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SYNOPSIS 

The performance record of continuously reinforced con

crete pavement has been the subject of discussion for num

erous research papers during the last few years. This paper 

constitutes a report on the early service life characteristics 

of a continuously reinforced concrete pavement in Comal County, 

Texas. 

Gage plugs were placed longitudinally along the pavement 

surface at spacings of 20 inches in two short test areas cover

ing distances of 28 feet and 38 feet, respectively. The move

ment between adjacent gage plugs was measured by the use of a 

20-inch Berry Strain Gage at various periods during the early 

life of the pavement. In conjunction with these studies of 

movement, measurements of air temperature, transverse crack 

width, and concrete properties were performed. A test sec

tion approximately 1500 feet long was observed for th~ de

velopment of the crack pattern for a period of one year. 

The experimental data were used to analyze the inter

action among air temperature, pavement age, and concrete 

properties, as these variables influence the development of 

the crack pattern in a continuously reinforced concrete pave

ment. In addition, an expression for predicting the width of 

a transverse crack in terms of pavement age and air temper

ature was developed. 
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DEFINITIONS 

1. ~ - The portion of a continuously reinforced concrete 

pavement placed during one consecutive period of paving 

operations, s~ch as a day. The length of the slab would 

be measured between consecutive transverse construction 

joints. 

2. Slab Segment - The portion of a slab between any two con

secutive transverse cracks in the pavement. 

3. Test Seqtion - A slab or part of a slab used to determine 

crack pattern development. 

4. Test Area - The area within a slab where strain and/or 

movement measurements are conducted. 

5. Average Crack Spacing - The average length of the slab 

segments within a designated test section. 

6. Cycle - Any 24 hour period of time in the life of a pave

ment during which measurements of movement, strain, etc, 

are performed. The cycles are numbered consecutively 

with the first cycle starting with the initial placement 

of concrete. 

7. Plugs - Gage plugs installed in concrete to provide ref

erence points from which to measure minute movements be

tween any two adjacent plugs. 

a. Opening - distance between any two adjacent plugs 

increasing. 

b. Closing - distance between any two adjacent plugs 

decreasing. 
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I. Introduction 

Explanation of CRCP 

Continuously reinforced concrete pavement (CRCP) is an 

unusual type of pavement structure. In this type of pavement 

the transverse contraction jOints, long considered to be 

essential in the construction of concrete pavements to prevent 

the volume changes in the concrete from causing excessive 

damage to the pavement, have been eliminated. In convential 

jointed concrete pavements, the contraction joint spacings 

range from 15 feet to 125 feet, depending upon the amount of 

longitudinal reinforcement used. In continuously reinforced 

concrete pavement, a series of seemingly uncontrolled, appar-

ently randomized cracks which generally run transversely across 

the pavement develop. These cracks are hairline in width and 

are generally spaced at'closer intervals than common contraction 

joint spacings. Since the contraction joints, which are an 

inherent source of weakness in convential jointed concrete 

pavements, are deleted in continuous pavement, the problems 

normally associated with pavement performance at joints is 

alleviated. (9/1)*. The only joints used in continuous pave-

ment are construction joints which are installed at the end 

of a day's placement and expansion joints at structures. 

* Numbers in parentheses refer to items in the Bibliography. 
The number before the slash(/) refers to the numerical order 
in the Bibliography; whereas, the number after the slash re
fers to the page number in the enumerated reference. 
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A designer for this type of pavement must take into 

account the stresses induced into the concrete and the steel 

by temperature changes, shrinkage, and externally apPlied loads 

(wheel loads). Due to the complexity of the problem in eval

uating the effects of these combined factors, several simpli

fied design procedures have been proposed. (11/6) (4/3). 

These desi6n methods propose that the stresses induced by 

wheel loads be accounted for by slab thickness, and that the 

stresses induced by the volumetric changes in the concrete be 

taken care of by the longitudinal steel. In essence, the 

steel serves the purpose of holding the transverse cracks in 

the pavement tightly closed so that slab continuity is main

tained. If the crack openings are held to a minimum magni

tude, then full load transfer is achieved across the cracks. 

This brief description indicates that crack width and 

crack spaCing are of primary importance in the performance of 

a continuously reinforced concrete pavement. Numerous publi

cations by various investigators have reported on factors 

which influence the crack pattern (20/61) (10/22) (19/76) 

(16/1), but only limited amounts of data are available con

cerning the actual development of the crack pattern. The 

goals of this study are to examine and to explain the phe

nomenon of the crack pattern development. A full understanding 

of this phenomenon, along with the other factors which affect 

the pavement performance, can serve as a basis for a rational 

pavement design approach. 
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HIstory of CRCP 

The use of continuously reinforced concrete pavement 

started in 1938, when Indiana constructed a continuous pave

ment with a longitudinal steel percentage* of 1.82. (2/49) 

In various experimental pavements constructed since this time, 

the longitudinal steel percentage has ranged from a maximum 

of 1.82 per cent to a minimum of 0.3 per cent (10/22). At 

the present time, most states use a longitudinal steel per-

centage of 0.5 to 0.6. Generally, the lower the steel per-

centage, the cheaper the unit cost of the pavement. There-

fore, the engineer is faced with the problem of selecting a 

minimum steel perc2ntage in order to insure that continuous 

pavement is a competitive alternate design. Although very 

little is known about the design of continuous pavement, 

this type of pavement has commenced to experience widespread 

usage throughout the country. Recent reports (October 1961) 

by the Concrete Reinforcing Steel Institutes Committee on 

Continuously Reinforced Concrete Pavement show that 489 miles 

of equivalent two lane continuously reinforced concrete pave-

ment have been constructed or contracted for construction in 

the United States. (18/1) 

This relatively widespread adoption can be attributed 

largely to good performance records. Practically every 

* Per cent steel refers to the ratio of the cross-sectional 
area of the steel to the cross-sectional area of the concrete 
times 100. 
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continuous pavement constructed thus far has an excellent 

performance record in comparison with conventional pavement. 

This,' of course, makes it desirable for use on high-volume 

highways, since obstruction of traffic for joint repairs is 

costly as well as dangerous to the workmen. A study of 

annual costs of a mile of 24 foot pavement made by the Con

crete Reinforcing Steel Institutes Committee on Continuous 

Pavement and based on a 35 year service life shows that con

tinuously reinforced concrete pavements cost $1,445 per mile 

per year (first cost and maintenance cost) and conventional 

jointed concrete pavements cost $1,730 per mile per year. 

(1/31). This particular economic comparison implies that 

continuously reinforced concrete pavement can be competitive, 

as well as being equal to or superior to convential jointed 

pavement in performance. A better understanding of the basic 

design factors influencing the performance of continuous pave

ment could possibly reduce the first cost and the maintenance 

cost, and could result in a superior product at a cheaper 

cost. 
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Background 

II. General Information Pertaining to 
The Project Under Investigation 

The first projects in Texas using continuously rein-

forced concrete pavement were located in Fort Worth, Texas, 

and these projects have a longitudinal steel percentage of 

0.7 per cent. The excellent performance received from the 

Fort Worth pavements over an eight year period, along with 

design investigations, indicated the possibility of reducing 

the longitudinal steel percentage to 0.5 per cent. In the 

early part of 1959, a continuous pavement with 0.5 per cent 

steel was constructed approximately 15 miles south of Waco, 

Texas. The pavement used for the investigation in this report 

is located in Comal County, Texas, and is the second contin-

uously reinforced concrete pavement in Texas to be constructed 

with 0.5 per cent longitudinal steel. The Comal County pro

ject consists of 2.4 miles of freeway-type construction running 

north from a point about 0.2 of a mile south of the New 

Braunfels city limits to the south bank of the Guadalupe River. 

Figure 1 shows the location and layout of the project, while 

Figure 2 portrays the typical cross-section of the pavement 

structure on this project. The Comal County project was 

actually "let" for construction under two separate contracts, 

but the same design was used in both cases, and one contractor 

performed all paving operations. Therefore, for the purpose 

of this report, the two contracts will be considered as one 
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project. Mr. R.F. Stotzer, Jr., Resident Engineer for the 

Texas Highway Department, was in charge of all construction 

operations. 

Continuously reinforced concrete pavement was used on 

all ramps, speed-change lanes, and the through lanes; and a 

flexible pavement was used on the frontage roads. Expansion 

joints were only used at the structure ends, and no pro-

visions were made for terminal anchorage of the free ends of 

the pavement on this project. Free ends refer to the end 

area of a slab or a series of slabs that experience contrac-

tive and expansive movement. The expansion joints were of 

the "finger" type used on many bridges. (14/1). 

Design and Construction Procedures 

As mentioned previously, the bar size and spacing for the 

longitudinal steel was based on a design requirement of 0.5 

per cent of the cross-sectional area of the concrete, and the 

transverse steel size ana spacing was based on a standard re-

quirement of 0.1 per cent. The plans called for the longitu

dinal steel bars to be 3/4 inch in diameter spaced at 11 inches 

center to center, and the transverse bars to be 1/2 inch in 

diameter spaced at 24 inches center to center. The longitu-

dinal steel was required to be at mid-depth, with the trans-

verse bars being located immediately beneath. Deformed bars 

of a hard grade steel or an equivalent thereof were specified 
• 

for all steel reinforcement. (6/1). All laps of the longi-

tudinal steel were staggered in such a manner as to provide 
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a minimum number per running foot of pavement (see Figure 3). 

This method of lap staggering was not a specification re-

quirement, but was done as verbal agreement between the con-

tractor and the resident engineer. The use of the staggered 

lap reduces the possibility of bond slippage along a trans

verse plane in the pavement. (7/1). 

The concrete pavement was placed monolithically with 

the steel bars being tied and placed on the subbase immedi-

ately in front of the concrete placement operations. The 

steel mats were kept at the desired elevation by the use of 

metal chairs. Because of the possible effects on the results 

obtained in this investigation, it is important to note here 

that the type of steel placement used on this project differs 

considerably from the procedures used in many other states. 

(20/63) (3/36). Many states require. the concrete pavement to 

be placed in two layers, with preassembled mats of reinforcing 

steel installed on top of the first layers of concrete. 

Figure 2 shows that a uniform slab eight inches thick over 

20 inches of subbase was used throughout the project. The 

concrete was placed in 27 foot widths, with the curb being 

placed monolithically with the pavement. All concrete was 

placed in accordance with Item 320 of the Standard Specifi-

cations of Texas. (17/232). 
,. 

For a resume of the mix pro-

portions, refer to Table 1 in Appendix A. 
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FIGURE 3 

METHOD OF LAP STAGGERING USED ON THE COMAL COUNTY PROJECT 



III. Scope of Investigation 

The investigation described in this thesis was under

taken to study the configurations of crack patterns which 

developed in a continuously reinforced concrete pavement 

under field conditions; and to relate the development of 

cracks to the properties of the concrete and to existing 

environmental conditions. Provisions were also made to 

study the terminal or free end movements experienced at all 

exoansion JOints and at a construction Joint. 

Crack Development 

The crack development phase of the investigation con

sisted of determining when and where the concrete cracked 

durin6 the life of the project. The data for this study 

were obtained by taking crack surveys of a test section at 

periodic intervals after the initial placement. These surveys 

consisted of measuring the actual distance between cracks 

throughout the length of the test section. A section repre

senting one day's placement (approximately 1500 feet) was 

used for observing the crack development (see Figures land 4). 

In order to determine the strain at which the concrete 

cracked and the distribution of movement within a slab seg

ment, gage plugs were installed in the pavement. The gage 

plugs were 5/8 inch by 2 inch reinforcing bars, with a ref

erence hole in the center, spaced at 20 inches center to 

center. A detailed description of the procedure used in in

;taIling the gage plugs is contained in Appendix A. The plugs 
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were placed with the long axis of the plugs perpendicular to 

the surface, and with the end containing the reference hole 

flush with the surface. The strains were measured with a 20-

inch Berry Strain Gage, which is capable of detecting move

ments of 0.0002 of an inch (see Figure 5). The surface 

widths of the crack were measured by using an optical com

parator with 0.001 of an inch graduations. 

Two separate locations on the project were chosen for 

installing gage plugs. Test Area A was at Station 694/20 in 

the northbound lanes, and Test Area B was at Station 769/00 

in the southbound lanes. Test Area A had 18 plugs at spac

ings of 20 inches center to center (28.3 feet overall between 

the first and last plug), while Test Area B had 24 plugs at 

spacings of 20 inches center to center (38.3 feet overall be

tween the first and last plug). In both cases, the plugs were 

installed approximately 30 inches from the inside edge.(median 

edge) of the pavement. A narrow line was painted along the 

plugs with a thin mixture of lime and water in Test Area B. 

The line proved to be of considerable aid in locating cracks 

at the time of occurrence. The data obtained from measurements 

in the test areas are presented in Tables 1, 2, and 3 in 

Appendix B. The procedure used in analyzing these data is 

found in Appendix C. 

Concrete Properties 

Physical tests were performed on concrete specimens taken 

in the field to determine the bond strength, the modulus of 
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elasticity,' the tensile strength, and the modulus of rupture 

of the in-place concrete. The latter test was performed by 

the construction forces; whereas, the other tests were per

formed by personnel from the Materials and Tests Division of 

the Texas Hi5hway Department. Determinations of the flexural 

strength, tensile strength, and bond strength of the concrete 

at seven days were made at approximately 175 foot intervals 

on the test section containing Test Area A. The location and 

magnitude of the concrete properties in relation to the total 

slab under consideration are shown on Figure 4. At Test Area 

B concrete specimens were taken to determine the tensile 

strength at different ages and the seven day modulus of elas

ticity. These data are shown in Table 4 of Appendix B. A 

word of caution is inserted here in relation to the tensile 

strength values shown. It is felt that due to the testing 

procedure used, eccentric loads were introduced in the speci

men, hence the values may not be representative of the actual 

strengths obtained in the slab. 

Terminal Movements 

Field tests were set up to determine the magnitude of 

movement occurring at construction joints and expansion joints 

in the pavement. Gage plugs identical to those previously 

described were installed on each side of a construction joint. 

The Berry Strain Gage was used to measure the movements ex

perienced. 

Punch marks were made at a spacing of 10 inches center 
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to center on each side of the ¥finger" expansion joints for 

the purpose of measuring terminal movements. The distance be

tween punch marks was measured periodically with a scale hav

ing 0.02 of an inch graduations. Table 1 shows the distance 

between expansion joints ranges from about 400 feet to over 

5,000 feet. 
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TABLE I 

DISTANCE BETWEEN EXPANSION JOINTS 

Description 

1 . South Terminal to Business Route Interchange 

2. South Terminal to Business Route Interchange 

3. Bus. Route Interchange to Walnut St. O. P. 

4. Bus. Route Interchange to Walnut st. O. P. 

5. Walnut St. Overpass to FM 725 Overpass 

6. Walnut st. Overpass to FM 725 Overpass 

7 . FM 725 Overpass to Guadalupe River Bridge 

8. FM 725 Overpass to Guadalupe River Bridge 

NBL - Northbound Lanes 
SBL - Southbound Lanes 

24 

Lane Feet -
NBL 3,448.8 

SBL 3,501.2 

NBL 5,232.4 

SBL 5,180.0 

NBL 5,368.9 

SBL 5,368.9 

NBL 411.5 

SBL 411.5 



IV. Results 

In the first year after construction of the pavement, 

numerous observations were made in accordance with the pre

viously defined scope of investigation. First, the data 

for crack development in the test section will be presented. 

Next, the data for the measured movement in the test areas 

will be proffered; after which, the data on terminal move

ment will be presented. 

Crack Development 

As pointed out previously, a test section approximately 

1,500 feet long, representing one day's placement, was used 

to observe the development of the crack pattern. (see Figure 4). 

The studies made in relation to crack development consist of 

determining the age-crack spacing relation, and determining 

the area of occurrence of a new crack within a slab segment. 

Age-Crack Spacing Relation - Crack surveys have been made 

periodically on the test section since its initial placement. 

The surveys were made at frequent intervals during the early 

life, and less frequently as the age increased. Figure 6 

shows the age-crack spacing relation for this project during 

the first year. Each point on the plot represents the average 

crack spacing of the test section for the pavement's age at 

t~e time of the survey. The data fall into four distinct 

stages, each stage represented by a straight line when plotted 

on log-log paper. The derived equations for each of these 

lines are shown on the graph. The equations show that new 
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cracks appear in the pavement at a specific rate. The rate of 

crack development is influenced by various factors such as cur

ing and weather. Note that in Stage 1 - the first 10 days -

cracks appear in the pavement more rapidly than during any 

other period. This ten-day period represents the initial cur-

ing period when the concrete properties, such as shrinkage, 

thermal coefficient, and strength, are experiencing the great

est change. (13/661) (15/417). During this period the basic 

crack pattern for the section is formed; hence, the first ten 

days are probably the most important time from the standpoint 

of crack development. The change ,in magnitude of the average 

crack spacing experienced after the age of ten days is small 

compared to that experienced during the first ten days. 

Stage 2 basically represents the relation for the summer 

months. Very little change in the average crack spacing is 

experienced d~ring the summer months, even though the pavement 

is in an early period of life. It might be pointed out that 

the test section was opened to traffic during this period, 

with no resulting alteration in the rate of crack development. 

It is evident here that summer traffic does not alter the 

average crack spacing. 

During Stage 3, the pavement experiences another period 

of rapid change. This stage occurs in the fall period when 

the climatic conditions are such that large temperature 

differentials are experienced during short cycles, as a re-

" th " suIt of hot days and cool nights or the arrival of a nor er. 
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Note that this stage of rapid change terminates around the 

first of December; hence, it does not extend through the 

severe winter months when the lowest temperatures are expe

rienced. Evidently, a balanced condition between concrete 

stresses and crack spacing is again obtained, and the rate of 

change again decreases. Stage 4 is again a period experi

encing a low rate of change. Further observation will indi

cate whether the pavement will again experience a rapid 

change in crack development, or whether a static condition 

has been obtained. 

An overall examination of the age-crack spacing relation 

shows that a change is experienced during two periods. One 

is during the early period (1-10 days) when shrinkage stresses 

are high, and the other is during the period when temperature 

changes of large magnitude within a cycle are experienced. 

Another interesting observation is that traffic (wheel loads) 

has very little effect on the crack pattern. 

Several other pertinent observations in relation to 

crack spacing and age were made on this project. One is that 

only the first 500 feet of the test section experienced 

cracking during the first night. The rest of the slab cracked 

during the second night. This could probably be attributed 

to the fact that either the concrete in the last 1000 feet of 

the slab had not acquired its initial "set", or that the 

right combination of thermal conditions and concrete prop

erties (which change with time) required for cracking had not 
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occurred during the first night. This area not experiencing 

cracking during the first night tends to point out the del

icate relation between age, concrete properties, and thermal 

conditions which affect crack development. It is pointed 

out that this interval of no cracks is not a function of 

slab length, but rather the time of day the placement was 

made. Anothe~ observation is that the average crack spacing 

of the first one-third of the slab has always been smaller 

than the rest of the slab. 

Position of Cracks - Figure 7 gives a graphical presentation 

of the location where new cracks occur in the existing slab 

segments. The graph is a plot of the cumulative total number 

of new cracks versus the distance from an existing crack that 

a new crack occurs in a slab segment. The data for the graph 

were obtained from the crack surv~ys described previously. 

Each new crack found in a slab segment during a survey was 

designated by the distance from an existing crack. The dis

tances for all the surveys were then arranged in a numerical 

sequence, with the smallest distance designated as number one, 

and the next smallest distance designated as number two, etc. 

The distances were then plotted in terms of the nUmerical 

sequence (or cumulative total number of new cracks). Each 

new crack is located between two existing cracks, so the dis

tance used was the least of the two possible choices. An ex

amination of the data shows that the cumulative total should 

terminate at a distance of approximately eight feet. Since 
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the average crack spacing was 21.3 feet at an age of one day, 

the chance of a distance in excess of eight feet was relatively 

small. The maximum distance from the standpoint of the average 

crack spacing would be 10.2 feet. Therefore, the distribution 

was terminated at the distance of eight feet. 

The data on the graph brings out two pertinent points. 

One point is that no cracks occurred at a distance less than 

1.5 feet from an existing crack. Second, there is a fairly 

uniform distribution over most of the curve with the exception 

of the offset at about three feet. A rapid increase in the 

number of cracks occurring is experienced at this distance. 

The data tend to indicate that the majority of the new cracks 

occur at a distanee of three feet or more from an existing 

crack. Therefore, it may be tentatively concluded that dis

tance from an existing crack is a factor influencing the oc

currence of a new crack. 

Localized Movement 

The term localized movement refers to the movement oc

curring between any two adjacent gage plugs. These movements 

are cyclic in nature; therefore, the distance between the 

plugs is constantly changing through the day as the temperature 

varies. The greatest magnitude of movement between any two 

adjacent plugs is experienced at transverse cracks and at 

transverse construction joints. Cyclic movements are ex

perienced in other areas of the slab segments, but the rel

ative magnitude of the movements at the interior positions 
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generally decreases with an increase in distance from the 

crack. The procedure used for calculating the movement ex

perienced between any two gage plugs is presented in Appe,ndix 

C • 

Movement at Transverse Crack - Figure 8 portrays the relation

ship between crack width and air temperature. Crack width, 

as used here, refers to the movement recorded between the two 

gages across a crack in the pavement. The data show these 

two factors to be inversely proportional. Consequently, as 

the air temperature increases, the crack width decreases. 

The lines shown on the figure represent the relation between 

these two factors for three specific 24-hour cycles. Within 

the scope of the data, the slope of the lines for each spe

cific day after cracking is approximately equal, which means 

that the crack width varies about the same for a given 

temperature change for any cycle. Note that the air tem

perature-crack width relations assume a higher position on 

the plot as the age of the pavement increases. This in

dicates that the crack is developing a permanent set or 

width at a given temperature as the age increases. The 

magnitude of the set is shown on the figure, and can be 

further demonstrated by extrapolating the data to where the 

crack is completely closed. A temperature of 950 F would 

be required for complete closure on the second day, 107.50 F 

on the fourth day, and l17°F on the seventeenth day. At

tention is directed to the fact that the increase in 
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magnitude of the permanent width apparently becomeS smaller 

with each succeeding cycle. In other words, these data seem 

to manifest that the crack width will reach some upper limit. 

This fact indicates that the observed phenomenon is dependent 

on some property of the concrete which is changing with time. 

It might be pointed out that the lower line (Line A) 

shows the relationship between air temperature and movement 

between two adjacent gage plugs before the concrete cracks. 

Note the slope of this line is much less than the lines for 

the temperature-crack width correlations after the concrete 

cracks. 

The data shown on Figure 8 are a combination of the data 

obtained from the initial cracks in both Test Area A and Test 

Area B. It is interesting to note that the initial cracks in 

both of the test areas exhibited identical performance char

acteristics. The data are portrayed separately for each 

crack in Figures 1 and 2 in Appendix C. A much better cor

relation would probably be obtained if slab temperature had 

been available for use in lieu of air temperature. 

Movement at a Transverse Construction Joint - Figure 9 gives 

the relation between construction joint width and the air 

temperature. As was the case for the transverse crack, these 

two factors are inversely proportional. Attention is drawn. 

to the fact that the width of a transverse crack and of the 

construction joint for a specific temperature cannot be com

pared,since the data for the construction Joint do not 
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represent total movement. This is due to the fact that the 

concrete on one side of the construction joint was placed 

approximately twelve hours later than that on the other side; 

hence, the movement which occurred during this period was not 

accounted for by the measuring techniques employed in this 

investigation. 

In general, the characteristics of crack movement ob

served in connection with the transverse cracks are applicable 

to the movements at the construction joint. The movement is 

of a cyclic nature, with a certain amount of permanent width 

or set developing at the joint. In addition, the slopes of 

the lines in Figure 9 are almost identical with the slopes 

of the relations for the transverse crack as shown in Figure 

8. This observation indicates, for all practical purposes, 

that transverse construction joints are per.forming in a 

manner similar to the transverse cracks on this project. 

These observations contrast rather sharply with the excessive 

movements observed at several transverse construction joints 

on the first continuous pavement in Texas with.O.5 per cent 

longitudinal steel. (3/2) (7/1). Several of the construct

ion joints on the first project with 0.5 per cent longitudinal 

steel experienced openings of approximately 1/4 of an inch, 

and these excessive openings even~ually resulted in a pave

ment failure at these locations. It might be pointed out 

that the staggered lap, along with an ample protrusion of 

steel through the construction joint, was used on the Comal 
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County project in contrast to the absence of lap staggering 

on the fIrst project. This difference in construction pro

cedure is the factor resulting in the performance difference. 

Distribution of Movement 

To obtain a better understanding of what the movements 

between gage plugs mean, these movements should be studied 

as a unit. In other words, a study of the longitudinal dis

tribution of movements along the pavement should be made. 

This can be accomplished by plotting the movement between 

each set of gage plugs versus the distance from gage plug 

number one to the mid-point between the set of gage plugs 

for a specified age of the pavement. In this way the dis

tribution pattern of the movements can be investigated in 

relation to age, temperature, and slab cracking. The effect 

of these previously mentioned factors can be determined by 

studying movement distribution at the minimum temperature, 

the maximum temperature, and then comparing these movements 

for different daily cycles. 

Distribution of Movement at Minimum Temperature - In a cycle 

the cracks in the pavement reach the maximum width when the 

temperature is at a minimum. This relationship may be ob

served in Figures e and 9. Figure 10 portrays the longi-

tudinal distribution of movement between adjacent gage plugs 

in Test Area A for cycles 1 and 3 at 6:00 A.M. During the 

season of the year when this study was made, the minimum 

temperature usually occurred at or near 6:00 A.M. on a 
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typical day. 

A correction to compensate for changes in the length of 

the standard bar used with the Berry Strain Gage was made 

after studying and re-evaluating the data. The corrected 

zero line on the graph is felt to be much more representative 

of the data. For an explanation of the corrective procedure 

used, see Appendix C. 

A number of pertinent observations concerning the dis

tribution of movement at minimum temperature (see Figure 10) 

are listed below: 

(1) Two cracks had occurred in Test Area A between Gages 

2 and 3 and Gages 11 and 12 before the completion of the first 

cycle. 

(2) The greatest magnitude of movement occurred at the 

crack, with progressively smaller movements occurring toward 

the middle of the slab segment. An examination of the graph 

seems to indicate that the slab 1s moving for a distance of 

approximately 60 to 70 inches away from the crack. The move

ment of a portion of the slab segment means the concrete with

in this distance is relieving itself of tensile stresses de

veloped by temperature drop, since absolute fixity would be 

required for full development of stress. The middle of the 

slab segment is not moving, hence, concrete stress is great

est in the area of least movement. 

(3) The crack between Gages 11 and 12 was not visible 

on the surface at the time of the first cycle readings, but 
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the magnitude of movement indicates cracking had occurred. 

This,crack was not visible on the surface until about two 

hours later. 

(4) The openings at the cracks are greater during the 

third cycle than the first, even though the temperature drop 

is less. This increase in crack opening is related to the 

permanent set of the crack, which phenomenon has been dis

cussed previously. Similarly, the closing movements between 

gage plugs in the interior of the slab are greater for the 

third cycle than for the first cycle. This balance of move

ment indicates that the algebraic summation of movement , 

along a slab segment must be e'qual to zero. 

(5) The crack between Gages 11 and 12 is not opening as 

wide as the one between Gages 2 and 3. This observation is 

logical, since the crack between Gages 2 and 3 was the first 

to develop. 

Figure 11 shows the longitudinal distribution of move

ment between adjacent plugs at Test Section A for the third 

and for the eighteenth cycle at 6:00 A.M. (time of minimum 

temperature for the cycles). In addition to the previous 

comments, the following observations apply to the data pre

sented on Figure 11: 

(1) A third crack had developed in the test ,section be

tween Gages 17 and 18 by the eignteenth cycle. Note that 

this crack occurred where the pavement had experienced very 

little movement in the previous cycles. 
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(2) The older the crack, the greater the magnitude of 

movement. The oldest crack in the test area is between 

Gages 2 ano 3, while the youngest crack is between Gages 17 

and 18. 

Distribution of Movement at Maximum Temperature - The data 

discussed previously in the section on localized movement 

show the cracks to be at minimum width at the maximum temper

ature.On the Comal County project during the season of year 

during which the pavement was placed, the maximum temperature 

generally occurred around 2:00 P.M. Figure 12 shows the dis

tribution of movements between adjacent gage plugs for the 

same test area and for the same cycles presented in Figure 

10, but during the period of maximum temperature. 

A number of pertinent observations concerning Figure 12 

are listed below: 

(1) The width of crack openings has reduced considerably; 

whereas, the interior portion between cracks has expanded in 

comparison to .the distribution of movement at the minimum 

temperatures. 

(2) The opening at the crack is greater during the first 

cycle than during the third. This relationship is the reverse 

of the previous observations at minimum. temperatures. 

(3) The crack between Gages 11 and 12 had closed com

pletely for all practical purposes at the time of maximum 

temperature during both cycles. 
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Figure '13 is inserted to compare the distribution of 

movements between adjacent gage plugs which occur at the 

maximum and at the minimum temperature within a cycle. From 

the data shown in this figure, an apparent observation is 

that the opening at the crack and the closure in the interior 

is greatest at the minimum temperature. This balance of 

opening and closing movements points out the concept that the 

summation of movements within any slab .segment must be equal 

to zero. 

Terminal Movements 

The measured movement at the expansion Joints can be 

used to determine the coefficient of friction between the 

subbase and the pavement. The first step in such a deter

mination is to use the movement measured at the Joint to cal

cUlate the length of the slab which moves over the subbase. 

Once the length of the slab which moves over the subbase is 

defined, the coefficient of friction can be determined by 

using the "subgrade drag" formula and the computation tech",: 

niques shown in detail in Appendix D. (5/2). 

The calculations show that the average length of slab 

moving over the subbase is 107 feet, with an average de

viation of + 17 feet. The average coefficient of subbase 

friction is 2.3, with a range of 1.9 to 2.7. These values 

represent the maximum range of values that could be expected 

on this particular subbase, since a yield point stress was 

used in the calculations. The actual values are probably a 
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little smaller than those presented, since the working stress 

in the steel is less than the yield stress. 

Miscellaneous Observations 

In the process of accumulating the data to fulfill the 

scope of this investigation, several ancillary observations 

were made. In the test section, the transverse bars were 

referenced accurately on the forms during construction op

erations for a distance of approximately 300 feet. For the 

first ten days, the location of all transverse cracks were 

studied in relation to the transverse bars, and there was no 

apparent relation between the location of the transverse 

cracks and the transverse bars. 

Numerous cracks in the test section were examined quite 

closely along the edge of pavement. In all cases the slab 

was cracked from top to bottom and on both edges of the pave

ment. This observation is fairly indicative that the slab is 

completely cracked throughout its transverse width. 
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v. Discussion of Results 

Formation of Cracks 

The relationship between the pavement age and the average 

crack spacing for the test section is presented in Figure 6. 

In Figures 10 through 13 the longitudinal distribution of 

movement between adjacent gage plugs along the pavement is 

portrayed for various ages. Analysis of the data presented in 

all of these figures indicates that temperature is a prime 

factor influencing both the movement in a slab segment and toe" 

average crack spacing during any period. The purpose of th"e 

following discussion is to analyze the interaction among the 

movement in a slab segment, the change in the average crack 

spacing, and the change in air temperature. In explaining 

this interaction, an approximation of the magnitudes of the 

longitudinal stress distribution will be presented along with 

the effect of concrete properties on this stress distribution. 

Stress Distribution - Stress distribution in a concrete slab . 
is related to movement. A slab segment completely restrained 

and subjected to a decrease in temperature would develop a 

uniform tensile stress in the slab. Any contractive movement 

occurring in the slab segment results in stress relief, and 

the magnitude of the stress relief is directly proportional 

to the movement. The partial restraint of movement that 

occurs at a transverse crack and distributes along the slab 

segment is due to the resistance of the steel and of the sub

base; hence, a variation in the magnitude of movement is 



experienced in the area adjacent to the transverse crack. 

The magnitude of movement is inversely proportional to the 

distance from the transverse crae>kj therefore, the magnitude 

of the stress increases as the distance from the crack in-

creases. 

A relatively long slab would have (1) a central portion 

that is completely restrained, consequently, an area of con

stant stress, and (2) an area at each end of the slab segment 

that experiences a stress build-up as the distance from the 

crack increases. As long as the concrete is of relatively 

uniform strength, the central portion of ~ slab segment ex

periences a greater degree of cracking than the areas of the 

slab segment adjacent to the crack. The occurrence of an area 

of maximum stress results in the explanation of ari earlier 

observation which showed that the majority of new cracks occur 

at a distance of three feet or more from an existing crack. 

(See Figure 7). This magnitude of distance must be covered 

before sufficient stresses are experienced in the pavement 

to rupture the concrete. 

As the relative length of the slab segments decreases 

as a result of the new cracks appearing in the slab, the slab 

segments will no longer have an area of constant stress. If 

the temperature differentials remain approximately equal .during 

the daiiy cycles, the pavement will attain a stable crack 

pattern, since the summation of the flexural and tensile 

stresses in the pavement will not rupture the concrete. This 
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postulate explains why the traffic in the summer season did 

not influence the crack pattern. Before cracking will resume, 

a greater relative temperature differential wil.l have to be 

experienced. 

Figures 14 and 15 portray the longitudinal distribution 

of stresses in the concrete at the age of 22 hours (first 

cycle) and 70 hours (third cycle). The figures confirm the 

general discussion of stress distribution presented above. 

These stresses occurred during the periods of minimum tem

perature for each cycle, hence, the periods of "maximum ten

sile stress. The magnitudes of the stress are rough approx

imations arrived at by the use of elastic theory, movement 

data obtained in this investigation, and concrete properties 

obtained from testing laboratory mixes similar to those used 

on the project. (Refer to Appendix E for the method of cal

culation.) 

From Figures 14 and 15, it may be noted that stresses 

in the concrete are small near a crack, and that the stresses 

become progressively greater as the distance from a crack in

creases. The area of stress build-up or stress increase occurs 

in the section of a slab segment which experiences movement. 

The movement and the stress build-up in the slab segments 

bring in the concept of subbase friction. A subbase with a 

high friction factor will res~lt in a shorter stress transi

tion area and a greater area of no movement within a slab 

segment. The increased subbase friction offers a greater 
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resistance to movement; hence, there will be less stress re

lief due to movement. The greater the area of no movement, 

the greater the .chance for tensile stresses near the tensile 

strength to be developed in the concrete and the resulting 

additional cracking. Therefore, high friction subbases will 

result in a smaller average crack spacing. With the benefits 

derived from close crack spacings, reported elsewhere, an 

appropriate statement would be that high friction subbases 

are a desirable design feature for continuously reinforced 

concrete pavement. (9/13). 

Effect of Concrete Properties - In previous discussions, the 

fact was pointed out that the pavement showed its most rapid 

change in crack spacing during the initial ten days of life. 

This initial ten days corresponds to the curing period for 

the pavement, at which time the concrete properties are under

gOing their greatest degree of change. The strength, the 

modulus of elasticity, and the thermal coefficient are in

creasing at .various rates as the concrete ages. In general, 

the thermal coefficient and the modulus of elasticity are 

increasing at a greater rate than the tensile strength of 

the concre~e, especially during the first few days after 

placement of the concrete. The rate of change for the ther

.ma1 coefficient and for the modulus of elasticity tend to 

stabilize within 20 to 50 hours (2 days), while the rate of 

change for tensile strength does not level out for 200 to 

240 hours (10 days). (8/51-67). 
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The stress in the concrete is a direct function of the 

first two properties mentioned above (see Equation (3) in 

Appendix E). The direct dependance of stress on the thermal 

coefficient and on the modulus. of elasticity, in essence, 

means a greater stress will result from an equal temperature 

drop as the pavement age increases. This concept is of major 

importance during the first two days after placement of the 

concrete, since the stresses due to thermal changes are build

ing up much more rapidly than the tensile strength of the 

concrete. Hence, the pavement experiences a high rate of 

cracking during this initial period. As the tensile strength 

of the concrete continues to increase, and the thermal co

efficient and the modulus of elasticity of the concrete become 

more stable, the rate of cracking reduces markedly from its 

previous rate, if no sudden change in the weather conditions 

1s experienced. 

This reduced rate of cracking marks the end of Stage I 

and the beginning of Stage 2, discussed previously in con

nection with Figure 6. During Stage 2, the thermal changes 

experienced during the summer months are not of sufficient 

magn~tude to develop failure stresses in the concrete. There

fore, Stage 2 shows only a small change in the aver~ge crack 

spacing, since the concrete properties are changing at a very 

slow rate. Once the fall weather arrives with its cool nights 

and warm days, there is a tremendous increase in the daily 

temperature differentials. By the time fall weather occurs, 
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the pavement age is such that the tensile strength of con

crete has tended to reach a leveling out point; therefore, 

the thermal changes, along with the wheel loads, again de

velop stresses of sufficient magnitude to cause cracking. 

This condition marks the end of Stage 2 and the beginning of 

Stage 3. Once again the rate of change in the average crack 

spacing assumes a high rate as in Stage 1. When the average 

crack spacing diminishes to a point where the slab segment 

movement, discussed previously, will not allow a large build 

up in stresses, the rate of change again decreases to a con

dition similar to that experienced in Stage 2. This change 

in the rate of crack development marks the end of Stage 3 

and the beginning of Stage 4. 

The effect of the different rates of increase for the 

thermal coefficient and the strength of the concrete on 

stresses is demonstrated by comparing Figures 14 and 15. 

Note that the stresses in Figure 14 are very near the tensile 

strength .of the concrete in the area of fixity. The data are 

for the age of 22 hours, when the thermal coefficient and 

modulus of elasticity are increasing much more rapidly than 

the tensile strength. Figure 15 shows a greater difference 

between maximum stress in the concrete and tensile strength 

of the concrete for approximately the same temperature drop. 

The age of the pavement for the data is 70 hours, a period 

when the tensile strength is increasing faster than the other 

properties. In connection with this discussion of crack 

54 



pattern formation, it is pointed out that variations in atmos-

pheric conditions from those experienced would alter the 

curing and the concrete properties, and, consequently, the 

crack pattern development. 

Predicting Crack Width 

Figure 8 presented the general relation between air tem

perature and crack width for sever~l cycles on this project. 

An examination of the data shows that it would fit the follow-

ing mathematical expression: 

Where: 

W = Crack width in inches 

t = Age of pavement in days 

T = Air temperature in of 

Kl , K2 , n = Constants 

Using this general expression, and the data used in Figure 8, 

the constants were evaluated, and the following equation was 

derived: 
o 095 ·-4 

W = 0.037 t· - 4.03 x 10 T .••• (2) 

Limi ts: 1 < t <. 20 days 

T> 60
0

F 

Accuracy = ! 0.001 inch 

This expression can be used for calculating the crack width 

at any specified air temperature and age within the specified 

boundary conditions. In general, the first term expresses 
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the degree of permanent set occurring in crack width with age, 

whereas, the latter terms express the effect of temperature . 

. In the discussion of movement at a transverse crack, it was 

pointed out that the permanent set of the crack width was 

probably a function of some concrete property. 

Shrinkage, in all probability, is the concrete property 

contributing to the permanent set developed. One investigator, 

working with reinforced concrete beams, has developed a hy-

pothesis that predicts the width of cracks in relation to con

crete shrinkage. (12/105). This apparent importance of 
, 

shrinkage indicates that any further research in crack widths 

of continuously reinforced concrete pavement should definitely 

consider shrinkage of the concrete. It is pointed out that 

equation (2) could be safely extrapolated to 30 days. The 

permanent crack width or set at this age would probably rep-

resent the maximum value, since most of the concrete shrinkage 

has developed by this age. (8/47). 
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VI. Conclusions 

On the basis of results obtained from this investi

gation, the following conclusions are made: 

1. Each slab segment within a slab experiences a fluctu

ating movement during each daily cycle. The magnitude 

of movement is a direct function of temperature and of 

the properties of the concrete. These factors have a 

definite influence on the magnitude of stress developed 

in the steel, and the degree of load transfer across a 

crack. 

2. During the first ten days, the most significant changes 

in the crack pattern occur. The distribution of move

ment in a slab segment, the properties of concrete, and 

the location where a new crack occurs, are all inter

related phenomena. Therefore, the proportions of a con

crete mix are of prime importance in determining a crack 

pattern, since the properties of the concrete are def

initely related to the material proportions. This im

portance of mix design points out that further research 

should be directed toward the effect of the material 

proportions of the concrete on the crack pattern. 

3. The width of a transverse crack is a direct function of 

shrinkage, and an indirect fUnction of temperature. This 

study has evaluated the effect of temperature; therefore, 

further studies should consider the effect of shrinkage. 

4. The lap staggering procedure used on this project has 
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evidently resulted in a much tighter construction joint 

than those obtained on previous projects. The results 

show that the transverse cracks and the transverse con

struction joints have approximately equal reaction to 

a change in temperature. 

5. The distribution of movement in a slab segment on this 

project indicates subbase friction is definitely a fac

tor to be considered in design. The results indicate 

why a higher subbase friction will result in a closer 

average crack spacing. 

6. The location of transverse cracks are not influenced 

by the location of the transverse reinforcing bars. 
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A P PEN D I X A 

General Information 



TABLE I 

MIX PROPORTIONS AND GENERAL INFORMATION PERTAINING TO CONCRETE 
PAVEMENT 

1·. Cement Factor - 5 sacks/cubic yard 

2. Water-Cement Ratio = 5.8 gallons/sack 

3. Coarse Aggregate Factor =' 0.80 

4. Type I cement was purchased from the Longhorn 
Cement Company 

5. The coarse aggregate and the fine aggregate was 
purchased from the New Braunfels Sand and Gravel 

. Company 

6. The mixing water was obtained from a water pond 
adjacent to the project's right of way 



PROCEDURE FOR INSTALLING GAGE PLUGS 

1. Begin installation operation after the straight edge op
eration has passed and before belting of the surface. 

2. Lay gage plug templates on the pavement and obtain proper 
alignment of the plugs. 

3. Punch holes in the concrete by use of small bar or screw
driver. 

4. Place plugs in the template holes and adjust to proper 
spacing by using the standard bar of the Berry Strain 
Gage. 

5. Tap plugs through the template into the pavement. 

6. Pick up the template and check the spacing of the holes. 

7. After belting operations, clean out holes in the plugs 
and recheck spacing. Recheck the spacing after the 
curing agent is applied. 

8. Observe plugs until all construction activity has passed 
the area: cures, curbing, etc. 

9. Start reading the plugs after an age of five hour's. 

10. White wash the surface of the pavement at an age of eight 
to nine hours •. 



A P PEN D I X B 

Test Values 
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TABLE 3 

READINGS ON GAGE PLUGS ACROSS CONSTRUCTION JOINT2 

Reading Standard Plug 
No. Bar Reading1 Reading1 

1 298 535 
2 314 494 
3 306 500 
4 289 532 
5 295 529 
6 303 504 
7 30"' 502 
8 290 510 
9 492 708 

IMultiply readings by 10-3 

2Station 706/70 NBL - Comal County 

Air 
Temp. Date Time 

80 5/7/60 12:00 AM 
60 5/8/60 6:45 AM 

'75 5/8/60 9:45 AM 
86 5/8/60 1: 00 PM 
90 5/23/60 1: 30 PM 
77 5/23/60 7:30 PM 
73 5/24/60 6:~0 AM 
86 5/24/60 10: '0 AM 
81 5/25/60 7:30 AM 
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TABLE 4 

LABORATORY TEST RESULTS FROM FIELD SPECIMENS 

TAKEN AT TEST AREA B 

Tension Determinations 

Age in Days Ultimate Stress in psi. 

2 11 
4 57 
7 63 

Compressive Strength of Concrete at 7 days : 4610 psi 
6 Modulus of Elasticity at 7 days : 5.55 x 10 psi 
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A P PEN D I X C 

Calculation of Movement 



PROCEDURE FOR CONCRETE MOVEMENT CALCULATIONS 

A 20-inch Berry Gage was used to measure the-movement in 

the concrete between adjacent gage plugs. The Berry Gage has 

0.001 of an inch graduations with a 5 to 1 multiplication 

factor, hence movements to the closest 0.0002 of an inch were 

detected. The recorded data are translated to relative move-

ment as follows: 

A 

B 

= 

C = A - B .. . . . • • • • • • ( 1 ) 

Reading with the Berry Gage on the standard bar. 

Reading with the Berry Gage on adjacent plugs in 

the pavement. 

(Note: Keep track of the signs) 

The values from equation (1) are then substituted into 

the following equation: 

Cn - Co 
, 

• • . . . . . . • (2) 
M 

Where: 

A XG - Movement experienced between adjacent gage 

plugs after the reference readings, inches. 

Co Initial or base difference, inches. (Zero 

reading) • 

Cn Difference at any interval after the base 

difference, inches. 

M Multiplication ratio of the gage (5:1). 

Equation (2) is in the general form used to make strain 
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calculations from data taken in laboratory experiments other 

than being divid~d by the gage length. Movement is used in 

lieu of strain in this investigation, since any measured move

ment is not due to strain of the concrete, but to relief from 

restraint stresses developed due to suppressed v~lume changes 

of the concrete. In other words, if no movement was recorded 

after a temperature drop, then restraint stresses are devel-

oped in the slab. Any movement of the slab segment is relief 

from the restraint stresses. 

Another factor that must be considered with the form of 

application used in this investigation is the changes in 

length experienced by.the standard bar. In normal laboratory 

uses, this change in length is not a point of consideration, 

since very little temperature differential is experienced; 

but with long periods of outdoor use, large magnitudes of 

temperature differentials are experienced during daily cycles. 

The standard bar used with the Berry Gage is made from cold

rolled keyway steel (thermal coefficient = 6 x 10-6;oF), 

The correction in length change of the standard bar would be 

of the following form: 

Where: 

6 XT = ~ X (Tn - To) ••••• (3) 

Correction of standard bar length due 

to changes in temperature from that re

corded with the initial reading, inches. 

X Gage length of standard bar, inches 

(20 inches). 
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~ = Thermal coefficient of the standard bar 

steel, ;OF. 

To = Temperature at time of the base read
o ing, F. 

Tn = Temperature at any interval after the 
o base reading, F. 

Substi tuting the known values into 'equation (3): 

~XT = 120 x 10-6 (Tn - To) •• ' •••• (4) 

Equations (2) and (4) can be combined for a net express-

ion of movement from a reference measurement. 

. . . • • • • • • • • (5) 

Where: 

By 

pression 

6XN = Net movement between adjacent gage plugs 

after correcting for changes in length 

of the standard bar, inches. 

substituting and combining terms, the following ex-

is derived: 

~ XN t. 6 
-4 (Tn - Tol (6) = Cn -Co x 10 • • • 

5 

If the algebraic sign is: 

(I) positive - the distance between adjacent gage plugs 

is increasing. 

(-) minus - the distance between adjacent gage plugs is 

decreasing. 

'For the purpose of selecting the base reading, all the 

values of relative movement between adjacent gage plugs were 
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plotted versus the time after placement of the concrete for 

each gage interval. Since the set of readings made when the 

concrete had aged 7 1/2 hours (second set of readings) gave 

readings which were consistent with readings taken at a later 

time, the distance between gage plugs recorded at 7 1/2 hours 

were taken as the base measurements. The difference, Co, in 

equation (6) is the second set of readings. 
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EVALUATING THE UNKNOWN VARIATION IN LENGTH OF THE STANDARD BAR 

The air temperature was used to correct the standard bar 

for changes in length due to the changes in temperature. 

These corrections were approximations, since the temperature 

of the standard bar was not measured directly. The bar was 

used in a shady area on top of the pavement surface. The var-

iation between the maximum and the minimum surface temperature 

of the pavement during a cycle is greater than that experi

enced by the air temperature. Therefore, the bar actually 

went through a greater temperature change than the use of the 

air temperature would indicate. 

Two different methods were used to evaluate the effects 

of-this unknown variation in bar length on the movement be-

tween adjacent gage plugs. 

Method I - Summation of Movements 

The following derivation is based on the assumption that 

the summation of movement for all of the gage plug intervals 

is equal to zero. 

Before movement between gage plugs occurs: 

1:< x." )!, 

L 
ii 
II \ 

o 1 o 'l o D "";'1 0 
o 

n 

L = Distance between 1st and last gage plug, inches. 

X = Uniform distance between gage plugs, inches. 

n = Total number of spaces between gage plugs. 

L = n X . . . . . . . . . • • • • (1) 
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If movement occurs: 

I~ ~ t-b.Xc. I x t ~)(u. I . .. ,. ,: ''''~I 
o I 0 ~ 0 On_I 0 ., 0 

Assuming L remains constant, the following expression can be 

developed: 

Where: 

~ Xci : Corrected movement between adjacent gage 

plugs encompassing all the variables -

known and unknown, inches. 

Using the basic expression for movement derived in the 

procedure for concrete movement calculations and revising for 

the needed correction, the following equation is obtained: 

l:>. Xc = A XN - Il Xk • • • • • • • • • • • (3 ) 

Where: 

llXN = Net movement between adjacent gage plugs 

from readings and temperature corrections, 

inches. 
\ 

~ Xk = Unknown movement of the standard bar applicable 

to each set of gage plugs that cannot be eval-

uated with present data, inches. 

Combining equations (2) and (3) . 

L = (X I AXNl - l\Xk ) . . . I (X I AXNn - AXk) 

L = n X I [( AXN1 - Axltl . . I ( I!J XNn - llxkD 
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Substi tuting equation (1) in the above expre.ssion. and com

bining terms: 

L • L I [( 6XN1 - 4Xk ) • • • I ( AXNn - 6xk D 
( A XN1 • • • I 6 XNn ) - n A Xk = 0 

X
k 

= L A XN • • • • • • •• • • • • • • • (4) 
n 

Using the readings taken during the periods of minimum tem-

perature, the correction movement can be calculated. 

Setup A 

Reading 

7 
13 
31 

n 

16 
16 

9* 

0.02108 
0.02320 
0.00756 

0.00132 
0.00145 
0.00084 

Average AXk = I 0.00120 inches at 6: 00 AM. 

* Only the readings between transverse cracks used. 
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Method II. - Approximating Temperature Change 

This derivation is based on the assumption that the sur-

face temperature of the pavement would give a better correc-

tion than the air temperature. The corrections thus far were 

made in terms of air temperature. 

Where: 

Ts = Temperature of the surface. 

---Ta = Air temperature. 

Subscripts 0 and n refer to zero reading and 

readings at any hour, respectively. 

The differences from O-hour to nth hour: 

in terms of air - ATa = Tao - Tan ••• (1) 

in terms of surface - 8Ts = Tso - Tsn . (2) 

A correction in the movement between gage plugs for 

changes in the standard bar length due to variations in the 

air temperature was made previously. Therefore, for this 

method, the difference between the variation in the air tem

perature and the variation in the surface temperature must be 

accounted for. 

ATk = ATs - ATa •••••••. (3) 

In a recent field investigation by the Highway Design 

Division of the Texas Highway Department, a relationship 



between slab temperature and air temperature was obtained. 

The following table is a presentation of a portion of this 

data for a weather season similar to the Coma1 County inves-

tigation. 

Tsn 1 Tso 2 L\Ts Tan1 Tao 2 ATa llTk 

(OF) (OF) (OF) (OF) (OF) (OF) (OF) 

72.5 94 21.5 67 84 17 4.5 
67 98 31 64 85 21 10 
65.5 100 34.5 60.5 ,88.5 28 6.5 
69.5 100 30.5 66 87.5 21.5 9 
69 101 32 65.5 91.5 26 6 
72 100 28 69 93 24 4 

6 L40.0 

6.7 

1 - Temperature at 6:00 AM 

2 - Temperature at 2:00 PM 

By applying the above value of A Tk with the gage length 

and thermal coefficient of the standard bar, a correction move-

ment is obtained. 

AXk = (6J<10-6in/in/oF) (6.7°F) (20 in.) 

6 Xk = 0.0008 inches at 6: 00 AM 

Averaging the values obtained by the two methods. 

~ Xk = I 0.0010 inches. 
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A P PEN D I X D 

Calculation of Subbase Friction 



PROCEDURE FOR SUBBASE FRICTION CALCULATIONS 

The object of this set of calculations is to obtain a 

value of subbase friction by using the data obtained from the 

terminal movement measurements. The first step was to plot 

the readings obtained at each of the terminals against the 

air temperature at the time of the measurement. Figure 1 in 

this Appendix portrays the results obtained at the south end 

of the Walnut Street· Overpass. The slope of the relation on 

the graph was calculated as follows: 

M = . . . . . . • • . {I} 

Where: 

6L = The change in width of the expansion Joint -

inches. 

A T = The change in temperature for corresponding 

change in width of the expansion Joint, of. 

The results of these calculations are tabulated in Table 1 

of this Appendix. By using the linear thermal change formula, 

the length of slab moving over the subbase could then be cal

culated. 

Where: 

AL •....•• {2} 
1204 A T 

Lc = The length of slab moving over the subbase, 

feet. 

~ = The thermal coefficient of the concrete, 

in/injOF. 
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TABLE 1 

TABULATION OF CALCULATIONS FOR LENGTH OF SLAB 
MOVING OVER THE SUBBASE 

Location of Terminal 
Lc 

(ft.) Lc - L 

South Business Route O/p 

North end - NBL 4.0 98 5 
North end - SBL 4.95 121 14 

Walnut Street O/P 

South end - NBL 6.0 147 40 
South end - SBL 5.11 125 18 

State Highway 46 olp 

North end - NBL 2.94 72 35 
North end -SBL 3. 47 85 22 
South end - NBL 4.22 103 4 
South end - SBL 4.30 105 2 

%856 140 

L. 101 rt A.D. ~ 117 ft. 

Note: 
1. Expressway type facility with twin bridges. 
2. A.D. = Average deviation 
3. o/p. Overpass 
4. Lc = calculated length of slab end moving over the subbase. 



In connection with work being performed by the Highway 

Design Division of the Texas Highway Department, numerous 

tests of concrete properties have been performed by the Texas 

Transportation Institute. These data are contained in their 

final report on Research Project-19 (see reference 8 in the 

Bibliography). In order to obtain the concrete properties 

needed in certain calculations in this study, batch desig

nation AU-l was selected as the reference batch from the 

Research Project-19 study. This batch had similar aggregates 

and mix proportions as the concrete used in the Comal County 

paving project. Figures 1 and 2 in Appendix E show the age 

relation of the various concrete properties, i.e. strength, 

thermal coefficient, modulus of elasticity. Using these 

data, a thermal coefficient of 3.4 x 10-6 in/in/oF was se

lected for the subbase friction calculations. Substituting 

this value of the thermal coefficient and equation (1) into 

equation (2), the following expression for length of slab 

moving over the subbase is obtained. 

= M 
4.08 x 10-5--

. . • • • • • • (3) 

The ~alues of length calculated with equation (3) are 

also tabulated in Table 1, along with the average value of 

the calculated lengths and the average deviation. Using 

these average values, then the subbase friction can be.cal

culated with the "subgrade drag" formula. 

f 2 Ss p . . . . . . • • . (4) 
i04 (2L) 
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Where: 

f = The coefficient of subbase friction. 

p = The percentage of longitudinal steel, 

percent. (0.5%) 

Ss = The yield point stress of the steel, 

psi, (50,000 psi) 

L as used in the standard formula is t~e length 

between expansion joints; therefore, the end of 

slab moving must be doubled (2L) before using it 

in this formula. 

The following results were obtained after substituting 

the proper values into equation (4). 

Average value of f = 2.3 

Range with average deviation of length:. 1.9 < f < 2.7 • 
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A P PEN D I X E 

Calculation of Stress Distribution 



CALCULATING STRESS DISTRUBUTION 

By combining concrete properties and measured movements, 

a rough calculation o~ the stresses in the concrete can be 
, 

made. Elastic theory (which is not completely applicable to 

concrete) must be applied to determine the stresses. 

Theoretical Stress Derivation 

If the concrete was completely fixed, the stress would 

be as follows: 

Sc = € E • • • . . . . . . . • (1) 

Where: S = The stress in the concrete, psi. 

E = The modulus of elasticity of the 

concrete, psi. 

~ - Concrete strain due to a change 

in temperature, in/in. 

The theoretical strain is equal to the following: 

€. :oe..b.T .• • • ••••• (2) 

Where: ~: The thermal coefficient of 

concrete, in/in/oF. 

AT : The change in temperature, of. 

Substitute equation (2) into equation (1) 

Sc : ~ATE . . . . . . . 
To make these calculations, the concrete properties will be 

required. 

Concrete Properties 

Since the test results of the specimens taken on the 

project were in.complete and erratic, supplementary tests must 



be used. Research Project-19, conducted at the Texas Trans-

portation Institute, offers basic data for the concrete pro

perties. Using this source, Figures 1 and 2 were compiled to 

show influence of age on the properties of a batch similar to 

concrete used on the project. 

From graphs: 

Age 
{Hours) 

22 
70 

E* (psi) 

6 2.3 x 10 6 
3.35 x 10 

0<. (in/in/oF) 

-6 
2.9 x 10 6 
3.18 x 10-

* Tensile E used (ultimate) 

Calculating Theoretical Stress 

Tensile strength (psi) 

165 
280 

The air temperature at 22-hours and 70 hours is 540 F and 

600 F, respectively. These values result in temperature 

changes of - 260 F and - 200 F. ' By using the temperature 

change along with concrete properties in equation (3) the 

theoretical stresses may be calculated. 

Sc - (2.9 x 10-6 ) (24) (2.3 x 106 ) = 160 psi @ 22 hours 

Sc - (3.l8 x 10-6 ) (20) (3.35 x 106 ) = 213 psi @ 70 hours 

Calculating Stress Distribution 

If no movement occurred within the slab segment, the 

theoretical stresses would apply. Therefore, any movement 

would be stress relief, so it m~st be combined with the the-

oretical stress as follows: 

Sa = Sc I ~ Xc 
X 

E •• ' ••••••• (J~) 
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Gage 
Interval 

1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-11 
11-12 
12-13 

·13-14 
14-15 
15-16 
16-17 
17-18 

Where: 

Sa - Actual stress in area between adjacent 

gage plugs, psi. 

AXc = Corrected movement experienced between 

adjacent gage plugs, inches. (See pro-

cedure for calculating correction move-

ments in Appendix C). 

X - Gage length, inches. (20 inches) -

Age of 22 hours Age of ZO hours 
** *i 

~ x 10-6 Sa £1. x 10-6 Sa 

-16 ,123 0 213 
Crack 0 Crack 0 

-46 54 -80 0 
-36 77 -50 45 
114 *160 -10 180 

*160 
-46 54 -60 12 
-26 100 -40 79 
-46 54 -120 0 

-106 0 -110 0 
Crack 0 Crack 0 

144 *160 -20 146 
/f4 *160 -70 0 
134 *160 -30 112 

*160 - *213 
14 *160 120 *213 

-16 123 0 213 

* Maximum stress assumed as the theoretical stress. 

** Data from Table 1 in Appendix B with the appropriate cor
rec tion applied. (Note E.c. = A XcIX) 
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