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This is a summary of the performance of continuously reinforced con
crete pavement in Texas. The performance of pavement test sections 
with varying subbase, subgrade, and slab thickness characteristics is 
evaluated in terms of steel strain, deflection, crack pattern, pumping, 
and traffic. Data collection and analysis techniques were essentially the 
same as those used at the AASHO Road Test but with appropriate modi
fications for the continuously reinforced concrete pavement. Empirical 
equations developed by using regression techniques are modified for use 
as design tools. 

Results indicate that each of the parameters mentioned affects the 
performance of continuously reinforced concrete pavement in some way. 
Pavement type, pavement thickness, subbase type, and subgrade were 
all found to affect deflection. Pavements with 0.5 percent longitudinal 
steel perform satisfactorily as true continuous pavements, i.e., good 
load transfer is obtained. 

The crack pattern development is related to pavement age, subbase 
friction, concrete flexural strength, and curing temperature. Crack 
distribution in a givenpavement length indicates performance. A normal 
distribution reflects satisfactory performance while a skewed distribu
tion reflects unsatisfactory performance. 

Based on percentage evaluation, twice as many jointed pavements as 
continuous pavements were found pumping. H not protected, lime
stabilized sub bases may pump. Asphaltic concretes with high asphalt 
content or good surface treatments will protect stabilized subbases. 
Signs of pumping are not always proof that the subbase is being e1·oded. 

The present serviceability indexes of CRC pavements in Texas follow 
the trend of the AASHO equations but with a somewhat lower initial PSI. 
CRC pavements are perfor ming with a significantly higher PSI than are 
jointed concrete pavements with the same number of equivalent 18-kip 
axle applications. 

•THE FffiST continuously reinforced concrete pavement (CRCP) was built in Texas in 
1951. At the time, it was in use in several other states on a small scale, and more was 
built as the Interstate Highway System got under way. 

By 1960 research studies were started to evaluate the performance of continuously 
reinforced conc1·ete pavement. One of these studies was initiated in 1963 by the Texas 
Highway Department 1n cuov~ution with the Burcn.u of Public Roads. Jn very general 
terms, the objective of this research effort was to determine the performance charac
teristics of continuously reinforced pavement under varying conditions of subbase sup
port, subgrade, and pavement thickness. 

In addition to this final report, seven others have been published on some portion of 
t11e research. The first report (1) gave a detailed account of equipment and procedures 
developed for the large research -study. A later report was on an experimental pave
ment built in 1964 (~). A deflection study of two pavements (~)reported the response 
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of the pavements as measured by deflection and radius of curvature and compared the 
effects of percent steel, load, concrete modulus of elasticity and crack spacing. A de
tailed analysis of deflection in terms of slab temperature differential, crack spacing, 
crack width, and soil support (4) was based on data taken from three different pavements 
recorded around-the-clock to get all effects of temperature. The climax to the perfor
mance study of CRCP in terms of load-deflection studies contained deflection data gath
ered from 45 different pavements located throughout the state (5). A 1966 report on a 
laboratory study of the relationship of deflection and modulus of elasticity found that the 
relationship of deflection to modulus of elasticity under certain conditions was not always 
consistent with accepted theory. Finally, a recent report (7) compared data collected 
and analyzed on this project with theoretical methods of slab analysis now being devel
oped at the University of Texas (~). 

PERFORMANCE 

The performance of a pavement is a measure of its accumulated service or the ad
equacy with which it serves its purpose. Pavement performance in its most general 
sense is usually measured or specified with an index value as suggested by Carey and 
Irick - (9 ). In this research study pavement test sections were evaluated and pave
ments of varying designs were studied for their relative performance and their perfor
mance in terms of the present serviceability index (PSI). Relative performance was 
measured or indicated by steel strain, deflection, crack pattern, pumping, and traffic. 

Steel Strain 

Based on a very limited amount of steel-strain data collected in this investigation, 
no significant relationship was found between performance and the amount of longitudinal 
reinforcing steel in pavements of similar design (2). Investigations prior to this one 
indicated extremely higb stresses in the longitudillal steel when Type ill cement is used 
(!_!). Specifications now also limit the fineness of cement. 

Deflection 

Pavement deflection or response to load indicates the relative performance of pave
ments of different design. Different subgrades were evaluated in terms of deflection 
(5). In Figure 1 the relative performance of poor, fair, and good subgrades is shown in 
- terms of deflection. Also indicated in Figure 1 
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Figure 1. Relative performance of subbases 
and subgrades. 

is the relative performance of the three subbases 
shown. The low deflection of the fine-grain sub
base on the fair subgrade was a case where the 
subgrade was stabilized with lime. Lime sta
bilization of the subgrade was not part of the ex
periment factorial. Stabilization of the subgrade 
with lime is a widely used technique for devel-
oping a construction platform in areas of the 
state where subgrades are very wet. 

Because of results with lime-stabilized sub
grades, it is believed that the lime-treated sub
grade actually performs like an additional sub
base layer in terms of response to static load. 
Therefore, a soil support term was formulated 
to correlate deflections on different foundations 
{_!). It is defined as follows: 

where 
SS = soil support, 
U 1 = seven-day unconfined compressive 

strength of subbase, 
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Figure 2. Deflection as a function of soi I support. 

U2 = seven-dayunconfinedcompressive strength of lime-stabilized subgrade, and 
T sg = Texas triaxial classification of subgrade material. 

In Figu1•e 2 the X data points represent pavements that have lime-treated subgrades. 
The soil-support value for these pavements was modified to include the treated subgrade 
layer as a second subbase. After inclusion in the soil support, the X data points moved 
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Figure 3. Comparison of deflection at and between 
cracks. 

to the positions shown as squares. 
Now the squares and circles form the 
data set that displays the relation of 
deflection to soil support shown. Thus, 
the lime-treated subgrade layers do 
strengthen the pavement system. How
ever, this additional. strength is usually 
not considered in the design stage. 
Usually the stabilization wjth lime is 
primarily .for developing a workable 
subgrade or a construction platform. 

Deflection measurements were also 
used to compare measured responses 
at cracks and at midpoints between 
cracks on the continuously reinforced 
concrete pavement. The continuity in 
the CRCP or load transfer across the 
volume-change cracks is measured oy 
the comparison shown in Figure 3. 
The lines in Figure 3 are regression 
lines for data taken at and between 
volume-change cracks. Each of the 
four lines represents data recorded 
in one of the four seasons of the year 
(5). Note that the lines are nearly 
45 deg and that the intercept is very 
small-smaller than the resolution of 
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the Benkelman beam. The design of 
the longitudinal reinforcing steel was 
identical in all of the pavements from 
which the data in Figure 3 were gath
ered. It is apparent from a deflection 
standpoint that the 0.5 percent steel 
design was performing satisfactorily 
at the time of this investigation. 

The deflection-percent steel rela
tionship has been investigated on two 
experimental paving projects where 
more than one steel design was used. 
Figure 4 shows the relationship of 
steel percentage to deflection on two 
projects. The subbases and subgrades 
for these two projects were entirely 
different. This accounts for the verti
cal placement of the two data sets, i.e., 
data from two different populations. 
From Figure 4 it is believed that in
creases beyond 0.5 percent steel will 
probably not decrease deflection a sig
nificant amount. Thus, a design with 
more than 0.5 percent steel will have a 
small amount of built-in insurance. 

The response of pavements with different slab thickness was measured by deflection. 
As expected, thinner slabs deflected more than thicker ones (5). Data in Figure 5, col
lected from pavements of identical design except for the slab thickness compare satis
factorily with other research and theory. 
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Crack Pattern 

The development of the random crack pattern in CRCP is very complex. It is af
fected by the tensile strength of the concrete, percent steel shrinkage, curing tempera
ture, friction between concrete and subbase, and the uniformity and homogeneity of the 
paving concrete. 

Crack pattern development with time is shown in Figure 6. The two pavements shown 
are identical in design except for the subbases. Both pavements were built under the 
same contract and are adjacent to one another. The solid line represents a CRCP with 
0.4 percent longitudinal steel (deformed wire mat) on a lime-stabilized gravel subbase. 
The dashed line shows the same pavement on a subbase of crushed limestone stabilized 
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with asphalt emulsion. At 600 days, the pavement on the asphalt-treated subbase had a 
crack spacing 23 percent less than that of the pavement on the lime-stabilized gravel. 
This difference in crack spacing can be attributed to the difference in subbase friction 
or resistance to movement. 

The concrete tensile strength also affects the cracking pattern. A tensile test is not 
used for job control in Texas. Midpoint-loading flexural strengths are determined, how
ever, because there is a correlation between the tensile and flexural strengths of con
crete. Thus, in Figure 7 for two different curing conditions, the seven-day flexural 
strength is related to the average crack spacing at a pavement age of 200 days (12). 
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As concrete strengths go up and curing 
temperatures go down, wider crack spacings 
result. 

The ambient temperature, i.e., curing tem
perature of the pavement, also affects the crack 
spacing significantly, as shown in Figure 7 
where the slope of the lines is a measure of 
the curing temperature. Figure 8 shows that 
as the temperature of pavement reduces, the 
crack spacing approaches infinity, i.e., spac
ings much larger than the optimum of 5 to 8 
feet. Data in Figures 7 and 8 are from one 
construction project. 

The distribution of crack spacings in a given 
length of pavement is a good indicator of per -
formance. Crack-spacing data shown in Fig
ure 9 approach a normal distribution and re

flect satisfactory performance. Cracking patterns such as these are representative of 
the random crack pattern desired in CRCP. The data are from a pavement test section 
2, 500 ft long. A distribution like this can only be obtained with uniform, homogenous, 
well-consolidated concrete. Figure 10 shows a crack-spacing distribution on a pave
ment test section also 2, 500 ft long where the concrete was neither uniform, homoge
nous, nor well consolidated. Extensive areas of unconsolidation were present, and most 
of the cracks formed over the transverse steel, which is spaced on 2-ft centers. This 
is reflected in the skewed distribution. The frequency is very high for the range from 
1.5 to 3.0 ft. In general, the normal distribution indicates satisfactory performance, 
and the skewed distribution reflects unsatisfactory performance. 

Pumping 

Loss of uniform support under a rigid pavement usually causes distress in a pave
ment slab when heavily loaded. A survey of test sections selected for this investigation 
indicated that pumping was not a problem on pavements with stabilized subbase layers. 
Figure 11 shows a qualitative evaluation of the pumping found on some of the test pave
ments selected for the overall experiment, both jointed and continuously reinforced. 

Other experience in Texas with lime-stabilized subbases directly under CRCP has 
been somewhat unsatisfactory. Lime-treated soil apparently loses some of its integrity 
when it becomes wet. After wetting it erodes and pumps like a fine-grained material. 

Signs of pumping, such as water movement and material depositedonapavedshoulder, 
do not always indicate true pumping, i.e., removal of foundation from beneath the port
land cement concrete pavement slab. Some pavements with sound, stabilized subbases 
have shown signs of pumping. For example, an 8-in. CRC pavement with an asphalt
stabilized subbase showed severe signs of pumping. The pavementhadcement-stabilized 
shoulders with shoulder surfacing of 1-in. asphaltic concrete. The pavement edge was 
cored. It was found that when the shoulder base material was stabilized with cement, a 
small portion in the corner between the blanket subbase and the edge of the slab was 
either :riot mixed with cement or not compacted. It was this material that was being 
forced out by the pumping action of water in the joint between the shoulder and the slab. 
Figure 12 shows what was found. A careful examination of the core holes showed the 
small channel where the loose material had all been removed. 

Traffic 

Since the test sections for this project were selected at the inception of the project, 
the traffic load applications have been estimated several times. Data were collected 
for one direction only from the date of completion to the time of data collection. 

The total data for one direction in reality forced all traffic into one lane as far as 
the number of 18-kip applications is concerned. This may be reasonable because 
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almost all the test sections were on roadways with two traffic lanes in each direction, 
and heavily loaded vehicles usually travel the outside lane where all test sections are 
located. 

The pavement serviceability-performance concept developed at the AASHO Road 
Test relates the traffic load application to a performance index known as the present 
serviceability index (13). The CHLOE profilometer was used to determine the PSI of 
each test section in the experiment. Only one value of PSI was obtained for each sec
tion; the PSI's immediately after construction were unknown. 

Because the test sections are all about the same age, a relative comparison of PSI' s 
is reasonably valid. The limited data indicate that the average relationship of PSI to traf
fic for the sections was in the range of 4.0 to 4.2. These pavements were all three to 
six years old at the time of measurement. Even so, this does indicate the ability of 
continuously reinforced concrete pavement to maintain a high level of serviceability. 

For the test sections in this experiment, corresponding PSI and traffic data were 
assembled and are shown in Figure 13. All pavements in the experiment factorial are 
shown with no attempt to differentiate between pavements of different design. The line 
represents the AASHO equation that related the PSI of a 10-in. jointed reinforced con
crete pavement to traffic. The initial PSI of rigid pavements at the AASHO Road Tests 
was 4.5, and thus the line passes through 4.5 on the vertical axis on the semilog graph 
of PSI and traffic. 

Figure 14 shows similar data except that a differentiation is made between pavements 
with stabilized subbases and pavements with unstabilized subbases. Data are inconclu
sive. 

Figure 15 compares the performance of jointed and continuously reinforced pave
ments. The sample of jointed pavements is smaller than that of the continuously rein
forced. The observations do indicate that in Texas the continuously reinforced pave
ment is performing with a higher serviceability index than is the jointed concrete pave
ment. The lines on this figure again represent the AASHO correlation of traffic to ser
viceability index for 8- and 10-in. jointed reinforced concrete pavements. 

Figure 16 compares the performance of 8-in. continuously reinforced concrete pave
ments in Texas and Illinois (14). The Illinois data are from pavements having a range 
of 0.3 to 1.0 percent longitudinal steel. 

These four figures indicate that the AASHO equations cannot be applied directly be
cause they predict a higher level of performance than that determined from in-service 
pavements. This was also the finding of an investigation on pavements in Illinois (14). 
The trend of loss in serviceability with increased traffic is correct and valid. However, 
the PSI's measured for this investigation indicate that the average initial PSI after con
struction is something less than the 4.5 measured at the AASHO Road Test. 

DESIGN 

The research in this study led to the development of several empirical equations. 
In each case the equations were statistical models that correlate the parameters in
volved. The symbols used in these equations are defined as follows: 

S = stress in longitudinal steel (plus is tension); 
Ee = compressive modulus of elasticity of concrete; 
O'c = coefficient of thermal expansion for concrete; 

AT = change in slab temperature from time in question to time of concrete place
ment; 

X = average crack spacing, ft; 
P = percent longitudinal steel; 

Zc = shrinkage, in./in.; 
AZ = change in shrinkage, in./in.; 
AX = crack width in concrete, in.; 
K1 = constant equal to 1.468; 
K2 = constant equal to 2.553; 
De = edge deflection at a crack in CRCP, in.; 



D = slab thickness, in.; 
T = slab temperature differential, deg F; 

T sg = Texas triaxial classification of subgrade material; 
L 18-kip single axle load; 

SS soil support; 
U 1 seven-day, unconfined compressive strength of subbase, psi; and 
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U2 seven-day, unconfined compressive strength of lime-stabilized subgrade, psi. 

From the study of steel strain the following model was developed for stress in the 
longitudinal steel (~): 

s = A1 + A2EcZc + A3ECZC (~Y + A4EcetcAT + AcEcetcAT (§r (1) 

where A11 A2, A3, A4' and A5 are constants that were determined from the data. 
Equation 1 can be solved for P, the percent longitudinal steel. Thus it takes the 

form 

(2) 

An additional result of the stress and concrete movement investigation was an em
pirical equation for crack width in the concrete (2). Model number DKl has been se-
lected for this exhibit. It follows as -

(3) 

where K 1 is a constant determined from the data. 
From the analysis of the load-deflection data collected in this research study, the 

final result was an empirical equation or model that correlated the parameters in the 
sttidy to the deflections measured in the field (4, 5). 

The first study evaluated the effects of temperature and crack spacing, and the sec
ond, a statewide investigation, determined the effect of subbase, subgrade, and materials 
properties. The final model for predicting the edge deflection of a CRC pavement was 

A L 10BsAX ,,[34 T0.25B 3 

D _ o sg 
c - Dl.75 EB 2 U0 .25B3 100.0 l47T (4) 

where A0, B2, B3, B4, and Bs are constants determined from the data. 
Equation 4 could be rearranged so that a solution for D, slab thickness, could be ob

tained. Thus the equation would take the form 

(

A L 10B5 AX x134 JL25B3 T0.25B3 )
0

"
571 

o sg 
D-

- D EB2 U0.25B3 100.0147T 
c 

(5) 

Thus two empirical equations have been formulated that may serve as design aids. 
First, Eq. 2 displays the percent of longitudinal steel in terms of the material properties 
of the concrete, environment, and stress. The values for the constants are as follows: 

p - Ec(2.46 Zc - 0.002 O:c AT A ) 
{ 

:;;2 ~0·5 
- s - [3, 400 - Ec(iB.22 Zc + 27 .79 o: c AT )J 

By having the concrete modulus of elasticity, coefficient of thermal expansion for 
concrete, range of temperature from construction to extreme cold temperature, shrinkage 
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of concrete, and desired crack spacing, the necessary percentage of steel can be com
puted. An example problem is solved in the Appendix. 

Slab thickness may be determined from Eq. 5. The slab thickness would be based 
on a static load condition and a maximum allowable edge deflection. Equation 7 is Eq. 
5 with constants substituted: 

0·571 

D = ( 0.378L 106.341AX :;c0.027 T~gl63) 
D E0.168 U0.163 100.0147T 

c 

The value of crack width, AX, may be computed from Eq. 3, rewritten here as Eq. 8: 

AX= -X(AZ + O!cAT) 

el.468P 

(7) 

(8) 

or it may be computed from the following equation, which was also developed along with 
Eq. 8: 

where K 2 = 2.553. 

AX = -X(Z + ixc AT) 
l + ~P 

Either Eq. 8 or Eq. 9 will give a satisfactory answer; however, Eq. 8 is recom
mended. 

(9) 

Axle load, L, in Eq. 7 was replaced by 18 since the load used in the experiment was 
18 kips. For design it may be desirable to use a temperature differential, T, equal to 
zero. Thus, other than the allowable deflection, only strength parameters need to be 
determined. 

The allowable deflection, De, is a subject that may be conjectured. A deflection of 
0.012 in. has been suggested for design purposes where the average of the single axle 
loads is in the neighborhood of 15,000 lb (15). Based on the AASHO Road Test, a rein
forced jointed concrete pavement after being fatigued with 7,000,000 18-kip equivalencies 
should have an edge deflection of about 0.014 in. at PSI of 2.5. It is believed that CRCP 
performs equally well and better than JCP in Texas; thus, based on the fatigue relation
ship, the 0.014 in. may be considered for CRC pavement (13). 

For design purposes a maximum allowable deflection ofl).012 in. is recommended at 
this time. This is the most conservative figure in the available literature. The 0.012 
in. is also satisfactory from the standpoint of experience in having measured deflections 
on many CRC pavements of varying design and service level. 

Figure 17 is a graphical solution of Eq. 4. The nomograph may be used to solve for 
slab thickness with the following parameters being known: subgrade triaxial classifica
tion, subbase unconfined compressive strength at seven days, and maximum allowable 
deflection. In the development of the nomograph in Figure 17 the parameters in Eq. 4 
were assigned the following values: 

x = 5.0 ft 
AX = 0.010 in. 

T=O 
L = 18 kips 
E = 5.5 x 106 psi 

SUMMARY 

This performance study of continuously reinforced concrete pavement encompassed 
a wide variety of environmental elements. The pavements studied were located through
out the state. This research effort was conducted over a period of five years, during 
which much data were collected, many analyses made, and numerous reports written. 
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The following conclusions are for the entire research study and include some that are 
repeated from earlier reports on this project. In general they summarize the relative 
performance of continuously reinforced concrete pavement as evaluated in this investi
gation. 

1. Steel Strain-Temperature stresses are a direct function of the concrete's mod
ulus of elasticity and coefficient of thermal expansion. Stress is an inverse function of 
percent longitudinal steel. It is a direct function of the spacing of volume change cracks 
and of concrete shrinkage. 

2. Deflection-Pavements with good subgrades deflected less than those with poor 
subgrades. Pavements with lime-stabilized subgrades performed better than identical 
pavements with no subgrade treatment. In pavements with 0.5 percent steel and having 
a wide variation of support and environmental conditions, the transverse cracks were 
small enough to retain sufficient aggregate interlock to maintain approximately 100 per
cent load transfer. Pavements with more steel respond more favorably; however, be
yond the 0.5 or 0.6 percent point, additional steel will not decrease deflection signif
icantly. The relationship of slab thickness to deflection determined from this research 
is in agreement with accepted theory and other research. Pavements with stabilized 
subbases are superior to those with unstabilized subbases. 

3. Crack Pattern-There is a relationship between pavement age and crack pattern 
on an individual project basis. The flexural strength of the concrete has a direct effect 
on the crack spacing; it is also affected by the subbase friction and is related to the 
curing temperature. The distribution of crack spacings in a known length of pavement 
is an indicator of performance. 

4. Pumping-Based on percentages, twice as many jointed concrete pavements as 
CRC pavements with similar subbases were found pumping. Lime-stabilized subbases 
will pump if they are not protected with a nonerosive surface. Signs of pumping are 
not always proof that a pavement's subbase is being eroded. 

5. Traffic-The performance data show the trend set forth by the AASHO equations, 
but with a somewhat lower initial serviceability index. In Texas, CRC pavements show 
a significantly higher serviceability index than jointed concrete pavements. CRC pave
ments in Texas are performing well compared to others in this country. 
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Appendix 

EXAMPLE PROBLEM-SOLUTION FOR PERCENT STEEL 

The percent steel for a given set of conditions can be completed by using the em
pirically developed Eq. 6: 

0.5 

P _ { Ec(2.46 Zc - 0.002 acti.T X 2
) } 

- S - [3,400 - Ec(18.22Zc + 27.79 acAT) ] 

For the following set of conditions the required longitudinal steel percentage is 
computed: 

Ee = 4.0 x 106 psi, 
Zc = 100.0 x o-6 in./in., 
Ole = 5.0 X 10- 6

, 

AT= 50 F, 
X = 10 ft, and 
s = 33,000. 

Substituting these values, 
0· 5 

p = ( 4.0 x 106( 2.46 (100 x 10-6
) - 0.002(5.0 x 10-0)(-50) 102

] ) 

33,000 - (3,400 - 4.0x106
[ 18.22 (100 x 10-6)+ 27 .79(5.0 x 10-0)(-50))} 

Simplifying, 
0·5 0.5 

_ [ 4.0 X 106 (296 X 10-6
) J _ [ 1, 184] _ 

p - 33,000-3,400+20,504 - 9,096 - 0.4percent (Answer) 




