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ABSTRACT 

This report focuses on (1) the observations and findings from the short-term monitoring of the spe­
cial test sections constructed in Houston, Texas, and (2) the calibration of the CRCP failure predic­
tion model in the CRCP-7 computer program. 

To determine whether the performance of pavements in the field is in accordance with that pre­
dicted by the CRCP program, special test sections were constructed at four different locations in Hous­
ton. For approximately 1 month after construction, the behavior of the pavements was monitored for 
temperature (both air and concrete), slab movement, and cracking. Although additional long-term 
condition surveys should be scheduled to draw further conclusions from this test-section study, much 
valuable information about the early-age behavior of CRCP was obtained during the short-term moni­
toring. Major observations and findings from the test sections include (1) the importance of the heat 
of hydration on the early-age behavior of CRCP, (2) the effect of construction season and time of place­
ment during the day on the early-age cracking, (3) detrimental characteristics of the early-age cracks 
in terms of their shapes and widths, (4) the effect of coarse aggregate type on cracking, (5) factors 
affecting crack width, (6) determination of setting temperature used as a reference temperature in the 
calculation of the temperature-induced stresses, and (7) correlation between the shrinkage of concrete 
pavement in the field and that of lab-cured cylinders. Based on these observations and findings, rec­
ommendations are provided as to how the early-age observations may be simulated in the CRCP pro­
gram. Recommend~tions for the future design and construction are also presented. 

Long-term distress curves having various reliabilities were developed for CRC pavements in terms 
of the number of failures per mile using the Rigid Pavement Database available at the Center for Trans­
portation Research. Calibration of the failure prediction model in the computer program CRCP-7 was 
made based on these distress curves. 

KEYWORDS: CRCP, coarse aggregates, siliceous river gravel aggregates, limestone aggregates, CRCP-7 
computer program, pavement behavior, heat of hydration, crack spacing, crack width, 
pavement temperature. 
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SUMMARY 

Based on a review of test sections constructed at four different project sites in Houston, Texas, this 
report documents the short-term performance of continuously reinforced concrete pavements (CRCP). 
Specifically, the test sections were designed to study (1) the importance of the heat of hydration on 
the early-age behavior of CRCP, (2} the effect of construction season and time of placement during 
the day on the early-age cracking, (3) detrimental characteristics of the early-age cracks in terms of 
their shapes and widths, (4} the effect of coarse aggregate tYpe on cracking, (S) factors affecting crack 
width, (6) determination of setting temperature used as a reference temperature in the calculation of 
the temperature-induced stresses, and (7) the correlation between the shrinkage of concrete pavement 
in the field and that of lab-cured cylinders. Based on these observations and findings, recommenda­
tions are provided as to how the early-age observations may be simulated in the CRCP program. Rec­
ommendations for the future design and construction are also presented. 

Long-term distress curves having various reliabilities were developed for CRCP in terms of the number 
of failures per mile using the Rigid Pavement Database available at the Center for Transportation Re­
search. Using these distress curves, we next calibrated the failure prediction model in the CRCP-7 
computer program. 

IMPLEMENTATION STATEMENT 

The evaluation of the test sections provided in this report yields a better understanding of the ef­
fect of different coarse aggregates on the performance of CRCP, which in tum can lead to improved 
pavement design. In addition, by comparing the pavement performance predicted by the CRCP-7 com­
puter program with the measured values of four Houston test sections, the study team provides rec­
ommendations as to how the early-age observations may be simulated in the CRCP program (or 
revised to simulate the observations). Recommendations for future design and construction are also 
presented. 

Long-term distress curves having various reliabilities were developed for CRCP in terms of the number 
of failures per mile using the Rigid Pavement Database available at the Center for Transportation Re­
search. Calibration of the failure prediction model in the computer program CRCP-7 was made based 
on these distress curves. 

Although additional long-term condition surveys should be scheduled to draw further conclusions 
from this test-section study, much valuable information about the early-age behavior of CRCP was 
obtained during the short-term monitoring documented in this report. 

v 



TABLE OF CONTENTS 

PREFACE .................................................................................................................................. uz 

LIST OF REPORTS ............................................................................................................... tn 

ABSTRACT ............................................................................................................................ ... zv 

SUMMARY .................................................................................................................................. v 

IMPLEMENTATION STATEMENT ................................................................................... v 

CHAPTER 1. INTRODUCTION 

BACKGROUND ......................................................................................................................... 1 
OBJECTIVES OF THE STUDY ................ ~ ............................................................................... 1 
SCOPE OF THE REPORT ..................................................................................................... ... 1 

CHAPTER 2. EXPERIMENT DESIGN AND CONSTRUCTION 
_OF TEST SECTIONS 

THE NEW DESIGN STANDARD ............................................................................................ 3 
EXPERIMENT DESIGN ............................................................................................................ 3 
CONSTRUCTION OF TEST SECTIONS .................................................................................. 4 

SH 6 Summer ......................................................................................................................... 7 
BW 8 Winter ........................................................................................................................... 8 
SH 6 Winter ........................................................................................................................... 8 
IH-45 Winter ......................................................................................................................... 9 

INSTRUMENTATION AND DATA COLLECTION .............................................................. 1 0 
TESTING ................................................................................................................................. 11 

CHAPTER 3. DATA PRESENTATION WITH DISCUSSIONS 

SLAB TEMPERATURE ............................................................................................................ 1 5 
CRACKING ........................................................................................................... ................... 16 
SLAB MOVEMENT ................................................................................................................. 17 
PATTERN OF NEW CRACK IN A SLAB SEGMENT ......................................................... 19 
EFFECT OF PRE-CONSTRUCTION CONDITIONS ............................................................. 20 

Reflection of Cracks ............................................................................................................. 20 
Effect of Steel Splices ........................................................................................................... 21 
Effect of Badly Deformed Surface of Bondbreaker .......................................... ;~ ................. 21 
Cracks around Manhole ...................................................................................................... 22 
Transverse Cracks over Transverse Steel Bars .................................................................... 22 

SUMMARY ...................................................................................................................... .......... 23 
Slab Temperature ................................................................................................................. 23 
Cracking ............................................................................................................ · ....................... 24 
Slab Movement ..................................................................................................................... 24 
Pattern of New Cracks in a Slab Segment ......................................................................... 24 
Effect of Pre-Construction Conditions ................................................................................. 24 

vi 



CHAPTER 4. HEAT OF HYDRATION AND EARLY-AGE 
CRACKS IN CONCRETE PAVEMENT 

HEAT OF HYDRATION AND EARLY-AGE CONCRETE (LITERATURE REVIEW) ......... 26 
Nature of Hydration .....................................................................................••..................... 26 
Undesirable Effect of High Temperature on Concrete ....•................................................... 27 
Stresses in Concrete During the Hydration ......................................................................... 28 
Tensile Strain Capacity of Concrete at Early Ages ............................................................ 28 
Summary of Literature Review ······························u················································· ........... 29 

INFLUENCE OF THE TIME OF PLACEMENT ON EARLY-AGE CRACKING ................. 29 
Seasonal Effect ..................................................................................................................... 30 
Effect of Placement Time During the Day ......................................................................... 32 
Time of Placement and Concrete Temperature .................................................................. 34 

CONTROL OF CONCRETE TEMPERATURE DURING HYDRATION ............................... 35 
Pre-Cooling ............................................................................................................................ 3 5 
The Use of Pozzolanic Material .......................................................................................... 35 
The Use of Retarder ............................................................................................................. 3 7 

SUMMARY ............................................................................................................................... 37 

CHAPTER S. FACTORS AFFECTING CRACK WIDTH-

EXPERIMENTS ........................................................................................................................ 3 9 
FACTORS AFFECTING CRACK WIDTH ............................................................................. 40 

Placement Season of the Year ............................................................................................. 42 
Coarse Aggregate Type ......................................................................................................... 43 
Steel Reinforcement .............................................................................................................. 43 
Time of Crack Occurrence ................................................................................................... 44 
Crack Spacing ...................................................................................................................... 44 

SUMMARY ............................................................................................................................... 44 

CHAPTER 6. DETERMINATION OF CURING TEMPERATURE 
(SETTING TEMPERATURE) AND THE SHRINKAGE 
OF CONCRETE PAVEMENT 

INTRODUCTION .................................................................................................................... 46 
CURING TEMPERATURE ....................................................................................................... 46 
DRYING SHRINKAGE ............................................................................................................ 46 
CONCEPTUAL DETERMINATION OF SETTING TEMPERATURE .................................... 46 
INSTRUMENTATION .............................................................................................................. 47 
DATA COLLECTION ............................................................................................................. 48 

Detennination . of Setting Temperature ................................................................................ 49 
Correlation between Slab Shrinkage and Cylinder Shrinkage ............................................ 50 

SUMMARY ................................................................................................................................ 51 

CHAPTER 7. CURRENT CONDITION OF THE TEST SECTIONS 
. 

CRACK SPACING AND CRACK WIDTH ..................................... : ...................................... 52 
Winter Construction ............................................................................................. ............... 53 
Summer Construction .......................................................................................................... 54 

vii 



CHAPTER 8. COMPARISON OF PREDICTED WITH OBSERVED 
CRACK PATTERNS 

INP'UT DATA .......................................................................................................................... 57 
INTERPRETATION OF RESULTS .......................................................................................... 51 
SUMMARY ........................................................................ ., ..................................................... 59 

CHAPTER 9. DEVELOPMENT OF LONG-TERM FAILURE CURVES 
AND CALIBRATION OF THE FAILURE PREDICTION 
MODEL IN THE CRCP-7 

MAJOR F AlLURE MODE IN CRCP ...................................................................................... 60 
DEVELOPMENT OF FAILURE CURVES CONSIDERING RELIABILITY ........................... 61 

Application of the Reliability Concept ................................................................................ 62 
BASIC ALGORITHM FOR THE PUNCHO'UT PREDICTION .............................................. 63 
CALIBRATION ........................................................................................................................ 64 

CHAPTER 10. DISCUSSION OF RESULTS AND SUMMARY 

EFFECT OF COARSE AGGREGATE TYPE ON CRACKING ................. : ............................ 66 
EFFECT OF DIFFERENT STEEL DESIGNS (SIZE AND AMOUNT OF STEEL) ............... 66 
PATTERNS OF NEW CRACKS IN A SLAB SEGMENT ...................................................... 66 
FACTORS AFFECTING THE CRACK WIDTH .................................................................... 67 
EFFECT OF HYDRATION OF CEMENT AND TEMPERATURE CONDITIONS ON 
EARLY-AGE CRACKING ........................................................................................................ 67 
CURING TEMPERATURE (SETTING TEMPERATURE) ....................................................... 69 
SLAB SHRINKAGE .................................................................................................................. 6 9 
OTHER FINDINGS FROM THE TEST SECTIONS .............................................................. 69 
CALIBRATION OF THE FAILURE PREDICTION MODEL IN CRCP-7 ............................ 69 
SUMMARY ............................................................................................................................... 70 

CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS 

INTRODUCTION .................................................................................................................... 7 2 
GENERAL CONCLUSIONS ..................................................................................................... 72 

Recommendations for Future Construction ......................................................................... 7 3 
Recommendations for Ruture Research ............................................................................... 7 4 

REFERENCES ......................................................................................................................... 7 5 

APPENDIX A .................................................................................................... - ................... 79 

APPENDIX B ......... ' ................................................................................................................ 81 

APPENDIX C ......................................................................................................................... 86 
. 

APPENDIX D ......................................................................................................................... 95 

APPENDIX E ....................................................................................................................... 105 

APPENDIX F ....................................................................................................................... 134 

APPENDIX G ....................................................................................................................... 143 

APPENDIX H ...................................................................................................................... 148 

viii 



CHAPTER 1. 

BACKGROUND 

Condition surveys of continuously reinforced 
concrete pavements (CRCP) in Texas have re­
vealed that significant performance differences 
exist among pavements constructed with differ­
ent coarse aggregates (Ref 1). To reflect the dif­
ference in performance, a new design standard 
has been developed, one based on the material 
properties of concrete containing the two types 
of coarse aggregates most often used in Texas­
siliceous river gravel (SRG) and limestone (LS). 
The new design standard was developed using 
the computer program CRCP-4, which is a 
mechanistic model developed at the Center for 
Transportation Research at The University of 
Texas at Austin. Using design parameters, mate­
rial properties, environmental condition, and 
traffic loadings, the model predicts the perfor­
mance of CRCP in terms of crack spacing, crack 
width, and steel stress. 

To determine whether the performance of pave­
ments in the field is in accordance with that pre­
dicted by the computer program, test sections 
were constructed and monitored for approxi­
mately 1 month after construction at four loca­
tions in Houston, Texas. The test sections were of 
CRCP and were constructed to permit observa­
tions of the effects of (1) the coarse aggregate type 
and (2) the quantity of reinforcing steel used. 
While it is expected that additional long-term 
condition surveys will yield further conclusions, 
much valuable information about the early-age 
behavior of CRCP was obtained during the short­
term monitoring. 

OBJECTIVES OF THE STUDY 

Using the early-age observations of the test sec­
tions, the study team undertook the following 
objectives: 

1. To provide recommendations as to how the 
early-age observations may be simulated in 

INTRODUCTION 

1 

the computer program (or reviSIOn steps 
made to simulate the observations), and pro­
vide recommendations for long-term observa­
tions for the study based on the early-age 
observations. 

2. To use field data from the Rigid Pavement 
Database developed at the Center for Trans­
portation Research to calibrate the fatigue 
relation used in CRCP-7 to predict punch­
outs. 

SCOPE OF THE REPORT 

Specifically, this report documents and dis­
cusses (1) the findings of the short-term monitor­
ing of the Houston test sections, and (2) the cali­
bration of the fatigue equation in the CRCP-7 
punchout prediction model. Chapter 2 describes 
the experiment design and the construction of the 
test sections, with the experiment design for the 
verification test sections, construction of the test 
sections, instrumentation, and testing for the con­
crete properties also presented. Chapter 3 gives 
the various data collected from the short-term 
monitoring of the test sections. Air and slab tem­
perature, crack patterns, and slab movement are 
particularly discussed. 

Chapter 4 investigates the effect of initial tem­
perature condition on the hydration of cement 
and on the consequent early-age cracking of con­
crete pavement. The nature of hydration, the in­
fluence of time of placement on the early-age 
cracking, and the control of concrete temperature 
during hydration are all discussed. 

Chapter 5 describes the factors affecting crack 
width based on the crack width data collected 
from the test sections; Chapter 6 introduces 
a method for determining the curing tempera­
ture (setting temperature) used as a reference 
temperature in the calculation of temperature­
induced stresses. Also discussed in Chapter 6 
is the correlation between the shrinkages of 
concrete pavement in the field- and lab-cured 
cylinders. 



Chapter 7 summarizes the current condition 
of the test sections in terms of crack spacing 
and crack width, based on observations during 
the short-term monitoring. Chapter 8 presents 
a comparison of predicted crack patterns by 
CRCP computer program with observed crack 
patterns. 

In Chapter 9, the fatigue equation used in the 
punchout prediction model in the computer pro­
gram CRCP-7 is calibrated against the extensive 
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condition survey database available at the Center 
for Transportation Research at The University of 
Texas at Austin. 

Chapter 10 summarizes the study's observations 
and findings. Recommendations as to how the 
early-age observations may be simulated in the 
CRCP program (or revised to simulate the obser­
vations) are also presented. Finally, conclusions 
and recommendations of this study are provided 
in Chapter 11. 



CHAPTER 2. EXPERIMENT DESIGN AND CONSTRUCTION 
OF TEST SECTIONS 

This chapter presents the experiment design, 
construction, instrumentation, data collection, 
and testing for the test sections. 

THE NEW DESIGN STANDARD 

The performance of CRCP constructed with sili­
ceous river gravel (SRG) coarse aggregate differs 
significantly from that of CRCP constructed with 
limestone (LS) coarse aggregate. Specifically, for 
the same steel design, pavements containing sili­
ceous river gravel experience substantially more 
distress (e.g., cracks, spalling, and punchouts) 
than those containing limestone. Because a large 
percentage of a pavement's concrete volume con­
sists of coarse aggregates, researchers have tended 
to conclude that the various coarse aggregates af­
fect differently the overall properties-and, hence, 
performance-of concrete. In Texas, such observa­
tions led to the development of the new CRCP 
design standard, CRCP(B)-89B. 

In creating this new design standard, research­
ers at the Center for Transportation Research at 
The University of Texas at Austin first analyzed 
the properties of concrete samples constructed 
with both SRG and LS coarse aggregates and then 
entered the results in the CRCP-4 computer pro­
gram as input values (Refs 2, 3, and 4) to predict 
the performance of pavements containing these 
materials. For various slab thicknesses and steel 
designs, the program predicted the performance 
of each pavement in terms of crack spacing, crack 
width, and steel stress. Using the CRCP design cri­
teria (Ref 5), an optimum longitudinal steel design 
could be selected for each combination of slab 
thickness and coarse aggregate type. 

Based on the results of this early analysis, the 
Texas State Department of Highways and Public 
Transportation (SDHPT, now the Texas Depart­
ment of Transportation, or TxDOT) developed 
new design standards for both SRG and LS aggre­
gates. (These standards are reproduced in Appen­
dix A of this report, where it may be noted that 
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for different coarse aggregate types and for a 
given slab thickness, different bar spacings were 
used with same-sized bars.) The major feature of 
the new design standard was the use of different 
amounts of longitudinal steel for different coarse 
aggregate types in such a manner that similar 
crack spacings for the two aggregate types would 
be expected within the limiting design criteria. 
Since the major - distresses of CRCP (i.e., 
punchouts and spalling) have a strong correlation 
with crack spacing, the new design standard 
sought to minimize the distress by controlling the 
crack spacing. And because SRG-constructed pave­
ments showed narrower crack spacing than LS­
constructed pavements, the new design for SRG 
concrete specified less longitudinal steel than 
specified for LS concrete. 

EXPERIMENT DESIGN 

The experiment included CRCP test sections 
placed at four locations in Houston. At each lo­
cation, 1,840 feet of CRCP was placed, with one­
half of the length (920 feet) constructed with SRG 
and the other half constructed with LS. Each of 
these lengths was then subdivided into four test 
sections. One of the four test sections for each 
coarse aggregate type used the same quantity of 
longitudinal steel as proposed in the new design 
standard (hereafter termed "'medium" steel). Two 
other test sections used an amount of longitudi­
nal steel about 0.1 percent higher (hereafter 
termed "'high" steel) and 0.1 percent lower (here­
after termed "'low" steel), respectively, than the 
medium steel; these three test sections also used 
a 3/4-inch-diameter ba! size (No. 6 bar). The 
fourth test section used medium steel with a 
larger-sized bar (7/8-inch diameter, or No. 7 bar), 
an arrangement permitting an investigation of the 
interactive effect of bond area and concrete vol­
ume ratio. The experimental design for the test 
sections placed at each location is illustrated in 
Figure 2.1. 



SRG LS 

High (No. 6 bar) X X 

Medium (No. 6 bar) X X 

Low (No. 6 bar) X X 

Medium (No. 7 bar) X X 

figure 2.1 Experimental design for the test sections 

Each test section, 230 feet long, was separated 
by the different steel design. To eliminate the ef­
fect of steel splicing (required for transitioning 
between the contiguous sections), only the middle 
200 feet were considered representative of the test 
section; 15 feet of both ends were excluded in the 
analysis as a transition area between the two con­
tiguous sections. A typical steel lap technique ar­
ranged between sections having different steel 
designs is shown in Figure 2.2. 

CONSTRUCTION OF TEST SECTIONS 

The test sections were placed during summer 
and winter. Their general location, including the 
season in which they were constructed, is given 
in Figure 2.3. For convenience, the following ab­
breviations will be used throughout this report: 

SH 6 summer: test sections placed on State 
Highway 6 during the summer 

BW 8 winter: test sections placed on Beltway 8 
during the winter 

SH 6 winter: test sections placed on State 
Highway 6 during the winter 

IH-45 winter: test sections placed on Interstate 
Highway 45 during the winter 

The typical pavement structure associated with 
these projects is shown in Figure 2.4. The thick­
ness of the concrete slab varied with the project, 
with the vertical location of the steel (a single 
layer of steel) in the slab most often at mid..depth; 
in the case of IH-45 winter, double layers of steel 
were used. Typical concrete mix designs used on 
the projects are given in Table 2.1. The following 
sections describe each project in detail. 

Figure 2.2 Typical steel lap technique between sections with different steel design 
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Table 2.1 Typical concrete mix design used on the projects 

ProJect SH6Summer BW8WJ.nter SH 6WJ.nter IH-4S Winter 

Aggregate Type SRG IS SRG IS SRG IS SRG IS -
Unit 

Coarse aggregate lbs/CY 2,030 1,900 2,056 1,887 2,083 1,900 1,990 1,990 
Water lbs/CY 234 225 224 220 210 224 220 220 

0\ Cement lbs/CY 388 423 388 388 342 388 400 388 
Fly ash(% replaced by vol.) lbs/CY 1o6 (25%) 115 (25%) 105 (25o/o) 112 (25%) 160 (35%) lo6 (25%) 136 (30%) 108 (25%) 
Fine aggregate lbs/CY 1,109 1,217 1,096 1,249 1,079 1,258 1,143 1,183 
Entrained air %vol. 5 5 5 5 5 5 5 5 
W/C ratio 0.47 0.42 0.45 0.44 0.42 0.45 0.41 0.44 
Cement factor Sk./Cy 5.5 6 5.5 5.5 5.6 5.5 6 5.5 
Coarse aggregate factor 0.78 0.76 0.76 0.72 0.78 0.76 0.74 0.74 
Max. coarse aggregate siZe inch 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
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Figure 2.4 Typical pavement structure 
of the test sections 
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#6 #6 #7 
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SH 6 Summer 

This project, located on the two outside north­
bound lanes of SH 6 approximately one-half mile 
south of US 290 in Houston, Texas, was the first 
to be constructed. The SRG sections are south of 
Huffmeister Road, while the LS sections are north 
of Huffmeister Road. The location and layout of 
the test sections are shown in Figure 2.5. 

The concrete slab, 11 inches thick, used a 
single layer of steel (H. B. Zachry was the contrac­
tor). Placed on june 16, 1989, starting about 7:30 
a.m., the SRG sections were completed about 3:30 
p.m. that same day. Figure 2.6 shows the concrete 

, ... 
Medium 
(0.63%) 

#7 

Test Sections 
(Outside 2 Lones) 

LS 

Low Medium 
(0.52%) (0.61%) 

#6 #6 

.... , 
High 

(0.68%) 

#6 

H 

250-& Transition Area 

(Direction of Construction) 

Figure 2.5 Location and layout of the first set of test sections (SH 6 summer) 
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figure 2.6 Concrete placement of test sections (SH 6 summer) 

placement on the project. (As a parenthetical 
note, the equipment containing the tube float got 
stuck in a manhole about 500 to 600 feet from 
the beginning of placement, a mishap that de­
layed the concrete trucks for a short period until 
the equipment could be freed.) 

The LS sections were placed on june 19, 1989. 
Again, the placement began about 7:30a.m. and 
was completed about 3:30 p.m., with construc­
tion for the most part proceeding according to 
plans. (In another parenthetical note, we should 
mention that on the day before placement the 
steel had fallen onto the "bond breaker," leaving 
it relatively scarred and rough. The steel had to 
be repositioned onto the chairs before place­
ment.) 

BW.B Winter 

The second set of test sections was placed on 
Beltway 8 (north) on the eastbound frontage road 
on the inside two of the three lanes. Section A 
begins 315 feet east of the centerline of Antoine 
Road, with the sections continuing east. The lo­
cation and layout of the test sections are shown 
in Figure 2. 7. 

The concrete slab, 10 inches thick, used a 
single layer of steel (the contractor was Brown 
and Root). The SRG sections were placed on No­
vember 24, 1989, while the LS sections were 
placed on November 25, 1989. It should be noted 
that, because of a breakdown at the mixing plant, 
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fly ash was not included in the construction of 
section H, and only partly included in the con­
struction of section G. 

SH 6 Winter 

The third set of test sections was placed on 
State Highway 6 just south of Patterson Road, 
which is about 2-3 miles north of Interstate High­
way 10. Test sections are on the two outside 
southbound lanes in a fill area marked by rein­
forced earth retaining walls. A concrete shoulder 
lies between the sections and the coping of the 
retaining wall. The location and layout of the test 
sections are shown in Figure 2.8. 

The concrete slab was 11 inches thick and used 
a single layer of steel. The contractor of this 
project was, again, H. B. Zachry, who began con­
struction of the test sections on January 10, 1990. 
Sections A and B were placed on January 10; sec­
tions C, D, and E were placed on January 11; sec­
tions F, G, and H were placed on january 12. The 
shoulder was placed a few days after the test sec­
tions. The contractor had a mixing plant set up 
near the job at Groeschke Road, with the concrete 
arriving at the project in flatbed trucks. Because 
the contractor did not have a sufficient supply of 
crushed limestone, SRG aggregates were used in 
the last 50 feet of section H (the last section). 
Overall, the placement of the test sections went 
well, though most of section C had problems with 
air dosage (only 3.5 percent air was noted). 
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Figure 2.7 Location and layout of the second set of test sections (BW 8 winter) 

IH-45 Winter 

The last set of test sections was placed on In­
terstate Highway 45 on the north side of Hous­
ton at the Hardy Toll Road Interchange near 
Spring Creek. The cross section includes four 
lanes with a fuU:-depth CRCP shoulder and an 
inside median. The test sections are on the two 
inside northbound lanes, with the median lo­
cated next to the inside lane. (This location was 
chosen because it would allow for future obser­
vations using the inside median without having 
to control traffic.) The location and layout of the 
test sections are shown in Figure 2.9, where it 
may be noted that the order of placement of the 
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test sections was opposite that of other projects; 
that is, section D was placed first in SRG sec­
tions, and section H was placed first in LS sec­
tions. The end of section E is about 300 feet 
north of the north end of the Spring Creek 
Bridge. 

The concrete slab for these sections was 15 
inches thick and used double layers of steel (the 
contractor was McCarth Brothers). While the SRG 
sections were placed on· January 14, 1990, the 
placement of the LS sections was delayed due to 
bad weather until January 21, 1990. The overall 
placement of the test sections was performed in 
good order, with no unusual construction prob­
lems occurring. 
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Figure 2.8 Location and layout of the third set of test sections (SH 6 winter) 

INSTRUMENTATION AND DATA 
COLLECTION 

The primary instrumentation installed in the test 
sections included thermocouples and Demac points 
for monitoring the concrete temperature and slab 
movement, respectively. Layout of the Demac 
points was designed to measure the slab movement 
longitudinally along a pavement from crack to 
crack. All instrumentation was placed about 3 feet 
from the pavement edge for ease of measuring. 
(Provisions for measuring the shrinkage of the con­
crete slab in the field are presented in Chapter 6.) 

To provide a vertical temperature distribution 
throughout the slab, thermocouples were posi­
tioned 1 inch from the surface, at mid-depth, and 
1 inch from the bottom of the slab. Four to seven 
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sets of thermocouples were imbedded at various 
locations in each project. Table 2.2 gives the lo­
cations of the thermocouples in each project, 
along with the time of concrete placement and 
the fresh concrete temperature at each thermo­
couple location. 

To measure slab movement, 20 to 30 Demac 
points were placed at 10-inch intervals (SH 6 sum­
mer used 8-inch intervals) on the surface of the 
concrete. For each project, two sets of brass 
Demac points (one for SRG sections and the other 
for LS sections), covering a length of about 15 to 
20 feet, were installed in sections with medium 
steel (sections B and G). Table 2.3 gives the loca­
tions of the Demac points in each project. 

Data collected during the short-term monitor­
ing (about 1 month after construction) included 



Sawdust Rd. 

Test Sections ----+----1 ..... 
2 Inside Northbound Lanes, or 

3rd and 4th Lones from Outside 

Aggregate I 
Type .... 

Amount of 
Steel 

Bar Size 

Section ID 

~ 
+ 

Station ('I 

N 

High 
(0.6~k) 

#7 

D 

-

SRG 

M.edium Low 
(0.55%) (0.65%) 

#6 #6 

I c I 8 

4 X 230 l't • 920 ft 

... , 
M.edium 
10.76%) 

#6 

I A 
10 
('I 
+ 
('I -('I -

N 

Rayford Rd. 

, ... lS ... , 
M.edium Low Medium High 
(0.84%) (0.74%) (0.63%) (0.75%) 

#6 #6 #6 #7 

>< H I G I F I E 

p 10 

"' + 
0 
0 
N -4 X 230 l't .. 920 ft 

230-ft Tronsition Area 

(Direction of Construction) 
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(1) air and concrete temperature, (2) atmospheric 
conditions, (3) slab movement, and (4) transverse 
and longitudinal crack locations. Data were col­
lected periodically over 24 hours for several days 
after construction. Although new cracks were 
monitored at various times throughout the day, 
most often they were surveyed in the morning, 
when the concrete temperature was low and when 
crack visibility was enhanced by the wider crack 
width associated with morning. Instruments used 
for measuring temperature, solar radiation, and 
slab movement are shown in Figures 2.10 to 2.12, 
respectively. In addition, crack width and concrete 
movement of experimental slabs were measured 
(see Chapters 5 and 6). 

TESTING 

To determine the concrete properties of the test 
sections, about 7 4 to 94 cylinders from each 
project were cast at the job sites using the same 
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concrete used in the test sections (Fig 2.13). The 
material was obtained from four different trucks 
for each project: two from the SRG sections and 
two from the LS sections. 

On the day following casting, about one·half of 
the cylinders in each project were transported to 
the lab at the Center for Transportation Research 
in Austin for storage (until they could be tested in 
a chamber having a temperature of 75°F and a rela­
tive humidity of 45 percent). The remaining cylin­
ders were cured in the field in the same manner as 
the pavement and transported to the lab 1 day 
before testing. The results of these tests were then 
used to compare the properties of the concretes 
cured under the two different conditions. 

The lab-cured cylinders were tested at 3, 7, and 
28 days, while the field-cured cylinders were 
tested at 7 and 28 days. Properties tested included 
split tensile strength, compressive modulus of 
elasticity, compressive strength, drying shrinkage, 
and thermal coefficient. 



Table 2.2 Summary of instrumentation of thermocouples 

Fresh Cone. 
Project CAT1 Section Station T'une of Placeme:nt-2 Temp.(OpP 

SH 6summer SRG A 68+41 8:30 am (6/16/89) 86.4 
c 63+70 12:20 pm (6/16/89) 86.8 

LS E 55+68 9:40 am (6/19/89) 84.4 
G 51+09 1:00 pm (6/19/89) 85.8 

BW 8 winter SRG A 419+11 10:05 am (11/24/89) 65.4 
c 423+72 12:55 pm (11/24/89) 69.0 
D 425+91 . 2:15 pm (11/24/89) 71.0 

LS E 430+20 8:25 am (11/25/89) 69.6 
F 432+85 10:10 am (1V25/89) 69.4 
G 435+35 11:35 am (11/25/89) 69.4 
H 437+10 1:15pm (11/25/89) 69.4 

SH 6 winter SRG A 438+02 1:00pm (V10/90) 70.0 
B 441+21 3:00 pm (V10/90) 68.6 
c 444+43 10:00 am (1/11/90) -67.0 

LS E 451+00 4:00 pm (V11/90) 69.0 
F 452+70 10:00 am (1/12/90) 57.0 
G 455+24 11:20 am (1/12/90) 58.0 

IH-45 winter SRG cro4 1219+15 8:00 am (V14/90) 62.2 
A 1213+28 12:00 noon 64.4 

(1/14/90) 

LS H 1208+10 10:15 am (1/21/90) 64.6 
E 1201+12 2:40 pm (V2V90) 67.6 

1Coarse aggregate type 
2Time of concrete placement at the location of thermocouple 
3Measured in place when the mixed concrete was dumped from delivery truck 
4Boundary of sections C and D 

Table 2.3 Locations of Demac points 

Project CAT Section End Station 

SH 6summer SRG B 64+70 64+50 
LS G 50+96 50+76 

BW 8winter SRG B 421+23 421+47 
LS G 435+09 435+34 

SH 6winter SRG B 441+19 441+47 
LS G 455+25 455+51 

IH -4 5 winter SRG B 1215+89 1215+64 
LS G 1206+62 1206+38 
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Figure 2. JO Thermometer for measuring air and concrete temperature 

Figure 2.11 Solar-meter for measuring solar radiation 
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Figure 2.12 Multi-position strain gauge for measuring slab movement 

Figure 2.13 Cylinders being cast in the field 
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CHAPTER 3. DATA PRESENTATION WITH DISCUSSIONS 

This chapter discusses, first, the collected test 
section data relating to temperature, cracking, and 
slab movement. Second, this chapter reports on 
the location of new cracks between the two exist­
ing cracks, and the effect of pre-construction con­
ditions on the early-age behavior of the CRCP. 
Topics that require detailed discussions are pre­
sented in Chapters 4 through 6, with cylinder test 
results summarized in Appendix B. The data for 
crack width and shrinkage correlation will be pre­
sented in Chapters 5 and 6, respectively. 

SLAB TEMPERATURE 

On pavements not yet opened to traffic, most 
cracks occur as a result of the volume changes 
brought about by concrete drying shrinkage and 
temperature variation. Unlike drying shrinkage, 
slab temperatures are very sensitive to the sur­
rounding temperature condition. Accordingly, it is 
important to understand the nature of slab tem­
perature when attempting to predict the behavior 
of concrete pavements, especially in their early 
ages. In this section, the nature of slab temperature 
for various conditions is discussed based on the 
temperature data collected from the test sections. 

One of the most important characteristics asso­
ciated with concrete temperature during the early 
age of the pavement is the heat of hydration (dis­
cussed in Chapter 4). Since the concrete mix 
releases heat during the cement hydration, the 
pattern of concrete temperature during the con­
struction day is somewhat different from that 
occurring during. the later ages of the pavement. 
The pattern of slab temperature occurring during 
the hydration depends on the surrounding tem­
perature conditions (i.e., fresh concrete tempera­
ture, air temperature, and solar radiation). 

Figure 3.1 shows the air and concrete tempera­
ture 3 days after construction for a typical sum­
mer placement. (Similar plots for other test sec­
tions are given in Appendix C; weather in­
formation during the short-term monitoring is 
given in Appendix D.) It was interesting that the 
temperature rise from initial conditions at the 
surface of the slab (measured at 1 inch below the 
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Figure 3. 1 Typical temperature curves for concrete 
pavement placed in the summer (section 
E, SH 6 summer) 

surface) for about 6 hours after construction was 
as high as 60"F. The peak concrete slab tempera­
ture during the hydration occurred about 6 to 12 
hours after placement, depending on the depth of 
the slab. The peak magnitudes were about 140"F. 
The high peak and subsequent cooling of the slab 
temperature during the night resulted in a large 
variation of slab temperature during the first 24 
hours after construction. This large temperature 
variation exerted a detrimental effect on the volu­
metric stability of the concrete. 

Figure 3.2 shows typical temperature curves 
for concrete pavement placed in the winter. The 
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maximum concrete temperature occurred during 
the night following the construction day, with a 
lower temperature rise (maximum temperature 
rise of 20°F at the middle of the slab) than that 
of summer construction. The peak concrete slab 
temperature was only about 80°F. Since the hydra· 
tion heat was liberated during the night, the 
variation of slab temperature during the first 24 
hours after construction was relatively small, pro­
viding a relatively good volumetric stability of the 
concrete. 

The time of peak slab temperature for the sum­
mer construction depended on the depth of the 
slab. The slab temperature at the top reached its 
peak first and dropped quickly, whereas the slab 
temperature at the bottom peaked last and 
dropped relatively slowly, perhaps because the 
rate of hydration is affected by such variables as 
high solar radiation, high air temperature, and 
heat loss through the subbase. However, this or­
der was not significant in the winter construction 
when the general temperature condition was low. 
As seen in Figure 3.2, the times at which peak 
temperatures were reached for different depths 
were almost the same. 

It can be seen from Figures 3.1 and 3.2 that, at 
a given time, there were large differences between 
the concrete temperatures in the vertical direction 
of the concrete. The vertical temperature gradient 
may cause significant warping stresses. 

The influence of atmospheric conditions on the 
slab temperature is shown in Figure 3.3. As may 
be noted, little variation in slab temperature was 
observed during the rainy/cloudy period. This 
might be a result of (1) the fairly constant air 

120 

100 

t 80 
! 
:;, e 6o 
CD 

~ 40 
~ 

20 

- Air Temperolure 
-o- Top 
__._Middle 
-o- Boltom 

Cloudy Rain/Cloudy jcloudyj Clear 

o~_. __ ._~--~~~~--~----~~ 
0 24 48 72 96 120 144 168 192 216 240 

Time [Hours at Midnight of Each Day) 

Figure 3.3 The influence of atmospheric conditions 
on the slab temperature (section A, IH-
45 winter) 
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temperature, and (2) the near absence of solar 
radiation during this period. The high humidity 
and small variations in slab temperature during 
this period provided good curing conditions for 
the pavement. Until this period ended, no cracks 
were observed in this section. Because it reduces 
temperature variations and drying shrinkage, the 
occurrence of this type of weather during curing 
is beneficial to the concrete. 

CRACKING 

Figures 3.4 through 3.7 present plots of trans­
verse crack patterns at several ages during the first 
month for the medium steel sections placed on 
SH 6 in the two different seasons. (In Appendix 
E, similar plots are given for the other sections.) 
On the plots for each age, the cracks that oc­
curred since the previous age are shown progres­
sively as one moves from top to bottom of the 
graph. Plots of mean crack spacing versus time 
will be presented in Chapter 8. 

Cracking of the concrete pavement exhibited a 
strong correlation with the slab temperature varia­
tions. Almost without exception, cracks occurred 
when the slab temperature dropped significantly. 
As may be noted in Figures 3.4 to 3.7, the sum­
mer construction showed many more cracks, es­
pecially during the first several days, than the 
winter construction. Several longitudinal cracks 
were also observed during this period. This greater 
tendency toward cracking might be the result of 
the large temperature differential of the summer 
placement during the first 24 hours after con­
struction (Fig 3.1). This subject is discussed fur­
ther in Chapter 4. 

The LS sections, without exception, showed 
fewer cracks, even though a little more steel was 
used in these sections than in the SRG sections 
(see Chapter 2 for the steel design for each aggre­
gate type). It is believed that the steel did not 
have as much influence on cracking during the 
early ages because the bond between concrete and 
steel may not have been fully developed. 

The LS sections sustained fewer cracks, perhaps 
because of the lower thermal coefficient, larger 
strain capacity, and lower elastic modulus of the 
concrete (Refs 4 and 6). Since the cracking that 
occurs in a pavement prior to traffic opening is 
mainly caused by the concrete's volume change, 
the lower thermal coefficient values of some 

concretes serve to stabilize concrete volume. 
Lower elastic modulus and larger strain capacity 
decrease the potential for cracking for the same 
volume change. 
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SLAB MOVEMENT 

Slab movement data were collected by periodi­
cally measuring the distances between Demac 
points imbedded in the concrete. As an example 
use of these data, slab movements at different 
ages of the concrete slab are plotted (Fig 3.8). 
These were measured at about the same tempera­
ture conditions. It is shown that the slab move­
ments at the cracks create large expansions caused 
by the crack opening, and that these large move­
ments are absorbed by the cumulative contrac­
tions between the cracks. It is also shown that the 
crack width increases with time, possibly because 
of the progressive drying shrinkage of the con­
crete. 

It was possible to determine the approximate 
time of transverse crack occurrence and the crack­
ing mechanism by plotting the slab movement 
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Figure 3.8 Slab movement at different ages of the 
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data. Figure 3.9 shows the time of crack opening 
and the slab temperature at that time for typical 
summer construction. This crack was the first one 
detected from the area where the Demac points 
had been imbedded. This test section was placed 
on a hot summer day. 
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Figure .3.9 Time of crack opening and the condi· 
tion of the slab temperature at that 
time (SRG, SH 6 summer) 

As seen in Figure 3.9, the crack began to open 
when the slab temperature at the top surface 
dropped slightly after the peak; the difference 
between the top and bottom temperatures was 
fairly large, indicating that the crack occurred as 
a result of the warping stress created by the up­
ward warping movement that results from the 
temperature gradient. It should be noted that the 
slab temperatures at the middle and bottom had 
not dropped. 

As the slab temperature (at all positions 
through the thickness) dropped further, several 
more cracks were detected before the slab tem­
perature reached the minimum for the day. These 
cracks may have occurred as a result of the ten­
sile stress induced by the restraint of contraCtion 
movement (by subbase friction) caused by tem­
perature drop and warping stresses. 

Figure 3.10 shows a similar plot for winter con­
struction. As can be seen, the first crack of the 
winter construction occurred much later than 
occurred in the summer construction, a result of 
the lower temperature change. Although stress 
conditions at the time of the first crack were fairly 
similar to those of the summer construction, we 
believe that tensile stress especially contributed to 
the cracking, insofar as the warping stress of the 
winter case was less than that of the summer case. 

It should be noted that the transverse cracks for 
the summer construction began to occur during 
the night following the construction day, or about 
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Figure .3.10 Time of crack opening and the condi­
tion of the slab temperature at that 
time (SRG, SH 6 winter) 

10 hours after placement. Coincidentally, we 
found that the time of longitudinal crack occur­
rence appeared to be coextensive with that of 
transverse crack occurrence. The next day after 
construction (24 hours after placement), following 
the sawing of the longitudinal joints, several lon­
gitudinal cracks were observed. It is believed that 
these longitudinal cracks had occurred prior to 
the sawing of the joints. Thus, based on our ob­
servations, we recommend-as a way of avoiding 
unwanted longitudinal cracks-that the longitudi­
nal joint of the concrete pavement placed in hot 
weather be sawed during the evening of the con­
struction day, or as soon as the concrete gains 
sufficient strength for the sawing operation, and 
before the concrete temperature drops too low. 
However, pavements placed later in the afternoon 
might be too soft to withstand sawing, and 
should thus be sawed the next day, since, in any 
event, such pavement has a much lower risk of 
sustaining longitudinal cracks during the first 
night after construction (see Figs 4.13 and 4.14 in 
Chapter 4). Figure 3.11 shows the proposed saw­
ing schedule for the summer construction. 
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Figure .3.11 Proposed sawing schedule for the 
longitudinal joint for the summer 
construction 



Figure 3.9 also shows the changes of crack 
width at various times of the day. Once the crack 
occurred, the crack width varied with the re­
corded slab temperature changes. Specifically, 
crack width increased when the slab temperature 
went down, and it decreased when the slab tem­
perature rose. Since the slab movements were 
measured from the top surface, slab temperature 
at the top showed better correlation with the 
crack width change than slab temperature at the 
middle or bottom. It was interesting to note, how­
ever, that the maximum crack width occurred 
when the temperature gradient began to decrease 
(not when the slab temperature at the top was at 
its minimum reading). This effect might be the 
result of the relief of the upward warping move­
ment caused by reduced temperature gradient af­
ter the time of maximum crack width. 

PATTERN OF NEW CRACKS IN A 
SLAB SEGMENT 

It has long been theorized that, for any homo­
geneous concrete pavement slab on a subbase, 
transverse cracks would occur near the center of 
the slab segment, given that the tensile stress by 
temperature change or drying shrinkage is great­
est at the center. And as new slabs are formed by 
the cracking, they in tum would crack near the 
center. The process would continue until the 
maximum concrete stress was checked by the con­
crete strength. Since, however, there are many 
other factors affecting crack location (e.g., vari­
ability of the concrete strength and subbase fric­
tion), cracks may not necessarily occur near the 
center. 

To investigate the pattern of new cracks occur­
ring in the slab segments in the field, the location 
of the new cracks were plotted from the crack 
survey data of the test sections. This plot is pre­
sented in Figure 3.12, where each data point rep­
resents the distance of the new crack from the 
center line in proportion to the existing crack 
spacing (relative location in terms of the longitu­
dinal length of the slab segment). For example, if 
the slab segment was 8 feet long and the new 
crack formed 2 feet from the middle of the slab 
segment, the proportionate distance would be 25 
percent of the original length (2 ft/8 ft = 0.25). 
In some case, however, two or more cracks oc­
curred within one slab segment between crack 
surveys. These data were not considered in this 
plot, since the sequential occurrences of the new 
cracks could not be ascertained. 

Figure 3.12 shows that the location of the new 
cracks depends on the length of the existing crack 
spacing. There was a relatively consistent trend in 
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Figure 3.12 Distribution of the locations of the new 
cracks in various lengths of slab 
segments 

the location of the next crack when the slab 
length was less than about 8 feet: (1) when the 
existing crack spacing was about 3 feet, the next 
crack within the slab segment, if any, occurred 
almost without exception near the middle of the 
slab segment; and (2) as the length of the slab 
segment increased, the maximum distance of the 
new cracks occurring in the middle of the slab 
segment increased. When the crack spacings were 
larger than about 8 feet, the locations of the new 
cracks were randomly distributed. Figure 3.12 also 
shows that, for less than 5 feet, the LS slab seg­
ments did not crack. 

From these distributions, it may be postulated 
that when the crack spacing is small, the concrete 
stresses induced by temperature change, drying 
shrinkage, and warping movement increase from 
zero at the crack to a maximum at the middle of 
the slab segment, as conceptually shown in Fig­
ure 3.13(a). For that reason, cracks should occur 
at the center of the slab if the concrete strengths 
and restraint by the steel bars and subbase fric­
tion are homogeneous. In the field, however, the 
new cracks would not necessarily occur exactly at 
the middle of the slab segment, a result of the 
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variability of concrete strength (represented by the 
data points in Figure 3.13). Thus, for the short slab 
segment (i.e., 3 feet), the maximum stress occurs 
only over a small area near the center, a circum­
stance that minimizes the effect of variability. If 
the slab segments are long enough, the entire 
middle area of the slab segment has approximately 
the same stresses (Fig 3.13), which then allows 
variability of strength to come into effect. There­
fore, the locations of the next cracks will be ran­
domly scattered over the high stress area. This 
phenomenon can best be modeled by tensile 
strength variation, assuming a normal distribution. 

EFFECT OF PRE-CONSTRUCTION 
CONDITIONS 

To evaluate the effects of various pre-construc­
tion conditions, steel layouts and the surface con­
dition of the bondbreaker/subbase were surveyed. 
For future monitoring, locations of interest were 
recorded or marked on the subbase outside the 
slab with paint before the concrete placement. 
These locations included areas showing bond­
breaker/subbase cracks, steel splices, badly de­
formed bondbreaker surfaces, and manholes. Dur­
ing the period of the short-term monitoring, 
pavement conditions at these marked spots were 
surveyed in terms of the existence of cracks and 
their shapes. 

Reflection of Crocks 

Surveys were performed on two projects, SH 6 
summer and BW 8 winter, to identify the effect 
of subbase cracks on the slab cracking. Figure 3.14 
shows an example of the cracks in the bond­
breaker. From our observations, it appears that 
most of these cracks were reflected from the sub­
base (6-inch cement-treated base). 

Figure 3.15, a graph of percent reflected cracks 
by coarse aggregate type and seasonal placement, 
summarizes the survey results. In that survey, we 
found that many of the transverse cracks in the 
CRCP occurred directly over transverse cracks in 
the bondbreaker/subbase. During the short-term 
monitoring (approximately 1 month after con­
struction), about one-half of the cracks in the 
bondbreaker/subbase were reflected through the 
concrete slab. In general, more subbase cracks 
were reflected in the summer construction than in 
the winter construction. And, as shown in Figure 
3.15, a greater percentage of subbase crack reflec­
tions occurred in the SRG sections than in the LS 
sections. 

Most of the reflected cracks of the summer 
construction, occurring within a few days, had 
meandering shapes of the kind shown in Figure 
3.16, an example of the meandering transverse 
cracks associated with early-age reflection. The 
entire length of this kind of crack may not have 

Figure 3.14 An example of cracks in the bondbreaker 
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Figure 3.15 Reflection of cracks in the bondbreaker 

occurred directly over the crack in the bond­
breaker, but the randomness may have occurred 
as a result of the interaction of reflection and the 
spatial variability of concrete strengths. 

Compared with the summer construction, the 
winter construction showed a lower rate of reflec­
tion of cracks, and the shapes of the reflected 
cracks were less meandering. It should be noted 
that the summer and winter projects were at dif­
ferent locations and had slabs of different thick­
nesses; however, the materials and mix designs of 
the concrete were similar. 

Interestingly, the bondbreaker, whose purpose 
is to circumvent reflection cracks, allowed about 
half the cracks to reflect through. In such cases, 
water will directly infiltrate through the reflected 
cracks into the roadbed soil or lime-treated base, 
making these layers soft. And because the same 
thermal and shrinkage volume changes that occur 
in concrete are applicable to cement-stabilized 
base, it is recommended that additional studies be 
made to improve the bondbreaker/subbase system. 

Effect of Steel Splices 

Cracks in the concrete slab were surveyed in 
the areas of the normal longitudinal steel splices 
(two bars are tied). Surveys were performed in the 
LS sections of SH 6 summer and in both the SRG 
and LS sections of BW 8 winter. 

For the summer construction (I.S sections of SH 
6 summer), 94 percent (16 out of 17) of the 
spliced areas experienced cracks within 10 days. 
Most of these cracks occurred near one end of the 
spliced area (rather than in the middle), a result 
perhaps of the sudden change in the amount of 
steel apportioned at the ends of the staggered 
splices. However, the general shapes of the cracks 
were not meandering. 

For the winter construction (BW 8 winter), 
only 18 percent (3 out of 17) of the spliced areas 
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Figure 3.16 Examples of meandering transverse 
cracks associated with early-age 
reflection 

on the LS sections showed cracks near one end of 
the splices. For the SRG sections, 73 percent (11 
out of 15) of spliced areas showed the same kind 
of cracks. 

Effect of Badly Deformed Surface of 
Bond breaker 

LS sections of SH 6 summer showed "construc­
tion scars" and other bad surface conditions. A 
typical example of a badly deformed surface is 
shown in Figure 3.17. 

A total of nine deformed surfaces, three of 
which were very closely spaced together, were 
marked and monitored after construction. Fig­
ure 3.18 shows cracks in this area at the age of 
10 days. For the longitudinal cracks appearing 
on the badly deformed surfaces, we decided on 
one possible explanation: The rough surface of 
the bondbreaker increased the friction between 
the concrete and the bondbreaker, restraining 
the movement of the concrete in the transverse 
direction. Two other deformed surface areas 
also showed longitudinal or meandering crack­
ing. The remaining four showed cracks of no 
special shape. 



Figure 3. 17 Typical example of the badly defonned 
surface of the bondbrealcer 

Cracla around Manhole 

Of the several manholes in the paved area of the 
SH 6 summer project, all showed two to five me­
andering cracks in the surrounding area. Within 1 
year after construction, these areas were showing 
severe distress and spalling along the cracks. Figure 
3.19 gives an example of this type of crack. To 
mitigate such cracking, we recommend either that 
the manholes be relocated at the design stage 
(based on the long-term benefit-cost study), or that 
the steel design be adjusted for the condition. 

Transverse Crocla over Transverse 
Steel Bon 

One surprising observation made during the 
crack surveys was that many of the transverse 
cracks occurred over the transverse steel bars, a 
phenomenon even more evident in the sections 
constructed with double-layered steel. 

On two of the projects (SH 6 winter and IH-45 
winter), measurements were obtained on new 
construction by observing the longitudinal pave­
ment edge. In each case where multiple transverse 
tie bars were used, the location of the transverse 
steel could be seen easily from the edge. On an­
other project (BW 8 winter), the placement of the 
adjacent lane obscured the longitudinal place­
ment edge, making difficult a determination 
of the relationship of the transverse crack to 
the transverse bar; a Pachometer had to be used 
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Figure 3.18 Longitudinal cracks occurred In the 
pavement (under which three badly 
defonned bondbrealcer surfaces are 
dose/y spaced) 

to find the transverse bar. As this device was 
positioned along the pavement and the bar was 
located, the pavement was marked. Records were 
then made of the location of the crack with re­
spect to the bar. 

Figure 3.20 shows the percent of transverse 
cracks that occurred over transverse steel by place­
ment season, number of steel layers, and coarse 
aggregate type. In general, sections with double­
layered steel showed a higher probability for sus­
taining these types of cracks. 

The higher probability of this type of crack 
occurring in the pavement with double-layered 
steel is perhaps owing to the placement of two 
transverse steel bars at different depths in the 
same vertical plane, as shown in Figure 3.21(a). 
The cross-sectional area of the concrete of the 
plane including the two layers of transverse steel 
is smaller than other planes by the cross-sectional 
area of the steel (10 percent reduction in the 
cross-sectional area when two layers of No. 6 bars 
are used in a 15-inch slab). The result is a weak­
ened plane, one that increases the probability of 
cracking along the plane. Such cracking, in tum, 
increases the possibility of water contacting the 
steel, a situation that can result in steel corrosion. 



Figure 3.19 Typical cracks around the manhole (SH 6, summer, 1 year after construction) 

As shown in Figure 3.21(b), a staggered layout of 
the transverse steel (top to bottom) is recom­
mended as a way of avoiding this problem. 

SUMMARY 

In this chapter, data collected from the test 
sections were presented with brief discussions. 
These data included slab temperature, cracking, 
slab movement, pattern of new cracks, and the 
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effect of pre-construction conditions. Detailed dis­
cussions are presented in the following chapters. 

Slab Temperature 

The pattern of slab temperature during the 
hydration depends on the surrounding tempera­
ture conditions (i.e., fresh concrete temperature, 
air temperature, and solar radiation). For the sum­
mer construction, the temperature rise owing to 
the hydration was as high as 60°F (Fig 3.1). The 
peak concrete slab temperature during the hydra­
tion occurred during the daylight hours, about 6 
to 12 hours after placement (depending on the 
depth of the slab). The peak magnitudes were 
about 140°F. 

For the winter construction, on the other hand, 
the maximum concrete temperature occurred dur­
ing the night following placement, with such 
temperatures lower than those recorded during 
summer construction (Fig 3.2). The peak concrete 
slab temperature was only about 80°F (maximum 
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Figure 3.21 (a) Current steel layouts of the double­
layered steel, and (b) recommended 
st«l layouts 



temperature rise of 20°F at the middle of the 
slab). 

The time of peak slab temperature for the sum­
mer construction depended on the depth of the 
slab (Fig 3.1). The slab temperature at the top 
reached its peak first and dropped quickly, 
whereas the slab temperature at the bottom 
peaked last and dropped relatively slowly. This 
effect might be the result of the rate of hydration, 
which is affected by such variables as high solar 
radiation, high air temperature, and heat loss 
through the subbase. However, this order was not 
significant for the winter construction, when tem­
peratures were generally low (Fig 3.2). 

There were large differences between the con­
crete temperatures in the vertical direction of the 
concrete. The vertical temperature gradient may 
cause significant warping stresses (Figs 3.1 and 
3.2). 

Cracking 

Cracking of the concrete pavement had a 
strong correlation with the slab temperature varia­
tions. Almost without exception, cracks occurred 
when the slab temperature dropped significantly. 
The summer construction showed many more 
cracks, especially during the first several days, 
than the winter construction. Several longitudinal 
cracks were also observed in the summer construc­
tion during this period. No longitudinal cracks 
were observed in the winter construction. 

The LS sections showed fewer cracks, even 
though slightly more steel was used in these sec­
tions than in the SRG sections (Figs 3.4 to 3.7). 
It is believed that the steel did not have as much 
Influence on cracking during the early ages (i.e., 
before the bond between concrete and steel had 
fully developed). Possible reasons for less cracking 
in the LS sections include the lower thermal co­
efficient, larger strain capacity, and lower elastic 
modulus of the concrete. 

Slob Movement 

It was possible to determine the approximate 
time of first transverse crack occurrence and the 
cracking mechanism by plotting the slab move­
ment data. For the summer construction, trans­
verse cracks began to open when the slab tem­
perature at the top surface dropped slightly after 
the peak, and when the difference between the 
top and bottom temperatures was fairly large, 
indicating that the crack occurred as a result of 
the warping stress created by the temperature­
gradient-induced upward warping movement (Fig 
3.9). For the winter construction, the temperature 
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gradient was smaller than that of the summer 
construction (Fig 3.10). 

For the summer construction, the transverse 
cracks began to occur during the night following 
the construction day, or about 10 hours after 
placement. The time of longitudinal crack occur­
rence may be coextensive with that of the trans­
verse cracks. Longitudinal joints were sawed dur­
ing the next day after construction, or 24 hours 
after placement. Several longitudinal cracks were 
observed during the cracking survey conducted 
the morning after construction. It is believed that 
these longitudinal cracks had occurred prior to 
sawing the joints. To avoid unwanted longitudi­
nal cracks, we recommend that the longitudinal 
joint of the concrete pavement placed in hot 
weather be sawed during the evening of the con­
struction day, or as soon as the concrete gains 
sufficient strength for the sawing operation (Fig 
3.11). 

Pottem of New Croclu In a Slab 
Segment 

The location of the new cracks depended on 
the length of the existing crack spacing (Fig 3.12). 
There was a relatively consistent trend in the lo­
cation of the next crack when the slab length was 
less than about 8 feet: (1) when the existing crack 
spacing was about 3 feet, the next crack within 
the slab segment, if any, occurred almost without 
exception near the middle of the slab segment; 
and (2) as the length of the slab segment in­
creased, the maximum distance of the new cracks 
extending from the middle of the slab segment 
increased. When the crack spacings were larger 
than about 8 feet, the locations of the new cracks 
were randomly distributed. 

Effect of Pre-Construction Conditions 

Many of the transverse cracks in the CRCP oc­
curred directly over transverse cracks in the 
bondbreaker/subbase (Figs 3.14 and 3.15). During 
the short-term monitoring (about 1 month after 
construction), about one-half of the cracks in the 
bondbreaker/subbase were reflected through the 
concrete slab. In general, more subbase cracks 
were reflected in the summer construction than in 
the winter construction. It was also shown that 
greater reflection of the subbase cracks occurred 
in the SRG sections than in the LS sections. 

Most of the reflected cracks of the summer 
construction occurred within a few days, and 
these cracks had meandering shapes (Fig 3.16). 
The entire length of this kind of crack may not 
be directly over the crack in the bondbreaker, but 



the randomness might occur as a result of the 
interaction of reflection and the spatial variabil­
ity of concrete strengths. Compared with the sum­
mer construction, the winter construction showed 
a lower rate of reflection of cracks; additionally, 
the shapes of the reflected cracks were less mean­
dering. 

For the summer construction, 94 percent of the 
spliced areas experienced cracks within 10 days. 
Most of these cracks occurred near one end of the 
spliced area, rather than in the middle. This might 
be a result of the sudden change in the amount of 
steel used at the ends of the splice, even though 
the splices were staggered. However, the general 
shapes of the cracks were not meandering. For the 
winter construction, only 18 percent of spliced ar­
eas on LS sections showed cracks near one end of 
the splice. For the SRG sections, 73 percent of 
spliced areas showed the same kind of cracks. 

LS sections of SH 6 summer showed "con­
struction scars" and other bad surface conditions 
(Fig 3.17). -Meandering longitudinal cracks were 
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observed where three of the construction scars 
were very closely spaced together (Fig 3.18). 

There were several manholes in the paved area 
of the SH 6 summer project, all of which showed 
two to five meandering cracks in the surrounding 
area. Within 1 year after construction, these areas 
were showing severe stress and spalling along the 
cracks (Fig 3.19). Either the manholes should be 
relocated at the design stage (based on the long 
term benefit-cost study), or the steel design 
should be adjusted for the condition. 

One interesting observation made during the 
crack surveys was that many of the transverse 
cracks occurred over the transverse steel bars, a 
phenomenon that was more significant in the 
sections having double layers of steel. Cracking 
over the steel bars increases the possibility of 
water contacting the steel, resulting in a higher 
probability of steel corrosion. As shown in Figure 
3.21(b), a method for mitigating these types of 
cracks is to provide a staggered (top to bottom) 
layout of the transverse steel. 



CHAPTER 4. HEAT OF HYDRATION AND EARLY-AGE CRACKS 
IN CONCRETE PAVEMENT 

In our monitoring of the test sections con­
structed in the summer (SH 6 summer), we found 
that the concrete temperature rose from 89"F to 
141'"F within the first 6 hours after concrete place­
ment, primarily as a result of the interaction of 
the heat of hydration and the hot-weather con­
dition. During the frrst night the concrete tem­
perature dropped to 100°F, creating a significant 
temperature differential ( 41 °F) that contributed to 
the formation of numerous early-age cracks (in­
cluding longitudinal cracks). 

This report defines early-age cracks as those 
cracks occurring within a few days (1 or 2 days) 
after construction and which are attributed to a 
large shrinkage and temperature differential be­
tween the peak temperature from the heat of 
hydration and subsequent cooling. The early-age 
crack patterns have a tendency to be meandering, 
with relatively wide crack widths (see Ref 7 and 
Chapter 6 of this report). Because it increases the 
probability of Y -cracking, punchouts, spalling, and 
steel rupture, both the meandering tendency and 
the wide widths of cracks may have an adverse 
effect on the long-term performance of the con­
crete pavement. 

It is believed that the dominant factor influenc­
ing the occurrence of early-age cracks is the place­
ment season. Most of the early-age cracks ob­
served were in the test sections placed during the 
hot season; fewer early-age cracks were observed 
for the cool-weather placement. For the hot­
weather placement, the frequency of early-age 
cracking varied even with the time of placement 
during the day. 

In documenting the effect of heat of hydration 
and temperature condition on the early-age be­
havior of concrete pavement, the following issues 
are discussed in this chapter: 

(1) heat of hydration and early-age concrete, 
(2) influence of the time of concrete placement, 

and 
(3) control of concrete temperature during hy­

dration. 
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HEAT OF HYDRATION AND EARLY­
AGE CONCRETE (LITERATURE 
REVIEW) 

Nature of Hydration 

First of all, we must report that a survey of the 
literature revealed that no research has been con­
ducted on the specific effect of the heat of con­
crete hydration on the early-age behavior of con­
crete pavement. Consequently, the following 
remarks are based on our own experiences and on 
the general observations of other researchers. 

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. 
Figure 4.1 (Ref 8) shows a typical pattern of heat 
generation during the hydration of tricalcium sili­
cate, the major compound of cement. The hydra­
tion reactions of other compounds have a similar 
pattern. 

Mixing portland cement compounds with wa­
ter results initially in a rapid release of heat, 
which then ceases within about 15 minutes. (This 
reaction probably represents the heat of the solu­
tion of aluminates and sulfates in the mixture; see 
Ref 9). 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 chemi­
cally. The peak of the primary cycle is reached 
several hours after concrete is mixed with water. 
At this stage, the major hydration products crys­
tallize 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 (Ref 8). 

It should be noted that, because the reac­
tion is chemically controlled, the rate of hydra­
tion is very sensitive to temperature, especially 
during the primary cycle (Ref 8). Therefore, the 
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Figur~ 4.1 Typical pattern of heat generation during the hydration of-tricalcium silicate (Ref 8) 

temperature condition during construction is an 
important factor affecting the rate of hydration. 
Figure 4.2 (Ref 10) shows the effect of curing tem­
perature on the hydration of tricalcium silicate. It 
can be seen that the higher the curing tempera­
ture, the faster the heat release and the higher the 
peak. 
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Figure 4.2 Effect of curing temperature on the 
hydration of trlcaldum silicate (Ref 10) 

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 
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concrete temperature. Tricalcium silicate (3Ca0 • 
SiO:z) and tricalcium aluminate (3Ca0 • A}z03) 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 hydra­
tion (Ref 11). 

Heat of hydration can be useful in cold weather 
placement: It often generates enough heat to pro­
vide a satisfactory curing temperature, obviating 
the need for other temporary heat sources (Ref 
11). In hot weather, however, heat of hydration 
can be detrimental to the concrete. 

Undesirable Effect of High 
Temperature on Concrete 

High temperature may induce in fresh concrete 
such undesirable effects as increased water de­
mand, increased rate of slump loss, increased rate 
of setting, increased tendency for plastic shrink­
age cracking, difficulties in controlling entrained 
air, and critical need for prompt curing. On hard­
ened concrete, high temperature may result in 
decreased strength, incr~sed shrinkage, increased 
creep, decreased durability, and non-uniformity of 
surface (Refs 11 and 12). Detailed information 
about these effects is given in many sources (Refs 
11, 12, and 13). In this section, only the effects 
associated with the heat of hydration will be dis­
cussed. 

Because hydration of cement, as mention­
ed earlier, is a chemical process, the higher the 



temperature of concrete mix, the greater the rate 
of hydration. A large temperature rise by hydra­
tion may cause excessive internal stresses when 
differences exist in thermal expansion factors of 
various concrete constituents (Refs 14 and 15). In 
addition, because the curing temperature affects 
the rate of hydration, and because the strength of 
concrete depends on its time-temperature history, 
the strength of the concrete is also influenced by 
curing temperature (Ref 16). While it is generally 
known that the higher the curing temperature, 
the higher the early strength, this advantage is 
subsequently offset by lower long-term strength 
potential (Refs 12, 15, and 17). Higher early-age 
strength is a result of the faster hydration of ce­
ment with high temperature. Decrease of long­
term strength is caused by the poor physical prop­
erties of the micro-structure of the concrete (a 
large portion of the pores) resulting from a rapid 
initial hydration (Ref 18). Klieger (Ref 19) stated 
that there is a temperature during the early life of 
the concrete that may be considered optimum 
with regard to strength at later ages. For Types I 
and II cement, this temperature is 55°F (Ref 19). 

Stresses In Concrete During the 
Hydration 

Most of the heat of hydration is generated dur­
ing the early age of the concrete. When a con­
crete is volumetrically restrained, the expansion 
force by the hydration heat will cause compres­
sive stress. This compressive stress is relatively 
low, owing to the stress relief provided by creep 
and to the relatively low elastic modulus charac­
teristic of early-age concrete (Ref 17). 

The compressive stress will be relieved soon 
after the concrete begins to cool after the peak of 
hydration (Refs 20 and 21). A further decrease in 
temperature and subsequent contraction of the 
concrete will cause tensile stress to develop. This 
contraction occurs at a later age when the elastic 
modulus is greater and stress relief provided by 
creep is less. The tensile stress will cause cracking 
if the stress exceeds the tensile strength of the 
concrete (Ref 15). The higher the temperature 
drop, the greater the possibility of cracking. 

Tensile Strain Capacity of Concrete 
at Early Ages 

For a given shrinkage and/or temperature drop, 
whether the concrete cracks depends on the strain 
capacity of the concrete. Tensile strain capacity is 
the tensile strain at the failure or extensibility of 
concrete. Many investigators (Refs 22, 23, and 24) 
have pointed out that the tensile strain capacity 
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varies with time, and that there is a period at 
which tensile strain capacity becomes minimum. 
Variations in the strain capacity result from the 
difference in the development patterns of elastic 
modulus and strength during the early age of 
concrete; when elastic modulus develops fast and 
strength develops slowly, the strain capacity be­
comes small (brittle), and vice versa. Development 
patterns of elastic modulus and flexural strength 
with time for mortar beams (Ref 24) are shown re­
spectively in Figures 4.3 and 4.4, where we see 
that the elastic modulus begins to develop at a 
higher rate than strength during the first several 
hours; the result is a small strain capacity during 
this period. 

Kasai (Ref 22) determined the relationship be­
tween the age and the tensile strain correspond­
ing to 95 percent of the tensile strength for con­
crete with ordinary portland cement (Fig 4.5). The 
time of minimum tensile strain varies with tem­
perature (Ref 23), water-cement ratio, and use of 
admixture (Ref 22). In this example, the mini­
mum tensile strain capacity occurred approxi­
mately 7 hours after mixing. 
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Figure 4.3 Development pattern of elastic modulus 
with time for mortar beams (Ref 24) 
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Figure 4.4 Development pattern of flexural strength 
with time for mortar beams (Ref 24) 
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Figure 4.5 Variations of tensile strain correspond­
ing to 95 percent of the tensile strength 
(Ref 22) 

During the period of minimum strain capacity, 
concrete will be very brittle and sensitive to vol­
ume changes, with even minimal drying shrink­
age or slight temperature drop both capable of 
causing cracks. For this reason, proper curing at 
this time is very important. 

Summary of Literature Review 

Hydration of the fresh concrete is accompanied 
by the release of energy in the form of heat, with 
the rate of heat generation varying with time. The 
primary heat generation cycle begins several 
hours after the cement compounds are mixed 
with water; before this primary cycle, concrete is 
in a plastic state and is relatively inactive chemi­
cally (Fig 4.1). 

Since the reaction is chemically controlled, the 
rate of heat generation is very sensitive to ambi­
ent temperature conditions, esped.ally during the 
primary cycle. The higher the ambient tempera­
ture conditions, the higher the peak concrete tem­
perature and the shorter the time needed to reach 
that peak temperature (Fig 4.2). 

High temperature rise by rapid hydration may 
cause excessive internal stresses when the thermal 
expansion factors of various concrete constituents 
differ. Temperature conditions during the con­
struction day also affect the strength of concrete. 
The higher the curing temperature, the higher the 
early strength, but this advantage is subsequently 
offset by lower long-term strength. 

Many investigators have pointed out that the 
tensile strain capacity varies with time, especially 
during the first 24 hours, and that there is a 
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period at which tensile strain capacity becomes 
minimum (Fig 4.5). During the period of mini­
mum strain capacity, concrete will be very brittle 
and sensitive to volume changes. Again, for this 
reason, proper curing at this time is very impor­
tant. 

INFLUENCE OF THE TIME OF 
PLACEMENT ON EARLY-AGE 
CRACKING 

Our monitoring revealed that the test sections 
constructed during various seasons of the year 
displayed differences in crack patterns. As ex­
plained in Chapter 2, one project was constructed 
in the summer, three were constructed in the 
winter. In the summer project, many more early­
age cracks were observed than in the winter 
projects. These early-age cracks tended to be wider 
and have more meandering shapes. 

The existence of this seasonal effect on the 
behavior of concrete pavement was confirmed in 
the mid-1950s in experiments using test sections 
placed in Pennsylvania (Refs 25 and. 26). There, a 
seasonal difference in the crack pattern was ob­
served in two experimental CRCP test sections 
constructed during opposing seasons of the year. 
One project was constructed under hot-weather 
conditions (average high temperature was 85°F 
and average low was 67°F), whereas the other 
project was constructed under cool-weather con­
ditions (the average high was 66°F and the aver­
age low was 44°F). The hot-weather-placed section 
displayed approximately 85 percent more cracks 
than were found in the same length of cool­
weather-placed section. And in spite of the closer 
crack spacing exhibited for the hot-weather con­
struction, crack widths were greater than those for 
the cool-weather construction. 

In a 16-year study on an experimental CRCP 
placed on IH-45 in Walker County, Texas, substan­
tially more failures were found with higher cur­
ing temperatures (Ref 27). The effect of the cur­
ing temperature (or seasonal effect) on the crack 
spacing during the early age of the pavement was 
also significant (the pavement having the higher 
curing temperature had smaller crack spacings), 
although the crack spacing leveled out with time. 

Another interesting phenomenon associated 
with the hot-weather construction was that the 
crack pattern also varied with the time of day of 
the placement. In all the test sections placed in 
Houston in 1989, in those placed in Walker 
County in 1960, and in those placed in Pennsyl­
vania in 1957, it was observed that there were 
more early-age cracks in the pavement placed 
earlier in the day, as compared with that placed 



later in the day. For the cool-weather construc­
tion, however, this effect of the time of placement 
was not observed. 

In the following section, these phenomena are 
investigated vis-a-vis the effect of the ambient 
temperature condition on the hydration of ce­
ment. TemperatUre and crack data were obtained 
from the two projects placed in the summer and 
winter on State Highway 6 in Houston (SH 6 sum­
mer and SH 6 winter). Both projects had the same 
thickness (11 inches), had the same materials in 
the concrete, and were constructed by the same 
contractor. Using the temperature curves obtained 
from these projects, the following sections discuss 
the effect of the time of concrete placement on 
the early-age behavior of the concrete pavement. 

Seasonal Effect 

Demonstrating that the effect of slab tempera­
ture (measured 1 inch from the surface) is related 
to the season during which construction takes 
place, Figure 4.6 shows that, for the summer con­
struction, the peak concrete temperature was high 
(in excess of 140°F)-an effect attributed to the 
high air temperature and to the high initial tem­
perature of the fresh concrete. 
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Seasonal effect on the slob temperature 
during the first 3 days after construc­
tion 

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 tempera­
ture and the rate of hydration. This faster rate of 
hydration produces a higher and earlier peak con­
crete temperature during the construction day (see 
Fig 4.2). 
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During the first night following placement, the 
concrete temperature dropped drastically as the 
air cooled. The next morning we observed numer­
ous transverse cracks, a result of the first night's 
large temperature differential. Numerous longitu­
dinal cracks were also observed prior to the saw­
ing of the longitudinal joint. Finally, additional 
cracks were observed as the concrete slab contin­
ued to cool. 

For winter construction, on the. other hand, 
both air temperature and fresh concrete tempera­
ture were much lower than they were during 
summer construction. Hydration, therefore, pro­
ceeded at a much slower rate, productng a very 
small temperature rise. To a certain degree, the 
hydration heat essentially compensated for the 
heat lost during the night. This resulted in the 
small temperature changes observed during the 
first 24 hours after placement. Owing to the low 
temperature differential, the section sustained no 
cracking (until a cold front passed through the 
area). 

The higher probability of early-age cracking in 
pavements placed under higher temperature con­
ditions was also reported in the experiments on 
the test sections in Pennsylvania (Ref 26). Figure 
4.7 shows the relationship between crack spacing 
(at 7 days after construction) and the maximum 
air temperature on the construction day, with 
each data point representing the average crack 
spacing of each day's run. The data show that the 
higher the curing temperature, the greater the 
cracking . 

D Low Temp. Dilferential 
+ High Temp. Dilferential 

Maximum Air Temperature ot the 
Construction Day (°FJ 

Figure 4.7 Relationship between crock spodng at 7 
days after construction and the maxi­
mum air temperature at the construc­
tion day (doily air temperature differen­
tial greater than UPF; plot drown using 
the data in Ref 26) 



While cracking itself is not a problem in CRCP, 
we did note that the shapes of cracks observed 
during summer construction were significantly 
more meandering than those observed during 
winter construction (Ref 7). It should also be 
noted that the summer construction resulted in 
many more early-age cracks than resulted from 
winter construction. Among cracks observed dur­
ing summer construction, cracks occurring during 
the first night following construction showed 
more meandering shapes (Ref 7) and were wider 
than those observed later. Typical early-age cracks 
occurring during summer placement are shown in 
Figure 4.8 (early-age crack widths will be discussed 
in detail in Chapter S). It is believed that the ten­
dency of crack meandering at early ages is caused 
by the relatively heterogeneous state of the 
freshly hardened concrete (Ref 27). The aggregate 
in the concrete, much stronger than the mortar 
at early ages, can cause cracks to extend in differ­
ent directions. 

Longitudinal cracking was another problem 
associated with summer construction (Fig 4.9). 
Both the wide, meandering cracks and the longi­
tudinal cracks increase the possibility of distress 
at later ages. 

Figure 4.10 shows the percentage of the road­
way experiencing failure after 14 years of service 
for a range of maximum air temperatures during 
concrete placement. As may be noted, substan­
tially more failures occurred when the concrete 

placement temperature was in the range of 90°F 
to 99°F. 

Figure 4.9 Typical longitudinal crack occurring 
with summer placements (SH 6 summer) 

Figure 4.8 Typical early-age cracks occurring with summer placements (SH 6 summer) 
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"' Consllvdion Year: 1960 
Condition Survey: 197 4 
Average of Northbound Lanes 
and Soulhbound Lanes 

Maximum Air Temperature 
During Concrete Placement (°F) 

Figure 4. 10 Relationship between percentage of 
roadway experiendng failure and 
temperature conditions during concrete 
placement (plot drown using the data 
In Ref 28) 

Effect of Placement Time During the 
Day 

It is generally understood that the higher the 
amount of longitudinal steel in CRCP, the larger 
the number of cracks, a result of the bond be­
tween concrete and steel reinforcement restricting 
concrete movement. However, it was noted from 
the test sections constructed in the summer (SH 
6 summer) that neither the amount of steel rein­
forcement nor the size of the reinforcing bar had 
a significant influence on the early-age cracking. 
Instead, time of placement was the important 
variable for the occurrence of early-age cracks. 

Figure 4.11 shows the influence of the amount 
of steel reinforcement on early-age cracking. The 
SRG sections, in general, were found to have 
fewer cracks where lower amounts of steel rein­
forcement were used; for the LS sections, a con­
traey trend was found. 
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Figure 4.11 Number of erodes occurring 5 days after 
construction for different steel designs 
(SH 6 summer) 
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On the other hand, the time of placement 
showed a high correlation with the number of 
early-age cracks (Fig 4.12). The placement se­
quence of the SRG sections begins with the sec­
tion having the largest percent steel early in the 
morning, and proceeds to the medium percentage, 
the low percentage, and then to the section hav­
ing the larger bars (No. 7 bars). The sequence of 
placement for the LS sections reversed that used 
for SRG sections: The section with the large-sized 
bar was placed first, while the section with high 
steel was placed last (see Chapter 2 for the direc­
tion of placement of each project). 

The general linear model (GLM) procedure in 
SAS was used to check the significance of each 
variable (coarse aggregate type, amount of steel, 
and time of placement) on the early-age cracking. 
The dependent variable was the number of cracks 
in a 100-foot section at the age of 5 days. Owing 
to the small number of observations, interactions 
between variables were ignored. 
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Figure 4.12 Time of placement and the number of 
crocks in a 1 00-foot section occurring S 
days after construction (SH 6 summer) 

Table 4.1, which summarizes the results of the 
analysis of variance for the summer construction, 
shows that time of placement, as well as coarse 
aggregate type, is a significant variable for the 
early-age cracking at the 0.05 level. The effect of 
the percentage of steel was not statistically signifi­
cant. However, this does not mean that the rein­
forcing steel is not important in cracking; rather, 
other factors, such as time of placement and 
coarse aggregate type, may be more important in 
early-age cracking. Table 4.2 shows the results of 
the same analysis for the winter construction. It 
is shown that the time of placement and coarse 
aggregate type are not significant for the winter 
construction. 



Table 4.1 Analysis of variance (SH 6 summerr 

Variable F·value Pr >F Sigrdfic:ance 

Coarse agg. type 
Amount of steel 
Time of placement 

108.0 
0.4 

29.8 

.0001 

.7803 

.0003 

Yes 

Yes 

• Dependent variable is the number of cracks per 100 
feet occuring during 5 days after construction 

Table 4.2 Analysis of variance (BW 8 winter)* 

Variable F-value Pr >F Significance 

Coarse agg. type 0.0 .9481 
Amount of steel 4.0 .0419 Yes 
Time of placement 0.9 .3544 

• Dependent variable is the number of cracks per 100 
fu~ocru~d~5da~afterconstruction 

Because the bond between steel and concrete is 
not fully developed during the concrete's early 
life, it is difficult to control the meandering early­
age cracks through a reinforcing steel design. It 
would be better to construct on a cool day or to 
control the slab temperature by other techniques 
to reduce development of early-age cracks. 

To isolate the effect of time of placement from 
the effect of different steel designs on the early­
age cracking, cracks in a normal CRCP section 
placed during one day Oune 20, 1989) were sur­
veyed the following day. The transverse crack dis­
tribution of this pavement, shown in Figure 4.13, 
reveals the effect of time of placement on the 
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early-age cracking: Most of the cracks occurred in 
the area placed earlier in the morning. 
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Figure 4. 13 Distribution of transverse cracks in a 
normal CRCP placed in a day, showing 
the significance of the effect of time of 
placement on the early-age cracking 
(pavement age at the time of crack 
survey was 1 day) 

The distribution of longitudinal cracks also 
shows the significance of the time of construc­
tion. Figure 4.14 shows that the earlier the time 
of placement, the greater the occurrence of lon­
gitudinal cracks. The figure also shows that the 
SRG sections had more longitudinal cracks than 
the LS sections. 

A similar trend regarding early-age transverse 
cracking was reported in the test sections con­
structed both in Walker County, Texas, in 1960 
(Ref 27) and in Pennsylvania in 1957 (Refs 26 and 
29). The frequency of cracking was always greater 
in the area comprising the beginning of the day's 
placement. A typical cracking pattern for one 
day's placement is shown in Figure 4.15, which 
also shows that the effect of placement time on 
cracking leveled out with time, indicating that the 
annual temperature drop is also an important fac­
tor in cracking. 
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Figure 4.14 Distribution of longitudinal craclcs showing the significance of the time of placement during the day 
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Figure 4.15 Cracking trend of a test section placed 
in Pennsylvania showing the effect of 
time of placement during the day on 
the early-age cracking (Ref 29) 

Time of Placement and Concrete 
Temperature 

The magnitude of the peak slab temperature by 
hydration depends on the ambient temperature 
condition prevailing at the time the primary heat 
generation cycle of the hydration occurs. Since 
the primary heat generation cycle begins several 
hours after concrete is mixed with water (see Fig 
4.1), the primary cycle for the concrete placed 
early in the morning will occur coincidentally 
with the occurrence of the day's peak ambient 
temperature condition (from 1:00 to 4:00 p.m.). 
For concrete placed during the afternoon, the 
primary cycle will occur within the relatively 
lower ambient temperature conditions of the 
evening or night following the construction day. 
Finally, if the primary cycle occurs during the 
evening or night, the peak will be much smaller 
than if it had occurred in the high ambient tem­
perature conditions that characterize the daylight 
hours. 

Figure 4.16 shows the slab temperature varia­
tions for the pavements placed at two different 
times (morning and afternoon) on a summer day. 
Slab temperature of the morning placement shows 
a much higher peak than that of the afternoon 
placement, a possible explanation being that the 
time of the primary heat generation cycle of the 
hydration coincided with the high air temperature 
and high solar radiation (approximately 3:00 
p.m.). For the afternoon placement, however, 
since the primary heat generation cycle occur­
red at a relatively low temperature during the 
evening, the rate of hydration was also low, re­
sulting in a low peak slab temperature. It should 
be noted that the fresh concrete temperatures 
were the same for the both pavements. 
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Figure 4.16 Temperature variations for different 
time of placement (SH 6 summer) 

The temperature differential defined by the 
peak temperature of 3:00 p.m. (141°F) and the 
minimum temperature the following morning 
(101 °F) was approximately 40°F. As a result, nu­
merous cracks occurred during the first night for 
the pavement placed in the morning. Many of the 
cracks were meandering and longitudinal cracks. 
On the other hand, no cracks occurred during the 
night for the pavement placed during the after­
noon, a result of the relatively small temperature 
differential (less than l0°F). In addition, the first 
cracks for the afternoon placement, observed two 
days later, had shapes that were less meandering. 

For winter construction, the effect of placement 
time was negligible. Because of the lower tempera­
tures throughout the day (Fig 4.17), the primary 
heat generation cycles, regardless of placement 
time, occurred during the nighttime. Conse­
quently, the peak slab temperatures were not as 
high, with no cracks observed until several days 
after construction. 
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Figure 4.17 Temperature variations for different 
time of placement (SH 6 winter) 

Once cement hydration is completed, dai­
ly temperature drops determine subsequent 



cracking. Figure 4.18, showing the relationship 
between daily temperature drop and the number 
of new cracks for the test sections placed in Illi­
nois in 1988 (Ref 28), indicates that the larger 
the temperature drop, the larger the number of 
new cracks. Accordingly, long-term crack spacing 
may be affected by the temperature differential 
of the setting temperature and the minimum 
concrete temperature throughout the pavement 
life. 

Figure 4.18 

Pavement Age (Days) 

Relationship between new cracks and 
daily temperature drop (Ref 28) 

CONTROL OF CONCRETE 
TEMPERATURE DURING HYDRATION 

In previous sections of this chapter, we de­
scribed how the heat of hydration (and its accom­
panying temperature rise) can lead to early-age 
cracking in concrete. Thus, to minimize the num­
ber of early-age cracks, concrete should be placed 
during cool weather. If work schedules require 
that placement occur in hot weather, it is recom­
mended that placement begin in the afternoon 
rather than in the morning. 

Reducing the temperature rise associated with 
hydration can also help stem the development of 
unwanted early-age cracks. Among the methods 
or combinations of methods that have been used 
for reducing the temperature rise in mass con­
crete (Refs 14 and 15), the following have par­
ticular practical application to pavement con­
crete: 

(1) pre-cooling concrete ingredients to reduce the 
fresh concrete temperature, 

(2) the use of pozzolanic material, and 
(3) the use of retarder. 

Further research into the use of any of these 
methods is highly recommended to determine 
their performance and practical feasibility. 
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Pre-cooling 

Chilled aggregate or cooled water can be used 
in mixing the concrete. Since aggregate occupies 
the major portion of the concrete volume, chill­
ing the aggregate is a very efficient way of pre­
cooling. Using ice shavings instead of mixing 
water is another efficient way of pre-cooling. All 
of the ice chips should be completely melted dur­
ing the mixing procedure. 

Pre-cooling of concrete permits the use of 
smaller water and cement contents; and, if these 
are held constant, it will produce concrete of 
greater strength and durability at later ages (Ref 
1~. . 

The Use of Pozzolanlc Material 

The use of fly ash or slag reduces the tempera­
ture rise in the early-age concrete by reducing the 
heat of hydration. Mailvaganam (Ref 30) demon­
strated this effect by analyzing the temperature­
time curves for two different mixes-one which 
used 100 percent portland cement mortar, and 
another which used fly ash and slag at 30 percent 
replacement of portland cement by weight (Fig 
4.19). Temperature was measured periodically 
from 152x305-mm {6x12-inch) cylinders cured at 
zzoc (71.6°F). Considerably less heat was gener­
ated from the mixture of fly ash or slag than from 
the 100-percent portland cement mixes. 
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Figure 4.19 Temperature-time curves for the 100-
percent portland cement mortar and fly 
ash and slag at 30 percent replacement 
by weight (Ref 30) 

Mailvaganam also noted that the use of non­
chloride accelerator (23 percent solid solution of 
sodium tetraformate) was effective in offsetting 



the early-age strength reduction resulting from 
cement replacement. Further decreases in heat 
generation were observed from the use of non­
chloride accelerator with fly ash or slag (Fig 4.20). 
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Figure 4.20 Temperature-time curves of Figure 4.19 
when non-chloride accelerator was used 
(Ref 30) 

The results of a study conducted at the Center 
for Transportation ReseaiCh (Ref 31) showed that 
the replacement of cement with Type A fly ash 
resulted in a significant reduction in the tempera­
ture rise in concrete under adiabatic conditions 
(Fig 4.21), whereas replacement of cement with 
Type B fly ash had no significant effect on the 
temperature rise in concrete. On the other hand, 
Type B fly ash required a longer time to reach 
peak temperature than did Type A cement (Fig 
4.22). 
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Figure 4.21 Effect of fly ash on maximum tempera­
ture rise in mortar (Ref 31) 

The longer time required for Type B fly ash 
mixes to peak may indicate that, though the peak 
temperature was not significantly decreased under 
nearly adiabatic conditions, the longer time to 
peak may, under conditions where the rate of heat 
loss is significant, result in a lower temperature 

36 

rise in concrete in service. The reason: As the time 
to the peak temperature increases, there is more 
.time for heat to dissipate (Ref 31). 

Type B Fly Ash 

(0% Replacement) 

Figure 4.22 Effect of fly ash on the time to 95 
percent of the peak temperature rise in 
mortar (Ref 31) 

One problem associated with the use of fly ash 
or slag was the strength reduction at early ages 
(Fig 4.23). We found, however, from research con­
ducted by Carette and Malhotra (Ref 32), that the 
problem of low early-age strength using fly ash 
replacement could be overcome to a certain de­
gree by the incorporation of small amounts of 
condensed silica fume. 
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Figure 4.23 Strength reductions assodated with the 
use of fly ash (Ref 31) 

Other investigators (Ref 33) developed a 
blended cement with low heat of hydration. This 
cement is composed of 50 percent Type 11 cement, 
35 percent slowly reactive slag, and 15 percent 
condensed silica fume. They found that the peak 
temperature of an insulated mass of concrete 
was reduced from 44.4°C (l12°F) to 34.4°C (94°F) 
by replacing the Type II cement with this blended 
cement. The curing temperature was 20°C (68°F). 



The Use of Retorder 

The use of a retarder might be considered an 
alternative method for preventing the simulta­
neous occurrence of the peak air temperature and 
the primary heat generation period. Retarders 
have in fact been used to offset the accelerating 
effect of hot weather on the setting of concrete 
(Ref 11). If peak air temperature and primary heat 
generation period could be separated by using a 
retarder or other techniques, the hydration rate­
and, consequently, the peak temperature of the 
hydration-could be lowered. One problem asso­
ciated with retarder use is the possibility of higher 
fluidity. When used with the slip-form paver, a 
retarder could cause slump at the pavement edge. 
(For the effect of retarder on temperature rise and 
setting time, see Refs 34, 35, and 36.) 

SUMMARY 

It was found during our monitoring of the test 
sections constructed at various times of the year 
that there was a difference in crack patterns be­
tween pavements placed during two different sea­
sons (summer and winter). For the summer 
project, many more early-age cracks, including 
longitudinal cracks (Figs 4.8 and 4.9), were ob­
served than for the winter projects. These early­
age cracks had the tendency to be wider and to 
have meandering shapes. The greater width and 
the meandering shape of cracks may cause an 
adverse effect on the long-term performance of 
the concrete pavement, contributing as they do to 
such distresses as Y-cracking, punchouts, spalling, 
and steel rupture. 

For the summer project, the frequency of early­
age cracking varied even with the time of place­
ment during a day; the frequency of cracking was 
always greater in the area placed earlier in the 
morning than in areas placed later (Figs 4.11, 
4.12, and 4.13). 

The existence of the seasonal effect and the ef­
fect of time of placement during a day on the 
early-age behavior of concrete pavement had been 
recognized in the· experimental test sections placed 
in Pennsylvania in 1957 (Figs 4.7 and 4.14) and in 
Walker County, Texas, in 1960. An attempt to ex­
plain these phenomena was made by investigating 
the effect of temperature condition on the hydra­
tion of cement. As we know, hydration of the fresh 
concrete is accompanied by the release of energy in 
the form of heat, with the primary heat generation 
cycle of the hydration beginning several hours af­
ter the water is added (Fig 4.1). Since the reaction 
is chemically controlled, the rate of hydration is 
very sensitive to temperature, especially during this 
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primary cyde. The faster the rate of hydration, the 
higher and the earlier the peak of the concrete tem­
perature (Fig 4.2). 

For the summer project, the rapid occurrence of 
hydration, a result of the high temperature con­
ditions (high air temperature, high fresh concrete 
temperature, and high solar radiation), led to a 
very high concrete temperature peak (Fig 4.6). 
During the first night after placement, the con­
crete temperature dropped drastically as air 
cooled. Because of the large temperature differen­
tial of the first night, numerous transverse cracks 
were observed the next morning. Numerous lon­
gitudinal cracks were also observed before the 
sawing of the longitudinal joint. 

For the winter project, on the other hand, the 
lower temperature resulted in a much slower rate 
of hydration, with the primary heat generation 
occurring much later than for the summer 
project, producing a very small temperature rise. 
Part of the hydration heat essentially compen­
sated for the heat loss during the night. This re­
sulted in the small temperature changes during 
the first 24 hours after placement. As a result of 
the low temperature differential, the concrete sus­
tained no cracks until a cold front passed through 
the area. 

The different crack patterns appearing within a 
day's run (effect of time of placement during the 
day) for the summer project might be caused by 
the difference in the time at which the primary 
hydration cycle occurs (Fig 4.16). Since the pri­
mary heat generation cycle begins several hours 
after concrete is mixed with water, the primary 
cycle for the concrete placed early in the morn­
ing will occur with high ambient temperature 
conditions during the daylight hours. The primary 
cyde for the concrete placed in the afternoon, on 
the other hand, will occur with the relatively 
lower ambient temperature conditions in the 
evening or the night following the construction 
day. If the primary cycle occurs during the 
evening or night, the peak concrete temperature 
will be, because of the cool air and lack of solar 
radiation, much lower than when the cycle occurs 
with the high temperature conditions during the 
daytime. As a result, many cracks occurred during 
the first night in the pavement placed in the 
morning, whereas no cracks occurred during the 
first night in the pavement placed during the af­
ternoon. The first cracks of the afternoon place­
ment were observed 2 days later, but the shapes 
of the cracks were less meandering. 

For winter construction, however, the effect of 
placement time was negligible. Because of the low 
temperature conditions throughout the day, the 
primary heat generation cycles occurred during 



the nighttime regardless of placement time dur­
ing the day (Fig 4.17). Consequently, the peak 
slab temperatures were lower and no cracks were 
observed for several days after construction. 

Early-age cracking and longitudinal cracking are 
more prevalent with summer construction (espe­
cially in the area placed earlier in the day). These 
cracks are caused by the large temperature 
changes during the first 24 hours after construc­
tion resulting from the high concrete temperature 
rise (by the interactions between high ambient 
temperature and cement hydration) and subse­
quent cooling. Once the cement hydration is 
completed, subsequent cracking occurs primarily 
as a result of the daily temperature drop. Annual 
temperature drop is also important, since it deter­
mines the long-term crack spacing. 
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It is not easy to control the early-age cracks 
associated with hot-weather placement using re­
inforcing design, because the bond between steel 
and concrete is not fully developed during the 
concrete's early age. It would be more advisable 
to construct concrete pavements in cool weather. 
To reduce early-age cracks formed in hot weather, 
it is recommended that placement begin in the 
afternoon rather than in the morning; night 
placement may be even better if it is feasible. 
Since the high temperature rise during the hydra­
tion causes the problems, reduction of tempera­
ture rise by some technique will also decrease the 
tendency toward unwanted early-age cracks. These 
techniques may include pre-cooling of materials, 
the use of pozzolanic material, and the use of 
retarder. 



CHAPTER 5. FACTORS AFFECTING CRACK WIDTH 

Crack width significantly influences CRCP be­
havior 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 tum, leads to concrete spalling, possible 
punchouts, and steel rupture; (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 (Ref 37). Thus, to ensure effective pavement 
performance, engineers seek narrow crack widths 
that provide sufficient aggregate interlocking and 
which inhibit infiltration of an appreciable 
amount of water. A maximum allowable crack 
width of 0.04 inch was suggested by AASHfO (Ref 
38), based on the considerations of spalling and 
water penetration. 

Crack width varies with temperature; that is, 
cracks are wider in cold weather, when the con­
crete slab has contracted, and narrower in hot 
weather, when the concrete slab has expanded. 
Crack width also changes with age. Both drying 
shrinkage after the initial crack formation and in­
compressible foreign material entering the crack 
contribute to the increase of crack width over 
time (Refs 39 and 40), though the actual rate of 
increase decreases with time (Ref 37). Addition­
ally, many researchers (Refs 6, 37, and 41) have 
indicated that crack width varies with the depth 
of the crack, being greatest at the surface and 
progressively smaller at increasing depths. 

With respect to steel reinforcement in the con­
crete, 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 (Refs 37 and 
42). In other words, crack width is a function of 
steel stress and the effectiveness of the bond be­
tween 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. To investigate the ef­
fect these design and construction factors have on 
crack width, an experimental crack width study was 
performed on the Houston test sections. 
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EXPERIMENTS 

For the crack width measurements, the study 
team selected six transverse cracks from each test 
sec:tion, with eight transverse cracks especially 
selected from State Highway 6 constructed in the 
summer (SH 6 summer). This selection resulted in 
a total of 208 transverse cracks, of which 64 
cracks (8 cracks from each of 8 sections) were 
selected from SH 6 summer, and 48 cracks (6 
cracks from each of 8 sections) were selected from 
the BW 8, SH 6 winter, and IH-45 projects. The 
cracks were randomly selected within a section 
using a random number table (Ref 43). 

The crack widths were measured at various 
times and at various slab temperatures using a 
graduated-eyepiece microscope containing a ver­
nier scale and capable of measuring to the clos­
est 0.001 inch (Fig 5.1). Measurements were per­
formed by one operator, a precaution taken to 

Figure 5.1 Craclc width measurement with a mea­
suring microscope 



reduce measurement error by eliminating opera­
tor variance. Slab temperatures were measured at 
three thickness depths: top (1 inch from the sur­
face), middle (center of the slab), and bottom (1 
inch from the bottom). 

To determine the position at which the tem­
peratures most nearly identified with the crack 
width, temperatures at the three positions 
(depths) were correlated with the crack width, 
which was measured under various time-and-tem­
perature conditions. The typical plots of correla­
tions, given in Figure 5.2, indicated that the top 
slab temperatures provided the best correlation 
with the crack widths. Accordingly, the slab tem­
peratures at the top were used to represent the 
slab temperature in this crack width study. Table 
5.1 summarizes the time of crack width measure­
ments and the corresponding slab temperature. 

It should be noted that the crack widths were 
measured near the center of the traffic lane. At 
first, three locations along the crack-near both 
ends and at the center of the traffic lane-were 
measured and averaged to represent the width of 
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Figure 5.2 Correlation of the slab temperature at 
various positions with the correspond­
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the crack. But there was no significant difference 
between the average of the crack widths measured 
at the three locations and the crack widths mea­
sured at the center. For this reason, the crack 
width at the center location was used. 

Averages and standard deviations of the crack 
widths collected from the test sections are shown 
for the four different steel reinforcement designs 
in Figures 5.3 to 5.6. The 'T' marks on the col­
umns in the figures represent the standard devia­
tions of the crack widths; the numbers at the 
bottom of the columns represent the average 
pavement ages at the time of measurement. It is 
apparent that a difference in average crack width 
exists among the pavements constructed with dif­
ferent types of coarse aggregate; that is, sections 
with siliceous river gravel showed wider cracks 
than those with limestone. This was true for all 
sections except for those placed on State Highway 
6 (high steel) in the summer (Fig 5.3); in that 
case, the crack width patterns were reversed, 
though the difference was not significant. 

FACTORS AFFECTING CRACK WIDTH 

Since the measurements of the crack widths 
were conducted under different conditions in 
terms of slab temperature and pavement age, it 
was difficult to extract additional information 
from Figures 5.3 to 5.6. To identify and evaluate 
the factors affecting the crack width, the crack 
width data were statistically analyzed using the 
general linear model (GLM) procedure in SAS. 

Variables considered in this analysis included 
project (with two different seasons), coarse aggre­
gate type, amount of longitudinal steel, time of 
crack occurrence, crack spacing, pavement age, 
and slab temperature. Some of the two-factor in­
teractions investigated in this analysis include 
crack spacing/coarse aggregate type, amount of 
steel/coarse aggregate type, and slab temperature/ 
coarse aggregate type. 

In theory, there is a nonlinear relationship be­
tween pavement age and crack width, a result of 
the nonlinearities of drying shrinkage and creep. 
Since, however, the range of pavement ages at the 
time the crack width measurements were made 
represented a relatively short time period (9 to 35 
days after construction), a linear· relationship was 
assumed. The nonlinearity of the effect of pave­
ment age on crack width can be considered once 
long-term crack width data are collected. 

It was found from GLM analysis that the sig­
nificant factors at the 0.05 level included project, 
coarse aggregate type, amount of longitudinal 
steel, time of crack occurrence, pavement age, 
slab temperature, and the interaction between 



Table S.f Time of crack width measurements and corresponding slab temperature 

TESTSECQON 

IR-4S 
SH6Summe:r BW8Winter SH6Winter Winter 

1st Date 6/28/89 12/20/89 211190 1131/90 
Measurements Time 6:12AM 1:14PM !0:42AM 9:00AM 

Slab temperature• 73.3 54.4 65.8 58.2 

2nd Date 6/28/89 12/21189 211190 1/31/90 
Measurements Time 1:54PM 6:50AM 3:50PM !1:30AM 

Slab temperature 79.4 42.7 64.2 61.3 

3rd Date 6!29189 12/21189 2/13/90 1/31/90 
Measurements Time 1:28PM 9:50AM 12:00 3:05PM 

Slab temperature 76.5 44.2 69.9 62.2 

4th Date 7/6/89 12/21189 2/13/90 2/14/90 
Measurements Time 6:30AM 12:50 PM 2:00PM 4:30PM 

Slab temperature 76.1 47.6 73.4 70.2 

5th Date 7/19/89 12/21189 2/14/90 2/15/90 
Measurements Time 3:05PM 2:00PM 7:55AM 8:57AM 

Slab temperature 96.3 48.8 63.5 65.7 

Construction SRG sections 6/16/89 11/24/89 1/1()...11/90 1/14/90 
date LS sections 6/19/89 11125/89 1/11-12/90 1/21/90 

• Slab temperatu.r:e 1 inch below the concrete surface (0 F) 
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.:¥. 

0 
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Avg. Pavement 
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Age lDCJY$): 22 18 27 26 30 28 17 10 

Avg. Slob 
Temperature: 81°F 4S.Of 670f 61°F 

* 'T' morlcs on the columns represent the standord deviotions. 

Figure S.3 Average crack width of each test section 
(high steel) 

41 

0.025 

• SRG 
.::§. 0.020 [] LS 
-:E O.o15 " ~ 0.010 
.:¥. 

0 
0 0.005 ... 
u 

0.000 
6 Summer SH 6 Winter 

BW 8 Winler IH-.45 Winter 
Avg. Pavement 
Age {DCJY$): 17 14 27 26 30 28 17 10 

Avg. Slob 
Ternperoture: 81°F 48°F 67°F 61°F 

* 'T' morb on the columns represent the standord deviolions. 

Figure S.4 Average crack width of each test section 
(medium steel) 
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Figure S.S Average craclc width of each test section 
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Figure 5.6 Average crack width of each test section 
(medium steel with larger No. 7 bar) 

slab temperature and coarse aggregate type. 
These factors were significant even at the signifi­
cance level of 0.0001. On the other hand, the 
factor of crack spacing and the interactions of 
crack spacing/coarse aggregate type and amount 
of steel/coarse aggregate type were not significant· 
at the 0.05 level. The R-square value of the 
model was 0.82, indicating a good fit. The model 
is as follows: 

where: 

CW = 34.1 + PROJ + CAT+ STL + TCR + 
0.15 ... AGE - 0.50 ... TEMP+ TEMP ... 
CAT 

CW = crack width in 0.001 inch; 
PROJ = project and the season of place­

ment: 
14.9 for SH 6 summer, 
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1.5 for BW 8 winter, 
0.0 for SH 6 winter, and 
0.7 for IH-45 winter; 

CAT = coarse aggregate type: 
- 0.0 for siliceous river gravel, 
and 
- 10.0 for limestone; 

STL = amount of longitudinal steel: 
-0.3 for high steel with No. 6 
bar, 
0.0 for medium steel with No. 6 
bar, 
2.9 for low steel with No. 6 bar, 
and 
0.4 for medium steel with No 7 
bar; 

TCR = time of crack occurrence in terms 
of pavement age: 

4.0 for 1 day, 
3.3 for 2 day, 
3.4 for 3 day, and 
from -1.4 to 1.4 for 4 days or 
later (see Fig 5.10); 

AGE = age of the pavement at the time of 
crack width measurement (days) 
(note: inference space of the pave­
ment age is 9 to 35 days); 

TEMP = slab temperature (OF); and 
TEMP ... CAT= interaction between slab temp­

erature and coarse aggregate type: 
0.0 for siliceous river gravel, and 
0.097 times slab temperature for 
limestone. 

It can be seen from this model that the place­
ment season, the coarse aggregate type, and (to a 
lesser extent) the time of crack occurrence were 
all significant factors affecting the crack width for 
a given age and temperature. Each of these three 
factors proved more dominant than the amount 
of longitudinal steel. Therefore, in the effort to 
control the crack width, more attention should be 
given to these three factors than to steel design. 
Finally, we might add that controlling these fac­
tors can be less expensive than controlling the 
amount of steel. 

The following sections discuss each factor con­
sidered in this analysis. It should be noted that, 
for a fair comparison of the levels in each factor, 
the levels of other factors (except the factor in 
discussion) were fixed. 

Placement Season of the Year 

Test sections were placed during two opposing 
seasons, summer and winter. Figure 5.7 shows the 
effect of placement season on the crack width 



when all other conditions are the same. As can be 
seen, crack widths associated with the summer 
placement (SH 6 summer) were much wider than 
those associated with winter placement. This 
might be mainly a consequence of the high cur­
ing temperature of the summer placement. Again, 
crack width is a function of temperature differen­
tial, which is the difference between the curing 
temperature and the temperature at the time of 
crack width measurement; the higher the tem­
perature differential, the wider the crack. Conse­
quently, the higher the curing temperature, the 
greater the crack width at a given temperature. 
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Figure 5.7 Effect of placement season on crack 
width 

Coarse Aggregate Type 

Since there exists an interaction between the 
factors of coarse aggregate type and slab tempera­
ture, the effect of coarse aggregate type should be 
interpreted along with the effect of slab tempera­
ture. 

The effect of coarse aggregate type on the crack 
width is shown in Figure 5.8. There we see that 
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the use of siliceous river gravel (SRG) resulted in 
wider cracks than did the use of limestone (LS), 
and the difference was larger at lower tempera­
tures (note the difference in the slopes in Fig 5.8). 
This difference may be the result of the higher 
SRG thermal coefficient. 

Steel Reinforcement 

The effect of the amount of longitudinal steel 
on the crack width was statistically significant. In 
general, the greater the amount of longitudinal 
steel, the narrower the crack width (Fig 5.9). This 
effect occurs because the heavier steel holds the 
cracks more tightly by creating a larger bond area 
between steel and concrete. 

It should be noted hom Figure 5.9 that the 
difference in crack width between the high steel 
and the medium steel was much less than that 
between the low steel and the medium steel, even 
though the differences in the amounts of steel 
were about the same. In this sense, the medium 
steel, which is the standard steel percentage speci­
fied in the new design standard, can be said to be 
a cost-efficient design. 
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Effect of longitudinal steel design on 
crack width 

The effect of the size of steel bar on crack 
width is also shown in Figure 5.9. The use of a 
larger bar, for the same total amount of steel, re­
sulted in slightly greater crack width; the use of 
No. 7 bars (7/8 in. diameter) instead of No. 6 bars 
(3/4 in. diameter) showed a little wider crack. This 
might be a result of the smaller total bond area 
existing between steel and concrete of the larger 
bar (the crack width is minimized by the bond 
between the steel and concrete). It should be 
noted, however, that the increase in crack width 
by use of No. 7 bars instead of No. 6 bars was 
very small. 



Time of Crack Occurrence 

One of the unique findings of this study was 
the effect of the time of crack occurrence on the 
crack width. The cracks occurring during the first 
3 days after construction were significantly wider 
than those that occurred later (Fig 5.10). 
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Figure 5.10 Effect of time of crack occurrence on 
crack width 

One explanation for the greater width of early­
age cracks suggests that, once a crack occurs, its 
width increases as a consequence of the drying 
shrinkage of the concrete (Ref 39). It is believed 
that the increase in crack width is a function of 
the residual shrinkage (drying shrinkage after for­
mation of the crack); an early-age crack will have 
higher residual shrinkage than a later crack (Fig 
5.11), a fact that results in the greater width. But, 
it should be recognized that these are early-age 
observations and the results should be checked 
after 1 year. 

(1} Drying Shrinkage after Formation of Early-Age Craelc 
(2} Drying Shrinkage after Formation of Later-Age Crack 

Pavement Age 

Figure 5.11 Conceptual explanation of wider crack 
width of the early-age cracks by the 
difference in the residual shrinkage 
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Crack Spacing 

It is generally believed that the greater the 
crack spacing, the wider the crack width. But the 
effect of crack spacing (slab length between two 
cracks) on crack width was not statistically signifi­
cant at the significance level of 0.05. The crack 
spacing used in this analysis was half the distance 
between the two nearest cracks (one upstream and 
the other downstream) from the crack of interest. 
Figure 5.12 shows the plot of the crack width 
versus the crack spacing, indicating no significant 
correlation between crack spacing and crack 
width. 
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Figure 5.12 Relationship between crack spacing and 
crack width (showing no significant 
correlation) 

SUMMARY 

In this chapter, the statistical analysis con­
ducted on the crack width data collected from the 
test sections served as the basis for a discussion 
of the various factors affecting crack width. Find­
ings from the statistical analysis can be summa­
rized as follows: 

(1) Hot-weather placement resulted in much 
wider cracks than cool-weather placement 
(Fig 5.7). 

(2) The use of siliceous river gravel (SRG) re­
sulted in greater crack widths than the use of 
limestone (LS), and the difference was larger 
at a lower temperature (Fig 5.8). This differ­
ence might be a consequence of the different 
thermal coefficients of the two coarse aggre­
gate types used in the concretes. 

(3) The larger the amount of longitudinal steel, 
the narrower the crack width (Fig 5.9). But 



the difference in crack width between the 
high steel and the medium steel was less than 
that between the low steel and the medium 
steel, while the differences in the amount of 
longitudinal steel were about the same. 

(4) Cracks that occurred during the first 3 days 
of construction were significantly wider than 
those occurring later (Fig 5.10). It has been 
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noted in the previous chapters that early­
age cracks are more prevalent with summer 
placement than with winter placement. 
Therefore, special care should be taken dur­
ing hot weather placement to reduce early­
age cracks. 

(5) The effect of crack spacing on crack width 
was not significant (Fig 5.12). 



CHAPTER 6. DETERMINATION OF CURING TEMPERATURE 
(SETTING TEMPERATURE) AND THE SHRINKAGE OF 

CONCRETE PAVEMENT 

INTRODUCTION 

Although curing temperature and drying 
shrinkage of concrete are very important consid­
erations in the mechanistic analysis and design of 
concrete pavement, researchers have not accorded 
to these variables the attention they deserve. This 
chapter will review salient issues and points relat­
ing to curing temeerature and drying shrinkage. 

CURING TEMPERATURE 

The curing temperature used in mechanistic 
analysis or the design of concrete pavements is a 
reference temperature from which temperature­
induced stresses may be calculated. Many design 
procedures now use as the curing temperature the 
fresh-concrete temperature recorded at the time of 
placement. Theoretically, however, the curing 
temperature should be the temperature at which 
the concrete begins to display stresses induced by 
shrinkage or temperature change. This temp­
erature is not necessarily the fresh concrete temp­
erature, since stress does not occur while the 
concrete is in a plastic state. Thus to clarify mean­
ings, the term "setting temperature," rather than 
"curing temperature," is used in this chapter to 
represent the reference temperature for the stress 
calculation. 

DRYING SHRINKAGE 

Drying shrinkage tests for concrete pavement, 
in many cases, involve nothing more than mea­
suring the shrinkage of concrete specimens cured 
in the lab (a test whose simplicity appeals to 
many researchers). However, some engineers have 
questioned whether the shrinkage of a laboratory 
specimen can sufficiently represent the shrinkage 
of a concrete pavement in the field. Weather con­
ditions, the shape of the specimen, and the sur­
face area exposed to the air, among other factors, 
are often cited as significant variables specifically 
affecting field specimens. 
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A common source of errors associated with 
most shrinkage tests is the use of a different vol­
ume-to-surface ratio (Refs 44, 45, and 46). With 
laboratory cylinder shrinkage, , moisture can 
evaporate at the top surface or at the side of the 
cylinder if the mold of the cylinder is removed. 
In the field, however, evaporation occurs at the 
surface of the slab, with possibly a minute 
amount evaporating through the cracks or lost 
into the base. 

Another source of error has to do with the cur­
ing conditions. Drying shrinkage is very sensitive 
to the curing conditions. Specimens for shrinkage 
tests are normally cured in a chamber under spe­
cific temperature and moisture conditions, or in 
a water bath with a controlled temperature. Thus, 
unlike field specimens, lab specimens are not sub­
jected to rain, wind, sunlight, and temperature 
change. 

With the basic issues and concepts relating to 
curing temperature and drying shrinkage now 
introduced, the balance of this chapter discusses 
an experimental study performed (1) to identify 
a method for determining the setting temperature 
for the mechanistic analysis, and (2) to obtain a 
correlation between the shrinkage of concrete 
slabs and lab-cured concrete cylinders. 

CONCEPTUAL DETERMINATION OF 
SETTING TEMPERATURE 

The setting temperature, as mentioned earlier, 
is the temperature at which the concrete begins 
to resist loads induced by drying shrinkage or 
temperature change. A method for determining 
the setting temperature for the 11!-echanistic analy­
sis is illustrated in Figure 6.1. 

It is assumed that the concrete was placed at A 
and the setting temperature occurred at P in Fig­
ure 6.1. As the concrete temperature increases 
from the setting temperature, P, to the peak tem­
perature, B, the concrete will have a compressive 
stress, as the expansion of the concrete caused by 
the temperature rise is restrained. After the peak 
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Figure 6.1 A conceptual determination of setting temperature 

temperature, as the concrete cools, the compres­
sive stress will be relieved until the concrete tem­
perature drops to a certain point (zero stress 
point, Q), where -the stress condition changes 
from compression to tension. If the 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 plastic flow) 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 dur­
ing the temperature change from P to :B will be 
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relieved by shrinkage and creep. The temperature 
at the zero stress point is the reference tempera­
ture needed in the stress calculation. 

INSTRUMENTATION 

To find the zero stress point and to measure 
the slab shrinkage, an instrument was imbedded 
in the test section. The 'instrument was a 6x12-
inch cardboard cylinder mold that was cut longi­
tudinally 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 fric­
tion between the inside of the mold and the con­
crete (Fig 6.2). Similar two-ply plastic sheets were 
also used at both ends of the mold as membranes 



Figure 6.2 A mold devised for the experimental .study 

to ensure that the separation of the concrete in­
side and outside the mold occurred at this loca­
tion when the concrete began to have tensile 
stress. Eight brass plugs were inserted in the con­
crete as measuring points after the cylinder mold 
was imbedded in the concrete. Figure 6.3 shows 
the shape and dimension of the instrument, while 
Figure 6.4 shows the imbedded instrument and 
the field<Ured cylinder (for shrinkage correla­
tion). A thermocouple was imbedded in the 
center of the mold to monitor the concrete tem­
perature. 

If no adhesion is assumed between the concrete 
in the instrumented mold and the plastic sheets, 
then theoretically the concrete inside the mold 
will shrink as soon as the concrete has tensile 
stress, and the concrete in the mold will part or 
separate from the surrounding concrete in the 
slab. The zero stress occurs at the moment the 
concrete separates. The objective is to obtain the 
concrete temperature at this moment. 

The shrinkage of concrete pavement in the 
field can be obtained by monitoring the shrink­
age of the concrete within the instrumented 
mold. To get a correlation between shrinkages of 
the concrete pavement and the cylinder, shrink­
age specimens were cast from the batch of con­
crete placed in the pavement and in the instru­
mented mold. One cylinder was transported to 
the lab after initial reading and cured in a cham­
ber having a temperature of 75°F and a relative 
humidity of 40 percent. The other cylinder was 
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cured in the field alongside the experimental slab. 
The molds of the cylinders were not removed 
during the curing period. 

DATA COLLECTION 

To monitor the shrinkage and the separating 
movement of the experimental slab, distances L 
(left), C (center), and R (right) in Figure 6.3 were 
periodically measured. A change in the distance 
at C gave shrinkage information, while a change 
in the distances L and R gave information about 
separating movement between the concrete inside 
and outside of the mold. 

Each distance (L, C, or R) in Figure 6.3 was the 
average of ·two distances; that is, distance C was 
the average of distances Cl and C2. The distance 
at each location was measured every 2 hours with 
a 10-inch multiposition strain gauge for the first 
few days until the concrete separated. Thereafter, 
measurements were performed less frequently. Be­
lieving that the separation would occur in the 
cooler temperatures, we took O!II measurements 
during the evening and at nighttime only. At the. 
same time, distance measurements were collected 
from the instrumented mold; the concrete tem­
perature and the shrinkage of the field-cured cyl­
inder were also measured. 

Mter 28 days of curing, the field<Ured cylin­
der was also transported to the laboratory and the 
shrinkage was measured for both field- and lab­
cured cylinders at the same time. 
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Figure 6.3 Dimensions and layout of the u.perimental slab 

DETERMINATION OF SETTINC 
TEMPERATURE 

Figure 6.5 presents a plot for selecting the set­
ting temperature. The vertical axis on the left side 
represents the slab temperature, and the vertical 
axis on the right side represents the separating 
movement of the experimental slab at one of the 
ends (L or R in Fig 6.3). The fresh concrete tem­
perature, as the concrete was delivered at the site, 
was 70°F. 

Theoretically, before the concrete inside the in­
strumented mold separates from the pavement, 
there is no movement except nominal movement 
by plastic flow, since the expansion of the con­
crete within the mold is restricted by the sur­
rounding concrete. Once there is a separation, 
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however, a substantial movement begins to occur. 
After separation, the crack width between the in­
side and the outside of the mold changes in­
versely to the slab temperature: if the slab tem­
perature drops, the crack width become wider; if 
the slab temperature increases, the crack width 
become narrower. 

Time of separation (or zero stress point) can be 
determined by selecting tlie time at which the sepa­
rating movement begins to be substantially larger 
while the slab temperature drops. Before this time, 
separation does not occur, even though the con­
crete temperature is lower than the setting tempera­
ture (because the concrete is still in a plastic state). 
The small fluctuation in the movement before sepa­
ration might be owing either to the plastic flow of 
the concrete or to measurement error. 



Figure 6.4 Experimental slab and field-cured 
cylinder 

Figure 6.5 shows that the separation of the ex­
perimental slab occurred at about 8:00 p.m. on 
the second day of construction. The slab tempera­
ture at this time, 78°F, is the setting temperature 
of this concrete. The first crack in the pavement 

90 ---o- Slab emperature (Of) 

~ 
.L 80 

G) ... 
;:) 

0 ... 
8. 70 
E 
~ 
...0 

~ 60 

• Separating Movement (.0001 in.} 

was observed several hours after the separation of 
the experimental slab, when the slab temperature 
dropped further during the night. 

Because this method of selecting the setting 
temperature is somewhat impractical, a correla­
tion of the setting temperature obtained by this 
method with other variables that are easy to de­
termine (such as fresh concrete temperature and 
air temperature) is recommended for future re­
search. 

CORRELATION BETWEEN SLAB 
SHRINKAGE AND CYLINDER 
SHRINKAGE 

First, the shrinkage of the field-cured cylinder 
was correlated with the shrinkage of the concrete 
slab (shrinkage of the concrete inside the instru­
mented mold). Then the shrinkage of the lab­
cured cylinder was correlated with that of the 
field-cured cylinder. The shrinkage of the lab­
cured cylinder was not directly correlated with the 
slab shrinkage because they were not measured at 
the same time and temperature. 

Figure 6.6 shows the correlation between the 
slab shrinkage and the shrinkage of the field­
cured cylinder. Again, it should be noted that the 
measurements of the slab and the field-cured cyl­
inder were performed at the same time. Figure 6. 7 
shows the correlation between the field-cured and 
the lab-cured cylinder shrinkages. As seen in the 
two figures, the regression line lies very close to 
the line of equality in both plots, indicating that 
the lab shrinkage can be used without any correc­
tion to predict slab shrinkage. And, again, it 
should be noted that the cylinder mold was not 
removed from the shrinkage cylinder during the 
curing period. 
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SUMMARY 

To introduce a method for determining the set­
ting temperature for the stress calculations in con­
crete pavements, and to determine correlation of 
shrinkages between the concrete slab and the con­
crete cylinder, a modified cylinder mold was im­
bedded in the test section. 

The mold was designed so that the interior 
concrete could shrink freely by drying shrinkage 
(or by any temperature-induced contraction), with 
the expansion of the concrete inside the mold 
restrained by the surrounding concrete. In this 
way we monitored the separating movement of 
the concrete inside and outside of the mold, the 
drying shrinkage of the concrete inside the mold, 
the drying shrinkage of the cylinder, and the slab 
temperature. 
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As soon as the concrete began to show tensile 
stress, the concrete inside the mold separated 
from the pavement, a response to the lack of re­
striction to the contraction movement. Setting 
temperature (needed for the stress calculation in 
the mechanistic analysis) was determined by read­
ing the slab temperature at the beginning of the 
separation. This is the zero stress point, where the 
stress condition changed from compression to 
tension. 

From the correlations between slab shrinkage 
and cylinder shrinkage, we found that the drying 
shrinkage of a cylinder cured in the laboratory at 
75°F and at 40 percent relative humidity suffi­
ciently represents the drying shrinkage of con­
crete slab. It should be noted that the concrete 
cylinder was cured without removing the cylinder 
mold. 



CHAPTER 7. CURRENT CONDITION OF THE TEST SECTIONS 

Having described the short-term monitoring of 
the test sections during the first month following 
construction, we tum now to a discussion of the 
condition of the test sections at the end of the 
short-term monitoring. 

CRACK SPACING AND CRACK 
WIDTH 

While the three- parameters considered in the 
steel design of CRCP include crack spacing, crack 
width, and steel stress, this section discusses only 
the data associated with crack spacing and crack 
width; the issue of steel stress, because it was not 
measured in the test sections, will not be ad­
dressed. (We might add, however, that neither 
excessive elongation nor rupture of steel has been 
obsetved in the test sections.) 

Figures 7.1 to 7.4 show the mean crack spacing 
versus time during the short-term monitoring pe­
riod for the different steel designs for different 
projects and coarse aggregate types. Since the 
pavement age at the time of the last sutvey was 
only about 1 month, mean crack spacings were 
still fairly large. Except for the SRG sections in the 
SH 6 summer project, most sections showed the 
mean crack spacing to be larger than or near the 
upper limit (8 feet as proposed by AASHTO Guide; 
Ref 38) of the design crack spacing, which has 
been set to avoid excessive spalling (Ref 5). How­
ever, to ascertain whether the performance of 
pavements in the field is in accordance with that 
predicted by the CRCP program, at least 1 year of 
monitoring is necessary (since more cracking is 
expected after the short-term monitoring period). 

Figures 7.1 to 7.4 are based on the mean val­
ues of the crack spacings (not individual crack 
spacing) in each section. Since variability exists in 
the crack spacings in the field, a wide range of 
crack spacings may actually exist. Figures 7.5 and 
7.6 present the distribution of crack spacings at 
the end of the short-term monitoring (pavement 
ages were approximately 1 month old) for the 
medium steel sections of SRG and LS, respectively. 
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Similar plots for the sections with other steel 
quantities are given in Appendix F. As may be 
noted, certain portions of the crack spacings are 
smaller than the lower limit (3.5 feet as suggested 
by AASHTO Guide; Ref 38) of the crack spacing 
design criteria, which has been set to reduce the 
possibility of punchouts (Ref 5). 
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Figure 7.1 Mean cradc spadng versus time (SH 6 
summer) 

Plots of crack width data measured from the 
test sections are shown in Figures 6.3 through 6.6 
of Chapter 6. As may be noted, all crack widths 
were less than the crack width limiting criterion 
(0.04 inch as suggested by AASHTO Guide; Ref 



38). Since, however; the ages of the pavements at 
the time of measurements were less than 1 
month, long-term measurements of the crack 
widths in a cold period are highly recommended 
to obtain the final decision on this test section 
study. 
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Mean crack spacing versus time (BW 8 
winter) 

It is commonly believed that the greater the 
crack spacing in CRCP, the greater the crack 
width. In the experimental test sections, however, 
the LS sections showed much smaller crack widths 
than the SRG sections, even though the crack 
spacings were larger. When the effect of aggregate 
type on both crack spacing and crack width is 
considered, all the test sections show significant 
differences between SRG and LS. This might be 
attributed to the lower thermal coefficient and 
greater tensile strain capacity of the concrete with 
LS. 

Since there was a substantial seasonal difference 
in the early-age behavior of the test sections, test 
sections constructed in different seasons are dis­
cussed separately. 
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Figure 7.3 Mean crack spacing versus time (SH 6 
winter) 

Winter Construction 

All the test sections constructed in the winter 
were in good condition. The shapes of the cracks 
were fairly straight (see Chapter 5) and no longi­
tudinal cracks were observed in the winter con­
struction. 

The LS sections especially appear to be in ex­
cellent condition. The cracks were very tight, even 
though the crack spacings were relatively large 
(mean crack spacings of LS sections after 1 month 
of construction were approximately 7 to 35 feet). 
The SRG sections seem to be in good condition as 
well, but the cracks were slightly wider, spaced 
closer, and a little more meandering in shape 
than those of the LS sections (mean crack spac­
ings of SRG sections after 1 month of construc­
tion were 7 to 15 feet). :As expected, the greater 
the amount of longitudinal steel, the narrower the 
crack width and the greater the number of cracks. 
Neither the differential bond area nor the use of 
different bar sizes {No. 7 bars) has shown signifi­
cant difference in crack width or spacing thus far. 
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Figure 7.4 Mean crack spadng versus time (IH-45 
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Summer Construction 

Unlike those of winter construction, the sec­
tions constructed in the summer seem to be in 
much worse condition, probably because of the 
large variation of concrete temperature resulting 
from the rapid cement hydration (see Chapter 4). 
The first crack was noted about 10 hours after 
placement (see Chapter 3), and numerous cracks 
occurred within the frrst several days after con­
struction. These early-age cracks were relatively 
wide and very random in shape. 

For the SRG sections, mean crack spacings were 
already within the acceptable level (3.5 to 8 feet) 
even before the pavement experienced the com­
plete temperature cycle of the year (Fig 7 .1a). 
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Many of the individual cracks were spaced closer 
than 3.5 feet (Fig 7 .Sa). More cracking is expected 
during the cold season . 

Crack widths of the summer project, presented 
in the Figures 6.3 to 6.6, are within an acceptable 
region (0.04 inch). Since, however, these measure­
ments were performed at the time of high slab 
temperatures (average slab temperature of 81 oF) in 
the summer, maximum crack width in the cold 
period would be much greater than that shown in 
the plots. This might be a result of the high set­
ting temperatures of summer construction. 

The shapes of cracks were quite meandering. 
Many longitudinal cracks were also observed in 
the summer construction. Cracks occurring within 
24 hours after construction had shapes that me­
andered significantly (see Chapter 5). This type of 
meandering increases the possibility of Y -cracks or 
punchouts in the future. 

In general, the SRG sections seemed to be in 
worse condition than the LS sections, since the 
cracks were wider and more meandering. Minor 
spalls (1/8 to 1/4 inch wide) were also observed 
on the SRG sections within 6 months after con­
struction. 

It was apparent also in the summer project that 
tighter crack widths are associated with larger 
steel quantities, but the crack spacing was not 
significantly affected by the steel design. High 
peak temperature resulting from the rapid hydra­
tion and subsequent temperature drop in the con­
crete during the first night after construction re­
sulted in many early-age cracks, and it is believed 
that many of these cracks occurred before suffi­
cient bond between the steel and concrete was 
developed. Instead, time and temperature of the 
construction day were the more influential factors 
than the steel reinforcement for hot weather con­
struction (see Chapter 4). 

Therefore, it may be difficult to control the 
cracking of summer construction by controlling 
the amount of longitudinal steel. If the amount 
of longitudinal steel is decreased to reduce the 
number of cracks, crack width may be excessive. 
On the other hand, if the steel amount is in­
creased to reduce the crack width, more cracks 
will develop. Since the shapes of the cracks occur­
ring with summer construction are quite mean­
dering, these cracks will increase the chances of 
future punchouts. 
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CHAPTER 8. COMPARISON OF PREDICTED WITH 
OBSERVED CRACK PATTERNS 

In this chapter we examine the cracking (both 
the crack spacings and crack widths) exhibited by 
the test sections during the fust month after con­
struction, comparing them with the cracking pat­
terns predicted by the latest version of CRCP com­
puter program (CRCP-7). Input data used in 
running the program and discussions of the re­
sults are p~sented in the following sections. 

INPUT DATA 

Concrete material properties (strength, shrink­
age, thermal coefficient, and elastic modulus) were 
obtained from the cylinder tests (Appendix B). 
Design variables, including slab thickness, percent 
steel, and steel bar size, were obtained from the 
design of the test sections mentioned in Chapter 2. 
For the inputs of daily minimum temperatures, slab 
temperatures, rather than air temperatures, were 
used for a more realistic prediction. 

Curing temperature used in the input data was 
the average value of the fresh concrete tempera­
ture and the maximum concrete temperature 
during hydration ([maximum slab temperature + 
fresh concrete temperature]/2). A material vari­
ability of 20 percent (coefficient of variation of 
concrete strengths) was used. These values were 
selected based on their good fit with the com­
puter program. A reasonable method for select­
ing curing temperature considering actual con­
crete setting was proposed in Chapter 6. But this 
method was not applied in this chapter. This 
method can be used in the future when a corre­
lation of the setting temperature obtained by this 
method with other easily measurable variables 
such as fresh concrete temperature and air tem­
perature. 

INTERPRETATION OF RESULTS 

Figures 8.1 to 8.4 show the comparison of pre­
dicted with observed crack spacings for the me­
dium steel sections of each test location. Plots for 
the other sections are presented in Appendix G. 
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Solid lines in the figures represent observed crack 
spacings during the short-term monitoring of the 
test sections. Dotted lines show predicted crack 
spacings during the first 6 months by CRCP pro­
gram. Figure 8.5 presents a comparison of pre­
dicted and observed crack spacing distributions at 
the end of the short-term monitoring. As may be 
seen in the figures, the program reliably predicted 
crack spacing history during the early life. The 
comparisons should be checked after the mini­
mum temperatures have been experienced. 
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Figures 8.6 to 8.9 present plots showing the 
comparison of predicted crack widths with ob­
served crack widths for medium steel sections of 
the test sections placed on State Highway 6 (both 
summer and winter projects). Plots for the other 
sections are presented in Appendix H. In general, 
the CRCP program overpredicted crack widths. 

There are several explanations for such a find­
ing. The overprediction of the crack widths may 
be attributed to the prediction model which cal­
culates crack width as a direct function of the 
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crack spacing. Thus, larger crack spacings result in 
greater crack widths. Since crack spacings were 
relatively large during the fust month after con­
struction, the program predicted large crack 
widths. And because the LS sections had larger 
crack spacings than the SRG sections, overpredic­
tion was more significant in the LS sections. The 
current crack width prediction model might be 
overly sensitive to the crack spacing during the 
early pavement life. Actually, the relationship 
between crack spacing and crack width is still not 
clear. During the short-term monitoring of the 
test sections, it was noted that there was not a 
relationship between crack spacings and crack 
widths within a specific test section (Fig. 5.12). 

Another reason for the overprediction may be 
that the program does not consider the effect of 
crack occurrence age on crack width (Figs 5.10 
and 5.11). Observations of the test sections show 
wider cracks occurring when the crack was formed 
at an early age. However, the crack used in the 
crack width prediction is one that occurred at the 
beginning of the construction. 

Overprediction of crack widths in steel design 
of CRC pavement will result in a conservative 
design. For better prediction of crack width, how­
ever, modification of the crack width prediction 
model in CRCP program may be considered. It is 
suggested that the relationship between crack 
spacing and crack width be redefined, and that 
the effect of crack occurrence time be considered 
in the modification. 

Although the CRCP program overpredicted 
crack widths, it predicted the effect of the steel 
quantity and steel bar size reasonably. As can 
be seen in Figure 8.10, greater crack widths were 
predicted with lower steel quantities (or larger bar 
sizes). This trend is the same as that for the ob­
served crack widths on the test sections (Fig 5.9). 

0.07 

0.06 -g 0.05 

-= 0.04 "'t) 

~ 0.03 ...)~!. 
u 
0 0.02 ... 
u 

0.01 

0.00 
0 

Figure 8.6 

-o-Predicted 
• Observed 

• • 
5 I 0 I 5 20 25 30 

Time (Days) 

Comparison of predicted crack spacing 
distribution with observed crack spacing 
distribution (SH6-summer, medium steel) 



0.07 --c- Predicted 

0.06 
• Observed 

-
~ 0.05 
..s::. 
.:0 0.04 

~ 0.03 ..)t/! 
u 
0 0.02 ... 
u 

0.01 • 
0.00 

0 5 10 15 20 25 30 
Time (Doys} 

Figure 8.7 Comparison of predicted craclc widths 
with observed crack widths (SH6-
summer, LS, medium steel) 

0.07 

0.06 
. 

.:§. o.os 
..s::. 
.:0 0.04 

~ 0.03 ..)t/! 
u 
0 0.02 ... 
u 

0.01 

0.00 

Figure 8.8 

0 

-o- Predicted 
e Ob:served 

5 1 0 15 2 0 25 3 0 3 5 
Time !Days) 

Comparison of predicted craclc widths 
with observed crack widths (SH6-
winter, SRG, medium steel) 

0.06 

.:§. 0.05 

-= 0.04 
-c 
~ 0.03 
..)t/! 

g 0.02 

u O.ol 

-o- SRG Heavy Sleel 
._ SRG Optimum Sleel 
--o- SRG Low S18el 
~ SRG No.7 Bor 

0.07 -o- Predicted 

0.06 • Observed 

:§.. 0.05 

-= 0.04 -c 
~ 0.03 ..)t/! 
u 
0 

0.02 ... 
u 

0.01 

0.00 • 
0 5 1 0 1 5 2 0 25 3 0 3 s 

Time [Days) 

Figure 8.9 Comparison of predicted crack widths 
with observed crack widths (SH6-winter, 
LS, medium steel) 

SUMMARY 

In this chapter, cracking histories (both crack 
spacings and crack widths) obtained from the test 
sections during the first month after construction 
were compared with the cracking patterns pre­
dicted by CRCP-7 computer program. Our finding 
was that the program reliably predicted crack 
spacing history during the early life. In general, 
however, the CRCP program overpredicted crack 
widths, possible explanations being that (1) the 
current crack width prediction model might be 
overly sensitive to the crack spacing during the 
early pavement life, and (2) the program does not 
consider the effect of crack occurrence age on 
crack width. Modification of the crack width 
model may be considered after long-term condi­
tion survey of the test sections. 
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CHAPTER 9. DEVELOPMENT OF LONG-TERM 
FAILURE CURVES AND CALIBRATION OF THE FAILURE 

PREDICTION MODEL IN THE CRCP-7 

This chapter discusses the rna jor failure of 
CRCP under long-term traffic applications. Using 
the Rigid Pavement Database available at the Cen­
ter for Transportation Research, we developed fail­
ure curves showing the relationship between the 
number of failures per mile and the number of 
traffic applications. These failure curves, in tum, 
allowed us to calibrate the failure prediction 
model in the CRCP-7 computer program. 

CRCP-7 is the most recent version of a series of 
CRCP computer programs used to predict the per­
formance of CRCP for a given desigri, material, 
traffic, and environmental condition. The cali­
brated model can now be used to estimate CRCP 
service life (in terms of the frequency of failures) 
of pavements functioning under various environ­
mental and design conditions. 

MAJOR FAILURE MODE IN CRCP 

There are two types of failures in CRCP, struc­
tural and functional. Structural failure includes a 
collapse of the pavement structure or a break­
down of one or more of the pavement compo­
nents. Functional failure may or may not be ac­
companied by structural failure, but it represents 
a condition in which the pavement can no longer 
carry out its intended function because of its 
roughness (Ref 4 7). 

The functional condition of the pavement can 
be explained by the peiformance of the pave­
ment-that is, by the history of its serviceability. 
Currently, the present serviceability index (psi) is 
used as the tool for representing this functional 
condition. 

Yet, as many researchers have pointed out, the 
serviceability of a pavement with heavy mainte­
nance does not change with time or traffic, 
though the distress increases significantly (Ref 
48). Rather, serviceability changes mainly with 
roughness, and in CRCP there are few distress 
types that affect roughness significantly. 

Therefore, the psi, which is an index of the 
functional condition of pavement, is not the best 
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tool for the design and scheduling of mainte­
nance and rehabilitation of CRCP. In its place, 
Gutierrez and McCullough (Ref 48) have proposed 
that the condition of CRCP be represented in 
terms of the distress index, an index of the struc­
tural condition of pavement. 

The major variable in the distress index is the 
number of punchouts. Representing the most se­
vere distress manifestation associated with CRCP, 
the punchout is a structural failure in which a 
small segment of pavement is separated from the 
main body and displaced downward under traf­
fic. The punchout is usually bounded by two 
closely spaced transverse cracks, a longitudinal 
crack, and the pavement edge, or sometimes by 
the branches of a Y-crack and the pavement edge 
(Ref 49). 

A punchout is an area that has sustained a lo­
calized loss of support. This loss of support, which 
leads to relatively high slab deflections under 
heavy traffic (Ref 49), can occur through moisture 
accumulation (which softens the base or underly­
ing material) or through the ejection of base 
material by pumping. 

Under heavy traffic, higher slab defl~ctions at 
the point of support loss result in excessive 
spalling and a loss of aggregate interlock at the 
crack. The wider the crack width, the sooner the 
aggregate interlock will break down under re­
peated loadings, an action that further increases 
both the deflection and transverse tensile stress of 
the slab (Fig 9.1). 

Increasing transverse tensile stress and cumula­
tive load fatigue damage eventually causes a lon­
gitudinal crack to form between the two trans­
verse cracks. This longitudinal <:rack, along with 
the pavement edge, becomes the initial boundary 
of the potential punchout. The transverse tensile 
stress for a given thickness of the pavement de­
pends on the spacing between the two transverse 
cracks; the closer the spacing of the cracks, the 
higher the transverse tensile stress (Fig 9.1). It is 
for this reason that punchouts are often associ­
ated with short transverse crack spacings. 
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Figure 9.1 Relationship between crack spadng and 
concrete tensile stresses (Ref 5) 

DEVELOPMENT OF FAILURE CURVES 
CONSIDERING RELIABILITY 

Since 1974, the Center for Transportation Re­
search has periodically conducted extensive con­
dition surveys on CRCP in Texas. This database 
has now become a very valuable source of infor­
mation for studies of the long-term performance 
of CRCP. 

Customarily, a condition survey seeks to collect 
information on structural capacity, riding quality, 
skid resistance, and distress manifestations. Infor­
mation on the environmental condition and traf­
fic is also obtained. Condition survey procedures 
(Refs 1, 50, 51, 52, 53, and 54) have, since their 
initiation, been continuously modified for better 
efficiency. 

Using the database, we developed failure curves 
showing the relationship between the number of 
failures per mile and traffic applications. A special 
data set was established from the database for the 
development of these failure curves. Variables in 
the data set include coarse aggregate type, swell­
ing condition, number of failures per mile, and 
cumulative traffic in 18-kip equivalent single axle 
loads (ESAL). 

Because a major portion of the database consists 
of 8-inch-thick CRCP, pavement sections with dif­
ferent thicknesses were excluded from the data set 
to reduce the variability. To eliminate the effect of 
overlay on the failure curves, survey data collected 
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after overlay were also excluded. For each section, 
the number of failures was calculated by summing 
the number of punchouts and patches. 

Since condition surveys were conducted only 
on the outside lane, and since traffic data avail­
able in the database were of two-way traffic in 18-
kip ESAL, a modification was necessary to obtain 
traffic information specific to the outside lane. 
For this modification, a directional distribution of 
50 percent was used in conjunction with the lane 
distribution factors recommended in the AASHTO 
design guide (Ref 38). 

Figure 9.2 shows the plot of the number of fail­
ures per mile with the number of traffic applica­
tions. Each data point represents the number of 
failures for a pavement section (about 1 mile of 
outside lane) for a certain survey year. Data were 
plotted using different symbols for the two differ­
ent coarse aggregate types (SRG and LS) and the 
two different swelling conditions (high swelling 
and low swelling). If the roadbed soil was a high 
swelling soil and the annual rain was greater than 
or equal to 30 inches, the pavement was classified 
as a high swelling condition. If the roadbed soil 
was a low swelling soil, or if the annual rain was 
less than 30 inches (even though the soil is a high 
swelling soil), the pavement was classified as a 
low swelling condition. 
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Figure 9.2 Number of failures with traffic applica­
tion 

In seeking a mean failure curve for each com­
bination of coarse aggregate types and swelling 
conditions, we applied a logarithmic transforma­
tion to the number of failures to obtain a fairly 
uniform variation throughout the various traffic 
applications. A GLM (general linear model) pro­
cedure in SAS was run on the transformed data. 
Figure 9.3 shows the mean failure curves based on 
the results of GLM procedure. 
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Figure 9.3 Mean failure curves for different coarse 
aggregate types and swelling conditions 

To make the logarithmic transformation pos­
sible, the operation was conducted on the num­
ber of failures plus one, rather than on just the 
number of failures (since there were quite a few 
observations with zero failure). Also, to satisfy the 
boundary condition that there will be no failure 
at the beginning of load application, intercepts of 
the models were assumed to be zero. This was 
accomplished by using "'NOINT" (no intercept) 
option in GLM procedure. 

Residuals of the models were scattered ran­
domly with fairly uniform variation throughout 
the many traffic applications, indicating that the 
models fit the data fairly well. The low R-square 
values of the models recorded (less than 60 per­
cent) were probably caused by the variabilities in 
design and construction parameters that were not 
included in the models. 

It should be noted that the inference space for 
the model is 8-inch CRCP in Texas. Accordingly, 
caution should be exercised when applying this 
model outside this inference space. Also, the con­
dition surveys were performed in the outside lane 
(design lane) only. 

Figure 9.3 indicates that concrete with LS 
showed better long-term performance than that 
with SRG, and that the swelling soil condition 
had an adverse effect on the performance of the 
pavements. The high possibility of failure associ­
ated with high swelling condition may be caused 
by the voids beneath the pavement (a result of 
the local swelling). Filling the voids may allow 
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application of the low swelling performance 
curves in Figure 9.3 to high swelling pavements . 

Application of the Reliability 
Concept 

The failure curves developed in the previous 
section show the average number of failures at 
certain traffic applications. The term "average" 
indicates that the models represent the number of 
failures with 50 percent reliability. (Failure curves 
of higher reliabilities are required in the design 
process.) 

The failure curves for the higher reliability were 
obtained using the CLI option in GLM. The AL­
PHA (probability for out of the prediction inter­
val) of the CLI option was doubled, because the 
CLI option gives interval estimates (upper limit 
and lower limit), whereas reliability requires up­
per limit only. Figure 9.4 shows a graphical illus­
tration of the failure curves with various 
reliabilities (plotted in a log-scale). Figures 9.5 to 
9.8 show the failure curves plotted in a normal 
scale (not log-scale) for each combination of 
coarse aggregate type and swelling condition. 
Data points in these figures represent the ob­
served data. 

It is shown that the concretes with siliceous 
river gravel (SRG) deteriorated at a much faster 
rate than those with limestone (LS). It is also 
shown that the high swelling condition acceler­
ated deterioration of the pavements. 
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(LS, low swelling) 

BASIC ALGORITHM FOR THE 
PUNCHOUT PREDICTION 

Using the fatigue Tailure model, along with the 
relationship between the crack spacing and trans­
verse tensile stress (Fig 9.1), Won (Ref 27) devel­
oped an algorithm for mechanistic failure predic­
tion model. 

The transverse tensile stresses developed by a 
wheel load (9,000 lbs) for various crack spacings 
and slab thicknesses were estimated by the com­
puter program ILLISLAB developed at the Univer­
sity of Illinois. Because of the limitations inher­
ent in ILUSLAB, the effects of aggregate interlock 
and longitudinal reinforcement on the transverse 
tensile stress were ignored. Using the results, we 
derived the following regression equation for the 
transverse tensile stress as a function of crack 
spacing and slab thickness (Ref 27): 

where: 

s = e9.8474 o-1.8143 x-0.4477 (9.1) 

s = wheel load stress in transverse di-
rection (psi), 

e = base of natural log, 
D = slab thickness (in.), and 
X = crack spacing (ft). 

0 2 4 6 8 10 The generally accepted.form of the fatigue fail-
Cumulative ESAL (Million) ure model is 

Figure 9.7 Failure curves with various reliabilities 
(LS, high swelling) 
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(9.2) 



where: 

N = number of load applications, 
f = flexural strength, 
s = flexural stress, 
A = coefficient (to be calibrated), and 
B = coefficient (widely used value is 

4.0). 

The variability of the fatigue life of the con­
crete was also considered. A graphical presenta­
tion of Equation 9.2 expressing the variability of 
the concrete strength is shown in Figure 9.9. For 
a given slab thickness, transverse tensile stress var~ 
ies with the crack spacing (Fig 9.1). In Figure 9.9, 
fatigue lives for two different transverse tensile 
stresses (obtained from Equation 9.1 for two dif­
ferent crack spacings) are illustrated. For each 
stress level, there is variability in the fatigue life 
because there is variability in the concrete 
strength. The fatigue life variability is represented 
by the coefficient ·of variation (CV), which is a 
dimensionless index of variability obtained by 
expressing the standard deviation of the fatigue 
life as a percentage of the mean fatigue life. 

The shaded areas in Figure 9.9 represent the 
possibility of a fatigue failure (or the possibility 
of longitudinal cracking between the transverse 
crack spacing, resulting in a punchout) at the 
given load replication, N. If the load replication 
increases, the possibility also increases. Using this 
methodology, the number of punchouts for vari­
ous load replications can be predicted if the crack 
spacing distribution and the slab thickness are 
given. A detailed procedure of the prediction is 
presented in Ref 2 7. 

CALIBRATION 

The unknown coefficient A in Equation 9.2 
and the CV value shown in Figure 9.9 are deter­
mined by correlating the failure curves predicted 
by the failure prediction model with the actual 
failure curves developed from the database of the 
long-term condition survey (shown in Figs 9.5 to 
9.8). 

For this purpose, the subroutine of the failure 
prediction in CRCP-7 was separated and modified 
to form an individual program so as to minimize 
the computer running time. Distributions of the 
transverse crack spacings for each coarse aggregate 
type and swelling condition were obtained from 
the database of the long-term condition survey. 
Flexural strengths were obtained from the results 
of the lab tests conducted at the Center for Trans­
portation Research (647 psi for lS and 628 psi for 
SRG). 
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Figure 9.9 Fatigue failure of concrete considering 
the variability of the concrete strength 

For each of the twelve attual failure curves (2 
different coarse aggregate types x 2 different swell­
ing conditions x 3 different levels of reliabilities), 
predicted failure curves, using various combina­
tions of CV values and coefficient A values, were 
generated by running the modified subroutine of 
the failure prediction program. Predicted failure 
curves were compared with each of the actual 
failure curves, with the best fit curve selected by 
the least square method. 

From the results of the above procedures, we 
found that the predicted failure curves with a CV 
value of around 30 percent showed a fairly close 
fit to the actual failure curves in most cases. 
Therefore, we dedded to recommend the fixed CV 
value of 30 percent for future use of the failure 
prediction model. Figure 9.10 shows the coeffi­
cient A values for various conditions when the CV 
value is 30 percent. 
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Figure 9.10 
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No No 

1..4 2.0 1.8 2.6 

2..4 3.1 2.5 3.7 

3.1 .4.2 3.1 .4.8 

Coefficient A values that result in best 
fit to the actual failure curves (Unit: 
Million, CV: 30 percent) 



As may be noted, the values obtained are very 
large as compared with the corresponding coeffi­
cients of other fatigue failure models of concrete. 
This discrepancy might be owing to the overesti­
mation of the transverse tensile stresses that re­
sult from the neglect of the effect of the load 
transfer by aggregate interlock and longitudinal 
reinforcement in Equation 9.1. Figure 9.11 shows 
an example of how well the predicted failure 
curves (solid lines) fit the actual failure curves 
(dotted lines). 
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Figure 9.1 J Fitness of the predicted failure curves to 
the actual failure curves (SRG, high 
swelling) 

The higher the coefficient A, the higher the re­
sistance of the concrete to cracking; the result is 
fewer failures and, consequently, a longer life. 
Figure 9.10 shows that the higher the reliability, 
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the lower the coefficient A, indicating higher con­
servatism for the higher reliability. In general, 
concrete with LS has a higher coefficient A than 
that with. SRG, and the low swelling condition 
has a higher coefficient A than the high swelling 
condition. 

The calibration has been conducted based on 8-
inch CRCP, as mentioned earlier. To verify the 
calibration, a different data set consisting of 9-
inch CRCP was obtained from the database. Fig­
ure 9.12 shows the failure curves of 9-inch CRCP 
predicted by the calibrated model. Actual failure 
data are also plotted. Although few actual data 
points are shown, the calibrated model predicted 
the number of failures fairly well. Further verifi­
cation using more survey data is recommended. 
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CHAPTER 10. DISCUSSION OF RESULTS AND SUMMARY 

This chapter summarizes the early-age behavior 
of CRCP as observed during our short-term moni­
toring of the test sections. How these observations 
figure into the CRCP computer program is also 
discussed. 

Since its introduction in 1975, the CRCP-1 pro­
gram, the first version of the computer program 
used for predicting the performance of CRCP, has 
gone through several modifications (Ref 55). The 
most recent version~ CRCP-7, is capable of predict­
ing various structural responses to environmental 
and traffic loadings, responses that include mean 
crack spacing, distribution of individual crack 
spacings, crack width, concrete and steel stresses, 
and number of failures (punchouts) that can be 
expected after a certain number of load applica­
tions. And while most factors affecting the behav­
ior and performance of CRCP are considered in 
this version of the program, there are some im­
portant factors that are necessarily omitted, a 
consequence of the program model's need to sim­
plify the complex nature of a pavement system. 
These excluded factors will be discussed in this 
chapter. 

EFFECT OF COARSE AGGREGATE 
TYPE ON CRACKING 

Our observations revealed that significant crack 
spacing and crack width differences exist between 
the siliceous river gravel (SRG) sections and the 
limestone (LS) sections. The LS sections, without 
exception, showed fewer .cracks (larger crack spac­
ings) than the SRG sections during the short-term 
monitoring of the test sections (Figs 7.1 to 7.4). 
In addition, the LS sections showed smaller crack 
widths than the SRG sections, even though the 
crack spacings were larger (Figs 5.3 to 5.6). The 
factors that might account for the fewer cracks 
and smaller crack widths observed in the LS sec­
tions include that pavement's lower thermal co­
efficient, higher strain capacity, and lower elastic 
modulus. 

We found that the difference in the cracking 
patterns (both crack spacing and crack width) for 
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concretes with various coarse aggregate types can 
be predicted satisfactorily using the CRCP pro­
gram; one need only enter the different material 
properties relating to thermal coefficient, drying 
shrinkage, concrete strength, and elastic modulus, 
as part of the input data. 

EFFECT OF DIFFERENT STEEL 
DESIGNS (SIZE AND AMOUNT OF 
STEEL) 

It was observed in the winter projects (the sum­
mer project will be discussed later in this chap­
ter) that the test sections having greater longitu­
dinal steel quantities generally had more cracks 
and narrower crack widths. The reason: The 
greater quantity of longitudinal steel more effec­
tively restrained slab movement, resulting in more 
and tighter cracks. At the end of the short-term 
monitoring, the use of different bar sizes (No. 6 
and No. 7 bars) had not shown a significant dif­
ference in cracking. Theoretically, for the same 
percent of longitudinal steel, the larger bar pro­
vides a smaller steeUconcrete bond area, which in 
tum should decrease the restraint of the slab 
movement and result in fewer cracks. Again, the 
CRCP program can, through the use of inputs, 
predict the effect of steel quantity and bar size. 

PATTERNS OF NEW CRACKS IN A 
SLAB SEGMENT 

The location of the new cracks in a slab seg­
ment seemed to depend on the length of the slab 
segment (crack spacing). There was a relatively 
consistent trend in the location _of new cracks in 
slab segments less than about 8 feet long. For slab 
segments 3 feet long, the new cracks within the 
slab segment occurred, almost without exception, 
near the middle of the slab segment. Slab seg­
ments of greater length sustained a higher scatter­
ing of new cracks near the middle of the slab seg­
ment. When the crack spacings were longer than 
about 8 feet, the locations of the new cracks were 
randomly distributed (Fig 3.12). One possible 



explanation for this phenomenon is that, if the 
crack spacing is greater than a certain length, the 
entire middle area of the slab segment from a 
certain distance from the two existing cracks is 
experiencing the same (or nearly the same) high 
stress (Fig 3.13). Accordingly, the location of the 
new cracks will be scattered somewhere between 
the two existing cracks. 

While early models of the CRCP program 
placed the new crack at the middle of the slab 
segment, recent versions of the CRCP program 
(CRCP-5 and CRCP-7) consider the effect of the 
random location of the crack occurrences by us­
ing the variability of concrete strength (Ref 27). 
The distribution of individual crack spacings, 
which is used in the failure prediction of CRCP, 
can be predicted using one of these versions of 
the program. The randomness of the crack spac­
ing distribution, as shown in Figure 3.12, ·supports 
the assumption (made in CRCP-5 and CRCP-7) 
that the variability of crack spacing is primarily 
owing to tensile strength variation and the appli­
cation of a normal distribution of strength. 

FACTORS AFFECTING THE CRACK 
WIDTH 

Factors that significantly affect crack width 
include construction season, coarse aggregate 
type, amount of steel, and time of crack occur­
rence. 

Regarding construction season, hot-weather 
placement yielded a much wider crack width at a 
given slab surface temperature condition than 
cool-weather placement (Fig 5.7), a result perhaps 
of the high curing temperatures (setting tempera­
ture) brought about by the high concrete tempera­
tures associated with summer construction. 

Regarding coarse aggregate type, the use of SRG 
aggregates resulted in crack widths wider than 
those of LS aggregates, with the differences more 
pronounced in the case of cold-weather place­
ment (note the different temperature sensitivity of 
the crack width for the two different coarse aggre­
gate types in Figure 5.8). This effect is the result 
of the different thermal coefficients of the con­
crete with the two coarse aggregate types. 

The greater the amount of longitudinal steel, 
the narrower was the crack width; in other words, 
the greater the amount of steel, the more tightly 
the steel held the cracks. But the difference in 
crack width between the high steel and the me­
dium steel was less than that between the low 
steel and the medium steel. These differences oc­
curred even though the differences in the amount 
of longitudinal steel between high to medium and 
medium to low were about the same (Fig 5.9). In 
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this sense, the medium steel, which is the design 
standard, is a cost-effective design. 

Cracks that occurred during the first 3 days of 
construction were significantly wider than those 
occurring later (Fig 5.10), a result of the larger 
residual crack shrinkage that occurred at the early 
age of the pavement (Fig 5.11). Since the early-age 
cracks are more prevalent in the summer place­
ment than in the winter placement, special care 
should be taken during summer placement to 
avoid the wide early-age cracks. 

The effects of placement season, coarse aggre­
gate type, and steel design on the crack width can 
be considered in the CRCP program by utilizing 
(1) different curing temperatures for the different 
placement seasons, (2) different thermal coeffi­
cients for the different coarse aggregate types, and 
(3) different amounts of steel and bar sizes, re­
spectively, in the input. However, the effect of the 
time of crack occurrence on the crack width is not 
considered in the CRCP program, since the pro­
gram uses total drying shrinkage (the drying 
shrinkage that occurs from the time of initial 
placement to a later specified time) rather than 
residual drying shrinkage (the drying shrinkage 
that occurs from the time of cracking to a later 
specified time). 

Contrary to the general belief that greater crack 
spacing leads to wider cracks, no significant cor­
relation was observed between the crack spacing 
and the crack width (Fig 5.12). The computer pro­
gram also predicts the crack width as a function 
of crack spacing; that is, the greater the crack 
spacing, the greater the crack width, since a 
longer slab segment would shrink more at the 
same temperature differential. More research in 
this area could improve the CRCP program. 

EFFECT OF HYDRATION OF CEMENT 
AND TEMPERATURE CONDITIONS ON 
EARLY-AGE CRACKING 

The heat caused by the hydration of cement 
significantly affects concrete temperature patterns 
in the pavement slab during the first 24 hours 
after construction. (Fresh concrete temperature, 
ambient temperature, and solar radiation preva­
lent during hydration primarily determine the 
pattern (.)f concrete tem:Perature.) Since the reac­
tion of hydration is chemically controlled, the 
rate of hydration is very sensitive to the ambient 
temperature condition, such that a higher ambi­
ent temperature condition results in a higher rate 
of hydration. The higher the rate of hydration, 
the higher and the earlier the maximum peak of 
the concrete temperature (Fig 4.2). There were 
significant differences in the temperature patterns 



between summer construction and winter con­
struction, mainly a result of the different rate of 
hydration (Fig 4.6). 

For the summer construction, the high ambient 
temperature conditions caused hydration to pro­
ceed very quickly, resulting in a very high peak 
in the concrete temperature during the construc­
tion day. As the air cooled and the temperature 
dropped during the first night after placement, 
numerous early-age cracks (Fig 4.6) and several 
longitudinal cracks (Fig 4. 9) developed. Early-age 
cracks observed within the first several days after 
construction in the summer project tended to 
have large crack widths and meandering crack 
shapes--a tendency that increases the probability 
of Y-cracking, punchouts, spalling, and steel rup­
ture in the future. 

For the winter project, on the other hand, the 
low temperature conditions of the season caused 
hydration to proceed at a much slower rate. Be­
cause the primary_ heat generation of hydration 
occurred during the night (when the ambient air 
temperature dropped), there was only a very small 
temperature rise (Fig 4.6); in this case, part of the 
hydration heat essentially compensated for the 
heat lost during the night, resulting in small tem­
perature changes during the first 24 hours after 
placement. The winter construction displayed 
fewer early-age cracks than the summer construc­
tion, with such cracks as observed being relatively 
straight (not meandering) and tight. 

The frequency of early-age cracking in the sum­
mer project varied even with the time of placement 
in a day. The frequency of cracking was always 
greater in the area placed earlier in the morning 
than in the areas placed later during the day (Figs 
4.12 to 4.16). For winter construction, however, the 
effect of placement time was negligible. The differ­
ent crack patterns appearing in a day's run for the 
summer project might be the result of the differ­
ence in the time at which the primary hydration 
cycle occurs (Fig 4.16). Since the primary heat gen­
eration cycle begins several hours after the cement 
is mixed with water (Fig 4.1), the primary hydra­
tion cycle for the concrete placed early in the 
morning will occur during the high ambient tem­
perature conditions of the daylight hours. The pri­
mary hydration cycle for the concrete placed in the 
afternoon, on the other hand, will occur under the 
relatively lower ambient temperature conditions of 
the evening or night following the construction 
day. If the primary hydration cycle occurs during 
the evening or night, the peak concrete tempera­
ture will be much lower, as compared with the 
high temperature conditions prevalent during the 
daytime. For the winter construction, however, the 
low temperature conditions prevailing throughout 
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the day cause the main heat generation cycle to 
occur during the night, regardless of placement 
time during the day (Fig 4.17). Consequently, the 
peak slab temperatures are lower. 

For the summer construction, the transverse 
cracks that occurred during the first several days 
were not significantly affected by the amount or 
size of the reinforcing steel (Fig 4.11). This is 
probably because the placement time and tem­
perature condition of the construction day were 
more influential than reinforcing steel (Fig 4.12). 

Lowering the temperature variations by reduc­
ing the peak temperature of concrete (e.g., by pre­
cooling or retarding the rate of hydration) can 
help minimize the problems associated with early­
age cracks. In this method, setting temperature 
could be also lowered, resulting in less concrete 
tensile stress and smaller crack widths. (Although 
several temperature control techniques are intro­
duced in Chapter 4, more research on this subject 
is suggested.) · 

Because of the high temperature variations, the 
use of an aggregate having a low thermal coeffi­
cient, like LS, is recommended for hot-weather 
placement. A small difference in the thermal co­
efficient can cause a large difference in the total 
strain when the temperature differential is large. 
Lowering the peak temperature by the techniques 
mentioned earlier will ensure a greater reliability 
of the pavement with LS. The use of aggregates 
with a high thermal coefficient, like SRG, in the 
hot-weather construction should be minimized 
(unless steps are taken to lower the peak tempera­
ture). 

Cracking of the concrete pavement bears a 
strong relationship to the concrete temperature 
variations. Cracks occurred, almost without excep­
tion, when the concrete temperature dropped sig­
nificantly. The effect of temperature differential 
on cracking is considered in the CRCP program by 
utilizing curing temperature, daily minimum tem­
peratures, and annual minimum temperature. 
However, the effect of hydration. heat has not 
previously been considered in the computer pro­
gram. This effect can be incorporated by using the 
proper curing temperature along with the daily 
minimum temperatures in the input. Another way 
to consider the effect of the hydration heat is to 
modify the computer program in such a manner 
that the program can predict the concrete tem­
perature pattern affected by the hydration heat. 
The modification should consider the various fac­
tors affecting the rate of hydration, including 
ambient temperature, solar radiation, atmospheric 
condition, and placement time. 

It was found from the monitoring of the slab 
movement and slab temperature at various 



positions through the depth (Fig 3.9) that the first 
cracks of the summer construction occurred as a 
result of the warping stress caused by the tem· 
perature gradient. Currently, the CRCP program 
does not consider the warping stress in the stress 
calculation. 

CURING TEMPERATURE (SETTING 
TEMPERATURE) 

Curing temperature, because it is a reference 
temperature in the calculation of the temperature 
differential at the time of interest, is very impor­
tant in running the CRCP program. Therefore, the 
proper selection of the setting temperature is re­
quired for the correct prediction of the structural 
response of the pavement. Many design proce­
dures now use the fresh concrete temperature re­
corded at the time of placement as the curing 
temperature. Theoretically, however, the curing 
temperature should be the concrete pavement 
temperature at which the concrete begins to as­
sume stresses induced by shrinkage or temperature 
change. This temperature is not necessarily the 
fresh concrete temperature, since stress does not 
occur while the concrete is in a plastic state. 

For determining the curing temperature in con­
crete pavements, we developed a method that ac­
counts for the effect of hydration heat by monitor· 
ing the concrete temperature and the movement of 
concrete within a modified cylinder mold (Chap­
ter 7). Since this method is somewhat cumbersome 
for practical use, a correlation of the setting tem­
perature obtained by this method with other eas­
ily determined variables, such as fresh concrete 
temperature and air temperature, is recommended. 

SLAB SHRINKAGE 

The study team also determined the correlation 
of shrinkages between the concrete slab (actual 
pavement) and the concrete cylinder. It was found 
that the shrinkage of a cylinder cured in the labo­
ratory at 75°F and 40 percent relative humidity 
sufficiently represented the shrinkage of the con­
crete slab (Figs 6.6 and 6.7). Therefore, shrinkage 
data collected from lab-cured concrete cylinders can 
be used as the shrinkage values for running the 
CRCP program (or other research) without high 
risk. (It should be noted that the concrete cylinder 
was cured without removing the cylinder mold.) 

OTHER FINDINGS FROM THE TEST 
SECTIONS 

About half of the cracks in the bondbreaker/ 
subbase reflected through the concrete slab 
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during the short-term monitoring of the test sec­
tions (Figs 3.14 and 3.15). In general, more 
bondbreaker/subbase cracks were reflected in the 
summer construction than in the winter construc­
tion, probably as a result of the greater slab move­
ment (concrete stress) at early ages caused by the 
large temperature change. More reflection oc­
curred in the SRG sections than in the lS sections 
(Fig 3.15), probably as a consequence of the 
greater slab movement that results from the larger 
thermal coefficient for the same temperature 
change. Most of the reflected cracks of the sum­
mer construction occurred within a few days, with 
such cracks characterized by very meandering 
shapes (Fig 3.16). 

Many of the transverse cracks occurred over the 
transverse steel bars, a phenomenon that was 
more significant in the sections having double­
layered steel. Since the cross-sectional area of the 
concrete of a vertical plane that includes the two 
layers of transverse steel is smaller than other 
planes by the diameter of the steel, this plane 
becomes a weak plane. This reduced cross-sec­
tional area of the concrete increases the possibil­
ity of cracking along the plane. Cracking over the 
steel bars increases the probability that water will 
contact the steel, resulting in a higher possibility 
of steel corrosion. A staggered (top to bottom) 
layout of the transverse steel, as shown in Figure 
3.21(b), is recommended as a way of avoiding this 
problem. 

Many of the longitudinal steel-spliced areas 
showed transverse cracks in the concrete, usually 
at one of the splice ends. Such cracks could be 
the result of the sudden change in the amount 
of steel at the ends of the splice. However, the 
general shapes of the cracks were not meander­
ing. 

All of the manhole areas showed two to five 
meandering cracks around the manhole, probably 
a result of the reduction of the cross-sectional 
area and the discontinuity of the longitudinal 
steel in this area. Within 1 year after construction, 
these areas showed punchouts or severe spalling 
along the cracks (Fig 3.19). 

The CRCP program does not consider reflec­
tion cracking, the location of transverse steel, the 
effect of splices, or manholes. But because these 
items can be considered wing other design tech­
niques, changes to the CRCP program are not 
recommended. 

CALIBRATION OF THE FAILURE 
PREDICriON MODEL IN CRCP-7 

Using the long-term condition survey data 
available at the Center for Transportation 



Research, we developed failure curves showing the 
number of failures at various load applications 
and reliabilities (Figs 9.5 to 9.8). Next, using the 
failure curves, we calibrated the failure prediction 
model in the computer program CRCP-7 (Fig 
9.10). The calibrated model can be used to esti­
mate CRCP life in terms of the frequency of fail­
ures for pavements functioning under various 
environmental and design conditions. 

SUMMARY 

This chapter has summarized this study's obser­
vations and findings; how these observations and 
findings are considered in the CRCP program was 
also discussed. Observations considered in the 
CRCP program, those which require modifications 
of the program, and those which require further 
research are summarized with brief discussions in 
Tables 10.1 to 10.3, respectively. 

Table 10.7 Observations considered in the CRCP program 

Observation Method of Considering in Design 

Effect of coarse aggregate type on crack 
spacing and width 

Effect of steel quantity and size on crack 
spacing and width 

Seasonal effect on crack spacing 
and width 

Patterns of new cracks in a slab segment 

Coarse aggregate type affects the following 
concrete properties considered in the program: 

a. Thennal coefficient 
b. Shrinkage 
c. Elastic modulus 
d. Strength 

Steel design is considered in the program by the 
following input variables: 

a. Type of steel bar 
b. Percent 
c. Size of steel bar 

Can be simulated by entering proper values of 
the following input variables: 

a. Curing temperatures 
b. Daily minimum temperatures 
c. Annual minimum temperature 

Random crack patterns can be considered in the 
program by using the coefficient of variation of 
the concrete strength as an input variable. 

Table 10.2 Observations which require modification of the CRCP program 

Observation 

Effect of hydration on crack spacing 
and width 

Effect of crack occurrence time on crack 
width 

Insignificant effect of crack spacing on 
crack width 

Effect of warping stress on cracking 

Recommendation 

Develop a temperature prediction model for 
early-age concrete using factors affecting the 
rate of the hydration, such as fresh concrete 
temperature, air temperature, solar radiation, 
and placement time. Then, add the model in 
the program. 

During the long-term monitoring, determine if 
the effect is still significant. If so, modify the. 
program to account for the residual shrinkage. 

Check this effect during the long-term 
monitoring. If the effect is still not significant, 
modify the crack width prediction model in the 
program. 

Identify warping stress mechanism in CRCP by 
studying temperature gradient. If the effect of 
the warping stress is significant, modify the 
stress prediction model in the program. 
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Table 10.3 Observations which require further research 

Randomness of crack 

Pavement life prediction 

Determination of the curing temperature 

Use the Randomness Index (Ref 7) to evaluate 
crack shapes quantitatively for various 
placement seasons, times of crack occurrence, 
and coarse aggregate types. Then correlate 
the results with the probability of punchout. 
Reflect the results in the punchout prediction 
model in the program. 

Use the calibrated punchout prediction model 
to predict lives of CRCP with various designs, 
materials, environmental conditions, and traffic 
conditions. 

Correlate the curing temperature obtained by 
the method given in Chapter 7 with easily 
determined variables, such as fresh concrete 
temperature, air temperature, and solar radiation. 
Then, curing temperature can be predicted 
using this correlation. 

71 



CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS 

In this final chapter, conclusions and recom­
mendations are outlined based on the observa­
tions and findings from the study. Discussion in 
detail is presented in Chapter 10. 

BASIC CONCLUSIONS 

Short-term monitoring of the test sections dur­
ing the first one month after construction has 
been completed. Iii this report, observations and 
findings from the short-term monitoring of the 
test sections are presented. A discussion is also 
presented as to how these observations and find­
ings are considered in the CRCP computer pro­
gram. 

Based on the long-term condition survey data 
available at the Center for Transportation Re­
search, failure curves showing the number of fail­
ures at various numbers of load applications (con­
sidering various reliabilities) have been developed. 
Using the failure curves, the failure prediction 
model in the computer program CRCP-7 has been 
calibrated. The calibrated model can be used toes­
timate CRC pavement life in terms of the fre­
quency of failures for the pavements with various 
environmental and design conditions. 

GENERAL CONCLUSIONS 

In this section, general conclusions from the 
short-term monitoring of the test sections are pre­
sented. The conclusions will discuss both those 
items which have been considered in the CRCP 
program and those items ·which require further re­
search or modification of the CRCP program. 

Conclusions from the short-term monitoring of 
the test sections which are considered in the 
CRCP program are outlined below. 

(1) For all the paired test sections, there were 
significant differences in both crack spacing 
and crack width between the siliceous river 
gravel (SRG) sections and the limestone (LS) 
sections. The lS sections, without exception, 
experienced fewer cracks and larger crack 
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spacings than the SRG sections. The LS sec­
tions also experienced smaller crack widths 
than the SRG sections, even though the crack 
spacings were larger. 

(2) Generally, with the winter projects, the crack 
spacing and crack width decreased as the per­
cent steel increased. At the age of one month, 
a change in bond area achieved by the use of 
different bar sizes (No. "6 and No. 7 bars) had 
not shown a significant difference in cracking. 

(3) The location of the new crack between the 
two adjacent old cracks in CRC pavement 
seemed to depend on the distance between 
the two old cracks (longitudinal length of the 
slab segment). There was a relatively consis­
tent trend in the location of the new crack 
in a slab segment when the slab segment was 
less than about 8 feet long. When the slab 
segment was about 3 feet long, the new crack 
within the slab segment occurred, almost 
without exception, near the middle of the 
slab segment. Longer slab segments showed 
greater scattering of the new cracks near the 
middle of the slab segment. When the slab 
segments were longer than about 8 feet, the 
locations of the new cracks were randomly 
distributed. This supports the assumptions 
made in CRCP-5 or CRCP-7, that the variabil­
ity of crack spacing is primarily due to ten­
sile strength variation and the application of 
a normal distribution of strength. 

(4) Factors which significantly affect crack width 
were construction season, coarse aggregate 
type, amount of steel, and time of crack oc­
currence. Hot weather placement showed 
much wider cracks at a given slab surface 
temperature condition than cool weather 
placement. The use of SRG aggregates re­
sulted in wider cracks than use of LS aggre­
gates, and the difference was larger at lower 
temperatures. The greater the amount of lon­
gitudinal steel, the narrower the crack width. 
Cracks occurring during the first three days 
of construction were significantly wider than 
those which occurred later. 



(5) Shrinkage of a concrete cylinder cured in the 
laboratory at 75oF and 40 percent relative 
humidity, without removing the cylinder 
mold, sufficiently represented the field 
shrinkage of the concrete slab. 

(6) The CRCP program reliably predicted crack 
spacing history (both mean crack spacings 
and crack spacing distribution) during the 
early life. 

Observations and findings from the short-term 
monitoring which require further research or 
modification of the CRCP program are outlined 
below. 

(1) The heat caused by the hydration of the ce­
ment significantly affects the pattern of the 
concrete temperature in the pavement slab 
during the first 24 hours after construction, 
and consideration should be given to control­
ling the temperature especially in summer 
placements. Fresh concrete temperature, am­
bient temperature conditions, and solar radia­
tion influence the pattern of concrete tem­
perature during the hydration. Since the 
reaction of the hydration is chemically con­
trolled, the rate of hydration is very sensitive 
to the ambient temperature conditions. A 
higher ambient temperature condition results 
in a higher rate of hydration. The higher the 
rate of hydration, the higher and the earlier 
is the maximum peak of the concrete tem­
perature. 

(2) There were significant differences in the crack 
patterns between summer construction and 
winter construction. For the summer con­
struction, numerous early-age cracks and sev­
eral longitudinal cracks were observed, 
whereas a much smaller number of early-age 
cracks and no longitudinal cracking were 
observed in the winter construction. This 
may be related to the higher temperature 
change associated with the summer construc­
tion, resulting from the higher rate of hydra­
tion. 

(3) Early-age cracks observed within the first sev­
eral days after construction in the summer 
project tended to be wide and meander badly. 
This tendency will increase the probability of 
Y-cracking, punchouts, spalling, and steel 
rupture in the future. 

(4) The frequency of early-age cracking in the 
summer project varied even with the time of 
placement during a day. The frequency 
of cracking was always greater in the area 
placed earlier in the morning than in the 
areas placed later during the day. For winter 
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construction, however, the effect of place­
ment time was negligible. 

(5) For the summer construction, the transverse 
cracks which occurred during the first several 
days did not differ significantly with the 
amount or size of the reinforcing steel. This 
may be because placement time and tempera­
ture are more important than reinforcing 
steel. 

(6) Contrary to the general belief that the 
greater the crack spacing the wider the 
cracks, no significant correlation was ob­
served between the crack spacing and crack 
width during the short-term monitoring. It 
is recommended that the correlation be 
checked again during long-term monitoring 
of the test sections. 

(7) In general, the CRCP program overpredicted 
crack widths. The overprediction of the crack 
widths may be because (1) the current crack 
width prediction model might be overly sen­
sitive to the crack spacing during the early 
pavement life, and (2) the program does not 
consider the effect of crack occurrence age on 
crack width. Modification of the crack width 
model may be considered after long-term 
condition survey of the test sections. 

(8) A method for determining the curing tem­
perature used in calculating the temperature­
induced stress in concrete pavements has 
been developed by monitoring the concrete 
temperature and the movement of concrete 
within a modified cylinder mold. 

RECOMMENDATIONS FOR THE 
FUTURE CONSTRUCTION 

(1) In this study, problems associated with early­
age cracks in summer construction, meander­
ing shapes and wide cracks, have been dis­
cussed. In order to avoid these unwanted 
early-age cracks, it is better to place concrete 
in cool weather, because the early-age cracks 
are a product of hot-weather concreting. It 
may be difficult to control the early-age 
cracks by controlling the amount of longitu­
dinal steel, because the bond between steel 
and concrete is not· fully developed during 
the first several days after construction. 

(2) If it is necessary to place concrete during hot 
weather, it is recommended that placement 
begin in the afternoon rather than in the 
morning to reduce early-age cracks, because 
afternoon construction produces less tem­
perature rise. Nighttime construction should 
be also considered. 



(3) Since the temperature rise by hydration dur­
ing the construction day and subsequent 
cooling during the night cause the problems, 
a reduction of the temperature rise during 
construction by some technique will also 
decrease the tendency toward unwanted 
early-age cracks. These techniques could in­
clude pre-cooling, the use of pozzolanic ma­
terial, and the use of retarder. A much lower 
variation in concrete temperature can be ex­
pected if the concrete temperature can be 
controlled by these techniques in such a 
manner that the main heat generation period 
of hydration occurs during the nighttime 
when the ambient temperature is lower. Re­
ducing the temperature rise by these methods 
will delay the time of crack occurrence, and 
a substantial amount of the tensile stresses 
induced by the drying shrinkage and tem­
perature drop can be relieved by creep. The 
pavement benefits most from the creep effect 
when the time of cracking is delayed as long 
as possible. The curing temperature (setting 
temperature) of the concrete could also be 
lowered by reducing the temperature rise, re­
sulting in a lower concrete tensile stress and 
smaller crack width. 

(4) Due to the high temperature variations, the 
use of aggregate with a low thermal coeffi­
cient, like limestone, is recommended for 
hot-weather placement. The use of aggregates 
with a high thermal coefficient, like siliceous 
river gravel, in hot-weather construction 
should be minimized unless steps are taken 
for lowering the peak temperature. 

(5) It should be noted that longitudinal cracks 
began to occur during the first night after the 
construction day. In order to avoid unwanted 
longitudinal cracks, it is recommended that 
the longitudinal joint of the concrete pave­
ment placed in hot weather be sawed during 
the evening of the day of construction as 
soon as the concrete gains enough strength 
for the sawing operation. A proposed sawing 
schedule is given in Figure 3.11. 

74 

(6) Many of the transverse cracks occurred over 
the transverse steel bars, and this phenom­
enon was more significant in the sections 
with double-layered steel. Cracking over the 
steel bars increases the possibility of water 
contact to the steel, resulting in a higher 
possibility of steel corrosion. A staggered steel 
layout is recommended to reduce this prob­
lem (Fig 3.21). 

(7) All of the manhole areas showed two to five 
meandering cracks around the manhole. 
Within one year after construction, these areas 
showed punchouts or severe spalling along the 
cracks. Relocation of the manholes is recom­
mended at the design stage based on the long­
term benefit-cost analysis, or the design 
around the manhole should be improved. 

RECOMMENDATIONS FOR THE 
FUTURE RESEARCH -

(1) In order to observe the long-term perfor­
mance of the test sections, condition surveys 
should be conducted annually for the first 
two or three years after construction, and 
thereafter less frequently. It is recommended 
that the condition surveys be performed dur­
ing the winter so that cracks can be easily 
observed and the maximum crack widths can 
be measured. 

(2) Comparison of the predicted crack patterns 
by the CRCP program with measured crack 
patterns from the test sections, in terms of 
crack spacing and crack width, is recom­
mended. 

(3) Checking design details, considering future 
punchouts using the calibrated distress pre­
diction model in CRCP-7, is recommended. 

( 4) Further research efforts on the use of the slab 
temperature controlling techniques during the 
first 24 hours after placement (i.e., pre-cooling, 
use of flyash, and use of retarder) are highly 
recommended to determine the performance 
and practical feasibility of each technique. 
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Table 8.1 Cylinder test results (SH6-summer) 

PROPERTY CAT LAB/FIELD 3DAY 7DAY 28DAY 

SPLIT TENS. SR3 LAB 464.7 (66)* 518.2 (21) 558.7 (60) 
(psi) FIELD 539.8 (32) 600.1 (48) 

LS LAB 423.4 (40j 505.2 (40) 515.7 (70) 
FIELD 488.8 {34) 496.5 (27) 

E SR3 LAB 5.25 (0.85) 5.25 (1.15} 4.77 (0.94) 
(Million psi) FIELD 5.16 (0.73) 5.4 (0.99) 

LS LAB 4.94 (0.63) 3.91 (0.74) 5.24 (0.46) 
FIELD 3.98 (0.91} 5.53 (0.66) 

COMP.STR. SR3 LAB 5120 (201) 5801 (354) 6497 (387) 
(PSI) FIELD 5677 (395) 6252 (350) 

LS LAB 5282 (1022) 6261 (956) 6108 (1253i 
FIELD 5807 (1163} 7372 (859) . . .. 

• Number w1thm parenthests represents standard deviation of 6 cylinders (2 trucks X 3) . 

14DAY 17DAY 24DAY 25DAY 27DAY 28DAY 31DAY 32DAY 

SHRINKAGE SR31 LAB 128.8 132.9 164.7 161.9 174.4 204.8 189.6 201.3 
(Microstrain) I FIELD 177.4 189.8 191.9 208.5 214 220.2 

110AY 14DAY 21DAY 22DAY 24DAY 25DAY 28DAY 29DAY 

LSI LAB 103.8 98.97 1161.8 163.9 183.9 197 196.3 201.9 
I FIELD 103.8 128.7 143.8 154.9 159.7 170.8 173.5 

THERM. COEFF. SRG I LAB•4.8 
(Microstrain) I FIELD-5.5 

LS I LAB•2.9 
I FIELD-3.1 
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Table 8.2 Cylinder test results (BWB·wlnter) 

PROPERlY CAT LAB/FIELD 3DAY 7DAY 28DAY 

SPLIT TENS. SR3 LAB 398.7 (21}. 492.1 (30) 535.8 (28) 
(psi) FIELD 471.8 (16) 558.1 (19) 

LS LAB 435.2 (42) 479.7 (13) 454.3 (51) 
FIELD 453.4 (28) 4n.6 C54\ 

E SR3 LAB 4.79 (0.90) 5.37 (0.53) 4.78 {0.18) 
(Million psi) FIELD 5.36 (0.45) 4.68 {0.69) 

LS LAB 4.28 (0.39) 4.90 (0.63) 4.19 {0.48) 
FIELD 4.79 {0.09) 4.14 (0.05) 

COMP.STR SR3 LAB 3480 (229} 4907 {531) 6083 (308) 
(PSI) FIELD 4597 (207) 5567 {227) 

LS LAB 4246 (224) 5063 {316) 6122 {522) 
FIELD 4913 {561) 5886 (641} . . . . 

• Number w1thsn parenthesis represents standard deviation of 6 cylinders (2 trucks X 3) . 

3DAY 5DAY 60AY 140AY 21DAY 26DAY nDAY 960AY 

SHRINKAGE SR31 LAB 255 280 
{Microstrain) I FIELD 43 38 110 163 168 243 293 295 

3DAY SDAY 6DAY 13DAY 200AY 25DAY 760AY 950AY 

LSI LAB 270 275 
I FIELD 10 30 60 55 75 I 105 210 225 

lHERM. COEFF. SAG I LAB•8.1 
(Microstrain) I FIELD-8.4 

LS I LAB·5.0 
I FIELD-5.5 
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PROPERlY 

SPLIT TENS. 
(psi) 

E 
(Million psi) 

COMP.STR. 
(PSI) 

SHRINKAGE 
(Microstrain) 

1HERM COEFF. 
(Microstrain) 

Table 8.3 Cylinder tat results (SH6-wlnter) 

LS LAB 
FIELD 

SR3 LAB 
FIELD 

LS LAB 
FIELD 

30AY 50AY 60AY 300AY 490AY I 
s:GI LAB 90 170 

I FIELD 90 eo 90 115 155 

20AY 280AY 47DAY 

LSI LAB I 165 I 205 I 
I FIELD 15 165 I 205 I I 

SRG I 
I FIELD-6.6 

LSI 
I FIELD-3.8 
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Tobie 8.4 Cylinder test results (IH4S-wlnter) 

PROPERTY CAT LAB/FIELD 3DAY 7DAY 28DAY 

SPLIT TENS. SR3 LAB 278.1 (14). 429.2 (64) 531.1 {58) 
(psi) FIELD 431.0 (54) 464.6 (35}_ 

LS LAB 441.9 (21) 489.2 (50) 543.3 (21) 
FIELD 487.9 (37) 571.5 {31) 

E SR3 LAB 3.51 (0.43) 4.70 (0.41) 5.07 (0.34) 
(Million psi) FIELD 5.36 {0.41} 5.50 (0.68) 

LS LAB 4.12 (0.25) 4.59 (0.52) 4.88 (0.41) 
FIELD 4.58 (0.50) 5.01 {0.29) 

COMP.STR SR3 LAB 3660 (368) 4282 (583) 5273 (728) 
(PSI) FIELD 4217 (359) 5273 (640) 

LS LAB 3869 (237} 6122 (273} 7496 (319} 
FIELD 6054 (191) 7095 (214) . . . . 

• Number WJthtn parenthesis represents standard dev1at1on of 6 cylinders (2 trucks X 3) . 

3DAY 6DAY 7DAY 90AYI110AY 26DAY 45DAY 

SHRINKAGE SR31 LAB 44s•• 4ss·· 
(Microstrain) I FIELD 45 75 85 105 135 220 

3DAY 5DAY 12DAY 160AY 25DAY 38DAY 

LSI LAB 150 165 215 
I FIELD 40 80 150 210 I . • Mold of the cylinder had been removed dunng the cunng. 

THERM. COEFF. SRG I 
(Microstrai n) I FIELD-6.6 

LSI 
I FIELD-4.1 
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APPENDIX C 

TIME PLOT OF THE SLAB AND AIR TEMPERATURE FOR 
3 DAYS AFTER CONSTRUCTION 

(Note: Fresh concrete temperature and the time of concrete placement at 
each location of the thermocouples are given in Table 2.2) 
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Tab/~ 0.1 W~atMr information (SH6-summer) 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal) (Btuhlsq. ft) (oF) 

6/16190 8.00 CLEAR 66.0 
9.83 CLEAR 73.0 
10.08 CLEAR 83.0 
11.50 CLEAR 285 79.6 
11.75 CLEAR 285 78.0 
12.33 CLEAR 285 85.2 
12.75 CLEAR 290 83.4 
13.42 CLEAR 280 82.6 
14.33 CLEAR 280 86.4 
15.42 CLEAR 290 83.4 
16.33 CLEAR 290 83.0 
17.25 CLEAR 275 77.4 
18.33 CLEAR 240 85.2 
19.75 CLEAR 135 79.2 
20.67 CLEAR 79.2 
21.67 CLEAR 71.6 
22.67 CLEAR 69.8 
23.67 CLEAR 68.0 

6/17190 2.00 CLEAR 63.0 
4.33 CLEAR 62.4 
5.92 CLEAR 60.2 
8.00 CLEAR 260 71.8 
9.75 CLEAR 275 76.6 
11.75 CLEAR 280 82.8 
13.75 CLEAR 280 85.8 
15.75 CLEAR 295 85.6 
17.75 CLEAR 260 84.4 
19.75 CLEAR 120 80.6 
22.25 CLEAR 71.8 
24.00 CLEAR 69.6 

6/18190 2.00 CLEAR . 69.0 
4.00 CLEAR 70.0 
6.00 CLEAR 67.0 
7.75 CLEAR 150 77.4 
9.75 CLOUDY 60 82.6 
11.33 CLEAR 320 87.0 
14.17 CLEAR 320 94.6 
16.08 RAIN 120 89.4 
18.17 CLOY/RAIN 40 83.2 
19.75 CLOUDY 10 80.4 
22.00 CLOUDY 76.8 
24.00 CLOUDY 78.4 
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TabU! D. J Wt!atht!r Information (SH6-summt!r) • continut!d 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal) (Btuhlsa. ft) (oF) 

6/19/90 2.17 CLOUDY 75.0 
4.17 CLOUDY 76.0 
6.42 CLOUDY 74.8 
8.42 CLOUDY 30 79.4 
9.83 CLOUDY 80 83.4 
13.58 CLEAR 290 92.0 
15.75 CLEAR 280 96.2 
18.67 CLEAR 210 90.8 

H0.17 CLEAR 86.8 
1.00 CLEAR 84.6 

22.50 CLEAR 80.8 
23.50 CLEAR 79.2 

6/20/90 2.00 CLEAR 76.8 
4.58 CLEAR 74.2 
8.08 CLEAR 40 76.6 
12.42 CLEAR 280 93.6 
15.83 CLEAR 280 89.0 
17.92 CLEAR 2 89.6 
22.05 CLEAR 76.6 
23.50 CLEAR 75.0 

6/21/90 4.42 CLEAR 71.2 
9.03 CLEAR 120 81.2 
11.75 CLOUDY 150 85.4 
15.00 CLEAR 300 95.0 

6122190 6.00 CLOUDY 71.4 
9.83 CLOUDY 60 86.0 
14.00 CLOUDY 70 88.0 

6/24/90 9.00 CLOUDY 50 74.4 
14.00 CLOUDY 70 78.2 

6128/90 6.00 CLOUDY 70.2 
14.00 CLOUDY 140 86.4 

6/29/90 6.00 CLOUDY 71.4 
14.00 CLOUDY 50 80.0 

716190 6.00 CLOUDY 73.8 
13.75 RAIN 50 81.0 

7/11190 8.00 CLOUDY 50 80.0 
14.17 CLOUDY 60 86.0 

97 



Tabk D.2 Wet:~th«r Information (BWB-wlnt~!r) 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal} (Btuh!s_g. ft} l_°Fl 

11/24/89 10.33 CLEAR/COOL 56.4 
12.00 CLEAR/COOL . 64.4 
13.83 CLEAR/COOL 68.8 
14.83 CLEAR/COOL 65.4 
15.92 CLEAR/COOL 64.8 
16.83 CLEAR/COOL 63.0 
18.92 CLEAR/COOL 55.8 
19.83 CLEAR/COOL 55.8 
21.33 CLEAR/COOL 55.4 
22.50 CLEAR/COOL 54.8 
23.50 CLEAR/COOL 53.8 

11/25/89 2.00 CLEAR/COOL 57.4 
4.00 PARTLYCLDY . 60.6 
6.00 PARTLYCLDY 61.4 
8.00 PARTLYCLDY 20 62.8 

10.50 CLOUDY 60 71.6 
12.25 PARTLYCLDY 73 77.8 
14.83 PARTLY CLOY 75 77.6 
16.00 CLEAR . 76.6 
18.00 CLEAR . 70.8 
20.00 CLEAR 66.4 
22.00 CLEAR 65.6 
24.00 CLEAR 

11/26/89 1.25 CLEAR 63.2 
5.00 CLEAR/FOGGY 66.2 
7.00 FOGGY 64.6 
14.00 CLEAR 270 82.0 
16.00 CLEAR 180 81.0 
18.33 CLEAR 69.0 

11/27/89 6.75 CLEAR . 67.4 
14.25 PARTLY CLOY 130 80.4 
16.50 PARTLYCLDY 20 75.4 
18.10 PARTLY CLOY 69.6 

11/28/89 4.50 PARTLYCLDY 60.8 
5.83 PARTLY CLOY 55.8 

14.33 PARTLY CLOY 130 62.0 
16.00 PARTLY CLOY 50 60.8 
18.00 CLOUDY 57.4 . 

11/29/89 3.33 RAIN . 48.6 
6.17 CLOUDY 44.0 

14.00 PARTLYCLDY 100 54.2 
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Table 0.2 Weather Information (BWB-w/nter) • continued 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
{Decimal) (Btuhlso. ft) (OF) 

11130/89 6.00 MISTY RAIN 41.4 
8.07 CLOUDY 44.0 
14.07 CLOY/RAIN 46.2 
15.66 CLOUDY 47.8 

1211/89 6.25 CLOUDY 43.4 
1215/89 6.00 CLEAR 39.0 

14.00 PART CLOY 50 68.8 
1218/89 6.00 CLEAR 37.2 

14.50 OVERCAST 41.0 
12115/89 6.00 FOGGY 50.4 

12.00 CLEAR 270 62.0 
15.75 COOUCLEAR 210 49.6 

12120/89 14.75 CLEAR 140 46.6 
12121/89 6.42 OVERCAST 29.6 
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Table 0.3 Weather Information (SH6-wlnter) 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal) (Btuhlsa. ft) C°F} 

1/10190 13.00 CLEAR 76.0 
14.08 CLEAR 73.6 
14.35 CLEAR 74.4 
14.50 CLEAR 74.8 
15.20 CLEAR 74.8 
16.42 CLEAR 73.2 
18.00 CLEAR 62.2 
20.33 CLEAR 53.8 
22.17 CLEAR 50.4 

1/11190 0.17 FOGGY 50.6 
1.67 FOGGY 54.0 
4.25 FOGGY 54.0 
6.00 FOGGY 54.6 
8.00 CLOUD 7 56.2 
9.00 CLOUD 25 61.0 
12.33 CLEAR 160 70.4 

t=illb CLEAR 160 75.0 
CLEAR 

16.17 CLEAR 70 75.0 
17.00 CLEAR 
17.50 CLEAR 8 69.8 
20.10 CLEAR 54.4 
21.10 CLEAR 
21.50 CLEAR 53.4 
24.00 FOGGY 44.8 

1/12190 2.67 FOGGY 48.0 
4.17 FOGGY . 53.0 
5.92 CLEAR/COOL 50.4 
9.42 CLEAR/COOL 80 53.6 
10.50 CLEAR/COOL 54.4 
10.75 CLEAR/COOL 57.2 
11.08 CLEAR 57.0 
13.00 CLEAR 61.2 
13.50 CLEAR 61.4 
14.33 CLEAR 160 62.8 
17.25 CLEAR 10 57.8 
20.00 CLEAR/COOL 49.6 
22.50 CLEAR/COOL 44.8 
24.00 CLEAR/COOL 43.6 
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Table D.3 Weather Information (SH6-wlnter) - continued 

1/13/90 1.83 CLEAR/COOL 37.6 
4.33 CLEAR/COOL 36.8 
6.00 CLEAR/COOL 34.2 
9.67 CLEAR/COOL 120 45.6 
13.50 CLEAR/COOL 170 55.0 
15.25 CLEAR/COOL 130 57.0 
19.17 CLEAR/COOL 49.6 
21.67 CLOUDY 51.4 

1/14190 1.12 CLOUDY 48.4 
6.50 CLOUDY 52.4 

1/15190 10.67 CLOUDY 65 68.2 
1/16190 9.17 CLOUDY 63.6 

9.75 CLOUDY 69.8 
1/18190 10.50 CLOY/RAIN 71.6 

11.25 CLOUDY 70.4 
1/19190 11.25 CLOY/RAIN 50 72.2 

11.75 CLOY/RAIN 40 71.4 
1/20190 8.83 CLOY/COOL 15 49.6 

9.58 PART/CLOY 130 51.8 
1/25190 12.33 CLEAR/COOL 200 54.8 

13.17 CLEAR/COOL 200 

~ 211190 7.08 CLOY/RAIN 
2114190 8.58 CLOUDY 30 
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Tobie D.4 Weother lnformotion (IH4S-wlnter) 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal) (Btuh!sQ. ft} (CF) 

1/14190 9.33 CLOUDY 27 55.6 
10.00 CLOUDY . 62.6 
10.92 CLOUDY 63.6 
12.00 PARTCLDY 75 66.6 
13.00 PART CLOY 120 71.4 
15.83 CLOUDY 68.0 
17.98 CLOUDY 62.0 
21.00 PARTCLDY 67.2 

1/15190 0.25 CLOUDY 58.4 
1.95 CLOUDY 58.4 
3.92 CLEAR 1 59.4 
6.08 CLEAR 58.2 
8.83 CLOUDY 20 59.2 
13.67 CLOUDY 50 71.8 
14.92 CLOUDY 150 73.6 
18.13 CLEAR 65.8 

1/16190 0.08 CLOUDY 58.6 
2.13 CLOUDY 59.8 
4.25 CLOUDY 59.8 
5.83 CLOUDY 60.2 

13.50 RAIN 35 69.8 
15.00 RAIN/CLOY 16 68 
18.60 RAIN/CLOY 64.4 
20.75 CLOUDY 64.0 

1/17/90 0.83 RAIN/CLOY 67.0 
2.00 CLOUDY 66.2 
4.25 CLOUDY 65.8 
5.58 CLOUDY 66.2 
9.50 CLOUDY 13 67.4 
12.13 CLOUDY 30 72.2 
15.50 CLOUDY 40-100 71.4 
17.93 CLOUDY 69.8 
20.42 CLOUDY 67.0 

1/18/90 0.25 CLOUDY 67.6 
2.00 RAIN 69.6 
4.25 RAIN/CLOY 66.6 
6.25 CLOUDY 67.2 
13.23 RAIN/CLOY 70.2 
17.35 CLOUDY 66.8 

5 WIND/CLOY 65.6 
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Tobie 0.4 Weather Information (IH4S-wlnter) • continued 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal) (Btuhlsa. ft) (OF) 

1/19190 6.25 RAIN/CLOY 65.6 
15.17 CLOY/RAIN 70.4 

1/20190 4.08 CLOY/COOL 50.2 
5.97 CLOY/COOL 49.8 

11.08 CLOY/COOL 70 54.8 
14.33 CLOY/COOL 50 55.2 
18.33 PART CLOY 50.6 

1/21190 2.17 CLEAR 45.8 
4.33 CLEAR 41.2 
5.90 CLEAR 39.6 

i 8.58 CLEAR so 51.2 
9.25 CLEAR 80 50.0 
10.25 CLEAR 135 50.4 
11.08 CLEAR 170 56.4 
12.08 CLEAR 187 60.0 
13.50 CLEAR 165 60.4 
14.67 CLEAR 122 63.0 
15.17 CLEAR 64.4 
16.08 CLEAR 78 64.0 
18.00 CLEAR 62.2 
20.20 CLEAR . 49.2 
20.67 CLEAR 44.8 
21.75 CLEAR 43.4 

1/22190 i 0.42 CLEAR 42.0 
2.08 CLEAR 38.0 
4.08 CLEAR 39.2 
5.75 CLEAR . 36.4 
6.36 CLEAR 32.8 

13.25 CLEAR 190 69.0 
15.67 CLEAR 95 72.6 
17.83 CLEAR 65.4 
17.93 CLEAR . 62.6 
20.75 CLEAR 55.4 
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Table 0.4 Weather Information (IH4S-wlnter) - continued 

DATE TIME WEATHER SOLAR RAD. AIR TEMP 
(Decimal) (Btuh!SQ. ft) (OF) 

1/23190 0.33 CLEAR 47.0 
2.08 CLEAR 45.0 
4.12 CLEAR 44.2 
6.00 CLEAR 43.2 
6.42 CLEAR 45.0 
8.50 CLOUDY 15 47.6 
12.17 CLEAR 145 74.2 
15.25 PARTCLDY 45 77.2 
17.00 PARTCLDY 12 74.0 
21.00 PARTCLDY 64.2 

1/24190 0.08 RAIN 66.6 
1.75 RAIN/CLDY 64.0 
4.11 RAIN/CLDY 62.8 
5.83 CLOY/RAIN 59.6 
6.55 RAIN/CLDY 58.8 
9.08 RAIN 10 58.6 
13.75 CLOY/RAIN 10 59.8 
22.25 CLOUDY 54.4 

1/25190 4.17 CLEAR/COOL 44.6 
5.00 CLEAR/COOL 43.4 
5.83 CLEAR/COOL 41.4 
9.33 CLEAR/COOL 120 46.2 
16.17 CLEAR/COOL 100 60.2 
22.00 CLEAR/COOL 35.0 

1/26190 4.12 CLEAR/COOL 30.2 
5.00 CLEAR/COOL 29.6 
6.12 CLEAR/COOL 30.0 
9.53 CLEAR/COOL 110 51.4 

1/31190 7.00 CLOY/COOL 47.8 
2/15190 9.45 CLOUDY 
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APPENDIX E 

GRAPHIC PLOTS OF TRANSVERSE CRACK PATTERNS 
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APPENDIX F 

DISTRIBUTION OF CRACK SPACINGS AT 
THE END OF SHORT-TERM MONITORING 
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Figure F.4 Distribution of crock spodngs ot the end of short-term monitoring (BWB-winter, LS) 
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Figure G.J Comparison of predicted crack spacings with observed crack spacings (SH6-summer) 
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Figure G.l Comparison of pr~icted croclc spodngs with observed crock spacings (BWB-wlntcr) 
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Figure G.3 Comparison of predicted craclc spacings with observed crack spadngs (SH6-wlnter) 
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Figure H.J Comparison of pndlcted crock widths with observed crock widths (SH6-summer) 
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Figure H.3 Comparison of predicted crack widths with observed crack widths (SH6-winter) • continued 
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Figure H.3 Comparison of predicted crack widths with observed crock widths (SH6-winter) (continued) 
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Figure H.4 Comparison of predicted croclc widths with observed crack widths (IH4S-wlnter) 
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figure H.4 Comparison of predicted crack widths with observed crack widths (IH4S-wintf!r) - continued 
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