.28 (summer) 
5.25 (winter) 

 
In the key findings from the Long Term Pavement Performance (LTPP) 

Analysis 2000-2003, no apparent relationship was found between the variability of the 

means transverse crack LTE measured over time and the mean crack LTE. Ranges of 

both crack LTE and its variability are very small. This is excepted because the 

transverse cracks are strongly reinforced and changes in crack width and LTE are 

minimal.  The average crack spacing of the CRCP slabs, base type, slab stiffness, and 

outside shoulder type does not have any effect on the variability of the average LTE 

measured over time.  

These case studies provide conflicting information on the punchouts and related 

factors.  It is probably because the punchouts are very complicated phenomenon and it 

takes such a long time before punchouts develop and it is difficult to conduct a 

comprehensive and systematic research study.  

 
 

7.4 SUMMARY 

 

In both theories of punchout development, crack spacing needs to be known or 

predicted as it affects crack width, which determines the load transfer efficiency at the 

transverse cracks.  Even though both theories appear to be reasonable for specific 
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pavement configurations (top-down for CRCP without tied shoulder, and bottom-up for 

CRCP with tied shoulders), the following limitations are noted: 

 The existing theories do not consider the interactions between pavement 

deflections and subbase deterioration.  Field observations in Texas reveal that 

most of the punchouts, if not all, are caused by support loss in the subbase due 

to pumping along the longitudinal joint between main lane and shoulder. 

 The existing theories do not consider the effect of the concrete slab stiffness 

reduction due to closely spaced transverse cracks on the overall deflection and 

resulting effect on subbase deterioration and voids. 

 The existing theories apply the fatigue damage to single slab segment 

surrounded by two adjacent transverse cracks.  Field observations reveal that 

punchouts quite often take place over more than one slab segment, as shown in 

Figure 7.1.  The current theories do not explain this type of punchouts. 

 The existing theories assume that, for the prediction of punchouts, crack widths 

are uniformly distributed along the project.  Field observations reveal that there 

is a large variability in crack width, at least on the surface, depending on when 

they occurred. 

 The existing theories do not consider the increased slab stiffness and resulting 

reduction in deflections due to the use of higher steel amount. 

 It is assumed that crack widths increase with time and resulting load transfer 

efficiencies decrease.  However, field observations of crack widths over time 

indicate they actually decrease with time. 

 

Based on the discussions so far, it appears that longitudinal cracking may not be 

the initiator of the punchouts; rather, it can be a consequence of other punchout 

development mechanisms such as large deflections of the slab segment due to the voids 

under the slab.  In other words, voids under the slab or insufficient slab support and 

resulting large deflections might be the primary punchouts mechanism and longitudinal 
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crack may be just a symptom in the course of punchouts.  Also, there are longitudinal 

cracks that do not develop into punchouts, even though those longitudinal cracks do not 

appear to be due to fatigue failure of concrete.  It might not be adequate to evaluate the 

possibility of longitudinal cracking for the prediction of punchouts.  Rather, it would be 

more adequate to evaluate the CRCP system and to increase the stiffness of the slab 

system by improvements in design, which will reduce the deflections and protect the 

subbase from deterioration.   

   

7.5 EARLY-AGE BEHAVIOR THAT AFFECT PUNCHOUTS 

 

Based on the findings in this and other studies, increasing slab stiffness appears 

to be the most efficient way to minimize the probability of punchouts.  For a given slab 

thickness, concrete material properties, and subbase condition, the most significant 

factor will be crack widths.  The following items describe the early-age behaviors that 

will affect the slab stiffness over the life of the pavement. 

 Large concrete displacements on the slab surface due to substantial temperature 

variations through the slab depth will result in increased depth of the wide crack.  

As described before, transverse crack width varies through the slab depth, with 

the largest at the surface.  As long as this wide crack is confined near the surface 

area and the rest of the crack below is maintained tight, the cracks will not 

reduce the slab stiffness appreciably.  

 It appears that the crack widths are maintained tight when the temperatures are 

above the zero-stress point of the concrete during concrete placement.  

Therefore, lowering zero-stress point will result in tighter crack widths and 

increased slab stiffness. 

 Concrete displacements due to drying shrinkage will contribute to the early 

cracking in CRCP.  Delaying cracking will reduce the crack widths due to 

smaller subsequent drying shrinkage after cracking and increase slab stiffness. 
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 The variation in concrete displacement in the longitudinal direction indicates 

that the extent of the concrete in longitudinal direction that contributes to the 

crack width is very limited.  This is due to the restraint provided by the 

longitudinal steel.  The amount of longitudinal steel above certain value should 

be used. 

 The relaxation effect of concrete appears to contribute to the decrease in crack 

width over time.  Concrete with lower modulus of elasticity will provide a 

beneficial effect in this regard.     

 

 

7.6 OPTIMIZING CRCP 

 

From the early-age behavior of CRCP and its implications for long-term 

performance, optimizing CRCP in the areas of design, materials and construction is 

presented.  

 

7.6.1 Design 

Percent longitudinal reinforcement is an important CRCP design factor from the 

standpoint of crack spacing, crack width and punchout. Even though an increase in steel 

content will reduce crack spacing, it has been shown to greatly reduce punchouts overall 

due to tightly closed cracks and good LTE with resulting adequate slab stiffness. 

Longitudinal steel percentages of 0.6 to 0.8 have provided suitable crack patterns and 

performance in CRCP systems. 

An increase in CRCP slab thickness will reduce punchouts. In general, as the 

slab thickness increases, the capacity to resist critical bending stresses increases, as does 

the slab’s capability to transfer load across the transverse cracks. Consequently, as slab 

the thickness increases, slab stiffness increases and punchouts will be reduced.  
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Loss of support along CRCP longitudinal joints has been identified as a key 

factor in the development of punchout distress (Zollinger et al,1999, Gharaibeh et al, 

1999 and Selezneva et al, 2001). It plays a prominent role, since it directly affects top-

of-slab tensile stress and crack shear stress on the faces of transverse cracks where 

aggregate interlock occurs to transfer load between adjacent slab segments. An increase 

in shear stress increases the rate of aggregate wear-our that ultimately leads to lower 

load transfer and increased lateral bending stress. However, as long as support 

conditions can be maintained and wear-out of aggregate interlock minimized, bending 

stresses in CRCP systems will be relatively small which results, for all practical 

purposes, in infinitely long fatigue lives. It is critical to maintain high load transfer 

across the cracks and full support conditions beneath the CRCP slab. For this reason, 

most CRCPs are constructed on a relatively thin asphalt concrete base as a layer over a 

cement-stabilized subbase 

 

7.6.2 Materials 

Coefficient of thermal expansion (COTE) of concrete plays an important role in 

concrete displacement due to temperature variations and, thus cracking behavior.  The 

higher the COTE, the more the concrete displacement and larger the crack width, 

reducing slab stiffness.  Also, the higher the COTE, the higher the thermal curling 

stresses which contribute to punchouts.  The COTE of concrete is primarily determined 

by the coarse aggregate type used.  Proper selection of coarse aggregate will enhance 

the CRCP performance. 

Concrete strength and modulus has a direct effect on slab stiffness.  However, 

concrete with excessive strength, despite the beneficial effect of increased slab stiffness, 

will have undesirable effects such as high zero-stress point and potential for thermal and 

shrinkage cracks at early ages.  

The use of fly ash or other supplementary cementing materials (SCM) will lower 

the heat of hydration, thus reducing the zero-stress point.  It will also lower the early 
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age modulus of elasticity of the concrete, which will provide beneficial effects of 

delaying cracks. 

The use of concrete with lower water-cementitious materials ratio will reduce 

the drying shrinkage, resulting in the delay in cracking and tighter crack widths. 

Sub base modulus also affects transverse stress in the concrete slab. Obviously, 

greater base course resistance to erosion from pumping action reduces the potential for 

loss of support and wear-out of aggregate interlock (from loss of support), which can 

lead to premature longitudinal cracking and punchouts. One field study showed that 

increasing the compressive strength of a lean concrete base significantly reduced the 

incidence of punchouts because erosion was reduced (Darter, 1988). 

 

7.6.3 Construction 

Temperature and moisture variations are primary contributors to early crack 

initiation in CRCP. To reduce the temperature and moisture variations, the zero-stress 

point should be lowered by using proper materials and controlling concrete temperature 

and proper curing practice has to be exercised. 

Uniformity of the construction, especially the subbase construction, plays a key 

role in punchout development.  Proper caution should be exercised per pertinent 

specifications requirements.  
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CHAPTER 8 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

 

This chapter provides a summary of the work undertaken over the course of this 

study.  Conclusions regarding the significant findings are offered, and recommendations 

are provided. Finally, items that were identified for future research and development are 

suggested.  

 

8.1 SUMMARY  

 

Continuously Reinforced Concrete Pavement (CRCP) is the most widely used 

rigid pavement type in Texas due to its durable nature and minimum maintenance cost.  

The advantages of CRCP over other rigid pavement types include the absence of 

transverse contraction joints and the lack of need for dowels and transverse joint saw 

cutting or for maintenance of transverse joint sealant.  With the increased use of CRCP, 

a vast amount of information has been collected on design variables and their effects on 

CRCP performance. Most advanced CRCP designs use the mechanistic-empirical 

approach.  In this approach, structural responses of CRCP due to environmental and 

traffic loadings are computed.  Damage to concrete is estimated over time, and 

pavement distress is predicted using empirically derived distress models.  The reliability 

of the current CRCP design procedures depends, to a large extent, on the accuracy of 

the empirically derived distress models. 

Simulating CRCP in the laboratory has limitations in understanding true CRCP 

behavior. These limitations are partly due to the difficulty in setting boundary 

conditions of CRCP in small scale and generating actual environmental and traffic 

loadings.  To understand actual behaviors of CRCP, these limitations make it necessary 
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to conduct testing in actual CRCP. However, testing of actual CRCP in the field poses 

difficulties, such as proper scheduling with contractors, installing, protecting testing and 

data acquisition equipment and setting up traffic control for detailed field condition 

survey after the pavement is open to traffic. Due to these difficulties, a majority of 

studies have been conducted in the laboratory, resulting in some limitations in the 

validity of the findings. To overcome these limitations and understand true CRCP 

behavior in the field, extensive field experimentation was conducted in this study. The 

difficulties associated with the field experimentation mentioned above were resolved by 

working closely with contractors and TxDOT. 

Exact analysis of temperature variations which is one of the major loading in 

concrete could be good starting point to understand the behavior of CRCP. The 

temperature patterns in portland cement concrete pavements were measured and 

comprehensively analyzed from the beginning of the concrete placement based on the 

temperature measurement technique developed using temperature measurement sensors.  

The CRCP temperature measurements were taken at several different locations in Texas 

with various slab thicknesses.  The concrete temperature patterns in the vertical, 

transverse, and longitudinal directions of the pavement were analyzed and the effects of 

the pavement surface reflectivity, shading, and covering on the concrete temperatures 

were evaluated. The concrete will experience tensile stress due to the temperature 

differential between the zero-stress point and subsequent concrete temperatures. The 

higher the temperature differential, the higher the stress is. The higher stress results in 

successive cracking until the stress has been relieved to a point below the tensile 

strength of the concrete and no more cracking occurs. Concrete relative humidity was 

measured using various devices in the laboratory. From this test result, relative humidity 

variations within the cross-section of the concrete are confined mostly near the surface. 

To analyze concrete stresses in CRCP at early age, stress independent and total 

strains were measured using vibrating wire gages in several test sections. Modified half 

cylinders and small beams were used to measure in-situ stress independent strains and 
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top, mid-depth and bottom total strains were measured in crack induced area. A 

methodology to determine concrete hardening time was suggested using principle of 

vibrating wire gage. In-situ COTE and drying shrinkage were successfully measured 

and these measured values were used for stress dependent strain calculation.  Using 

stress dependent strain, concrete stress was calculated and calculated stress was verified 

from comparison between calculated stress and measured strength. A methodology to 

estimate in-situ zero-stress point was developed and applied to calculate in-situ zero-

stress point in several test sections.  

One of the special features of CRCP is continuously connected reinforced steel 

compared to other pavement systems. Reinforced steel behavior in the aspect of strain 

and stress was analyzed to understand the total mechanical behavior of CRCP. 

Reinforced steel stains were measured and steel stresses at cracks were calculated using 

measured strains.  

In the final phase of the study, CRCP behavior in terms of crack spacing and 

crack width was monitored for three years. Current theories on CRCP distress 

mechanisms and their limitations were critically reviewed and improvements needed are 

suggested.  Efforts were made to identify relationships between early-age CRCP 

behavior and long-term pavement performance.  It is expected that the findings from 

this study will help improve the accuracy of the CRCP distress mechanisms and make 

CRCP design algorithms more mechanistic-based and accurate.  

 

 

8.2 CONCLUSIONS  

 

The primary objective of this study is to identify the “cause and effect” 

relationship between early-age CRCP behavior and long-term performance, thereby 

improving the accuracy of the distress prediction models. In order to achieve the 

primary objective, several secondary objectives were required during this study. These 
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secondary objectives are detailed analysis of the environmental loads in CRCP at early 

ages, quantify the early-age behavior of CRCP in terms of concrete and steel strain and 

stress due to environmental loads, development of a methodology to estimate in-situ 

zero-stress point and critical review of current theories on CRCP distress mechanisms. 

 

Analysis of the environmental loads in CRCP at early ages 

 

 The devices developed for concrete temperature measurements using the 

Thermochron i-Buttons have been tried many times in the field and give very 

reliable readings.  Since the installation of the devices in the concrete slab and 

the temperature data acquisition from the devices can be done easily, they can 

be implemented for the temperature management of the concrete pavement. 

 When the Thermochron i-Button is employed to measure the ambient air 

temperature, it should be placed under good ventilation and shade. 

 The pattern of the concrete temperature at the top of the slab is similar to that of 

the ambient air temperature, but the concrete temperature is higher than the 

ambient air temperature. 

 The daily concrete temperature variation is the largest at the top and the 

smallest at the bottom of the slab.  The daily peak temperatures (maximum or 

minimum) occur at the top first and then moves to another depth, which 

becomes larger as the depth from the top increases. 

 On the concrete placement day, the highest concrete temperature throughout the 

depth of the concrete slab can occur at any depth, not always on the top of the 

slab, because the concrete temperature is affected not only by the air 

temperature but also by hydration heat of concrete generated during the 

concrete curing process. 

 The maximum concrete temperature gradient through the slab depth on the 

concrete placement day occurs when the top of the slab is at its minimum 
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temperature, but as time passes by, that occurs when the top of the slab is at its 

maximum temperature. 

 The differences in the concrete temperatures for the different concrete 

placement times decrease as the pavement becomes older.  The maximum 

differences are observed on the concrete placement day.  Normally, the 

maximum concrete temperature on the placement day is higher for the morning 

placement than that for the afternoon placement. Since the zero-stress point is a 

function of the maximum concrete temperature on the placement day, the 

placement time would be an important factor that affects the behavior and 

performance of concrete pavements. 

 In the transverse direction of pavement, concrete temperature variations over 3 

ft. away from the edge are almost same and maximum concrete temperature at 

placement day can be found at the intersection between concrete bottom in 

depth and middle in the transverse direction. 

 During the first three days after placement, subbase temperature varies with 

subbase depth due to hydration heat of concrete, but after that time, subbase 

temperature is almost the same regardless of subbase depth 

 Regardless of the surface color of the pavement, the concrete temperatures at 

night times are almost the same, but those during the day show significantly 

large differences among different surface colors.  The daily maximum concrete 

temperature decreases as the color of the pavement surface becomes brighter, 

because a brighter color has a higher reflectivity and a lower absorption rate of 

solar radiation.  Therefore, the use of very bright white colored curing 

compounds can reduce the maximum concrete temperature and the zero-stress 

point on the concrete placement day. 

 If the pavement is shaded, the daily maximum concrete temperature becomes 

significantly lower and the daily minimum concrete temperature becomes 

slightly higher.  This means that the daily concrete temperature variation is 
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much smaller if a shade is provided.  Therefore, under very hot weather 

conditions, if a shade is provided on the placement day, the zero-stress point 

can be reduced considerably. 

 If the pavement is covered by the polyethylene sheet, the concrete temperatures 

are much higher compared with those for the pavement without the cover.  

Therefore, if the polyethylene sheet cover is necessary to prevent damages from 

rainfalls, it should be removed as soon as possible to avoid a significantly large 

temperature buildup in the concrete slab. 

 Concrete relative humidity was measured using various devices in laboratory. 

From this test result, relative humidity variations within the cross-section of the 

concrete existed only near the surface.  

 

Concrete Stress Analysis in CRCP at early ages 

 

 Time dependent deformation of concrete consists of (1) stress dependent strain 

and (2) stress-independent strain. Stress dependent strain is the sum of the 

elastic strain and the creep strain. The stress-independent strain is the sum of 

the thermal strain and the shrinkage strain. 

 Strain measurements using vibrating wire gage required temperature calibration 

to compensate temperature error reading. A new method to determine concrete 

hardening time using the vibrating wire gage principle was suggested.  

  If there is no restraint, and the environmental loads such as changes in 

temperature and moisture are the only loads, the stress independent strain will 

be the only strain developed. Stress independent strains were measured using 

stress independent devices : modified half cylinder and small beams 

 In-situ COTE measurements were successfully performed using the stress 

independent devices, and these measured values were verified from the current 
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TxDOT method. In-situ drying shrinkage was calculated using the difference 

between stress independent strain and thermal strain.  

 Top, mid-depth and bottom total strains in CRCP were measured using 

vibrating wire gages. Before cracking, total strain variations were not directly 

proportional with concrete temperature variations because of the structure’s 

boundary conditions.  

 After cracking, the daily crack width variation on top was higher than that of 

other locations due to large amount of temperature and humidity variation on 

surface.  

 Concrete total strains at the 8 in. and 48 in. from crack induced location were 

suddenly decreased at the time of cracking. This means that cracking 

phenomenon at a crack-induced location can affect the surrounding area in the 

longitudinal direction; stress is relieved at a crack, but this relieved stress is 

transferred to other locations. 

 The total strain in the transverse direction was changed with concrete 

temperature variation proportionally due to the relative weak restraint boundary 

condition compared to that of longitudinal direction. 

 Stress dependent strains in CRCP were the difference between total strain and 

stress independent strain. Using stress dependent strain, the concrete stress was 

calculated and the calculated stress was verified from comparison between 

calculated stress and measured strength. 

 The term “zero-stress temperature” was derived considering it is used to 

calculate the concrete stress based on temperature variation only. But in CRCP 

analysis, stresses are derived from and calculated for boundary conditions of 

the structure itself, shrinkage stress of concrete and geometry of structure, etc. 

as well as temperature variations. For those reasons, it is better to use the 

terminology of the zero-stress point and the term “zero-stress point” is more 

appropriate. 
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Steel Stress Analysis in CRCP at early ages 

 

 Resistance type steel strain gages (self-temperature compensation) were 

installed in crack-induced area to measure the total strains of reinforcing steels 

in several test sections.  

 Before concrete cracking, the steel strain variation was relatively small and 

after cracking, its variation increased drastically at top and bottom crack 

induced area because at cracking, the stress carried by concrete was transferred 

to steel. 

 When a crack was induced at the top only in order to simulate natural cracking 

better, a drastic steel strain increase at cracking was not observed. Instead of a 

sudden strain increment, the steel strain increased gradually as the concrete 

crack propagated through pavement depth.  

 Large strain variation at crack location after cracking also affected the steel 

strain variations about 12 in. from crack due to the steel elongation in the 

longitudinal direction. 

 The steel stress at crack was calculated by multiplying the elastic modulus of 

steel times the measured total strain. The calculated maximum steel stress range 

was between 21 and 25 ksi in the summer. Steel stress in the winter is more 

critical because the maximum steel stress occurs in the winter when 

temperature drops to the annual minimum. To get the maximum steel stress, 

long term monitoring of steel strain should be conducted in the future.  

 

Critical review of current theories on CRCP distress mechanisms 

 

 The existing theories of punchouts do not consider the interactions between 

pavement deflections and subbase deterioration.  Field observations in Texas 
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reveal that most of the punchouts, if not all, are caused by support loss in the 

subbase due to pumping along the longitudinal joint between main lane and 

shoulder. 

 The existing theories do not consider the effect of the concrete slab stiffness 

reduction due to closely spaced transverse cracks on the overall deflection and 

resulting effect on subbase deterioration and voids. 

 The existing theories apply the fatigue damage to single slab segment 

surrounded by two adjacent transverse cracks.  Field observations reveal that 

punchouts quite often take place over more than one slab segment, as shown in 

Figure 7.1.  The current theories do not explain this type of punchouts. 

 The existing theories assume that, for the prediction of punchouts, crack widths 

are uniformly distributed along the project.  Field observations reveal that there 

is a large variability in crack width, at least on the surface, depending on when 

they occurred. 

 The existing theories do not consider the increased slab stiffness and resulting 

reduction in deflections due to the use of higher steel amount. 

 It is assumed that crack widths increase with time and resulting load transfer 

efficiencies decrease.  However, field observations of crack widths over time 

indicate they actually decrease with time. 

 

Relationship between early-age behavior and long-term performance 

 

 Large concrete displacements on the slab surface due to substantial temperature 

variations through the slab depth will result in increased depth of the wide crack.  

As described before, transverse crack width varies through the slab depth, with 

the largest at the surface.  As long as this wide crack is confined near the surface 

area and the rest of the crack below is maintained tight, the cracks will not 

reduce the slab stiffness appreciably.  



 153

 It appears that the crack widths are maintained tight when the temperatures are 

above the zero-stress point of the concrete during concrete placement.  

Therefore, lowering zero-stress point will result in tighter crack widths and 

increased slab stiffness. 

 Concrete displacements due to drying shrinkage will contribute to the early 

cracking in CRCP.  Delaying cracking will reduce the crack widths due to 

smaller subsequent drying shrinkage after cracking and increase slab stiffness. 

 The variation in concrete displacement in the longitudinal direction indicates 

that the extent of the concrete in longitudinal direction that contributes to the 

crack width is very limited.  This is due to the restraint provided by the 

longitudinal steel.  The amount of longitudinal steel above certain value should 

be used. 

 The relaxation effect of concrete appears to contribute to the decrease in crack 

width over time.  Concrete with lower modulus of elasticity will provide a 

beneficial effect in this regard.     

 

 

8.3 RECOMMENDATIONS  

 

Based on the findings in this study, the following items that require further study 

were identified: 

 

 In-situ drying shrinkage could be calculated using the difference between stress 

independent strain and thermal strain. But the relationship between in-situ 

drying shrinkage and relative humidity should be verified in the future.  

 To understand CRCP behaviors in early-age more accurately, the degree of 

restraint in CRCP should be quantified.  
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 The suggested methodology to estimate in-situ zero-stress point should be 

verified with additional tests and to verify the reasonableness of measured zero-

stress point, finite element method using current information is recommended. 

 Concrete strains were measured in summer construction sections. To expand 

the inference space of the findings, concrete strain measurement should be 

conducted in winter construction section as well.  

 Coarse aggregate type used in all test sections in this study is limestone. Field 

test in siliceous river gravel is also necessary for verifying the coarse aggregate 

effect in early age behavior in CRCP.  

 Steel stress is more critical in the winter because maximum steel stress occurs 

in the winter when temperature drops to the annual minimum. To get the 

maximum steel stress, long term monitoring of steel strain should be conducted 

in the future.  

 To get the reliable crack width analysis, more crack width measurements 

should be recommended in different conditions and current monitoring should 

be continued. 
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APPENDIX A 
 

CONCRETE TEMPERATURE DATA  
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Figure A.1 Time histories of concrete temperatures at different depths 

in Van Horn (8 AM) 
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Figure A.2 Time histories of concrete temperatures at different depths 

in Houston (10 AM) 
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Figure A.3 Time histories of concrete temperatures at different depths 

in Baytown (7:30 AM) 
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Figure A.4 Time histories of concrete temperatures at different depths 

in Austin 1 (8 AM) 
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Figure A.5 Time histories of concrete temperatures at different depths 

in Cleveland (9 AM) 
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Figure A.6 Time histories of concrete temperatures at different depths 

in Austin 2 (8 AM) 
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