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tik STRUCTURAL DESIGN OF CONCRETE 
PAVEMENTS 

BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 

Reported by L. W. TELLER, Senior Engineer of Tests, and EARL C. SUTHERLAND, Associate Highway Engineer 

PART 2.—OBSERVED EFFECTS OF VARIATIONS IN TEMPERATURE AND MOISTURE ON THE SIZE, SHAPE, 

AND STRESS RESISTANCE OF 

T HAS been known for more than half a century that 
when the temperature or the moisture content of 

portland cement concrete is changed a corresponding 
change in volume occurs. Since the pioneer work of 
Bauschinger ' in this field many other research work- 
ers have contributed to the store of information con- 
cerning the extent of these changes and the factors that 
affect them. 

As concrete began to be generally used as a paving 
material engineers gradually came to appreciate that, 
under some conditions at least, these volume changes 
were of such magnitude that provision for them was 
necessary in the pavement design. 

Because of the relative physical proportions of a 
pavement slab, it was but natural that the first mani- 
festation of volume change to be noticed was expansion 
and contraction in a longitudinal direction. More than 
20 years ago the Bureau studied the expansion and con- 
traction of concrete pavements ” in an effort to discover 
the laws that govern such movements. 

RESULTS OF EARLY INVESTIGATIONS INADEQUATE FOR 
PAVEMENT DESIGN 

The early investigations were of value, first, for the 
information that they developed, and, second, because 
each one served to arouse more wide-spread interest in 
the subject among highway engineers. As a result of 
this interest new researches were begun and it was soon 
discovered that differences in temperature between the 
upper and lower surfaces of a pavement slab would 
cause it to warp to a measurable degree,® and further, 
that a similar warping could be brought about by cre- 
ating a moisture differential between the two surfaces 
of a concrete slab.* 

These discoveries were important because the expo- 
sure conditions to which pavements are subjected are 
severe; and expansion, contraction, and warping may 
be expected daily throughout the life of a concrete 
pavement slab. If the slab were completely free to 
move and had no weight it would change in size and 
shape without restraint and no stress would result. 
Because of its weight and intimate contact with the 
subgrade, however, restraint in some degree is always 
present and every attempt of the slab to change either 
its size or shape develops stress within the structure. 

Other early tests indicated the approximate amount 
of resistance encountered when the pavement slab ex- 

1 Tests of Different Portland Cements, by J. Bauschinger, Mitt. Mech. Tech. 
Lab., Tech. Hochschule (Munich) v. 8, 1879. 

2'The Expansion and Contraction of Concrete and Concrete Roads, by A. T. 
Goldbeck and F. H. Jackson, Bull. 532, U. S. Department of Agriculture, October 

“6 ‘he Bates Experimenta] Road, by Clifford Older, and Highway Researches and 
What the Results Indicate, by A. T. Goldbeck, papers in the Proc. American Road 
Builders’ Association, 1922. 

4 Effect of Moisture on Concrete, by W. K. Hatt, PurLic ROaps, vol. 6, no. 1, 
March 1425. 
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pands or contracts longitudinally along the subgrade,’ 
and the development of this information made it pos- 
sible to estimate approximately the tensile or compres- 
sive stresses induced in the concrete by this form of 
restraint.® 

More recently a careful analysis has been made of 
the theoretical stress conditions resulting from slab 
warping caused by temperature differences within the 
concrete and assumed conditions of restraint.’ This 
analysis supplies the means for estimating the stresses 
that occur under certain conditions of temperature 
warping. 

EXTENSIVE PROGRAM OF STUDY OF MOISTURE AND TEMPERA- 

TURE EFFECTS UNDERTAKEN 

It will be noted that each of the researches referred 
to has contributed some information that represents a 
distinct step toward a better understanding of the 
reasons for observed slab behavior. However, the 
engineer who undertakes to apply the information ob- 
tained by these previous studies to the design of a 
pavement finds that there are numerous gaps and un- 
certainties in the data. When the pavement-design 
project at Arlington was being planned, it was decided 
to include a study of the extent of the moisture and 
temperature changes that occur in pavements in this 
locality and to determine, as fully as possible, the effect 
of those changes on the pavement slab. The rather 
extensive program of observations outlined in part 1 of 
this series was developed with this object in mind. 

The observations that have been made may be 
grouped according to purpose as follows: 

1. A study of the extent of the temperature changes 
that occurin the various parts of concrete pavementslabs. 

2. A study of the longitudinal expansion and con- 
traction of pavement slabs caused by temperature 
changes and changes in moisture content. 

3. A study of the resistance offered by the subgrade 
to horizontal slab displacement and of the stresses 
developed in the slab by this resistance. 

4. A study of the warping of concrete pavement 
slabs resulting from variations in temperature and of 
the stress conditions that result from warping. 

The tests and observations reported in this paper 
were made on the 10 full-size pavement slabs and, in 
general, the data cover periods of time of from 1 to 3 
years. The complete description of the test sections 
and of the methods of test employed has already been 
given in part 1 of this series.® 

§ Friction Tests of Concrete on Various Subbases, by A. T. Goldbeck, PUBLIC 
ROADS, vol. 5, no. 5, July 1924. 

6 The Interrelationship of Longitudinal Steel and Transverse Cracks in Concrete 
Pavements, by A. T. Goldbeck. PuRiic RoOaps, vol. 6, no. 6, August 1925. 

7 Analysis of Stresses in Concrete Roads Caused by Variations in Temperature, by 
H. M. Westergaard. Purtic Roaps, vol. 8, no. 3, May 1927. 

8 The Structural Design of Concrete Pavements, Part 1, by L. W. Teller and 
Earl C. Sutherland, PUBLIC ROADS, vol. 16, no. 8, October 1935. 
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TEST PROCEDURE DESCRIBED 

Temperature measurements.—The temperature meas- 
urements were made in large part on two small slabs 
that were constructed especially for this purpose some 
months after the 10 test sections were constructed. 
These slabs, shown on the cover page, are 4 feet square, 
one being 6 and the other 9 inches in thickness. They 
were constructed on the subgrade adjacent to the et 
sections and the materials and proportions used in 
the concrete were exactly the same as were used for 
the large slabs. 

The resistance thermometers originally installed in 
the large slabs were not entirely satisfactory for several 
reasons, so when the slabs for temperature measure- 
ments were built copper-constantan thermocouples 
were installed. The thermocouples were located at 
the centers of the slab areas and at 1-inch intervals 
throughout the depth, and also at both upper and 
lower slab surfaces. Two thermocouples were also 
placed in the subgrade beneath each slab, one about 
one-fourth inch and the other about 2 inches below 
the surface of the subgrade. 

With these installations it was possible to determine 
quite completely the temperature conditions that 
existed throughout the depth of the slab. From these 
data one may estimate with considerable accuracy both 
the average temperature of the slab and the tempera- 
ture differential between its upper and lower surfaces. 
In estimating the temperature conditions for the various 
pavement sections from the data obtained from the 

_presumably caused by such a moisture gradient. 
_ Measurements were also made from which it was possi- 

thermocouples, two assumptions were made: First, 
that the temperatures in the pavement slab were the 
same as those found in the slab of equal thickness on 
which temperature measurements were made; and 
second, that the temperature of slabs having thicknesses 
intermediate between 6 and 9 inches could be predicted 
by a straight-line interpolation between the tempera- 
tures measured in the 6- and 9-inch slabs. 

The average temperature of the slab was obtained by 
averaging the temperatures measured at the several 
points throughout its depth. The temperature dif- 
ferential was estimated by drawing a mean curve for the 
data which were plotted to show the variation in temper- 
ature through the slab depth, and from this mean curve 
taking the indicated temperatures for the upper and 
lower surfaces of the pavement. 

The temperature measurements were usually made in 
connection with measurements of slab expansion or of 
slab warping. ‘They cover a period of approximately 2 
years and, while not continuous, were planned so as to 
develop full information concerning both the daily and 
yearly temperature cycles that occurred during this 
time. 

During the latter part of the investigation it became 
desirable to obtain data that would show the relation 
between the temperature differentials in thickened- 
edge cross sections and those in sections of constant 
depth. 

to drill small holes to the proper points in the slab cross 
section, insert thermocouples in the bottom of these 
holes, and then backfill with cement-sand mortar. 
Thermocouples were placed in this manner near the 
upper and lower surfaces of the slab and at the third 
points of the slab depth, and this arrangement made it 
possible to estimate very closely the differential in 
temperature that existed at the several positions on the 
test sections at which the measurements were made. 

No means for obtaining these data were pro- | 
vided in the original] construction and it was necessary | 

| 
| 

Two types of information were desired: First, a 
knowledge of how the temperature differential varies 
along the different types of cross section; and second, 
a comparison of the differential in the edge of a 9-6-9 
thickened-edge section with those which occur under 
the same conditions in the edges of constant-thickness 
sections of different depths. For the first purpose, 
the thermocouple installations were made at distances 
of 2, 18, and 36 inches from the free edge, while for the 
second ‘only the installation at 2 inches from the edge 
was used. In each case the thermocouple units were 
placed at the various depths as described above. 

Moisture measurements.—Since moisture variations 
within the concrete are known to cause physical changes 
in the size and shape of the pavement slab that are 
similar to those caused by temperature variations, it 
was desired to obtain quantitative data concerning the 
changes. Such data are difficult to obtain, however, 
because there is no reliable method for determining the 
moisture content of concrete except by weighing and 
this is usually not feasible. 

In this investigation the moisture content of the 
concrete was determined by weighing and drying 
fragments broken from the short slabs originally 
provided for the purpose of furnishing samples. No 
means was found for determining differences in moisture 
content at various depths in the slabs so that no data 
were obtained to show the nature of the moisture 
gradient at various seasons of the year. However, 
measurements were made of the seasonal warping 

ble to determine the direct longitudinal expansion and 
contraction caused by factors other than temperature 
change, and from these data it was found possible to 
estimate the extent and period of the yearly variation 
in slab length attributable to moisture change alone. 

The method of measuring the warping of the slabs 
under the action of these seasonal moisture changes is 
described later. 

Measurements of the expansion and contraction of the 
pavement sections.—Practically all of the slab-expansion 
data were obtained by measurements on the 6-inch 
constant-thickness section. This section was separated 
from the other nine by a space of several feet so that 
there was no possibility of its being affected by the 
movements of the other slabs. Fixed reference points 
of the type shown in figure 1 were constructed at each 
end of the 40-foot section, and the horizontal movement 
of the slab ends with respect to these reference points 
was measured with the special micrometer described 
in the previous paper. The movement at the transverse 
joint was measured at the same time. The frame of the 
micrometer is made of soft steel and its length changes 
considerably with temperature changes. ‘Corrections 
for this were made by referring all measurements to an 
invar standard, the length of which changes less than 
0.001 inch for a temperature change of 100° F. 

The procedure followed was first to place the microm- 
eter and reference bar out of doors and allow them to 
reach a condition of temperature stability. The 
measurements at the slab ends were then made and any 
change in the length of the micrometer, as indicated by 
the reference reading on the standard bar, applied as a 
correction to the measured slab displacement. 

The expansion and contraction measurements were 
made once or twice each month over a period of about 
4 years. Each set of observations was started in the 
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early hours of the morning, before the minimum slab 
length was attained, and was continued until late in the 
evening, long after the maximum expansion had occurred. 
Measurements were made at 2-hour intervals during 
this time. 

This daily cycle of observations and the related 
temperature data made possible the determination of 
the maximum and minimum slab lengths, the range in 
average slab temperatures that caused the length 
changes, and from these the length change per degree of 
temperature change for the slab as a whole. 

The series of observations obtained over the yearly 
periods made possible the determination of not only the 
annual cycle of length change resulting from tempera- 
ture but also those resulting from other causes, such as 
variation in moisture content. 

In addition to the measurements at the ends of the 
6-inch constant-thickness slab, some data were obtained 
from telemeters (resistance strain gages) that were in- 
stalled at the center of one 10 by 20-foot panel in each 
of two other test sections at the time of construction. 
These instruments were placed in a longitudinal direc- 
tion and in the neutral plane of the slab. They were | 
in a position to receive direct longitudinal deformation 
but not deformation caused by bending of the slab. 
Each telemeter is provided with an electrical resistance 
‘thermometer housed within its shell with which the 
temperature within the telemeter can be measured at 
the same time that the deformations are determined. 

The schedule of observations with the telemeters was 
the same as that followed in the measurement of the | 
movement of the slab ends. The telemeter observa- 
tions covered a period of about 2 years and coincided | 
with the period of the micrometer measurements for 
only about 8 months, as shown later in figure 14. 
Failure of the resistance thermometer elements caused 
the abandonment of the telemeter observations. 

Measurements of subgrade resistance to horizontal slab | 
movement.—The measurement of the resistance offered 
by the subgrade to the horizontal displacement of the 
pavement slab was determined in tests made with small 
slabs cast upon the subgrade for this particular purpose, 
as described in part 1 of this series of papers. (See pt. 
Recipe (a) 

These slabs, each 4 feet square, were moved hori- 
zontally with a powerful, smoothly operating mechan- | 
ical jack. The force required to cause the movement 
and the amount of the displacement were determined. 

Before the tests were begun, a preliminary investiga- 
tion was made to find a desirable test procedure. Asa 
a result of this preliminary work it was decided: 

1. That the slabs should be moved at a very slow 
rate, one comparable with that which obtains 
in a pavement during the daily cycle of 
temperature variation. 

2. That the slabs should be moved alternately in an ! 
| without resistance and no stresses would result. opposite directions. 

3. That the magnitude of the displacement used in | 
the tests should be comparable to the move- 
ments that occur at the ends of pavement 
slabs of moderate length under the influence 
of daily temperature variations. 

This procedure subjected the subgrade under the 
small test slabs to the same manipulation that it would 
receive under the end of a pavement slab. 

In a number of the tests the horizontal displacement 
of the subgrade at various depths was measured as the 
slab was displaced. In order to measure the move- 
ment of the subgrade, small recesses were cut into the 

Mop LCA OADS 

Figure 1.—REFERENCE Point ror MrasuriIna CHANGE IN 

Leneta or CoNcRETE SLAB. 

earth just in front of the slab and micrometer dials 
were placed in these recesses. The dials were supported 
on a rigid member that was supported in turn by the 
subgrade at some distance from the slab. The stems 
of the dials bore against small wooden plugs inserted in 
the vertical face of the subgrade at the desired depths. 
The dials were usually placed at three points across the 
front or leading edge of the slab. 

A few tests were made to determine the influence of 
slab thickness (or weight) on the resistance offered to 
horizontal displacement. For these tests four small 
slabs of 2-, 4-, 6-, and 8-inch thicknesses were constructed 
on the regular subgrade. The method followed in 
testing with these slabs was the same as that used with 
the 6-inch slabs previously described. 

Warping measurements.—Observations have shown 
that under usual conditions of exposure there is seldom 
a time when the temperature of a pavement slab is 
uniform throughout. Either the air is warmer than the 
subgrade or vice versa, and heat is being conducted by 
the slab either to the subgrade or away from it. Be- 
cause concrete is a relatively poor conductor of heat, 
the transfer of heat through a pavement of ordinary 
thickness takes time, and a differential in temperature 

|is created within the various parts of the structure. 
Each element of the concrete attempts to adjust its 
volume to its own particular temperature. 

As previously stated, if the slab were completely free 
and without weight it would assume a distorted shape 

Ac- 

tually, almost no part of the slab is free to adjust itself 
and, while measurable distortion occurs, restraint 
caused by the slab weight and by the subgrade reactions 
is always present. Itis apparent that the warping of a 
_pavement is not a simple phenomenon and the distor- 
tion that is measured is the result of a very complex 
system of forces. 

Warping has two important effects on the structural 
action of a pavement slab. In the first place, the dis- 
tortion that occurs alters the condition of subgrade 
support and thus affects the magnitude of the stress 
that will be produced by a given wheel load. In the 
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Figure 2.—Puan or 10- sy 20-Foot SEcTION SHOWING THE 
Lines ALona Wuicu DEFLECTIONS WERE MBASURED. 

second place, because of the weight of the slab, the 
warping in itself causes important stresses within the 
slab structure. Both of these actions place limitations 
on the maximum wheel load that may be carried by the 
pavement and, for this reason, any information concern- 
ing them is of value. 

The studies of warping that were a part of this 
investigation were divided into three groups, as follows: 

1. Measurement of the extent and characteristics 
of the actual warping that occurs in pavement slabs 
of conventional designs. 

2. Determination of the magnitude of the effect of 
warping on the critical stresses caused by a given load 
applied at different points on the pavement slab. 

3. Determination of the magnitude and distribution 
of the stresses caused by restraint to warping in the 
various parts of the pavement slab. 

In order to determine the changes in shape that occur 
when the pavement warps, it is necessary to measure 
the vertical displacement of a great many points on its 
surface. In this investigation the measurements were 
confined to one quadrant or panel of the test section, 
and in this quadrant the shapes of the two principal 
axes and of all of the boundaries were determined. 
The lines along which the shape determinations were 
made are shown in figure 2. It will be noted that there is 
one free edge and one free end to the panel, and that the 
other edge and end are attached to the other panels of the 
test section by the longitudinal and transverse joints. 

Clinometer points were set at 10-inch intervals 
along the lines shown in figure 2, and the shape of the 
slab was determined by measuring successively the 
slopes of these intervals with the 10-inch clinometer. 
The measurements were started from a bench mark 
or reference point located on the shoulder near the 
pavement, and were carried forward along the line of 
clinometer points exactly as a line of levels is run. 

The measurements of the temperature warping were 
usually made on days when a large variation in pave- 
ment temperature occurred, three complete sets of 
observations being made. The first measurements 
were made in the morning at a time when the observed 
temperatures in the upper and lower surfaces of the 
slab were equal. Under these conditions the slab was 
assumed to be flat and all subsequent measured dis- 
tortions were referred to this plane as a base. The 
second set of measurements was made during the early 
afternoon, at the time when the temperature of the 
upper surface of the pavement was at or near the 
maximum and the slab was consequently warped 
downward at the edges. The final measurements 
were made early the following morning when the tem- 
perature of the upper surface of the pavement had 

reached its minimum value and the maximum upward 
movement of the edges of the pavement slab had 
occurred. The three sets of observations were suffi- 
cient to determine quite completely the shape of the 
slab under the conditions of maximum upward and 
downward temperature warping. 

Some additional measurements were made for the 
purpose of establishing the relative movements of 
various parts of the slab, in tests that covered the full 
24-hour cycle of temperature changes. Because of 
the frequency of the observations and of the time 
required to make one set, the measurements were 
limited to determinations of the transverse curvature 
of the slab panel along the free end, the center line, 
and the transverse joint. The vertical displacement 
at a few points was also measured with micrometer 
dials supported on long steel stakes driven into the 
subgrade. Most of these measurements were made 
at slab corners, and a few at the center of the edge. 
The measurements were made for the purpose of 
obtaining additional data on the movement of slab 
corners during the daily temperature cycle and for 
comparing, hour by hour, the displacements for slabs 
of various thicknesses. 
Measurements of the warping caused by seasonal 

changes other than temperature were made with the 
clinometer in much the same manner as the other warp- 
ing measurements. These measurements were made 
only on the 9-inch constant-thickness section. They 
were made at intervals of about 1-month throughout 
the year at times when the thermocouples indicated 
that no temperature differential was present. Because 
of the relatively short period of time during which 
this condition usually obtained it was not possible to 
extend the clinometer measurements over the entire 
slab. For this reason the observations were limited to 
what were considered to be the most important regions. 

Measurements were started from a bench mark and 
carried across the two ends and along the longitudinal 
center line of one of the panels. Since it was necessary 
to maintain the same datum throughout the year, 
special bench marks, the details of which are shown in 
figure 3, were installed near the edges of the slab on 
which these measurements were made. It will be noted 
that an electrical resistance thermometer is provided in 
the air space between the casing wall and the standard 
that carries the reference point. This permits a cor- 
rection to be made for variations in the length of the 
standard resulting from seasonal temperature varia- 
tions. 

Measurements of the effect of temperature warping on 
load stresses —The effect of the distortion of the pave- 
ment caused by temperature warping on the magnitude 
of the stresses produced by given wheel loads was 
studied by determining the critical stresses in the con- 
crete for a given applied load with the slab flat and again 
in the condition of maximum upward and maximum 
downward warping. The loads were applied at the 
corner, the edge, and the interior of each slab upon 
which these tests were made. 

The technique of applying the load and of measuring 
the strains was essentially the same as that followed in 
the other tests. The loads were applied to the slab 
through a bearing block 8 inches in diameter. Since 
a warped slab was a requirement of the test, it was nec- 
essary to arrange the loading tank so as to avoid shading 
the concrete and thus interfering with normal warping. 
This was done by moving the tank over the end of 
the adjoining section and placing a heavy I-beam 

wo Ly 

a = oy fer 



November 1935 PAYB TI geeRUADS 

54°.4,4° O50 0 UG 
OE BEN) A A ey a4 

44 
a. 

4 

EDGE OF SLAB 4 

pe 
ral 

coke Aeon 
a 4:4. 7° 4 

tee iRIGCAL RE ot OTANGe 

THERMOMETER 

t 
aes ee I OP ACE 

se: BENCH MARK PEDESTAL 

| (IS INCH PIPE) 

4 

ras 

— CASING (4INCH PIPE) 

ee 

Se CONCRETE 

Figure 3.—DETAILS oF CLINOMETER BENcH Mark. 

beneath and bearing against the tank with one end 
resting on a fixed support and the other end furnishing 
a reaction for the jack applying the load. Extension 
of the jack tended to raise the end of the I-beam and to 
lift the tank, the I-beam acting as a simple lever. The 
force exerted downward by the jack supplied the load to 
the test section. The equipment used for making these 
tests is shown in figure 4. 

STRESSES CAUSED BY RESTRAINED TEMPERATURE WARPING 

DETERMINED 

The magnitudes of the stresses created in the various 
parts of the pavement slab by restrained temperature 
warping were determined by comparing the deforma- 
tions measured in the concrete at the points in question 
with the deformation at a point where there was little 
or no restraint. 

Theoretically, at the edge of a pavement, there should 
be no warping stress in a direction perpendicular to the 
edge.’ Practically, it is not possible to measure these 
strains at the edge, and in the test section the gages 
for this determination were placed with their centers 6 
inches from the edge. A preliminary study showed 
that for slabs of these dimensions the stresses at the 
gage positions were all very small and that the least 
restraint exists at the mid-point of the free edge in the 
direction perpendicular to the edge. A strain gage 
placed at this point, perpendicular to the edge, will 
record most nearly the full deformation or volume 
change that the temperature change demands, while 
similar gages at other places will record different defor- 
mations, deformations that are modified by the magni- 
tude of the restraint present at each gage position. 

In the discussion that follows, measurements made 
with a gage in the position just described were consid- 
ered as resulting from unrestrained warping and were 
used as a base for determining the amount of restraint 
existing at other parts of the pavement. 

9See Analysis of Stresses in Concrete Pavements Due to Variations in Tempera- 
ture, by H. M. Westergaard, Proc. Sixth Annual Meeting, Highway Research 
Board, 1927. Also see PUBLIC ROADS, vol. 8, no. 3, May 1927. 
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TION OF THE FOUR TYPICAL STRAIN GAGES REFERRED TO 
IN THE DeEscRIPTION OF THE MertHoD or DETERMINING 
RESTRAINED WARPING STRESS. 

For example, in the plan of one of the 10- by 20-foot 
slabs shown in figure 5, four strain gage positions have 
been indicated by the letters a, 6, c, and d. The direc- 
tion of the line denoting the gage position shows the 
direction in which the deformation was measured. The 
deformation measured at a was considered to be the full 
deformation of unrestrained warping and the values 
measured at the other points were considered to be 
deformations that were modified by the restraint that 
existed. Any rise or fall of the temperature of the slab 
as a whole will cause equal volume changes at all of 
the gage positions and will not affect the determina- 
tion of warping stresses to a measurable degree. 

The four typical gage positions shown in figure 5 will 
be used to illustrate the method that was followed in 
making this study. 

Since, at most points on the pavement slab, the con- 
crete is stressed in more than one direction, considera- 
tion must be given to the effects of these other stresses 
on the deformations which are measured with the strain 
gage before the measured deformations can be convert- 
ed into stresses. If an isotropic material is subjected 
to a force acting in a given direction, a certain unit 
deformation and a corresponding stress in the direction 
of this force will result. In addition, another deforma- 
tion of lesser magnitude, of opposite sense and having 
a line of action perpendicular to that of the applied 
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force, will be produced. The relation between the 
magnitudes of these two deformations is constant for a 
given material and is known as ‘‘ Poisson’s ratio.” This 
constant provides the means for determining the effect 
of combined stresses. 

If o, represents the unit stress in the direction 2, 
then the unit deformation caused by this stress would be 

measured by the expression 7 in which His the modulus 

of elasticity of the material. 
Similarly, if o, represents the unit stress in the direc- 

tion ¥ (perpendicular to direction x), the unit deforma- | 
° j . . oO 

tion in the direction y would be expressed by es Also 

a deformation in the direction z would be induced, the 
. . oO 

magnitude of which would be expressed by wa mM 

being Poissons’ ratio for the material, and this deforma- 
tion would be opposite in sense to that produced by az. 

In case the stresses co, and o, are acting simultaneously 
at a point, there will be in each direction a direct and 
an induced deformation that must be combined. If 
e represents the unit deformation caused by stress, then 

EO Cy 
a oo 

and similarly 

es Oe 
ON | Fs Te 

Krom these equations, the following expressions for 
unit stress are obtained: 

rtue,) EH ett (1) 
and 

€y + mez) H y= etHegs (2)19 

DEFORMATIONS MADE UP OF THREE COMPONENTS 

In this investigation the stresses caused by tempera- 
ture warping were determined by comparing the def- 
ormations measured at various points on the slab 
surface over the period during which the temperature 
differential was changed and warping developed. 
The strain gages were generally installed at a time when 
no temperature differential existed and then allowed to 
remain until the maximum day or night temperature 
differential was observed. For these conditions the 
deformation recorded by each gage was the sum of | 

These com- three components combined algebraically. 
ponent deformations are: 

1. A change in length caused by the uniform change 
in the temperature of the slab as a whole. 
in length extends uniformly through the entire depth 
of the slab, creates no 
gages equally. 

2. The change in length of the upper surface of the 
pavement with respect to that of the lower surface, 
caused by the temperature differential created by the 
change in air temperature during the day. 
differential in length caused by this temperature con- 
dition causes warping which, if the slab were weightless, 
would occur freely and would be unaccompanied by 
stress. 

3. A deformation caused entirely by the bending 
stresses produced by the efforts of the slab to accom- 
_' For a discussion of the action of combined stresses see Strength of Materials by 
S. Timoshenko, pt. I, p. 58 

This change | 

rarping, and affects all strain | Ik 
from temperature warping during the day were deter- 

The | 

modate itself to the shape demanded by the temperature 
differential against the resistance of its own weight. 

Since the measured deformations are not the result 
of combined stress alone it is necessary to modify some- 
what equations (1) and (2) in order to adapt them to 
this method of determining the stresses produced by 
warping. In the following paragraphs the modified 

| stress formulas are developed for each of the four gage 
positions that were shown in figure 5. The subscripts 
indicate the particular gage position that is being re- 
ferred to. 

6=the unit change in the length of the concrete 
from all causes as actually measured by the 
strain gage. 

e=the unit change in the length of the concrete 
as measured by the strain gage but with a 
correction applied for the effect of the stress 
in a direction perpendicular to that being 
considered. 

e=the unit change in length of the concrete 
caused by stress (unit strain). 

u—=Poisson’s ratio. 

_ Referring again to the four gage positions shown in 
figure 5: 

€qg—=0a— Mec 

€p>=0y— Meg 

€¢-—=0¢ 

€g=0a— Mey 

Assuming that the concrete at pomt a is completely 
free to deform and using this deformation as a base, 
the strains at the four positions are: 

= 0 
Ep —Eg— €p 

€a=— €g— Eg 

If the proper values of ¢ are substituted in these for- 
mulas the strains in the concrete can be determined. 
These formulas multiplied by E, the modulus of elas- 
ticity of the concrete, are formulas for stress, expressed 
in terms of the measured deformations and the elastic 
constants of the material. They have the following 
form: 

G40) 

op Parte Ge E 

ba—5¢ 
Cos aie 

eae 

a 

Using the method described the stresses resulting 

mined for all of the gage positions shown in figure 6 
for the 6- and 9-inch constant-thickness sections. For 
the conditions of warping that develop at night the 
stresses determined were those along the lines A-C and 
D-E and for the 6-inch constant-thickness section only. 

The deformations in the concrete were measured with 
the recording-strain gage that has been previously 
described.'' Because of the nature of the tests it was 
necessary to expose the strain gages to a wide variation 
in air temperature, varying from complete shade and 

11 See An Improved Recording Strain Gage, PUBLIC ROADS, vol. 14, no. 10, 
' December 1933. 
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Fraure 6.—P.uan or 10- By 20-Foor Srcrion SHowina Loca- 
TION OF ALL STRAIN GaGEes UsEep IN DETERMINING THE 
STRESSES CAUSED BY RESTRAINED WARPING 

low temperature to full exposure to the sun’s 
high temperature, during the period that the deforma- 
tions were developing. The gages are, by their design, 
compensated for temperature “changes to an extent that 
makes the effect of ordinary temperature changes neg- | 
ligible. Also, since all gages in the test were exposed to 
the same temperature conditions, theoretically the com- 
parison of deformations used to determine the stresses 
would be unaffected by temperature change. 

In order to insure the greatest precision possible in 
these measurements, it was thought advisable to give 
all of the gages some measure of protection from the 
extreme temperatures to which they were exposed. 
Figure 7 shows a close-up view of one of the ventilated 
covers used for this purpose. ‘These covers were made 
of sheet metal covered with corrugated paper board as 
insulation. The cover was painted white on the out- 
side to minimize heat absorption and the ends were left 
open to allow the air to circulate around the gage. 
The shelters were made as small as possible in order 
that the shade afforded the gages would cover no 
appreciable portion of the slab. 

The tests to determine the stresses produced by the 
restrained temperature warping were made during the 
spring and summer months for the day condition and 
during the fall months for the night condition, because 
the temperature data showed that the maximum 
temperature differential for each condition occurred 
at these respective seasons of the year. 

STRESSES CAUSED BY RESTRAINED MOISTURE WARPING 

DIFFICULT TO OBTAIN 

At the present time there are two chief obstacles | 
that prevent the development of information concern- 
ing the stresses caused by restrained moisture warping 
comparable in scope to that developed on the subject 
of restrained temperature warping. ‘The first of these, 
the inability to determine with any precision the 
character of the moisture distribution in the concrete, 
has already been mentioned. The second is the 
necessity of a very long period over which the strain 
observations must be continuous. In this investiga- 
tion it has not yet been possible to make a determina- 
tion of the stresses resulting from moisture warping. 
However, later in this report there is some discussion 
of the subject based on certain observations that have 
been made. 

DATA PRESENTED AND DISCUSSED 

To give an idea of the weather conditions that prevail 
in the area where the tests were made, certain pertinent 
meteorological data covering the period from Noyvem- 

a 

rays and | 

| FIGURE STRAIN 7.—SMALL ProrectTivE Cover UsEep Over THE 
GAGES IN DETERMINING STRESSES CAUSED BY RESTRAINED 
WARPING. 

ber 1, 1931, to November 1, 1932, are given in figure 8. 
This ‘figure shows the daily and annual temperature 
variations, the monthly precipitation, and the monthly 
average relative humidity for a period that is believed 
to be typical. It will be noted that there is compara- 
tively little freezing weather during the year, so little 
in fact that the earth beneath concrete pavement sec- 
tions is rarely frozen. It was not possible to study the 
structural behavior of the sections for the condition of a 
frozen subgrade as extensively as was desired. The 
daily and annual temperature variations are large, how- 
ever, and during the period of the tests a wide range of 
temperatures was encountered. 

The temperature of the concrete in the pavement was 
measured on a number of days during the year for the 
purpose of studying the daily temperature variations of 
the concrete at different seasons. In some cases these 
observations were made at 1 or 2-hour intervals for the 
complete 24-hour period; in other cases they were 
started at about 4 a. m. and continued until late in the 
evening. From the data obtained it is possible to find 
the critical temperature conditions for each of the days 
and, inasmuch as the observations were made on days 
when large changes occurred, it is also possible to form 
an accurate idea of the occurrence of critical tempera- 
ture conditions throughout the year. Table 1 con- 
tains typical data obtained in this manner from the 6- 
and 9-inch temperature slabs. This table shows the 
average temperature of the concrete when it was at the 
/minimum and the maximum values for the day on which 
the observations were made. It also shows the actual 
measured temperatures in the upper and lower surfaces 
of the two slabs. 

The tabulated difference between these two tempera- 
tures may not be the effective temperature differential, 
since the temperature gradient between the two sur- 
faces may or may not be uniform. This point will be 
discussed more fully later. 

Several interesting facts are brought out in this table. 
It is shown that the average slab temperature varies 
about 75° F. during the year. This figure is important 
because it is the value that controls the magnitude of 
the annual change in length of the pavement caused 
by temperature changes. The maximum surface tem- 
perature recorded during this period was 112.5° F. 
The data show that the temperature of the 6-inch slab 
is, as a whole, much more responsive to variations in 
air temperature than is the 9-inch slab, yet the actual 
temperature differential between the upper and lower 
surfaces is always greater for the thicker slab. Under 
certain maximum conditions the value of the tem- 
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TABLE 1.—Observed temperatures in concrete pavements (degrees F.) 

Average temperature of concrete Maximum temperature values 

Night Day 

Date 6-inch slab 9-inch slab ; 
6-inch slab 9-inch slab 6-inch slab 9-inch slab 

Mini- Maxi- Mini- Maxi- Differ- Differ- Differ- Differ- abt vaiveveal Tare sain Bottom | Top ence | Bottom | Top ence | Bottom | Top ence | Bottom | Top ence 

1931 
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56.8} 76.1] 19.3 
SO) alee || Dae 
90.9 | 112.5] 21.6 
81.3 | 101.7] 20.4 
90.7] 106.3] 15.6 
64.8 | 76.5] 11.7 
46.4] 68.3} 11.9 

32. 40.5 8.6 [0222431 ee ea 
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perature differential in the 9-inch slab is nearly 50 
percent greater than the corresponding value in the 
6-inch slab. The maximum differential observed at 
any time in the 6-inch section was 24.3° F., while in 
the 9-inch slab it was 31° F. 

RANGE OF DAILY PAVEMENT TEMPERATURES DETERMINED 

From the data that are summarized in table 1, four 
individual cycles of observations were selected for 
graphical presentation to illustrate the range and 
character of the daily and annual variations in tem- 
perature that occur in concrete pavements in this 
locality. Each of the four cycles chosen is typical 
for the season in which it occurred although, as men- 
tioned before, the observations were made on days 

when there were large variations in the temperature of 
the pavement for that particular season. In figures 
9, 10, and 11 these data are presented in different ways, 
each graph being arranged to bring out the significance 
of the data with respect to some particular point. 

The character of the daily variation of temperature 
throughout the depth of the 6- and 9-inch slabs is 
shown in figure 9 by means of gradient curves taken 
periodically throughout the day. It is apparent that 
the variations are much greater during the day when the 
sun is shining than at night, and also that the greatest 
variations occur during the warm seasons of the year. 
Both of these effects are caused by the absorption of 
heat from the sun’s rays, and the more intense the 
sunlight the greater will be the effect. 
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Figure 9.—Typicat Dainty AND SEASONAL TEMPERATURE 
VARIATIONS IN CONCRETE PAVEMENT SECTIONS. 

Figure 9 shows why the difference between the tem- 
peratures of the two surfaces of a pavement is not 
necessarily the effective temperature differential. It 
is probable that an average line drawn through each 
of the gradient curves shown in this figure would give 
a better approximation of the effective differential. 
This is the method that has been used for determining 
the values of the differential given in this report. It 
should be noted that in the early morning and in the 
afternoon when the maximum temperature differentials 
occur, there is approximately a straight-line gradient 
in temperature between the upper and lower surfaces 
of the concrete. These are the two times of the day 
that are most important in the determination of 
stresses caused by warping. 

It is not unusual at certain seasons of the year to 
find that the absorption of the heat from the sun has 
caused the temperature in the upper surface of the slab 
to be from 10° to 20° F. higher than the air temperature. 
The effect is greatest when the angle of incidence of the 
sun’s rays to the pavement surface is greatest. In 
figure 10 the relation between the air temperature, 
the average slab temperature, and the temperatures of 
the two surfaces are shown for typical days at four 
different times during the year. 

As previously explained, the average pavement 
temperature is obtained by averaging the values 
obtained from all of the thermocouples throughout the 
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slab depth. For this reason the average temperature 
may not be equal to the mean of the upper and lower 
surface temperatures. These curves show the rapidity 
with which the temperature of the upper surface 
changes during the day and the extent to which it 
rises above air temperature during certain parts of the 
year. 

FACTORS AFFECTING PAVEMENT TEMPERATURE DISCUSSED 

During the warmer seasons of the year even the 
average temperature of the concrete rises above the 
air temperature for considerable periods of time. The 
temperature of the concrete on any one day is controlled 
not only by the air temperature on that day but also 
by several other factors such as the angle of incidence 
of the sun’s rays, the previous temperature conditions, 
particularly as they affect the temperature of the sub- 
gerade, the moisture conditions, and the humidity of 
the atmosphere. 

An example of the effect of these other factors is 
found in the data in figure 10 for February 1, 1932. It 
will be observed that the temperatures of both surfaces 
of the slab are higher than the air temperature on this 
date. An examination of the temperature data for 
the period showed that for several days preceding 
February 1 higher temperatures had prevailed. The 
heat absorbed by the concrete and the subgrade during 
the warmer period had not been dissipated when the 
observations shown in the figure were made. 

The observed differences in temperature between 
the upper and lower surfaces of the 6-inch and 9-inch 
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Figure 11.—Tyricat Datty AND SEASONAL VARIATIONS OF 
TEMPERATURE DIFFERENTIALS IN CONCRETE PAVEMENT 
SECTIONS. 

slabs, for the 4 typical days, are shown in figure 11. 
The positive values indicate differences when the upper 
surface of the pavement is warmer than the lower 
surface, while the negative values apply to the opposite 
condition. The principal purpose of this chart is to 
assist in tracing the variations, during the day and 
during the year, of the temperature differences that 
cause warping. 

It will be noted that during the spring and summer 
months when the daily changes in the temperature of 
the concrete are large, the difference between the 
maximum positive temperature differentials in the 6- 
and 9-inch constant-thickness slabs is approximately 
proportional to the difference in slab depths. During 
the late fall and winter months, however, when the 
daily changes in the temperature of the concrete are 
much smaller, the difference between the positive 
temperature differentials is much smaller. The maxi- 
mum difference between the positive temperature differ- 
entials of the two slabs appears to be in the spring. At 
this time, although the intensity of the sunlight is very 
great, the subgrade is still relatively cold and the sub- 
gerade under the 9-inch slab warms up more slowly 
than that under the 6-inch slab. The negative tem- 
perature differentials are so small and vary so much 
from day to day that it is difficult to find any direct 
relation between these temperature differentials in 
slabs of different thicknesses and at different times of 
the year. 

Mention was made previously of thermocouples that 
were installed especially to determine the effect of a 
thickened-edge cross section on the magnitude of the 

TABLE 2.—Observed maximum temperature differentials between 
the upper and lower surfaces of concrete pavement sections 

Maximum temperature differential 

At edge of constant- ee 3 : re Date, 1934 ih ininesds seations Thickened-edge section, 9-6-9 inch 

; A 18 inches | 36 inches 
6-inch slab | 9-inch slab Edge from edge | from edge 

| eee 

°F. Hy i oR o Bs eh 
AD dee hoe ee ae ee 9 ree ce |e ee 27 25 21 
ADrib2e SoS See2 25 ee ee eee ee 21 21 20 
AD. Oca cies es eas 20 18 17 15 
ADIs 8. ses ee ee eee Te 25 25 25 22 
ADDY: JOSS ae eee 15 23 26 24 21 
Apt 6 seee sae eee 17 26 25 25 22 
UNG 0) Oo NS 18 27 27 25 22 
ADE Zilles oo 18 24 22 21 20 
A DIS 22 eee a re Se 14 24 21 20 19 
Apri 2eeee sees ee 21 31 29 27 20 
A Drre2gcsst ses tess 15 24 25 23 21 
May 1- 18 28 28 25 25 
IMG Y Seek pease oee 23 32 33 él 27 
IMA 7 ree Sees 24 31 30 30 26 
May 8 26 27 28 24 22 
Mia VA0! ses. oe ee ae 18 25 24 22 20 
May 13 21 29 31 28 24 
VES Vi 14 eee 2 eee 16 24 27 26 24 
OM Eee ac Oe SD ee 21 30 30, 28 25 
May 19 20 26 29 27 | 24 
Mey 0 23 33 32 30 | 28 
iby 21 eee aes 2 et 20 31 32 | 29 26 
May, 24:4 2e ae 19 25 25 23 21 
May 292 aCe 6 aan elven | ee ee 23 25 21 
Junes ee eee ere 21 30 30 28 26 
JUNG: ote s ese ee 16 29 28 28 22 
JUNG Ae es ee Se 19 27 27 27 23 

temperature differentials developed for various condi- 
tions of air and subgrade temperature. 

Table 2 contains data obtained from measurements 
made on three of the test sections during a 2-month 
period in the spring of 1934. Each temperature 
differential shown is the maximum that occurred during 
the particular day, and the observations were made 
when there were large temperature variations for the 
season of the year. The second and third columns of 
the table show the observed differentials at the edges 
of the 6-inch and 9-inch constant-thickness sections, 
respectively, while the last three columns contain 
comparative data at three points along the cross 
section of a representative thickened-edge section. 

A comparison of the values in the second with those 
in the fourth column shows the relation between the 
temperature differential at the edge of a 6-inch slab 
that is not thickened at the edge and that of one that 
is thickened to 9 inches. A similar comparison of the 
data in the third and fourth columns shows the relation 
between the differential of temperature in the 9-inch 
edge of a constant-thickness slab and that in the 9-inch 
edge of a thickened-edge cross section. These compari- 
sons show that the temperature differential that 
develops at the edge of a 9-6-9 thickened-edge design 
is approximately equal to that in the edge of a 9-inch 
constant-thickness section and is approximately 45 
percent greater than that in the edge of a 6-inch 
constant-thickness section. It is indicated by these 
data, therefore, that increasing the edge thickness of a 
pavement may be expected to result in a proportionate 
increase in the temperature differential in the edge 
region of the slab. 

The data in the last three columns show the tem- 
perature differentials observed at distances of 2, 18, 
and 36 inches from the free edge of the 9-6-9 section. 
The data obtained at a point 36 inches from the edge 
probably represent very closely those that would be 
found throughout the 6-inch interior portion of a slab 
of this design. Comparing the values in the fourth 
column with those in the sixth, it is indicated that the 
differential in the edge of this section averaged, for the 
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period of the measurements, about 20 percent greater 
than that at a point 36 inches from the edge. At a 
point 18 inches from the edge the increase was approxi- 
mately 13 percent. The edge depth is 50 percent 
greater than the depth 36 inches from the edge and, of 
course, the increase in depth at 18 inches from the edge 
is one-half of this or 25 percent. Hence, it appears that 
the increase in the temperature differentia) near the 
edges over that in the interior of this thickened-edge 
design is less than would be expected in view of the 
relation of center depth to edge depth. It is believed 
that this is due to the stabilizing influence of the earth 
shoulder along the vertical face of the slab edge that 
acts to reduce somewhat the temperature differential. 
This would apply to both thickened-edge and constant- 
thickness sections, although the result will probably be 
less as the edge thickness of the sections is reduced. 

PUBL LOR DS 

EXPANSION AND CONTRACTION OF PAVEMENT SLABS MEASURED | 

At the same time that the temperature determina- | 
tions were made the change in length of one of the 40- 
foot test sections was measured. 
variations in length of this section are shown, together 
with the simultaneous variations in the average tem- 
perature of the concrete. These data are plotted to a 
common base for the same four cycles considered in the 
discussion of the temperature data. It will be noted 
that there is a very close phase relation between the 
temperature and expansion curves, there being little 
or no lag even at those times of the day when the 
temperature is changing most rapidly. The lag of the 
average pavement temperature with respect to air 
temperature has already been shown in figure 10. 

These data show that for a given average temperature 
the pavement does not always have the same length. 
For example, at an average temperature of 60° F. in 
November the change in length, with respect to a certain 
base, was — 0.0105 inch, while in April it was +0.017. 
This indicates that in the 5 months between November 
and April the length of the slab has increased 0.0275 
inch from some cause other than temperature changes. 

In the vicinity of Washington, D. C., the mean | 
monthly precipitation was averaged for the period 
covered by the observations (1931 to 1934, inclusive) 
and it was found to be 4.6 inches for the summer 
months (April to September, inclusive) and 3.1 inches 
for the winter months (October to March, inclusive). 
Thus the precipitation was greatest for the period 
when the slabs were found to be shortest for a given 
temperature. However, evaporation measurements 
made in this Jocality a number of years ago by the 
Weather Bureau show that during the summer months 
the loss from a free-water surface averages more than 
6 inches per month, while during the winter the loss 
through evaporation is very small. 

This suggests that beginning in the late fall there 
should be a progressive increase in the moisture content 
of the soil that continues until the spring temperature 
rise begins, after which there should be a corresponding 
progressive decrease. Such soil-moisture determina- 
tions as were made confirmed this idea. This being 
true, it seems reasonable that durimg the summer 
months lowered moisture content in the subgrade and 
a relatively high evaporation rate reduce the moisture 
content of the concrete and that the opposite conditions 
in the winter will increase the moisture content of the 
concrete and thus account for the observed volume 
changes. 

In figure 12 the | 
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Figure 12.—VARIATIONS IN SLAB LENGTH COMPARED WITH 
VARIATIONS IN AVERAGE CoNCRETE TEMPERATURE. 

In order to separate the changes in length resulting 
from these two different causes so that the magnitude 
of each could be determined, the data obtained during 
the various daily cycles of observations were grouped 
on a single sheet and all referred to a common base for 
comparison in the manner shown in figure 13. The 
changes in slab length measured on any given day are 
plotted against the corresponding average concrete 
temperatures. The plotted points pertaiming to a 
day’s observations are averaged with a straight line, 
the slope of which is the coefficient of thermal expansion 
for the slab as a whole, as indicated by those particular 
data. Since all of the data are plotted to a common 
base, the spread horizontally between these daily 
average lines 1s, when taken at a common temperature, 
a measure of the expansion resulting from causes other 
than temperature changes. 

Figure 13 contains a few typical data plotted in this 
manner for the purpose of demonstrating the method 
of analysis. In this graph the coefficient of thermal 
expansion of the concrete, as determined in the labora- 
tory, is shown by the slope of the dash line through the 
center. It will be noted that the lines showing the 
daily averages appear to converge slightly toward the 
dash line. Throughout the data this convergence 
varies systematically with the season, indicating that 
the coefficient of thermal expansion determined from 
the daily observations of slab expansion undergoes 
a small annual variation. The cause of this was not 
determined but it seems likely that the coefficient of 
thermal expansion effective in the slabs varies slightly 
with the moisture content of the concrete. 

It is possible also that warping in the slab introduces 
a small error in the determination of the slab length, 
and such an error, if present, would tend to vary 
systematically in the same manner as does the extent 
of the warping. The possibility of subgrade resistance 
variation being a factor was also considered but calcu- 
lations indicate that the variations in subgrade resist- 
ance caused by variations in subgrade moisture would 
produce an effect of negligible magnitude. 
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Fiaurm 13.—Reuations BetwEEN AVERAGE CONCRETE TEM- 
PERATURE AND CHANGE IN LENGTH OF PAVEMENT SLAB FOR 
Various Preriops DuRING THE YEAR. 

In order to eliminate, to the fullest extent possible, 
any error caused by this slight convergence, the deter- 
mination of spread was made by extending auxiliary 
dotted lines from the center of gravity of each day’s ob- 
servations and parallel to the dash line previously 
mentioned to an intersection on a common tempera- 
ture line, chosen arbitrarily at 70° F. in this instance. 
The distance between intersections is a measure of the 
length change attributed to moisture. 

CHANGES IN PAVEMENT LENGTH CAUSED BY VARIATIONS IN 

MOISTURE CONTENT DETERMINED 

In figure 13 data from only five sets of observations 
are shown. Actually, observations were made on a 
great many days and all of the data were analyzed i in 
this way. From this analysis the variations in the 
length of the 40-foot test section resulting from varia- 
tions in moisture content were obtained at frequent 

+.0003 os 

intervals during a 5-year period. The change in 
length resulting from variations in moisture content 
alone during this time is shown in figure 14, plotted 
with respect to the original length at the time that the 
concrete took its initial set. The measurements of 
length change were made on one section with the em- 
bedded telemeter during the period between September 
1930 and August 1932, and with the micrometer on 
another section during the period between November 
1931 and September 1935. During the 8 months 
between November 1931 and August 1932, data from 
both methods are available and there is very close 
agreement between them. 
This graph indicates that there is an annual cyclic 

variation in length caused by variations in moisture 
content, the sections being longest (for a given tempera- 
ture) during the winter and shortest during the summer. 
The magnitude of this length change is appreciable, 
corresponding to that which would be caused by a 
temperature change of 20° to 40° F. for the different 
vears during which the measurements were made. In 
a 40-foot section this variation in length amounts to 
about 0.05 to 0.10 inch. 

It will be noted that there is a considerable variation 
in the extent of this length change for the different 
years, the smallest change occurring in 1930-31 and 
the largest thus far observed in 1932-33. It is be- 
lieved that the variation in the magnitude of the length 
change from year to year is the result of the particular 
precipitation and evaporation conditions that happened 
to prevail. The precipitation record is as follows: 

Inches 

T930)24 224) 2 2 2 eee es oe ee Paes “Gf 
1981232) ee Se ee ee ee 33. 5 
1992202 Fee See eee eer ae 49. 5 
LOSS fea ee, See a eee Oe 49. 1 
1934.25. e ee Be Ae eee ee a ee Syl Al 

Unfortunately, there is not a similar record of the 
annual evaporation at the site of the tests. Nor was 
it practicable to determine the annual variation in the 
moisture content of the concrete over this period. As 
previously stated, there was no dependable method 
available for determining the moisture content of the 
concrete in the pavement. Using fragments broken 
from the specimen slabs and determining the moisture 
content by drying in the laboratory, it was found that 
the concrete contained 3.5 percent moisture during the 
summer and 3.8 percent during the winter. These 
values should be considered as nothing more than an 
indication of the variation of the moisture content of 
the pavement. 
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Figure 14.—ANNUAL VARIATIONS IN PAVEMENT LENGTH CAUSED BY CHANGES IN MorsturE CONTENT. 
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The data presented in figure 14 show a definite pro- 
gressive increase in the length of the pavement that 
has become more marked during the fourth and fifth 
years. The slab, during the summer of 1934, was 
longer than in the summer of 1931 by 1 part in 10,000. 
This may seem to be a small amount but it represents 
a length gain of 6.3 inches in a mile of pavement. 
Looking at it another way, if the slab ends were com- 
pletely restrained such a length gain might develop a 
Reeve stress of several hundred pounds per square 
inch. 

Although this tendency for concrete to ‘‘grow”’ in 
the presence of moisture has long been known and has 
been the subject of much speculation and experiment, 
the phenomenon is not well understood and the ultimate 
extent of the growth cannot be predicted for given 
materials and conditions of exposure with the informa- 
tion that has thus far been developed. 

COEFFICIENTS OF THERMAL EXPANSION FOR CONCRETE DETER- 

MINED BY BOTH LABORATORY AND FIELD TESTS 

In figure 13 the variation in slab length was compared | 
with the variation in average concrete temperature for 
typical cycles of daily observation. Such data can be 
used to determine the coefficient of thermal expansion 
that is effective for the slab as a whole. In figure 15 
this has been done. The graph was constructed by 
plotting the maximum change in length for each daily 
cycle against the corresponding change in the average 
temperature of the slab. Each daily cycle of observa- 
tions thus supplied one point for the figure. Through 
these points a straight line was drawn to average the 
data. The slope of this average line is the coefficient 
of thermal expansion that affects the slab as it lies on 
the subgrade. The value of the coefficient as obtained 
by the method just described is 0.0000047 inch per 
inch per degree F. from the telemeter data, and 
0.0000049 inch per inch per degree F. from the mi- 
crometer measurements at the ends of the slab. These 
values compare with one of 0.0000048 determined for 
the same concrete in the laboratory. 

The method used in the laboratory determinations 
was described in part 1 of this series of papers. It 
consists, briefly, of the casting of a 12 by 24-inch 
cylindrical specimen in a moisture-tight copper con- 
tainer with a telemeter or recording strain gage of the 
electrical resistance type embedded in the center of the 
specimen. As previously noted, each telemeter con- 
tains a resistance thermometer, thus permitting simul- 
taneous observations of deformations and temperatures. 

After the concrete had hardened and cooled, the 
sealed cylinder was placed in water baths at 32° F. 
and 110° F. alternately a number of times, remaining 
in each until complete temperature equilibrium was 
attained. Since loss of moisture is prevented by the 
copper jacket, the difference in length measured by the 
telemeter under these conditions is the result of tem- 
perature change and from it the value of the coefficient 
of thermal expansion was obtained. The method was 
later used for determining the thermal coefficient for 
the concrete in connection with the elaborate test 
program on the Rogue River bridge.” 

The close agreement between the coefficients of 
thermal expansion for the pavement and those obtained 
with unrestrained concrete in the laboratory indicates 
that the stresses in the pavement caused by the resist- 

12A pplication of the Freyssinet Method of Concrete Arch Construction, by Gemeny 
and McCullough. Tech. Bul. No. 2, Oregon State Highway Department, 1933. 
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ance of the subgrade to horizontal slab movement must 
be very small. 

RESISTANCE OF SUBGRADE TO HORIZONTAL SLAB DISPLACEMENT 

MEASURED 

It will be recalled that in the earlier mention of these 
tests 1t was stated that the procedure adopted as a 
result of the preliminary study was one that would 
subject the subgrade to the same manipulation, as 
nearly as possible, as that which it receives under a 
pavement. 

The test slabs were moved a distance of approximately 
0.040 inch during a period of approximately 6 hours and 
they were moved in opposite directions on alternate 
days. The displacement of the slab was measured 
immediately after the application of each increment of 
thrust and again just before the next increment was 
applied. 

Figure 16 shows typical data resulting from one of 
these tests. In this instance the horizontal force, or 
thrust, was applied at the rate of 50 pounds every 10 
minutes until a total of 2,100 pounds caused visible 
sliding to begin. As soon as this point was reached the 
reduction of the force was started and continued at the 
rate of 100 pounds every 10 minutes until all horizontal 
thrust had been removed. 

The curve shows the force-displacement data for the 
entire test. As the increments of force were applied 
the successive increments of displacement increased in 
magnitude in a ratio that closely approximates a 
parabola as shown by the dotted line adjacent to the 
curve. During this period there was no visible evidence 
of the concrete sliding on the subgrade. As the force 
being applied reached a value of approximately 150 
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GRADE FOR A 6-INCH SLAB. 

percent of the weight of the test slab there is evidence 
that a condition of actual sliding is impending. 

In this test free sliding occurred with a thrust equal 
to 175 percent of the slab weight and a force greater 
than this could not be applied. Reduction of this 
force started a movement of the slab in the opposite 
or return direction, and in this test it will be observed 
that complete removal of the thrust caused a recovery of 
about one third of the total displacement. This 
recovery is believed to result from elastic deformation of 
the subgrade caused by the adherence of the earth to the 
bottom of the slab. When the slab moves there js an 
actual movement of the subgrade with it. 

The character of the horizontal movement that occurs 
in the subgrade when there is a displacement of the slab 
is indicated by the test data in figure 17. In these tests 
micrometer dials measured the horizontal soil movement 
at depths of three-fourths inch and 4% inches as the 

slab was being moved. The particular test for which 
the data are shown was one in which a slot or groove 
5 inches deep had been cut vertically into the subgrade 
just ahead of the leading edge of the slab. The presence 
of this groove probably affected somewhat the magni- 
tude of the displacements produced by a given thrust. 

Figure 18 shows the average data obtained from a 
number of tests in which the “bending” of the subgrade 
was measured without the disturbing influence of the 
groove just mentioned. The subgrade displacement 
in this figure is the average of measurements made at 
both sides and the center of the leading edge of the slab 
and at a depth of three-fourths inch. In will be ob- 
served that at this depth the subgrade movement is 
about 30 percent of the slab displacement. The return 
movement of the slab after the release of the thrust is 
about 25 percent. In many cases the percentage of 
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Fiaure 19.—Forcr-DispLACEMENT CURVES FOR REPEATED 
Tests on 6-INcH SLAB. 

return was greater than this, ranging up to about 40 
percent of the total displacement. 

A few tests were made to determine how long the 
subgrade would maintain this elastic resistance that 
caused it to move the slab back toward its original 
position, and it was found that after the horizontal 
thrust had been kept at a constant value for 8 days 
and then released, the return movement was practically 
as great as if the slab had been displaced but momen- 
tarily. This indicates that the subgrade tested had a 
high degree of elastic action for small displacements. 

Tests were made in which the siab was displaced a 
given amount several times, in exactly the same man- 
ner each time. The data obtained are shown in figure 
19 and it appears that with each successive application 
there is a reduction in the amount of thrust required to 
produce a given movement. A condition of practical 
stability seems to have been reached, however, after a_ 
comparatively small number of movements. These 
data indicate that, for a given subgrade, the resistance 
to slab movement may be greater for the first move- 
ments of the newly constructed pavement than it is 
later when the concrete has expanded and contracted 
a number of times. 

EFFECT OF SLAB WEIGHT ON RESISTANCE TO HORIZONTAL DIS- 

PLACEMENT INVESTIGATED 

As previously mentioned, some effort was made to 
determine the effect of slab weight on the resistance to 
horizontal displacement by means of tests with slabs 
of 2, 4, 6, and 8-inch thicknesses. 

In making these tests the procedure was first to 
move the slabs forward and backward through a dis- 
tance of 0.040 inch several times until it appeared that 
the subgrade resistance had become stabilized for dis- 
placements of this magnitude. The test slabs were 
then moved through distances of 0.070 and 0.100 inch 
in the same manner. There was a tendency for all of 
the slabs to continue to slide under the action of 



November 1935 PUB LECAROA D'S 183 

THRUSTING FORCE — 

PERCENTAGE OF SLAB WEIGHT 

0 20 40 60 

DISPLACEMENT -THOUSANDTHS OF AN INCH 

80 INO 
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thrusting forces that would produce the 0.100 inch dis- 
placement, and these may be considered as the maximum 
horizontal resisting forces that could be developed. 

Figure 20 shows the relation between thrusting force 
and displacement for each thickness of slab. The data 
for displacements of 0.040 inch or less were obtained 
during the tests in which the maximum displacement 
was 0.040 inch, and the data for displacements of more 
than 0.040 inch were obtained from the tests in which 
the slabs were moved either 0.070 or 0.100 inch. 

It is apparent from this figure that the forces neces- 
sary to move the slabs of different thicknesses do not 
bear a constant relation to the respective slab weights 
for the subgrade in question. In this connection it is 
well to bear in mind that the total displacement of the 
slab may be composed of two parts: First, an elastic or 
semielastic displacement of the soil particles with no 
sliding of the slab as such; and second, an actual slip- 
ping of the slab over the soil surface. The first action 
necessarily begins as soon as slab displacement starts. 
Whether or not the second action follows depends upon 
the nature of the soil and the magnitude of the dis- 
placement. 

The relation between thrusting force and slab thick- 
ness for displacements of several magnitudes is shown 
in a different manner in figure 21. Again it is ap- 
parent that the magnitude of the thrusting forces 
required is not directly proportional to the respective 
slab thicknesses (or weights). If it were, the sheaf 
of curves in this figure would all be straight lines 
passing through the origin of the graph. To illus- 
trate the variation in another way, if all of the resist- 
ing forces were summed up in a coefficient to be ap- 
plied to the weight of the slab, the value of this coeffi- 
cient, instead of being constant, would vary with slab 
weight and displacement as given in table 3. 

Taste 3.—Variations of subgrade coefficients of resistance to 
displacement with slab weight 

Coefficients of resistance to displacement 
| for displacements of— 

paDT Ye Blab 
thick- : 
ness | Weight | 901 | 0.02 | 0.03 | 0.04 | 0.07 | 0.10 

inch | inch | inch | inch } inch | inch 

veer Lbs. per 
be Inches Sq. in. 
| 8 0. 67 0.8 1.2 gh 1.8 21 aie 

6 . 50 .9 1.3 1.6 2.0 2.4 2.5 
| 4 +33 ig! 1.5 1.8 22 2.8 3. 

2 Riba 1.3 ie as | 2.5 3.3 3.5 

SLAB DISPLACEMENT . 
| | 

Ww ae) | 

ine) aN 

THRUSTING FORCE - HUNDRED POUNDS 

10 

SLAB THICKNESS — INCHES 

Figure 21.—RELATIONS BETWEEN SLAB THICKNESS AND RzE- 
SISTANCE TO DISPLACEMENT. 

The data indicate that a weightless slab in intimate 
contact with the subgrade might, under certain condi- 
tions of soil and moisture, develop a very considerable 
resistance to horizontal displacement. 

From the results of these studies it seems reasonable 
to conclude that the resistance offered by the subgrade 
to the horizontal movement of a pavement slab is com- 
posed of two elements: (1) A resistance caused by an 
elastic or semielastic deformation within the soil; and 
(2) a resistance that approximates closely that of 
simple sliding friction. The first of these appears to be 
independent of slab weight, while the second varies 
directly with slab weight. It seems quite probable 
that the relative magnitudes of these two components 
will vary with different subgrade soils, although no 
data on this point have been obtained. 

METHOD OF CALCULATING PAVEMENT STRESSES DEVELOPED BY 

SUBGRADE RESISTANCE ILLUSTRATED 

It will be apparent from the data and discussion 
which have been presented that, in any consideration 
of pavement stresses developed by this subgrade resist- 
ance, account should be taken of the extent of the dis- 
placement of each part of the slab. A suggested 
method for utilizing the data for this purpose is out- 
lined in the following example: 

In figure 22A the force-displacement curve for the 
6-inch slab is repeated from figure 20. In this figure 
the vertical scale applies to a unit area of one square 
foot. This scale was chosen simply as a matter of con- 
venience for use in the example. In figure 22B is a 
curve showing the displacement, resulting from thermal 
expansion, of the various parts of the slab with respect 
to its center point, based on the measured thermal coef- 
ficient of the concrete and a temperature change of 100° 
F. Inasmuch as the observed average temperature of 
the test pavement underwent an annual change of only 
75° F., this figure may be too high but it serves the 
purpose of illustration as well as a lower one. 

After having determined the forces necessary to 
move the unit slab through various displacements and 
having determined the displacements to which the 
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CENTER OF SLAB, FOR CONCRETE PAVEMENT SLABS. 

various unit areas of the pavement may be moved by 
thermal expansion, the next step is to combine these 
data on the basis of equal displacements in order to 
determine the forces of resistance effective at each 
point throughout the length of the slab. The proce- 
dure is as follows: 

Assuming a strip of pavement 1 foot in width and of 
appreciable length, consideration was given to succes- 
sive sections 1 foot apart beginning at the mid-section 
of the strip (the section at which no displacement occurs 
during expansion and contraction). From figure 22B 
the displacement to be expected at each of the succes- 
sive sections, caused by the assumed change in tem- 
perature, was determined. Then for each displacement 
the corresponding thrusting force was obtained for 
each section from the data given in figure 22A. The 
values of force developed in this way and plotted at the 
proper distances from the center of the slab determine 
the curve shown in figure 23. The total force necessary 
to move a strip of pavement of any given length may be 
determined from the area under the curve in this figure. 
The unit stress values to be expected are shown at 
pee along the diagram, at the points where they 
apply. 

The stresses caused by subgrade resistance were com- 
puted in this manner for the several slab thicknesses 
from the force-displacement curves shown in figure 20 
and the resulting stress distribution diagrams are given 
in figure 24. These diagrams are applicable only to the 
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particular subgrade conditions that obtained in these 
tests. It will be observed that the unit stresses devel- 
oped by the large temperature change that was assumed 
for the example are small for all moderate slab lengths 
and also that the unit stresses for a given slab length 
decrease with increase in slab thickness, in accord- 
ance with the theory of subgrade resistance previously 
discussed. 

It is interesting to compare the unit stresses obtained 
in the above analysis with those which would be 
obtained by assuming that all of the subgrade resist- 
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ance developed as the result of simple sliding friction. 
Referring back to figure 20, it is found that for the 
6-inch slab the thrust required to cause sliding was 
about 250 percent of the slab weight. In other words, 
a coefficient of friction of 2.5 might be assumed to 
apply. For a 6-inch slab 50 feet in length the appli- 
cation of this flat coefficient indicates a maximum unit 
stress of 62.5 pounds. This compares with a unit stress 
of 56 pounds by the more exact method. The differ- 
ence is small but it should be remembered that this 
difference is caused by the elastic action of the soil 
and will, therefore, vary with the type and condition 
of the subgrade. 

It seems probable that the stresses determined by 
the two methods would agree best for granular soils, 
and that for tenacious clays the values obtained by 
the assumption of a flat coefficient might be consider- 
ably in error. For slabs of average length, however, 
the stresses developed by this type of subgrade resist- 
ance are so small that, for average subgrade conditions, 
stresses computed by the simpler method are probably 
sufficiently accurate. In the tests at Arlington it was 
found that there was a tendency for the resistance to 
horizontal slab displacement to increase as the moisture 
content of the subgrade increased. Since the coefficient 
values given in the preceding tabulation were based 
upon data obtained at a time when the moisture content 
of the soil was high, it is probable that the values given 
approximate a maximum for the subgrade in question. 

During the period of the observations there was no 
extended period during which the soil beneath the 
concrete was frozen, and it was not possible to make 
a study of the effect of a frozen subgrade upon the 
stresses being discussed. Temperature measurements 
in the concrete and subgrade and measurements of 
length changes during periods of cold weather showed 
that the changes in average concrete temperature at 
these times were relatively small. The daily air tem- 
perature range is much smaller in winter than in 
summer because of the decreased intensity of the 
sunlight. It seems quite possible, therefore, that even 
if the subgrade is frozen to the slab, the thermal changes 
in the pavement during such periods will be so small 
that the stresses in the pavement will not be increased 
to any important degree by the frozen subgrade. 

TEMPERATURE WARPING DISCUSSED 

Some difficulty was experienced in determining the 
shape of a warped slab, as approximately 144 hours were 
required to make a complete set of clinometer measure- 
ments, and the temperature conditions that produced 
the warping rarely held constant for this length of time. 
This was especially true in the early morning when the 
maximum upward movement at the edges occurred. 
The data of most value are those made on days when, 
during the period of the actual measurement, the least 
change in temperature differential occurred. The occa- 
sions were rare when practically constant temperature 
conditions prevailed during the periods of measurement 
of both the flat and warped slab. Some measurements 
were obtained under these conditions, however, and it 
is believed that these data show very well the shape of ! 
the warped surface and the relative movements of its 
various parts. 

Figures 25 and 26 show data obtained on one panel of 
each of the 6- and 9-inch uniform-thickness sections, 
respectively, and figure 27 shows similar data from one 
panel of the 9-7-9 thickened-edge section. 
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oF A 10- By 20-rooT PANEL OF A 9-7-9 PAVEMENT FROM A 
20° F. TEMPERATURE DIFFERENTIAL. ON APRIL 9, 1931; 
Stas Fiat at 9:30 pe. M.; Epazs WarPEeD Down ar 2 P. M. 

The restraining influence of the attachment to other 
panels at the longitudinal and transverse joints is evi- 
dent in all of these diagrams. In the 9-inch uniform- 
thickness section the longitudinal joint is of the weak- 
ened-plane type. At the time of the warping measure- 
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ments this plane had not cracked, with the result that 
the section acted almost as a full 20-foot-width slab. 
The formed groove in the upper surface of the pavement 
undoubtedly had some effect on the shape of the warped 
cross section even though the concrete below it had not 
cracked. 

It will be noted that there are slight discrepancies in 
the deflections recorded at the common corner points 
when the measurements were made along the different 
edges of the panel. 

of the measurements. 
| All of the observations were made during the month 
of April when there is probably as much warping as 
at any time during the year, and the data shown are 
for the condition of downward movement of the edges. | 
The data for the different sections are not directly com- 
parable because there were some small differences in 
the differential at the time the various measurements 
were made, as noted on the diagrams. 

These diagrams convey a very clear picture of the 
movements that occur daily in all concrete pavement 
slabs. In the transverse direction the panels appear 
to warp quite freely (except in the case of the unbroken 
longitudinal joint mentioned above). In the longitud- 
inal direction the tendency for the weight of the slab 
to force the central area to lie flat is evident, being most 
noticeable if a comparison is made of the central portion 
of the longitudinal axes in the diagrams for the 6- and 
9-inch sections shown in figures 25 and 26, respectively. 
This is as would be expected since the curvature should 
be some function of the ratio of length to thickness. 
The effect of this restraint on the stresses caused by 
age will be apparent in data that are presented 
ater. 

___ FREE EDGE 

TTT 1) Nee 
| WANE ] 

Lisa 

END 

FREE 

~ LONGITUDINAL JOINT — 
©, 5 Ol 102 OS! 404) ROS 

DEFLECTION mefue oa Cc Y SCALE | ee EE 

FIGURE 28.—DEFLECTIONS CauUSED BY TEMPERATURE WARPING 
or A 10- By 20-roor PANEL OF A 9-6.38-9 PAVEMENT FROM A 
5° F. TrMPERATURE DIFFERENTIAL. (AMERICAN ASSOCIA- 
TION OF STaTE HigHway OrrictiaLs Cross Section). On 
May 27-28, 1931; Stas Friar ar 8 Pp. M.; EpGES WARPED 
UP AT 5 A. M. 

Figure 28 shows data obtained from a thickened- | 
edge section of a different type at a time when the 
upper surface was at a lower temperature than the 
lower surface, with a consequent upward movement 
of the edges. As would be expected from the data on 
temperature differentials previously presented, the 
magnitude of the warping in this direction is always 
much less, since the temperature differential is less 
than that which occurs when the temperature condi- 
tions are reversed. The relation between the magni- 
tude of the temperature differentials and that of the | 
edge movements in the two directions is not a direct 
one. 

In figures 25, 26, and 27 the downward edge move- 
ment shown was caused by differentials of about 20° 
Ff. The upward movement shown in figure 28, which 
is about half of that shown in the preceding three figures. ' deformation of this particular subgrade soil. 

These are caused by the slight | 
changes in the temperature differential during the period | 

Ficure 29.—MEASURING THE PRESSURE BETWEEN THE PAVE- 
MENT SLAB AND THE SUBGRADE. 

is the result of a temperature differential of only 5° F. 
If the warping diagrams are examined it will be ob- 
served that the interior of the panel was actually raised 
above the flat position as the edges warped downward 
but that there is little or no depression of the central 
area as the edges are warped upward. It seems quite 
probable that the redistribution of subgrade reactions 
which must attend these changes in shape would ac- 
count for the difference in the freedom of warping in 
the two directions that has been noted. 

RELATIONS BETWEEN TEMPERATURE WARPING AND SUBGRADE 

PRESSURE DETERMINED 

Some data on the variation in intensity of subgrade 
pressure resulting from temperature warping were 
obtained with the pressure cells before the installation 
ceased functioning. The pressures were measured 
at several points across the transverse axis of one panel 
of the 9-inch uniform-thickness section (see fig. 29). 
The weakened-plane longitudinal joint in this section 
had not broken at the time and the slab was acting 
practically as one of a full 20-foot width. 

Figure 30 shows the measured unit pressures at 
five different times during the day. The relation 
between the warping of the slab and the distribution 
of reactions is readily apparent. In the morning 
with the edges of the slab warped upward, the greatest 
pressure measured was in the interior, the pressure 
toward the edge being at its minimum at this time. 
During the day, as the upper surface of the slab expands, 
there is a complete relief of the high pressure in the in- 
terior region and a development of a maximum reaction 
near the edge, exceeding the maximum previously 
developed in the interior by at least 50 percent. 

Both the warping data and the subgrade pressure 
data suggest the possibility of an actual lifting of the 
central area from the subgrade as the edges warp down- 
ward. While it is possible that this may actually 
occur, it seems more probable that the vertical move- 
ments measured were all within the range of elastic 

Sub- 
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Figure 30.—EFrrect oF WARPING UPON THE PRESSURE OF THE 
SLtaB AGAINST THE SUBGRADE FOR A 9-INCH SLAB. 

erade bearing tests indicate that the changes of unit 
pressure shown by the pressure cells might be expected 
to cause soil deformations approximating in magni- 
tude the vertical movements of the interior of the 
slab during the daily cycle of warping. 

The daily variations in shape of the transverse 
sections of a pavement slab are well illustrated by the 
data in figure 31. These data furnish additional evi- 
dence on the relative magnitude of the upward and 
downward temperature warping and show that the 
maximum warping occurs during the warmest part of 
the day. Measurements taken at many different 
times throughout the year show this to be true for all 
normal days irrespective of the season. This is as 
would be expected in view of the temperature data 
that have been obtained. 

The daily movements of certain points at the edges 
of some of the sections measured with micrometer 
dials are presented in figures 32 and 33. The object of 
the measurements shown in figure 32 was to compare 
the movements of sections having different thicknesses 
and cross sections under exactly the same conditions 
of air temperature variation. The vertical movement 
of the corner of a 9-inch uniform-thickness section is 
150 percent of that of one 6 inches thick. In other 
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words, direct proportionality apparently exists between 
the thickness of the section and the magnitude of the 
corner movement. 

Another important indication is that the 9-inch 
edge of a typical thickened-edge section does not 
cause warping movements as great as would be found 
in a section that was uniformly 9 inches thick. In 
figure 33 the vertical movements of the free corner 
and the mid-point of the free edge are compared. 
The maximum temperature differentials observed 
during this series of observations are noted in the 
figure and it is of interest to compare these with the 
vertical movements that they produce at the two 
points at which the measurements were made. ‘The 
temperature differential that caused the upward move- 
ment of the edges and corners is approximately 30 
percent of that which caused downward movement, 
yet at the corner the upward movement is 70 percent 
and at the mid-point of the free edge 46 percent of the 
downward movement. These relations are in general 
accord with the data previously presented in connection 
with the discussion of the warping data for the entire 
slab panel. 

EFFECT OF APPLIED LOADS ON WARPED PAVEMENTS 

INVESTIGATED 

It is logical that any redistribution of subgrade 
reactions, such as those occurring when a pavement 
warps, must result in a change in the deflections and 
the stresses that will be produced by a given applied 
load. As mentioned earlier in the discussion of the 
investigation, a study was made of the effect of slab 
shape on the deflections and stresses caused by applied 
loads. Figure 34 shows the elastic curves of the 
diagonal at the slab corner under the applied loads 
noted, for three conditions of warping as they occurred 
during a single 24-hour period. It is apparent from 
these curves that the 7-inch slab is affected to a greater 
degree than the 9-inch slab. Downward warping of 
the corner reduced the deflection resulting from load 
by about 50 percent for the 7-inch section and only 25 
percent for the 9-inch section. It is believed that 
this difference is due to the fact that the thinner the slab 
the more dependent it is on the conditions of local 
subgrade support. 

The data indicate that upward warping has but 
little effect on the extent of the corner deflection pro- 
duced by a given load. In the case of the 9-inch slab 
there is no increase, while for the 7-inch section a slight 
increase is noted. This condition could be caused by 
the lack of complete contact with the subgrade with 
the slab in the flat position, a condition which might 
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Ficure 35.—Errecrt oF TEMPERATURE WARPING ON THE 
MAGNITUDE OF THE STRESS CAUSED BY AN APPLIED LOAD. 

easily obtain at the corner of a pavement slab. Com- 
plete contact would then be developed only by a 
downward deflection of the corner. 

Some idea of the effect of the condition of warping on 
the magnitude of the stress that a given load will cause 
may be had from figure 35. This chart shows the varia- 
tions in the critical stresses at the corner and edge of 
two of the sections, referred to the stress produced by 
the given load on the unwarped slabs as a base. These 
data were obtained at the same time and under the 
same conditions as the deflection data given in the 
preceding figure. 

There is a reduction of approximately 20 percent in 
the critical stress for the corner loading when the corner 
is warped downward. Since the maximum working 
stress was about 300 pounds per square inch, this 
reduction amounted to approximately 60 pounds per 
square inch. There is also a slight increase in the 
critical stress if the load is applied at a time when the 
corner is warped upward. 

For loads applied at the edges, it appears that down- 
ward warpivg results in but a slight reduction in the 
stress produced by a load while upward warping will 
cause increases that may amount to as much as 20 
percent. 

Reference to the figures which show the shape of the 
warped panel suggests a reason for the effects that have 
just been noted. When the temperature conditions 
are such that the edges of the pavement warp down- 
ward, the longitudinal curvature of the panel is such 
that the mid-point of the edge tends to move upward 
at the same time that the transverse curvature 1s 
forcing it downward. The result is that this point is not 
displaced downward to nearly the same degree as is 
the corner of the slab. So far as subgrade support is 
concerned the situation is probably but little better 
than it is for the flat slab condition. 

Similar tests were made at the interior of both the 
7-inch and 9-inch slabs and it was found that at this 
point the condition of slab warping has a negligible 
effect upon the magnitude of the critical stress produced 
by a given applied load. . 

These tests have shown quite definitely that even 
extreme conditions of temperature warping produce 
variations in the critical stresses caused by applied 
loads that are considerably smaller than has been 
generally supposed. 

MOISTURE WARPING DISCUSSED 

As stated earlier, clinometer measurements on 
certain critical regions of the 9-inch constant-thickness 
slab were made periodically over the year at times when 
no temperature differential could be detected ia the 
concrete. The curves obtained from these measure- 
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ments show the variation in shape of certain parts of 
the pavement slab at various times during the year 
from causes other than temperature changes. 

Figure 36 shows typical data obtained from these 
observations of the 9-inch section. While actually a 
considerable number of sets of such data were obtained, 
in the figure only a few sets are shown for the sake of 
clarity. Since no means was available for determining 
the moisture gradient of the slab, it was not possible to 
predict with certainty the time ‘when moisture condi- 
tions would be such as to cause it to be in a flat condition. 
In the presentation of the data in figure 36 the slab was 
assumed to be flat at the,time of the March 22 observa- 
tion on the basis of reasoning that follows. 

The measurements of longitudinal expansion and 
contraction shown in figure 14 indicated that the ex- 
pansion from moisture reaches a maximum during the 
winter months (January to March). For the year 
during which the moisture warping measurements were 
made (1934), the observed expansion was a maximum 
in January and by March it had dropped off slightly. 
This is a period during which the subgrade moisture 
content reaches a maximum value and during which the 
rate of evaporation is very low. It seems logical to 
conclude, therefore, that the moisture content of the 
concrete would be both high and most nearly constant 
during these months and that the moisture gradient 
that causes warping would be a minimum. 

If a comparison is made between the curves in figure 
36 showing the shape of the longitiudinal center line on 
March 22 and on December 18, it will be noted that on 
these dates the shapes are essentially the same, although 
some vertical movement of the slab as a whole had 
occurred. This tends to substantiate a conclusion that 
the slab is warped but little by moisture during the 
midwinter months. However, it should be remem- 
bered that the data shown in figure 36 are referred to 
the March observations as a base and that the curves 
indicate the changes in slab shape that occurred between 
March 22 and the other dates listed in the figure. If 
the slab was in an unwarped condition at the time of the 
March measurements, as was assumed, obviously the 
curves in this figure would indicate the true upward 
and downward warping of the slab. 

Figure 37 shows the effect of moisture on the warping 
of a free corner and on the vertical displacement of the 
mid-point of one of the 10- by 20-foot panels, over a 
period of approximately 1 year. This graph was con- 
structed from the same data and based upon the same 
measurements as the previous figure, although more 
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observations were included. In determining the warp- 
ing at the free corner, it was necessary to make correc- 
tions for any vertical displacements of the slab as a 
whole, as well as for any tilting of the slab that might 
have occurred. In making the first correction, it was 
assumed that the vertical displacement of the geo- 
metrical center of the panel with respect to the bench 
mark or reference point at the edge of the slab repre- 
sented fairly the vertical displacement that took place 
over the slab as a whole. The correction for tilting 
was determined by averaging the displacements of 
three corners of the panel to establish a plane for 
each observation. 

Referring to figure 37, it will be noted that after the 
middle of July a sudden reversal in the direction of the 
moisture warping occurred. This is believed to be 
caused by a marked change in weather conditions that 
took place at about this time. During August and 
September of this particular year the precipitation was 
much above normal (over 17 inches for September 
alone) and there was an unusually high percentage of 
hazy and cloudy weather. Normally it would be ex- 
pected that this change in the direction of moisture 
warping would occur later, possibly in late August. or 
early September. In this connection it is interesting 
to compare the relation between moisture warping and 
time, as shown in this graph, with that between mois- 
ture expansion and time as shown in figure 14 and to 
note the close correlation that exists. 

DIFFICULTY ENCOUNTERED IN DETERMINING STRESSES CAUSED 
BY MOISTURE WARPING 

It will be observed from the graph that during July 
the loss of moisture from the upper surface had caused 
the free corner to be warped upward approximately 
0.045 inch with respect to the mid-point of the panel. 
From this, an estimate of the stress developed by 



190 

moisture warping might be attempted, but this is not 
warranted for the following reasons: 

1. The true shape of the warped slab was not 
determined. 

2. Plastic flow undoubtedly enters as a factor and 
its importance is unknown. 

3. Settlement of the slab into the subgrade alters 
the degree of restraint that exists. 

The curve showing the movement of the center of 
the panel indicates that, as the seasonal warping takes 
place, the slab settles into the subgrade. ‘This seems 
probable when one considers that the condition of 
warping from moisture change develops slowly over a 
long period of time and that the development 1s most 
active during the spring months when the soil of the 
subgrade contains a considerable amount of moisture. 
If this is the case, it probably has an important influence 
upon the amount of restraint that the slab encounters 
when it warps from moisture changes. If there were 
complete settlement of the slab into the subgrade so 
that the subgrade conformed completely to the warped 
shape, then both edges and interior would have full 
subgrade support and no restraint would be developed 
by the weight of the slab. 

The extent to which the subgrade adapts itself to 
the slab as moisture warping develops is no doubt 
largely dependent upon the type and physical con- 
dition of the subgrade material, but it is reasonable to 
believe that, because of the time element and its effect 
on both subgrade behavior and on plastic yielding of 
the concrete itself, the restraint and therefore the 
stresses developed by moisture warping are not as 
great as the magnitude of the curvature might lead 
one to suspect. 

The data indicate that the curvature caused by 
moisture is principally an upward warping of the edges 
caused by a moisture loss from the upper surface of 
the pavement. The downward warping of the edges, 
resulting from a condition in which the moisture con- 
tent in the upper part of the pavement exceeds that in 
the lower part, seems to be considerably smaller for 
the conditions of these tests. 

Thus it appears from the data that, at those times 
when high stresses are developed by temperature warp- 
ing, as for example, an afternoon in midsummer, the 
effect of moisture is to cause curvature such that any 
stresses developed by it will tend to relieve rather than 
ageravate the stresses caused by the restraint to 
temperature warping. 

STRESSES CAUSED BY RESTRAINED TEMPERATURE WARPING 

DETERMINED 

It is believed that one of the most important results 
of the entire investigation has been the development 
for the first time of reasonably reliable experimental 
data showing the magnitude and distribution of the 
stresses caused by the restrained temperature warping 
of typical pavement sections. These data, obtained 
by the methods that were described at the beginning 
of this paper, are presented in various ways in the 
figures that follow. 

It has been shown that under normal conditions the 
temperature differential that causes warping is much 
larger during the day than during the night, and that 
usually the daily maximum occurs in the early after- 
noon. Since it was desired principally to determine 
the magnitude of the warping stresses for the condi- 
tion of average maximum temperature differential, 
the greater portion of the measurements were made 
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during the daytime with the upper surface of the 
pavement at a higher temperature than the lower 
surface. The warping stresses occurring under this 
condition are more important also because tension is 
developed in the bottom of the slab. <A sufficient 
number of night observations was made, however, to 
give a clear indication of the magnitude and relative 
importance of stresses developed at night. 

The manner in which the stresses produced by 
restrained temperature warping during the day vary 
along the two principal axes of two of the test section 
panels is indicated by the curves in figures 38 and 39. 
The data in figure 38 apply to the transverse axes, 
while those in figure 39 apply to the longitudinal axes 
of the two slabs. At each point along each axis the 
stresses in both the transverse and longitudinal direc- 
tions were determined. The values shown in these 
figures are averages of several sets of measurements — 
made on selected days during the summer and fall. 

The data pertaining to the transverse axis were all 
obtained during the summer but some of those per- 
taining to the longitudinal axis were obtained during 
the fall when the temperature differentials were not 
as large as during the summer. The values shown 
in figure 38 probably represent the largest that will 
occur with any frequency in the locality where the 
tests were made. The maximum values observed 
at any time were approximately 15 percent greater 
than the averages shown in this figure. 

During a part of the tests the slabs used for the 
temperature measurements were unavoidably shaded 
so that complete data on the temperature differentials 
causing these stresses are not available. From the 
temperature data obtained it is estimated that the 
average temperature differentials causing the stresses 
shown in figure 38 were approximately 18° F. for the 
6-inch and 23° F. for the 9-inch test sections. 

In the absence of data on sections less than 20 feet 
in length, it is not possible to predict accurately what 
the maximum warping stresses on shorter sections 
would be. However, up to the present time very few 
concrete pavements have been laid in which the length 
of the slab units was less than 20 feet. For slab lengths 
ereater than 20 feet, it is believed the data indicate 
that, for a 6-inch slab thickness, the maximum warp- 
ing stress will not exceed that developed in the 20-foot 
slab, while in a 9-inch pavement the maximum warp- 
ing stress may be somewhat greater than that shown. 
These conclusions are based on the shape of the longi- 
tudinal axis of the two warped slabs as determined 
with the clinometer. 

The relative magnitudes of the stresses from re- 
strained temperature warping at several points near 
the corners of the 6-inch and 9-inch uniform thickness 
sections are shown by the stress diagrams in figure 40. 
The stresses were determined along the lines A—B, 
A—C, and A—D of figure 6. Along the free edges of 
the slab the stress in the direction perpendicular to the 
edge is in all cases negligible and, for this reason, only 
stresses in the direction parallel to the edge are shown 
for the lines A—B and A—D (fig. 6). Along the diag- 
onal at the free corner (line A—-C, fig. 6), measurable _ 
stresses are found in both directions and the stresses 
perpendicular to and parallel to the diagonal are shown 
in figure 40. 

It is interesting to note that the variation in the 
magnitude of the stresses measured perpendicular to 
the diagonal is similar to that of the stresses in the 
direction parallel to the diagonal. There seems to be 
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a consistent lack of uniformity in the variation in stress 
along the diagonal that might reasonably be attributed 
to a buckling action across the corner as this portion of 
me slab attempts to respond to two conflicting sets of 
orces. 
The maximum stress along the free edge as shown in 

figure 40 is smaller than that shown in figure 38. This 
is because the stresses at the corner were determined 
for somewhat smaller temperature differentials. 

Figure 41 shows stresses caused by restrained 
temperature warping at .the corner and along the 
longitudinal axis of the 6-inch constant-thickness sec- 
tion under normal night conditions, i. e., with the upper 
surface at a lower temperature than the lower surface. 
The stress values shown are the averages of several sets 
of observations made on nights when, for night condi- 
tions, relatively large temperature differentials devel- 
oped. The observations were made on 3 of the 4 panels 
of the test section. 

It will be observed that the stresses vary in much 
the same manner as was found in the daytime measure- 
ments, although their magnitude is but about one- 
fourth as great. This is as would be expected as the 
observed temperature differentials were in approxi- 
mately the same ratio. Under night conditions, the 
stresses developed are tensile stresses in the upper 
surface and compressive stresses in the lower surface of 
the pavement. They are, therefore, opposite in sense 
to the stresses caused by applied loads except for the 
case of a load applied on the corner of the slab. 

STRESSES GREATEST IN LONGITUDINAL DIRECTION 

In order to present a general picture of the critical 
stress conditions that result from restrained temperature 
warping, the stress diagrams shown in figures 42 to 45, 
inclusive, were prepared, utilizing the average meas- 
ured stress curves to determine the shape of the varia- 
tion curves and adjusting the stress magnitudes to a 
common value at the interior points of the slab. 
Figures 42 and 43 show the stresses parallel to the 
longitudinal axes of the slabs except at the diagonal 
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at the free corner where the stresses are parallel to the 
diagonal. Figures 44 and 45 are similar diagrams for 
the stresses perpendicular to the longitudinal axes or 
perpendicular to the diagonal. 

It was found by numerous measurements that 
stresses of the magnitudes indicated in these 4 diagrams 
may be expected to occur frequently in the daytime 
during the spring and summer months in the locality of 
Washington, D. C. As previously stated, stresses 
somewhat exceeding these were found occasionally on 
days of extreme temperature changes. 
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THEORETICAL AND MEASURED STRESSES COMPARED 

Reference has been made to the analysis, by H. M. 
Westergaard, of the stresses caused by restrained tem- 
perature warping from the standpoint of theoretical 
mechanics. Figure 46 shows theoretical warping 
stresses computed for the transverse section of a slab 
of infinite length but finite width and utilizing elastic 
constants known to apply to the materials in the 
Arlington tests. The temperature differentials of 18° 
F. and 25° F. for the 6-inch and 9-inch slabs, respec- 
tively, are reasonable in the Jight of the temperature 
data obtained in this investigation. Both values are 
considerably higher than that assumed by Dr. Wester- 
gaard in the examples given in his analysis. 

Since the Westergaard analysis is based upon the 
assumption of a slab of infinite length, it is perhaps 
not permissible to make direct comparisons between 
the theoretical stresses and those determined experi- 
mentally. However, since the length of the experi- 
mental slabs is twice the width, it is believed that the 
sections, particularly the thinner ones, will behave in a 
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manner approximating that of longer slabs, and that 
the stresses in a transverse section near the center are 
sufficiently like those in the longer slab to make a 
comparison with the theory of value. 

If the curves in figure 46 are compared with the 
experimental curves shown in figure 38, it will be noted 
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curves are very similar, and also that the magnitude 
of the theoretical stresses are of the same order as the 
values found by measurement. In this connection it 
should be pointed out again that the average tempera- 
ture differentials were estimated and may not be exact. 
From this comparison it seems reasonable to conclude 
that warping stresses properly calculated with the 
theoretical formulas will give a fair estimate of the 
critical warping stresses in pavement slabs 20 feet or 
more in length. 

There is one noticeable difference, however, between 
the theoretical and measured stress relations. The 
measured stresses have practically the same magnitudes 
for both the 6-inch and 9-inch slabs in spite of the 5° 
F. difference in the temperature differentials. The 
stresses computed by the theory, on the other hand, 
reflect this difference in higher stresses for the 9-inch 
thickness. It is reasonable that the greater tempera- 
ture differential in the thicker slab should produce 
higher stresses. Had the length of the 9-inch test 
section been greater than 20 feet, it is believed that the 
measured stresses would have been higher and thus 
more in accord with the theory. 

It has been shown previously that, when warped, the 
6-inch section tends to remain flat along the central 
portion of the longitudinal axis, while the 9-inch sec- 
tion showed continued curvature in this region. If the 
9-inch slab had been longer it too would have been 
flattened in the snid-portion of its long axis and this 
undoubtedly would have increased somewhat the value 

that the shapes of the theoretical and measured stress ! of the measured stresses. 
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MERITS OF THICKENED-EDGE DESIGN INVESTIGATED 

Data presented earlier in this paper show that when 
the edge thickness of a paving slab is increased, for 
the purpose of increasing the load-carrying capacity, 
there is certain to be a corresponding increase in the 
temperature differential that develops in this portion 
of the pavement. For example, it was shown that the 
temperature differentials observed at the edge of a 
9-6-9 section were about 45 percent greater than those 
observed in the edge of a 6-inch constant-thickness 
section and approximately the same as those in the 
edge of a 9-inch constant-thickness section. Since an 
increase in the temperature differential at any part of a 
slab that is restrained from warping causes a corre- 
sponding increase in the warping stresses at that point, 
the effect just mentioned is an important consideration 
in the design of concrete pavements. 

The effect of increasing the thickness of the edges of a 
pavement slab on the magnitude of the critical warping 
stresses can be illustrated by considering two long and 
relatively narrow pavement slabs both of the same 
interior thickness. One is of constant thickness while 
the other is of a conventional thickened-edge cross 
section with an edge depth 50 percent greater: than the 
interior depth. The temperature differentials and 
therefore the warping stresses that develop in the in- 
terior of the two slabs will be approximately the same 
since the slabs have the same thickness in this region 
and are both sufficiently long to develop complete 
restraint. At the free edges, however, the differential 
in temperature for the thickened-edge cross section will 
be, according to the data obtained in this investigation, 
some 45 percent greater than in the slab of constant 
thickness. 

The results of the increased temperature differential 
at the edge of the thickened-edge section will be an 
increase in the stresses caused by restraint to warping 
in the edge region of the slab. Since the slabs are 
relatively narrow in a transverse direction they are 
relatively free to warp and the warping stresses will be 
small. Thickening the edge will therefore have but 
little effect upon the transverse warping stresses. In 
the direction parallel to the edge of the pavement, the 
magnitude of the warping stresses varies with the degree 
of restraint that obtains at the particular point under 
consideration. The degree of restraint varies, in turn, 
with the distance from the free end of the slab and with 
the slab depth. At the extreme end no restraint exists 
as the slab can warp freely at this point. The rate at 
which restraint develops with the distance from the 
extreme end will depend upon the depth of the slab, as 
will the distance to the point where complete restraint 
is obtained. 

The two slabs considered in the example were long 
enough to develop complete restraint and consequently 
maximum warping stresses in their mid-length, and in 
this region it was found that the temperature differen- 
tial at the edge of the thickened-edge section was abcut 
45 percent greater than in the edge of the slab having 
a constant thickness equal to that of the interior of the 
thickened-edge section. Since, theoretically, there is 
a direct relation between the magnitude of the stress 
resulting from completely restrained warping and the 
temperature differential that exists, this 45 percent 
increase in the temperature differential would lead one 
to expect a corresponding increase in the warping stress. 

The relations between slab length, slab depth, and 
restraint to temperature warping were not determined 

by this investigation. To study this problem thor- 
oughly, a range of slab lengths in each of several 
thicknesses would have to be constructed and the 
critical warping stresses determined for each. The 
data obtained would make it possible to determine 
what lengths of slab are sufficiently free to warp to 
make relatively unimportant the increase in warping 
stresses that results from the increased edge thickness. 
All of the slabs cast for this study of concrete pavement 
design were of the same length and only limited data 
bearing upon the relations could be obtained. These 
data are presented later in this paper. 

WARPING STRESSES IN THICKENED-EDGE AND CONSTANT-THICK- 

NESS SECTIONS COMPARED 
k 

Some measurements were made to determine the 
warping stresses at the edge of a 9-6—9 test section in 
comparison with those at the same point in the 6-inch 
and 9-inch constant-thickness sections. The data 
obtained are given in table 4. 

TABLE 4.—Observed longitudinal warping stresses at the edge of 
three 20-foot pavement slabs 

Increase in 
Temperature differen- Observed longitudinal stress 

tial at edge warping stresses 9-6-9 slab 
over— 

Date, 1934 

6-inch | 9-inch | 9-6-9 | 6-inch | 9-inch | 9-6-9 | 6-inch | 9-inch 
slab slab slab slab slab | slab slab slab 

Lb. per | Lb. per | Lb. per 
aoa Bae! ae °F. | sg.in. | sq.in. | sq. in. |Percent | Percent 

Apr 1 8iso ase 18 27 27 220 Wee eee 316 ge Oe ee ee 
Apr. 22_. 14 24 21 E8GAeces ees 218 8 Wy (eal (Deemed ew 
Apr. 24. 21 31 29 a UY Yo¥ | ga eeeye 291 AO eee eee 
May 18 25 24 209 191 245 7, 28 
May 18 21 30 SOe eee 298 8805 asses 28 
May 19 20 26 29 252 306 380 51 24 
May 20 23 33 yA lise. 29 ees 302 SOL Ne oeee oe 20 
May 21 20 31 32 320 329 409 28 24 
Nay) 22 oe ees |Caeeeet, jana eee | eee om 322 252 347 8 38 
May 2t5eeee. 19 25 25 266 213 282 6 32 
JUNG Zoe ee ee ae ae ees oe 229 251 336 47 34 
JEG Se eeeees ane ee |e ones ee oer 281 273 377 34 38 

ACV OLAS Ob alee same aan | ctaee el ee eens eae ae SRA eee 30 30 
| 

These data were obtained from simultaneous measure- 
ments at the mid-length of the three 20-foot test slabs— 
the 6-inch constant-thickness slab (sec. no. 10), the 
9-inch constant-thickness slab (sec. no. 6) and the 
9-6-9 thickened-edge slab (sec. no. 5). The observa- 
tions extended over a considerable period of time and 
it is thought that in spite of some inconsistencies, the 
data give a very good indication of the relative magni- 
tude of the longitudinal warping stresses in slabs of 
these thicknesses and this length. The temperature 
differentials are typical of the highest average values 
that may be expected to occur frequently in the locality 
where the tests were made. 

It will be noted that the stresses measured at the 
edge of the 9-6-9 slab are in every instance higher 
than those measured at the edge of either of the con- 
stant-thickness slabs. At times this difference is as 
much as 100 pounds per square inch for the 6-inch and 
80 pounds per square inch for the 9-inch constant-thick- 
ness slabs. The last two columns of table 4 show these 
differences, expressed as a percentage of the stress 
in the constant-thickness slab. There is a considerable 
variation in these values for the comparison with the 
6-inch slab, the reason for which is not known. __ 

The average increase of warping stress of the thick- 
ened-edge section over the 6-inch constant-thickness 
section 1s approximately 75 pounds per square inch, or 
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30 percent. The average difference in corresponding 
temperature differentials is 47 percent. These data 
indicate, therefore, that the increase in stress 1s not as 
creat as might be expected in view of the measured 
increase in temperature differentials. This may be the 
result of the thickened-edge slab warping slightly more 
at the point where the stresses were determined than 
does the 6-inch slab, because of the difference im the 
length-depth ratio, and is thus able partially to offset 
the effect of the increased temperature differential. 
From these tests it might be concluded that the full 
effect of increased temperature differential resulting 
from the increased depth of the slab edge of this 9-6-9 
cross-section does not develop in a slab length of 20 
feet. 

It may seem surprising that the longitudinal warping 
stress in the thickened-edge section is consistently 
greater than that in a constant-thickness slab of the 
same edge depth, particularly in view of the fact that 
the measured temperature differentials were approxi- 
mately the same in the two slabs. The explanation is 
believed to be that in slabs of the same length the 9-inch 
constant-thickness slab would be expected to warp more 
freely than the 9-6—9 thickened-edge design. 

The data resulting from loading tests that are to be 
presented in a subsequent report of this series show that 
the 50-percent increase in edge thickness of the 9-6-9 as 
compared with the 6-inch constant-thickness slab 
resulted in a reduction of approximately 28 percent in 
the critical stress caused by load applied at the edge of 
the pavement. For example, the reduction in the 
critical load stress effected by the thickened edge for a 
7,000-pound load applied at the edge position amounted 
to approximately 100 pounds per square inch in these 
tests. 

Figure 39 shows that the average warping stress at 
the edge of the 6-inch constant-thickness section is 
approximately 320 pounds per square inch during the 
summer. It has just been shown that the edge thick- 
ening under consideration caused an increase of approxi- 
mately 30 percent in these stresses. The edge thicken- 
ing, therefore, causes an increase of approximately 90 
pounds per square inch, which is practically equal to the 
reduction in load stress accomplished by the increased 
edge thickness. . This indicates that, on the basis of the 
combined load and temperature stresses, at times when 
the warping stresses are high, the load-carrying capacity 
of the 20-foot, 9-6-9 section 1s not increased by the edge 
thickening. For much shorter slabs this would not be 
true because the warping stresses would be low, but for 
slabs of greater length it is indicated that at times when 
the warping stresses are high, the load-carrying capacity 
of the edge of a pavement slab may actually be reduced 
by thickening the slab edge. 

IMPORTANCE OF REDUCING WARPING STRESSES DISCUSSED 

The data that have just been presented clearly indi- 
cate that the stresses arising from restrained tempera- 
ture warping equal in importance those caused by the 
heaviest wheel loads. The stresses from this cause are 
actually large enough to cause failure in concrete of low 
flexural strength, and since the direction of the stresses 
is such that they become added to the critical stresses 
caused by wheel loads, there is little doubt but that 
warping stress is primarily responsible for much of the 
cracking in concrete pavements. It must be concluded 
also that so long as the slabs are of considerable leneth 
originally, a thickened-edge design will not reduce the 

amount of transverse cracking that will occur. This 
conclusion is in agreement with the observations made 
on this point in the extensive pavement survey con- 
ducted several years ago by the Highway Research 
Board.” 

It is evident that either the magnitude of the warping 
stresses must be reduced by building smaller slab units 
or by some other means not yet proposed, or the amount 
of stress resistance available for supporting wheel loads 
will be greatly curtailed. 

The most practical means at present available for 
reducing warping stresses is through the construction of 
shorter slabs. As previously mentioned, some data 
that indicate the possibilities of reducing warping 
stresses through a decrease in slab length were obtained 
in this investigation. In the first place, a comparison 
of the relative magnitudes of the stresses created by 
warping at the center of the slab in the transverse and | 
longitudinal directions shows that the stress in the 
direction of the 10-foot dimension is approximately 
one-third of that in the 20-foot dimension. 

Some other data upon this point were obtained during 
the sprig of 1934 when a transverse crack developed 
at the center of one quadrant of one of the thickened- 
edge sections (sec.no.4). This afforded an opportunity 
to measure the longitudinal warping stress in both the 
10- and 20-foot lengths of the same slab and to make a 
comparison of their magnitudes. The longitudinal 
stresses were determined at two positions in the mid- 
lengths of each slab, at one point 6 inches from the 
edge and at one 5 feet from the edge (center of the panel). 

The measurements were made on suitable days during 
the months of April, May, and June 1934, and all of the 
data obtained are presented in table 5. 

TaBLE 5.—Observed longitudinal warping stresses in 10- and 
20-foot slab lengths of sec. no. 4 

Maximum longitudinal warping a . 
stress Reduawu in 

. stress from 
cas decreased slab 

Date, 1934 air tem- Interior Edge length 
pera- 
ture 

26-foot | 10-foot | 20-foot | 10-foot , 
length | length | length | length Interior} Edge 

Lbs. per| Lbs. per| Lbs. per| Lbs. per 
CY DF sq. in. | sq. in. | sq. in. | sq. in. | Percent| Percent 

A Dit 20h ees eee 68 307 132k Se eles |p 57 |e 
Mavi lit bara eepeeanen 74 376 142 jee srl Se 62;|> eee 
May Dee nsee unite PAW) Mae ek a nt 121 68g eee 144 
Ma Val oreeeeanaee jae 83 287 Sl uitoee = a heres 72) 
Miaiye 1 dees: ee eee, 90 | eee | eae 278 2). ee eee 92 
May! 2826s aeew see 83 429 ORS) Ry ey es eh AS 65. 
Vine vie ee ees 0 were SEG Se SS 354 46 2 ee 87 
JUNE RLS eee ees 04 3s Sees (Oe ee 235 38))|| Se. eee 87 
June 14os See oS eee mae [rae AE 313 20) | Seen 94 
JUDGcb seen ee O4 We se > ila Ree 252 19) jas ao ee 92 
June Ze ee eee 101 451 13.2:))\2 See ee ae 71 | 
JUNG 22 2 eee eee 96 414 130 sitezee es eee 69 |--2eceee 
(Une+2O 52 ae a ee O72 NEY. Reo Se | eee ee 283 poy Ie a = 82 

AVO@TAR Co scck 25a c 2 eee eee | era ll a 66 89 

1 Not included in the average. 

It is apparent again in these data that the longi- 
tudinal warping stress in the 10-foot slab length is 
consistently much smaller than the corresponding 
stress in the 20-foot slab. This is especially true for 
the stresses measured near the edges of the two slabs. 
The average reduction in the critical warping stress 
caused by the decreased slab length is approximately 
66 percent in the interior of the slab and 89 percent 
at the point near the free edge. The greater reduction 

13 Economie Value of Reinforcement in Concrete Roads, by C. A. Hogentogler 
Proc. Fifth Annual Meeting, Highway Research Board, pt. IT. 

being Se hp hae aT SLR POMEL RE ew teat On Oe Nn eT . 
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noted in the stresses near the edge of the slab may 
be a natural condition or it may be caused by the fact 
that the two 10-foot sections of the slab were restrained 
from free warping to a certain degree at the longitudinal 
joint. This restraint results from the fact that the 
two 10-foot lengths of this section were attached to 
an uncracked half of the same section by the tongue- 
and-groove longitudinal joint. 

The data and discussion just presented indicate the 
necessity for short slab units if the stresses produced 
by restrained warping are to be kept within economical 
limits. The desirability of slab lengths of approxi- 
mately 10 feet is indicated and this may, at first thought, 
seem to be impractical because of the number of trans- 
verse joints that would be required. One problem of 
joint design is to overcome the difficulty of providing 
satisfactorily for the movements caused by the expan- 
sion and contraction of abutting slabs. If very short 
slabs were used, the very frequency of the joints would 
largely solve this problem and thus simplify the joint 
design requirements. 

It was shown earlier that the critical temperature- 
warping stresses in the corner region of a pavement 
slab occur during the daytime when the sense of the 
warping stress is opposite to that of the critical stress 
caused by load. During the night and early morning 
when the sense of the two stresses is the same, the 
magnitude of the warping stress is very small. It is 
evident, therefore, that increasing the thickness of the 
edge of a pavement slab will be effective in reducing 
the combined stresses in the corner area and conse- 
quently will reduce corner cracking. This conclusion 
is likewise in agreement with the observations of the 
survey previously referred to. 

SOME EFFECTS OF FREEZING AND THAWING OF SUBGRADE 
DETERMINED 

As mentioned previously, because of the compara- 
tively mild winters in the region where the tests were 
made there was very little opportunity to study the 
effects that a frozen subgrade might have on the pave- 
ment sections. During the latter part of the winter 
of 1933-34, however, severe weather caused the sub- 
grade under the test slabs to freeze solidly to a depth 
of about 2}; inches and frost crystals were found at a 
slightly greater depth. The earth shoulders were 
frozen solidly to a depth of about 7 inches and frost 
crystals were found at depths of 10 or 11 inches. 

During this period observations were made with the 
clinometer to determine the vertical movements that 
developed in the various parts of the slab, the technic 
being the same as that used in the measurements of 
warping. Figure 47 shows the position and shape of 
the 9-inch constant-thickness section on two different 
days referred to its position during the preceding 
September as a base. The first series of observations 
(Feb. 23) show the position of the slab with the sub- 
grade frozen, while those made on March 6 show its 
position just after the subgrade had thawed. 

These data show that, for the conditions that 
obtained, the freezing of the subgrade lifted the entire 
panel almost uniformly to the extent of about one-half 
inch. It is interesting to note that this lift was pro- 
duced by a subgrade that was frozen solidly to a depth 
of only 2% inches. As soon as the subgrade had thawed 
completely the measurements showed that the slab 
settled back about three-fourths of the distance through 

—FREE END TRANSVERSE JOINT 

LONGITUDINAL JOINT— 

FREE EDGES 
A 

.500 
SCALE y 

INCHES 

Fiaure 47.—Errect or FrozeN SUBGRADE ON ELEVATION OF 
9-INCH UNIFORM-THICKNESS Stas, Bask ELEVATION AS OF 
Supt, 24, 1938. 

TEMPERAT URE — 

DEGREES F 

ST.RESS= 

POUNDS PER SQ. INCH 
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Figure 48.—DaiLty VARIATION OF STRESSES CAUSED BY A 
7,000-pounD Loap on a 9-6-9 THICKENED-EDGE SECTION, 
Over A PERIOD OF FREEZING AND THAWING OF THE SUBGRADE. 

which it had been lifted, and that during the next 
several days the slab was slowly settling. Traffic 
on the pavement would probably accelerate this 
settling during the period of thawing. 

Tests were made to determine the effect of the 
freezing and thawing of the subgrade upon the stresses 
caused by applied loads. The 9-6-9 thickened-edge 
section was selected for this purpose and loads were 
applied at a free corner, at the interior, and at a point 
6 inches from a free edge. The 8-inch diameter cir- 
cular bearing plate was used in all cases. The tests 
were started during the time when the subgrade was 
frozen solidly and were repeated frequently until after 
the subgrade had thawed completely. The variations 
in the maximum stress produced by a 7,000-pound load 
applied at each of the three positions previously men- 
tioned during the entire period are shown in figure 48, 
together with the variations in the average daily air 
temperature. 
From these data it appears that the subgrade was in a 

fairly normal condition after March 10, or about 10 
days after it first started to thaw. The ‘subgrade was 
no doubt still very wet at this time, but it is known 
that this particular soil remains very wet during the 
winter even when not subjected to freezing and thawing. 

It will be observed that at all three of the points 
tested the stresses from the applied load were reduced 
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during the period when the soil was frozen. The effect 
was much greater at the corner than at the other points, 
probably because a much greater deflection is required 
to produce a given stress at this point. 

As soon as thawing started there was an immediate 
increase in the stress at all of the points. As the sub- 
grade became completely thawed the stresses were 
slightly above normal and they remained at this general 
level during a period of 6 or 8 days. 

It is interesting to note that when the subgrade is in 
what may be termed its ‘‘normal”’ winter condition, but 
unfrozen, the stresses produced by a given load at the 
free corner and interior of this section are of approxi- 
mately the same magnitude while the stress at the edge 
is but slightly greater. 

It appears from these data that the conditions of 
freezing and thawing that obtained during the tests had 
no serious effect upon the magnitude of the stresses 
developed under the applied load. Had the subgrade 
been frozen to a greater depth or had the subgrade 
material not been uniform, it is possible that the effects 
of freezing would have been more serious. 

CONCLUSIONS 

In this study of the effects of temperature and of 
moisture on concrete pavement slabs, it has been found 
that in the locality where the tests were made (Wash- 
meton.D. Cs): 

1. The average pavement temperature undergoes 
an annual change of about 80° F. 

2. The maximum temperature differentials ob- 
served at the edges of the test sections were: 

a. For a 6-inch uniform-thickness section, 
2a be 

6. For a 9-inch uniform-thickness section, 
33° F, 

c. For a 9-6-9 thickened-edge section, 
oye 

These maxima occur during the hot afternoons 
of early summer when the upper surface of 
the pavement is heated by the intense sun- 
light and the lower surface is kept cool by a 
subgrade that is still at a relatively low 
temperature. 

3. In the thickened-edge design (sec. no. 5) the 
temperature differential in the interior of the 
slab averaged about 4° F. less than that at 
the thickened edge during the most critical 
part of the year. 

4. There is a cyclic variation in slab length that 
is entirely dissociated from temperature 
changes. The annual variation in the length 
of the test sections from causes other than 
temperature changes is approximately equiv- 
alent to that caused by a temperature 
change of 30° F., and the maximum length 
occurs during the late winter when the 
ground moisture content is greatest. Con- 
versely, the slab is shortest during the late 
summer when the ground moisture and, so 
far as could be determined, the concrete 
moisture are a minimum. 

5. The thermal coefficient of expansion of the 
concrete as determined in the laboratory is 
0.0000048 per degree F. This value agrees 
almost exactly with that determined by 
measurement of actual temperature expan- 
sion in the test sections, indicating: First, 

that the movement of a pavement slab from 
thermal expansion can be predicted accu- 
rately from laboratory determinations of the 
thermal coefficient; and second, that in slabs — 
of moderate length the effect of subgrade 
restraint on slab expansion is so small as to 
be negligible. 

6. The resistance developed in the subgrade to 
horizontal slab movement is not merely a 
matter of sliding friction in the commonly 
accepted sense of the word. It appears to 
consist of two elements, one an elastic defor- 
mation of the soil horizontally that is present 
for all displacements of the slab, and the 
other a frictional resistance that develops 
only after a certain amount of elastic defor- 
mation has occurred. The first element ap- 
pears to be independent of, while the second 
varies directly with, the slab weight or thick- 
ness. Although only one subgrade material 
was involved in these tests, it seems probable 
that the relative importance of the two ele- 
ments may vary considerably with different 
types of soils. 

7. In pavement slabs of moderate length the 
tensile stresses resulting from contraction 
will not be large for subgrade soils of the 
type used in these tests. The thicker the 
pavement the lower will be the unit stress 
from this cause, other conditions being the 
same. 

8. The changes in shape of a pavement slab 
resulting from restrained temperature warp- 
ing do not cause large changes in the critical 
stresses from applied loads. In this in- 
vestigation, the maximum observed condi- 
tion of upward warping from temperature 
was found to increase the critical stress 
resulting from load by about 5 percent for a 
corner loading and about 20 percent for 
an edge loading, as compared with the 
stresses produced by the given load with the 
slab in the flat or unwarped condition. 
Maximum downward warping was found to 
effect a negligible reduction in the load 
stress at the edge and a reduction of about 
20 percent at the corner. 

9. For pavement slabs of the size used in this 
investigation or larger, certain of the 
stresses arising from restrained temperature 
warping are equal in importance to those 
produced by the heaviest of legal wheel 
loads. The longitudinal tensile stress in the 
bottom of the pavement, caused by re- 
strained temperature warping, frequently 
amounts to as much as 350 pounds per 
square inch at certain periods of the year 
and the corresponding stress in the trans- 
verse direction is approximately 125 pounds 
per square inch. These stresses are additive 
to those produced by wheel loads. 

10. In long or even moderately long pavement 
slabs, when conditions are such as to pro- 
duce large temperature differentials, thicken- 
ing the edge of the slab may actually de- 
crease the load-carrying capacity of this 
part of the pavement. In very short pave- 
ment slabs, thickening the edge of the slab 
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may be expected to increase definitely its 
load-carrying capacity. 

; 11. Since the critical stresses resulting from re- 
strained warping are opposite in sense to 
those caused by applied loads in the corner 
region of a pavement, thickening the edge 
of the slab may be expected to increase the 
load-carrying capacity of the slab corner. | 

12. Because of the facts stated in conclusions 10 | 
and 11, it is evident that thickening the 
edge of a long pavement slab will not tend 
to reduce transverse cracking but will tend 
to reduce corner cracking. 

13. The annual cyclic variation in moisture condi- 
tions within the concrete produces a warping 
of the slab surface similar to that caused by 
temperature. The edges of the slab reach 

their maximum position of upward warping 
from this cause during the summer and the 
maximum position of downward warping 
during the winter, the extent of the upward 
movement apparently exceeding that of the 
downward movement considerably. 

14. While sufficient information is not available to 
permit an estimate to be made of the magni- 
tude of the stresses arising from restrained 
moisture warping, it appears that at the 
time of year when the stresses from re- 
strained temperature warping are a maxi- 
mum (the summer months) any stresses 
caused by restrained moisture warping will be 
of opposite sense and will thus tend to reduce 
rather than to increase the state of stress 
created by restrained temperature warping. 
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Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D.C. As his office is not connected with the 
Department and as the Department does not sell publications, 
please send no remittance to the United States Department of 
Agriculture. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Reads, 1924. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1927. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1928. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1929. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1932. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 

Report of the Chief of the Bureau of Public Roads, 1934. 

DEPARTMENT BULLETINS 

No. 136D .. Highway Bonds. 20 cents. 

No. 347D . . Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10 cents. 

No. 583D .. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 

No. 1279D . . Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 

TECHNICAL BULLETINS 

No. 55T ... Highway Bridge Surveys. 20 cents. 

No. 265T ... Electrical Equipment on Movable Bridges. 
5 cents. 

MISCELLANEOUS CIRCULARS 

No. 62MC .. Standards Governing Plans, Specifications, 
Contract Forms, and Estimates for Federal- 
Aid Highway Projects. 5 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP . . The results of Physical Tests of Road-Building 
Rock. 25 cents. 

Federal Legislation and Regulations Relating 
to Highway Construction. 10 cents. 

Supplement No. | to Federal Legislation and 
Regulations Relating to Highway Construction. 

No. 191 .... Roadside Improvement. 10 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

REPRINT FROM PUBLIC ROADS 

Reports on Subgrade Soil Studies. 40 cents. 

Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 

SEPARATE REPRINT FROM THE YEARBOOK 

No. 1036Y .. Road Work on Farm Outlets Needs Skill and 
Right Equipment. 

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 

A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in PUBLIC ROADS, may be obtained upon 
request addressed to the U.S. Bureau of Public Roads, Willard 
Building, Washington, D. C. 
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