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Cement Concrete Pavement 
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Since 1941, about 3500 miles of the older concrete pavements in Illinois have been re
habilitated by bituminous resurfacing, which in most cases was preceded by widening 
and desirable corrections of alignment. The results obtained in the form of low
ered maintenance costs and increased service life have been beyond expectation. 
Though the bituminous surfacing, in itself, is not capable of withstanding bending stres
ses of important magnitudes, i t nevertheless has imparted increased structural strength 
to the old pavements. The benefits derived are believed to be substantially the conse
quence of protective properties inherent in the bituminous surfacing. 

Because of the excellent results obtained in the case of the older pavements, the ex
pediency of protecting concrete pavements with bituminous surfacingimmediately after 
their construction is currently being studied. Included in the studies is the question as 
to the feasibility of using concrete relatively lean in cement to reduce the cost. 

On the basis of postulated numerical quantities, most of which are supported by some 
investigational data, the author wil l attempt to show by analytical deductions the na
ture of some of the contributions of bituminous surfacing to structural strength of con
crete pavement and, at the same time, t r y to clarify the problem as to the practicability 
of using mixtures relatively lean in cement for construction of concrete base. 

I t should be stressed that the values derived are not necessarily correct as to their 
numerical magnitudes, and that they should be considered only as indications of rela
tive qualities. 

# T H E year of 1941 essentially marks the weather, the excellent results obtained never-
beginning of the program of bituminous re- theless indicate that i t has imparted increased 
surfacing of the older concrete pavements in structural strength to the old pavements. The 
Illinois, for which the maintenance costs had beneficial effect is thought to be substantially 
become so high that some form of rehabilita- the consequence of protective properties in-
tion was imperative. The rate of resurfacing herent in the bituminous surfacing, 
increased more or less gradually from about The evident existence of such properties has 
40 miles during that year to a peak of nearly led to the consideration of the expediency of 
800 miles in 1952, a total of about 3500 miles protecting concrete pavement with a bi tumi-
having been completed at the present time, nous surfacing immediately after construction, 
I n most cases, the resurfacing was preceded by rather than waiting unt i l i t has become dam-
widening of the slab, usually to 22 or 24 feet, aged by traffic and climate. Involved also is 
and desirable corrections of alignment. The the question as to whether the protective qual-
results obtained in the form of lowered main- ities of the bituminous surfacing are of mag-
tenance costs and increased service life have nitudes that wi l l permit the reduction of costs 
been beyond expectation. by construction of thinner slabs or by the use 

Though the bituminous surfacing, in itself, of lower strength concrete than now is the 
is not capable of withstanding bending stresses practice in concrete pavement construction, 
of important magnitudes, especially in warm To get information on this question, some 
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pavement widening preliminary to bituminous 
resurfacing, and fu l l width base at relocations, 
was constructed in 1951, 1954, and 1955 with 
amounts of cement varying from 3.0 to 5.8 
bags per cubic yard of concrete. However, 
since i t was expected that proper evaluation 
of the variable could be made only after some 
years of service, this investigation has at
tempted to picture by analytical means, on 
the basis of postulated quantities that ap
peared reasonable, the nature of the properties 
of the bituminous surfacing responsible for the 
increased structural strength of the pavement. 
Recently, f rom tests of the concrete of the 
various cement contents and from other 
sources, additional information has become 
available, and i t was considered desirable to 
retrace the original analysis, which was made 
in 1951, on the basis of improved postulated 
quantities. 

Some of the possible effects of the bi tumi
nous surfacing are too intangible to lend them
selves readily to analytical treatment. I n that 
category are such indefinite benefits as may be 
derived from the "cushioning" of dynamic 
loads and the possible reduction of deflections 
and stresses by reason of the increased inertia 
of the combined pavement and surfacing. 
That the bituminous surfacing prevents water 
from entering the subgrade in large amounts 
through joints and cracks in the concrete pave
ment is evidenced by the fact that subgrade 
pumping has been substantially eliminated in 
most of the rehabilitated pavements formerly 
showing that defect. By reason of exclusion of 
surface water, the bituminous surface may be 
expected to improve the uniformity of sub-
grade support from point to point and between 
seasons. However, the effect upon stresses in 
the concrete, though they cannot be satisfac
tori ly evaluated on the basis of available in
formation, is believed to be relatively unim
portant and wil l not be considered here. 

The bituminous surfacing, without question, 
serves to distribute wheel loads to the con
crete slab over larger areas than those con
tacted by the tires. Obviously, also, some pro
tection is afforded to the concrete below 
against sudden and excessive variations in 
temperature. The effects of both of these prop
erties of the bituminous surfacing can be pic
tured analytically on the basis of certain neces
sary fundamental information, which wil l be 
further described. Unfortunately, the available 

information in some respects is of fragmentary 
nature and cannot be fu l ly justified experi
mentally as to numerical acccuracy. The nu
merical values to be derived, therefore, are not 
necessarily correct as to their magnitudes, and 
should be considered only as indications of 
relative qualities. 

P R O P E R T I E S O F C O N C R E T E 

Since data from earlier investigational work 
did not provide satisfactory information with 
respect to variation of the strength and modu
lus of elasticity with the cement content of the 
concrete, especially over the desired range, i t 
was found necessary to use the limited amount 
of data obtained in connection with the jobs 
constructed in 1951 and 1954 and from some 
laboratory tests conducted in 1955. Data rep
resenting the approximate ultimate flexural 
strength of the concrete are shown in the upper 
chart of Figure 1. Unfortunately, entirely sat
isfactory agreement between the various 
sources does not exist. 

The 1951 data represent flexural strengths 
at the age of one year for cement contents var
ying over only a small range and the relation
ship established appears to be linear. I n the 
1954 data, the only flexural strengths avail
able were for early ages and for specimens 
made in fairly cold weather. The data, how-
erer, included a number of tests of 6-inch mod
ified cubes, 6- by 12-inch cylinders, and 4}i-
inch cores drilled f rom the pavement, all made 
at the approximate age of nine months and 
between which excellent agreement existed. 
These compressive strengths were used for 
estimating the flexural strengths indicated by 
the curve representing the 1954 data. I t wi l l 
be seen that this curve parallels, at a lower 
level, the curve representing the laboratory 
tests, which were made at the age of five 
months. The only known difference in charac
teristics which conceivably could cause the 
difference in shape of the curves is that the 
1951 data represent crushed stone concrete and 
the 1954 and laboratory data represent gravel 
concrete. However, i t wi l l be noted that, for 
the short range of f rom four to six bags of ce
ment per cubic yard of concrete, all of the 
curves could be approximated by straight 
lines. The curvilinear shape is thei-efore be
lieved to be (correct. 

Considering that the labcn-atory data proba
bly show higher strengths than ordinarily ob-
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Figure 1. Relation of cement content to fleiural 
strength and modulus of elasticity of concrete. 

tained in the field and that the 1954 data cover 
the desired range in cement content, i t was de
cided to use the latter, though estimated from 
compressive strengths, as a reasonable indica
tion of the ultimate flexural strength that is 
obtained with concrete of different cement 
contents and of a consistency suitable for 
pavement construction. Attention is called to 
the fact that the strengths are based on the 
method of testing used by the Illinois Division 
of Highways, and that corresponding strengths 
by the third-point method (ASTIM Designa
t ion: C 78) would be approximately 20 percent 
less. 

The lower chart in Figure 1 shows both the 
tangent and the dynamic moduli of elasticity 
of 6- by 12-inch cyUnders corresponding to the 
1954 and the laboratory strength data dis
cussed above. The tangent modulus of each 
cylinder was determined by loading i t to about 
60 percent of its ultimate strength and reading 
the strain at appropriate load intervals during 
the process. The time interval required was 
about two minutes. The data f rom the first 

T A B L E 1 
P O S T U L A T E D A P P R O X I M A T E U L T I M A T E F L E X -
U R A L S T R E N G T H I N PSI A N D M O D U L U S O F E L A S 

T I C I T Y I N M I L L I O N S O F P S I 

Item 
Bags of Cement per Cubic Yard 

Item 
3 4 5 6 

Flexural strength: Il l i 
nois Method—psi 500 785 880 925 

Flexural strength: third-
point method—psi 400 630 705 740 

Modulus of elasticity: 
millions—psi 4.08 4.91 5.14 5.29 

run were discarded, but subsequent runs pro
duced essentially linear stress-strain curves, 
and the modulus was determined from the 
average data for the second and third runs. 
The dynamic modulus of each cylinder was 
determined as an aid in studying the variabil
i ty of the modulus of elasticity wi th cement 
content. 

I t w-ill be noted that the moduli of elasticity 
determined for the laboratory concrete show 
very uniform variation with cement content, 
while those for the field concrete show slight 
fluctuations, though differences in numerical 
magnitudes are small. Since the true variabil
i ty is of greater importance than exact numeri
cal magnitudes, i t was decided to base the cal
culations involving modulus of elasticity upon 
the values obtained for the laboratory con
crete. Since strains in concrete pavements are 
the results of external forces, i t was decided to 
use the tangent modulus rather than the dy
namic modulus. The latter, determined under 
a condition approaching no stress in the con
crete, is believed to be numerically much too 
high for the use intended. I ts relationship to 
cement content is very similar to that shown 
by the tangent modulus. 

I n conformity with the discussion presented, 
the quantities shown in Table 1 wi l l be as
sumed to represent with reasonable accuracy 
the approximate ultimate flexural strengths 
and moduli of elasticity of concrete of various 
cement contents. 

D I S T R I B U T I O N O F W H E E L LOADS B Y T H E 
A S P H A L T I C C O N C R E T E S U R F A C I N G 

For the purpose of calculating stresses, i t is 
necessary to consider wheel loads as uniformly-
distributed over appropriate circular areas, 
which assumption has been found to yield 
satisfactory results. I n the case of a surfaced 
pavement, a wheel load is distributed to the 
concrete slab in the form of pressure, the in 
tensity of which would be expected to be great
est directly under the center of the loaded area, 
but decreasing gradually in all directions, and 
extending beyond the hmits of the loaded area. 
Much effort was expended in trying to obtain 
a reasonably true portrayal of the distribution 
of the pressure and in determining a uniformly 
loaded circular area that would produce the 
same maximum stress in the concrete as the 
distributed pressure. To simplify the problem, 
only wheel loads applied at a considerable 
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distance from slab edges and joints were 
considered. 

I t is believed that the influence chart for 
vertical stresses in elastic foundations, de
vised by Nevvmark (1), though not strictly ap
plicable to the problem, may be used in pictur
ing the distribution of wheel loads through the 
bituminous surfacing to the concrete slab, as
suming that the horizontal shearing stresses 
acting at the interface between the surfacing 
and the slab have no important effect on the 
stresses in the concrete. Numerically, the re
sults obtained may not be of high accuracy, 
because it is understood that the introduction 
of a concrete slab at a certain depth tends to 
concentrate the load pressure slightly more 
than indicated by the vertical stresses deter
mined for that depth. I t is also understood that 
an empirical correction can be made for that 
tendency by determining the vertical stresses 
at a depth slightly less than that of the con
crete slab, possibly at two-thirds or three-
fourths of the depth of the bituminous sur
facing. I t is felt, therefore, that the true 
distribution of the load through a 3-inch bitu
minous surface probably will approximate 
closely the distribution of vertical stresses in 
the surfacing obtained at a depth somewhere 
between 2 and 3 inches. 

The bell-shaped pressure distributions for 
the two depths were determined for a 10,000-
pound load applied uniformly over circular 
areas of various sizes. Each bell was then ap
proximated by a series of cylindrical segments 
having the same combined volume, or repre
senting the same total load of 10,000 pounds. 
The contribution of each cylindrical segment 
to the maximum stress in the concrete was de
termined in accordance with Westergaard's 
equation for the case of interior loading {^), 
assuming the slab thickness as 8 inches, the 
modulus of subgrade reaction as 100 pounds 
per cubic inch, the modulus of elasticity of 
the concrete at 4,000,000 psi, and Poisson's 
ratio as 0.15. The summation of the stress con
tributions of the cyUndrical pressure segments 
was taken as the maximum stress produced by 
the distributed pressure, and the radius of the 
uniformly loaded circular area producing the 
same maximum stress was determined. In this 
connection as well as in subsequent determina
tions of load stresses, and in the reverse opera
tion of determining the radii of uniformly 
loaded circular areas corresponding to com

puted maximum stresses, the table provided 
by Teller and Sutherland (S) was used ex
tensively, interpolations being made from 
curves plotted from the values presented. 

The entire process is illustrated in Figure 2, 
which shows a section through the center of 
the pressure bell obtained for the 3-inch depth 
with the load applied over a circular area hav
ing a radius of 6 inches. In this particular case, 
it was possible to approximate the volume of 
the bell by eight cylindrical segments each 
representing a pressure of 10 psi, but of radii 
varying from 3.0 to 9.5 inches. The tabulation 
shows the area of each segment, the total pres
sure represented by each, and the maximum 
stress contributed by each. I t will be noted 
that the combined pressure contributed by the 
segments is within 10 pounds of the applied 
10,000-pound load, which indicates reasonable 
accuracy of the graphical work. The sum
marized maximum stress is 199.6 psi, and it 
was determined that the 10,000-pound load 
uniformly distributed over a circular area 
having a radius of 7 inches would produce the 
same maximum stress. With the load applied 
on an exposed slab, the stress obtained for a 
radius of 6 inches is 213 psi. In this particular 
case, therefore, the bituminous surfacing is 
indicated to have the effect of increasing the 
radius of the load circle by 1 inch, but the re
sulting decrease in maximum stress is only 
6.3 percent. 

The data obtained for the various sizes of 
load circle considered are shown in Figure 3 in 
the form of curves depicting the relationship 
of the radius of load circle, as estimated from 
the tire contact area, to the radius of the same 
load circle, as adjusted to take into account 
the load distribution property of a 3-inch bi
tuminous surfacing. Curve A represents the 
data based on the vertical stresses determined 
at the 3-inch depth of the bituminous surface, 
and Curve B represents the similar data cor
rected empirically by determining the stresses 
at the 2-inch depth. As previously indicated, 
the curves are thought to be of the nature of 
limits between which a curve showing the true 
relationship probably would fall. For both, the 
indicated adjustment is greatest for the smaller 
load circles, and may be substantial, depend
ing upon the true location of the curve. For 
the larger load circles, corresponding to tire 
contact areas for loads that produce the most 
critical stresses, the adjustment is relatively 
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1 3.0 28 .3 2 8 3 7.2 
2 4 .4 60 .8 6 0 8 14.3 
3 5.2 84 .9 8 4 9 19.0 
4 5.7 102. 1 1 02 1 2 2 . 2 
5 6.1 1 16.9 1 169 2 4 . 7 
6 6.7 141.0 1410 2 8 . 6 
7 7.6 18 1.5 18 15 34 .8 
8 9.5 283 .5 2 8 3 5 4 8 . 8 

SUMMATION 9 9 9 0 199.6 

ADJUSTED RADIUS'7.0 IN. 

Figure 2. Section through center of bell-shaped pressure distribution indicat ing method of approiimating the 
pressure by cyl indrical segments, the stress in the concrete, and the adjusted radius of load circle. 

The fact that the larger wheel loads gen
erally are carried on dual tires, and are in 
reality two loads spaced a short distance apart, 
may change the picture a little. The contact 
area of each of the tires, individually, corre
sponds to a load circle of relatively small size, 
and it is probable that the load distribution 
would be greater than would be the case for a 
single larger load circle that has been assumed 
to be the equivalent of the two smaller ones. 
Therefore, since a single load circle will be as
sumed for dual tire loads, the load distribution 
obtained will be based on the data represented 
by Curve A. 

A 9000-pound wheel load, the maximum le
gally permissible in Illinois, is considered in 
the further studies herein. A load circle of 
7-inch radius is assumed as corresponding to 
that load. This is in agreement with Brad
bury's formula (4) for load distribution 
through dual tires for loads applied in the in
terior of slabs. This may represent a minimum 
tire requirement for this load under modern 
practice, but is satisfactory for the purpose in-

RADIUS OF ADJUSTED LOAD CIRCLE - IN. 

Figure 3. Relat ion between radius of load circle and 
adjusted radius of load circle. Curve A was derived from 
pressure distributions at the 3-lnch depth and Curve 
B from pressuredistributlonsat the 2-inchdepth of the 

bituminous surfacing. 

slight and it is indicated that the degree of the 
distribution of load by reason of the 3-inch 
bituminous surfacing is not a substantial fac
tor in imparting structural strength to con
crete pavements. 
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tended. When the load is considered as applied 
on a surfaced pavement, the radius of the load 
circle will be considered as 8 inches, as deter
mined from Curve A to the nearest inch. 

M A X I M U M T E M P E R A T U R E D I F F E R E N C E 
B E T W E E N TOP AND BOTTOM O F 

C O N C R E T E P A V E M E N T S L A B S 

For appraisal of the value of the bituminous 
surfacing in protecting concrete pavement 
slabs against excessive temperature variations, 
it is desirable to have available credible values 
for the apj)roximate maximum temperature 
differences that will occur between the top and 
bottom surfaces of the slabs with and without 
the bituminous surfacing. At the Arlington ex
perimental road (6), the maximum differences 
observed in the interior of 6- and 9-inch ex
posed slabs were, respectively, 24.3° F and 
31.0° F and, since the difference in latitude is 
small, the same values may reasonably be as
sumed for Illinois. Plausible values for other 
slab thicknesses were estimated from a plot of 
the temperature difference against slab thick
ness on the basis of a smooth curve drawn from 
the origin through the points representing the 
two stated values. Corresponding values for 
surfaced slabs cannot at present be estimated 
in similar manner, but a small amount of in
vestigational data is available, from tests made 
by the Illinois Division of Highways, showing 
that substantial protection against tempera
ture variation is obtained. 

Simultaneous temperature measurements 
were made in two 7-inch pavement slabs, one 
exposed and the other having a 3-inch bitumi
nous concrete surface, by means of thermo
couples set at the top surface of the concrete 
and at 1 inch above the bottom surface. The 
maximum temperature differences between the 
two thermocouples observed on October 4 and 
11, 1951, were 22° F on both days for the ex
posed slab and 15° F and 13° F, respectively, 
for the surfaced slab, the latter differences av
eraging about 64 percent of the former. An
other run made on Juh- 9, 1952, showed cor
responding values of 27° F and 15° F, or a 
temperature difference for the surfaced slab of 
only 56 percent of that observed for the ex
posed slab. The 27° F corresponds to the max
imum estimated for a 7-inch slab (see Table 2). 
However, since the lower thermocouple was 
set 1 inch above the subgrade, the measure
ments described might more nearly represent 

T A B L E 2 
P O S T U L A T E D M A X I M U M T E M P E R A T U R E D I F 
F E R E N C E S B E T W E E N T O P A N D B O T T O M S U R 
F A C E S O F E X P O S E D A N D S U R F A C E D S L A B S -

D E G R E E S F . 

Condition 
Slab Depth—Inches 

Condition 
6 7 8 9 10 

Exposed 
Surfaced 

24.3 
14.6 

26.8 
16.1 

29.0 
17.4 

31.0 
18.6 

32.8 
19.7 

the condition that would have been present in 
a 6-inch slab, for which the measured 27° F is 
higher than the estimated value. 

Similar installations of thermocouples of 
more permanent character have been made in 
exposed and surfaced 8-inch pavement slabs, 
which may be expected to yield more definite 
information eventually. DupHcate installa
tions were made for concrete containing 4.28 
and 5.8 bags of cement per cubic yard. At pres
ent, the amount of cement in the mixture does 
not appear to constitute a noteworthy varia
ble. From measurements made on July 28, 
1955, the average maximum temperature dif
ference for the two exposed slabs was observed 
to be 25° F and that for the two surfaced slabs 
17° F, or 68 percent of the difference for the 
exposed slabs. On October 27, 1955, corre
sponding values observed were 16° F and 
10.5° F, the latter being 66 percent of the 
former. Figure 4 illustrates the data obtained 
on July 28, 1955. 

The temperature measurements described 
were made on sunny days and over a sufficient 
part of 24-hour periods to insure that approxi
mately the maximum temperature differences 

Figure 4. Temperature differentials on J u l y 28, 1955, 
between top and bottom surfaces of 8-inch concrete 
slabs, exposed and wi th S-inch bituminous surfacing. 
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were observed in each case. I t is not expected 
that approximately maximum conditions were 
encountered in the few observations made, 
except perhaps on July 9, 1952, for which the 
temperature difference for the surfaced slab 
was only 56 percent of that found for the ex
posed slab, which was the minimum percent
age observed. There is, therefore, a slight in
dication that the bituminous surfacing yields 
the highest degree of protection when the 
temperature warping stresses in exposed slabs 
approach critical magnitudes. Also, though 
severe conditions of sudden occurrence could 
not be studied, such as the effect of a cold 
rain on a relatively warm slab, the surfacing 
would be expected to offer very material pro
tection in such cases. 

The selection of a degree of protection ap
proaching the maximum found in the described 
temperature measurements as a basis for the 
calculations made herein therefore seems ten
able and, since the investigational data de
scribed indicate that the maximum tempera
ture difference in surfaced slabs are of the 
order of 55 to 70 percent of those existing in 
exposed slabs, the value of 60 percent will be 
used. The question as to whether the percent
age varies with slab thickness is pertinent, but 
no information with respect to this seems to 
be available. Since a 3-inch bituminous sur
facing was used in the tests and is assumed 
throughout, and since the slab thicknesses to 
be considered range only a little above and be
low those represented by the data, the same 
degree of protection will be assumed for all 
slab thicknesses. Table 2 shows the postulated 
maximum temperature differences between 
top and bottom surfaces of exposed and sur
faced concrete slabs, determined in accordance 
with the presented discussion. 

C R I T I C A L S T R E S S E S 

jVIodern pavements generally are designed 
to withstand stresses produced by maximum 
permissible loads. However, stresses due to 
forces in nature may greatly exceed the stresses 
produced by the loads. The two types of stress 
combined may approach or exceed the strength 
of the concrete, and result in failures in the 
form of transverse cracks, l^xisting pavements 
indicate that the number of transverse cracks 
increases with the years of service and depends 
greatly upon the volume of heavy traffic. They 
are, therefore, a function of the opportunity 

afforded during the time the pavement has 
rendered service for critical tensile stresses of 
the two types to coincide. Fatigue of the con
crete under the high combined stresses possi
bly is a factor in the formation of transverse 
cracks. That stresses of such high magnitudes 
occur has been amply illustrated both at the 
Arlington experimental road (6) and the 
Maryland test road (7). 

I t is thought that the beneficial effect of bi
tuminous surfacing in imparting structural 
strength to concrete pavements lies chiefly in 
its ability to reduce the magnitudes of the crit
ical combined stresses and, consequently, in 
preventing or retarding the continued forma
tion of transverse cracks during the service 
life of the pavement. 

Changing climatic conditions bring about 
various effects that create stresses in concrete 
slabs. I t is expedient to assume a subgrade not 
subject to frost heaval, pumping, or other con
ditions that produce excessive local stresses. 
Also, it is felt that horizontal slab movements 
and warping effects caused by variations of 
the moisture content of the concrete are so 
small that they may be disregarded. Tempeia-
ture variations produce horizontal expansion 
and contraction movements of the slab that 
are retarded to some degree by the resistance 
of the subgrade and consequently result in 
stresses. However, investigational data from 
the ArUngton experimental road (5) and es
pecially from the Stilesville road (8) indicate 
that the resistance offered by the subgrade 
against the horizontal movements is very 
small for slab lengths at least up to 75 feet, 
and that the stresses produced may reasonably 
be disregarded for slab lengths ordinarily en
countered. 

Temperature variations also produce a 
temperature gradient through the concrete 
tending to produce warping movements that 
are effectively resisted by the weight of the 
slab itself and, therefore, cause appreciable 
stresses at points some distance removed from 
transverse joints and cracks. I t is believed that 
the temperature warping stresses overshadow 
all other effects due to forces in nature to the 
degree that their sole consideration in con
nection with load stresses will portray with 
good approximation the maximum stresses 
hkely to occur in concrete slabs. I t is expedient 
to consider in detail only combined stresses 
that occur in the interior of slabs. 
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LOAD STRESSES 

Stresses determined for a 9000-pound load 
applied in the interior of slabs over circular 
areas of the radii stipulated for exposed and 
surfaced slabs are shown in Table 3 for various 
slab depths and cement contents, assuming the 
modulus of subgrade reaction as 100 pounds 
per cubic inch and Poisson's ratio as 0.15. 
The very slight increase in stress with increase 
of cement content is due to the variation in the 
value of the modulus of elasticity' shown in 
Table 1. Reduction in stresses in the surfaced 
slabs from those determined for the exposed 
slabs are of the order of from 5 to 7 percent. 
Depending upon the accuracy of the postula-
tions with respect to the radii of load circles, 
therefore, i t is demonstrated that the bitumi
nous surfacing is not a substantial factor in 
reducing the stresses produced by the 9000-
pound load. 

TEMPERATURE WARPING STRESSES 
The investigational work at the Arlington 

experimental road (5) indicates satisfactory 
agreement between temperature warping 
stresses as measured along the longitudinal 
axis of slabs and as calculated from the ̂ '̂ester-
gaard formula applicable to the interior of 
large slabs (9). Stresses calculated by that 
formula are shown in Table 4 for various slab 
depths and cement contents, using the moduli 
of elasticity shown in Table 1 and the tempera
ture differentials stipulated for exposed and 
surfaced slabs in Table 2. The temperature 
coefficient of expansion for concrete was taken 
as 0.0000055 per degree F and Poisson's ratio 
was taken as 0.15. 

The variations observed in the calculated 
stresses are direct reflections of the variability 
of the postulated quantities and, insofar as 
these are correct, it is demonstrated that the 
warping stresses increase with cement content 
and slab depth, and that the protection af
forded b,y the bituminous surfacing yields a 
very substantial reduction of these stresses. 
However, reduction in warping stress brought 
about by decrease of slab depth and cement 
content must be balanced against correspond
ing increase in load stress and reduction of the 
strength of the concrete. 

COMBINED STRESSES 
Since the greatest temperature differentials 

between the top and bottom surfaces of con-

TABLE 3 
STRESS IN' SL.^BS IN PSI DUE TO 9000-POUND 
LOAD APPLIED IN T H E INTERIOR, AND COR
RESPONDING TO T H E RADII OF LOAD CIRCLES 
POSTULATED FOR EXPOSED AND SURFACED 

SLABS 

Baes of Cement per Cubic Yard 
Slab Deptli— 

Inches 
S 4 5 6 

Exposed Slabs 

6 289 295 296 298 
7 226 230 231 232 
8 181 184 185 186 
9 148 150 151 152 

10 123 125 126 127 

Surfaced Slabs 

6 269 275 276 277 
7 212 216 217 218 
8 169 173 174 175 
9 140 142 143 144 

10 117 119 120 121 

TABLE 4 
TEMPERATURE WARPING STRESSES IN T H E 
INTERIOR OF SLABS IN PSI, DETERMINED ON 
T H E BASIS OF T H E POSTUL.\TED MAXIMUM 
TEMPERATURE DIFFERENTIALS BETWEEN TOP 
AND BOTTOM SURFACES OF EXPOSED AND SUR

FACED SLABS 

Bags of Cement per Cubic Yard 
Slab Depth— 

Inches 
3 4 5 6 

Exposed Slabs 

6 321 386 404 416 
7 354 426 446 459 
8 383 461 482 496 
9 409 492 515 531 

10 433 621 545 561 

Surfaced Slabs 

6 193 232 243 250 
213 256 268 276 

S 230 276 289 298 
9 245 295 309 318 

10 260 313 328 337 

Crete slabs occur in the daytime and tend to 
produce downward deflection of all slab edges, 
the most critical warping stresses in pavements 
occur in the longitudinal direction as tension 
in the bottom surface, which diminishes to
ward the slab ends and becomes zero at trans
verse joints and cracks. Critical load stresses 
also occur as tension in the bottom surface, 
except in the immediate vicinity of corners, 
and therefore add to the warping stresses. 
Table 5 shows the combined load and warping 
stresses from Tables 3 and 4. Under the stipu
lations forming the basis for their derivation, 
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T A B L E 5 
A P P R O X I M A T E M A X I M U M C O M B I N E D L O A D A N D 

T E M P E R A T U R E W A R P I N G S T R E S S E S I N P S I 

Bags of Cement per Cubic Yard 
Slab Depth-

Bags 

Inches 
3 4 5 6 

Exposed Slabs 

6 610 681 700 714 
7 579 656 677 691 
8 564 645 667 682 
9 557 642 666 683 

10 556 646 671 688 

Surfaced Slabs 

6 462 507 519 527 
7 425 472 485 494 
8 399 449 463 473 
9 385 437 452 462 

10 377 432 448 458 

8.9. « 

BAGS OF CEMENT PER CU. YD. 

Figure 5. Relat ion between cement content and ap
proximate maximum combined load and temperature 
warping stresses In concrete slabs. Broken line curve 
Indicates the approximate ultimate flexural strength 

of the concrete by the third-point method. 

they are the approximate maximum stresses 
likely to occur in the interior of the slabs with 
any degree of frequency. The data are illus
trated graphically in Figure 5. Superimposed 
on the chart is the curve l epresenting the flex-
ural strength of the concrete as stipulated in 
Table 1 for the third-point method of testing. 

From the tabulated values for the exposed 
slabs, it will be noted that there is a reversal 
in the trend of the combined stresses occa
sioned by the fact that, as the slab depth in
creases, the reduction in load stresses becomes 
overbalanced by the increase in warping 
stresses, resulting in practically the same com-
l)ined stres.ses for the 8-, 9-, and 10-inch slab 

thicknesses. These slab depths, therefore, are 
represented by one curve indicating the av
erage stresses. Xo such reversal is noted for 
the surfaced slabs within the thicknesses con
sidered. 

The points falling above the flexural 
strength curve represent slab depths and ce
ment contents that result in factors of safety 
less than unity against transverse cracking. 
For the exposed slabs, this includes all slab 
thicknesses for the two lower cement con
tents. However, regardless of cement content, 
the exposed slabs do not show substantial fac
tors of safety against the combined stresses, 
the greatest ratio of strength to stress being 
about 1.1. I t is indicated, therefore, that ex
posed slabs regardless of thickness or cement 
content will show some transverse cracking, at 
least under repeated loads. This undoubtedly 
is in agreement with conditions observed in 
concrete pavements not provided with trans
verse joints at sufficiently close intervals to 
reduce the stresses. With respect to the sur
faced slabs, it will be noted that all, except the 
two thinnest ones at the lowest cement con
tent, show factors of safety greater than unity, 
and substantially in excess of those observed 
for the exposed slabs. In fact, disregarding the 
lowest cement content, the factors of safety 
range approximately from 1.25 to 1.60, de
pending upon slab depth and cement content. 

The relative values of the factors of safety 
should be considered as. demonstrating pri
marily the nature of certain properties of the 
bituminous surfacing that impart increased 
structural strength to concrete pavements. 
Whether the protection yielded is sufficient 
to warrant the use of substantially thinner 
slabs or lower cement contents than ordinarily 
used for concrete pavements is problematical. 
I t should not be taken for granted that the 
numerical values are of great accuracy, or of 
direct use in determining slab thickness. Only 
the combined stresses in the interior of slabs 
were considered in the demonstration, and 
pavements must be of sufficient thickness, 
and the concrete of adequate strength, at all 
points to safely withstand the stresses that 
may occur. Having demonstrated that the 
asphaltic surfacing evidently is not a substan
tial factor in reducing stresses in the interior by 
reason of its ability to distribute load pres
sures, it seems reasonable to assume that the 
same is true also at other points. Under this 
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assumption, the stresses at edges and corners 
will be briefly considered. 

Maximum combined stresses that may oc
cur at longitudinal edges of a pavement prob
ably do not differ greatly in magnitude from 
those in the interior. I t is understood that the 
warping stresses in the longitudinal direction 
at the edge differ from those calculated for the 
interior only because Poisson's ratio does not 
enter into their determination, and may be 
taken as 85 percent of those stresses. Load 
stresses at the edge are somewhat higher than 
for the interior by amounts estimated to range 
approximately from 15 percent for the thinner 
to 30 percent for the thicker slab thicknesses 
considered, assuming the radius of load circle 
in conformity with the applicable formula 
given by Bradbury (4). Considering further 
that the maximum combined stresses occur 
when the edges of the slab are warped down ^ 
ward, increasing slightly the subgrade support 
at the edges and decreasing it in the interior, 
the load stresses that actually occur probably 
are sfightly less at the edges and slightly 
greater in the interior than those calculated 
from the formulas. I t is seen, therefore, that 
the conditions tend to equahze, and that the 
discussion presented may be considered as es
sentially applicable also to longitudinal pave
ment edges. 

Effectively doweled joints and fabric rein
forcing may provide adequate strength to a 
pavement at all points. However, i t is the prac
tice to construct concrete bases for bituminous 
surfacing without these features, and the 
transverse joints and cracks form unprotected 
corners and slab edges. Since the corners are 
practically unrestrained, the warping stresses 
are small, but may be of some importance in 
transverse direction some distance away from 
the corner along the joint or crack. The bitumi
nous surfacing undoubtedly is effective in re
ducing these stresses, but since they are rela
tively small, this would not be expected to 
result in substantial reduction of combined 
stresses. Load stresses at corners are relatively 
high, and at transverse edges they may be ex
pected to be higher than at longitudinal edges 
because of greater concentration of load. As
suming radii of load circles in conformity with 
Bradbury's formulas (4), it is estimated that 
load stresses at both corners and transverse 
edges may run from 30 to 40 percent higher 
than those calculated for the interior. 

There are additional effects that cannot be 
ignored though they are not easily evaluated. 
Load stresses for corners in the upward warped 
condition may run nearly 50 percent greater 
than the calculated values (^0), though the 
degree of upward warping, and consequently 
the increase in stress, would be expected to be 
reduced by the bituminous surfacing. Dynamic 
effects brought about by the sudden applica
tion of the wheel loads moving from one slab 
to another across the joints or cracks increase 
the stresses in both corners and transverse slab 
edges. Critical stresses at corners are not con
fined to a small area directly beneath the load, 
as at other points, but are distributed over a 
considerable area and may have a greater de
structive effect than combined stresses at 
other points, and also tend to cause failures 
that are more serious than transverse cracks. 
Finally, since the stresses at corners are largely 
due to loads, i t should be considered that there 
is a distinction between warping and load 
stresses in that the former generally are ap
plied gradually and probably are in part re
lieved by plastic flow of the concrete. Regard
less of the bituminous surfacing, therefore, it 
appears that slab ends, and especially the 
corners, may be subjected to high load stresses 
that for the thinner slab depths and lower ce
ment contents may approach the flexural 
strengths of the concrete. Nevertheless, the 
experience with the older pavements, which 
showed considerable distress at the time of 
resurfacing, has been so satisfactory that it is 
felt that the feasibility of some reduction of 
slab depth and cement content, below those 
considered necessary for exposed pavement, 
should not be dismissed without further study 
and investigation. I t is evident that reduction 
in slab depth is more detrimental to corner 
strength than reduction in cement content. 
The latter is, of course, limited by the necessitj' 
of obtaining concrete of satisfactory durabil
ity. 

In the construction of the experimental fidl-
width base pi-eviously mentioned, the 8-inch 
slal) depth used does not represent an undue 
reduction in thickness from the 9-inch concrete 
pavement which would otherwise have been 
built. However, the amount of cement for 
most of it was about 4.28 bags per cubic yard 
of concrete, which is a considerable reduction 
from the approximately 5.80 bags that would 
have been used for an exposed pavement. 
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Good soundness of this concrete was obtained 
with air contents in the close vicinity of 5 per
cent. The base, consisting of several relatively 
short stretches on two jobs, will be observed 
for the occurrence of cracks that reflect 
through the 3-inch surfacing. This pavement 
is subjected to only a moderate amount of 
commercial traffic. Another section of pave
ment about four miles in length, having a 
9-inch base of similar cement content and a 
3-inch bituminous surface, is being planned 
and probably will be built. This pavement will 
be subjected to fairlj^ heavy commercial traffic. 

CONCLUSION 

The discussion presented is an attempt to 
define and appraise the properties of bitumi
nous surfacing that are primarily responsible 
for increased structural strength of concrete 
pavement. 

On the basis of postulated quantities that 
at the moment appear reasonable, i t is de
duced that the 3-inch bituminous surfacing 
does not greatly reduce load sti'esses, but is 
very effective in reducing temperature warp
ing stresses and consequently- the combined 
load and warping stresses, which are generally 
considered responsible for the continued de
velopment of transverse cracking in concrete 
pavements. 

Reduction in cement content serves to re
duce the modulus of elasticity of the concrete 
and consequently the warping sti'esses. The 
benefit derived in this manner, however, ap
pears to be outweighed by the corresponding 
reduction in concrete strength. The indicated 
substantial increase in the factor of safety 
against transverse cracking nevertheless sug
gests the possibility of some reduction in ce
ment content or slab thickness, or both, below 
those ordinarily considered necessary for ex
posed pavements, to offset at least a part of the 
cost of the bituminous surfacing. 

While consideration of the stresses in pave
ment corners indicates that material savings 
in cost in that manner may be impracticable, 
the experience with the older pavements, re
surfaced after exhibiting a considerable degree 

of distress, has been so satisfactory that this 
possibility should not be dismissed without 
further study- and investigation. 
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