THE 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. SUTEERLAND, Associate Highway Engineer!

PART 1.—A DESCRIPTION OF THE INVESTIGATION *

conducting at the Arlington Experiment Farm, Va.,

an extensive investigation with the general objective
of developing information that will be of assistance in
better understanding the structural action of concrete
pavement slabs.

More specifically, the research was planned to study
the following four main subjects:

1. The eflects of loads placed in various ways on
pavement slabs of uniform thickness.

2. The “balance of design” or relative economy of
typical pavement slab eross-sections.

3. The behavior under load and comparative struc-
tural effectiveness of typical longitudinal and trans-
verse joint designs.

4, The effects of temperature conditions and of
moisture conditions on the size, shape, and load-
carrying ability of pavement slabs.

The study of the effects of loads placed in various
ways oa slabs of uniform thickness was intended pri-
marily as an experimental wverification of the only
rational theory of pavement slab stresses thus far
advanced, 1. e., the Westergaard analysis.® The pro-
gram was accordingly planned in such a way that each
of the factors that theoretically might imfluence the
load-stress relation could be examined experimentally
and the observed effects compared with those predicted
by the theory. In addition, this study was expected
to indicate rather definitely what the shape of the slab
cross section should be if the design were so balanced
that a given load would produce a certain definite
maximum stress regardless of the position of the load
on the slab.

The study of the balance of design of typical pave-
ment slab cross sections was planned, first, for the pur-
pose of showing the relative economy of the various
designs, and second, fo provide data upon which to
base conelusions as to the proper shape for a perfectly
balanced cross section. The data obtained in the load
tests on slabs of wmiform thickness mentioned in the
last part of the preceding paragraph necessarily form
an important part of the study of the balance of the
cross-section design.

The almost complete lack of data concerning the
structural behavior of the various types of longitudinal
and transverse joint designs existing at the time this
research was planned and the importance of a knowledge
of this aetion in any considerstion of the structural
design of pavements made a study of the subject
imperative, That part of the investigation dealing

t Roseoe Lanesster, Harry D. Cashell, Arthor I, Catudal, and Traest G, Wiles,
;11;;}111{01' highway engineers, gave able assistancs in carrying on the WG:'}: reported.

ey contribufod valuablo suggestions as to procedure and made observations af
all hours and under all weather conditions,

2 A series of five orticles has been plagned. ‘Tle flrst thres will probably e pub-
lished in copsecutive issues. Parts 4 and 5 may not be publisked in issues consceou-
tive with the rest of the series as they are dependent upon work vl to o com%eted.

3 Blresses in Conerets Pavements Computed by Theoretical Annlysis, b‘y . M.
Westergaard, PUBLIC ROADS, vol. 7, no. 2, April 1026, nnd Aralytieal Fools for

Judeing Roesults of Structural Tests of Conerete Povements, by H, M. Westergeard,
PUBLIC ROADS, vol. 14, no. 10, Decomber 1933,

SINCE 1930, the Bureau of Public Roads has been

with joint design was planned to yield data showing the
structural effectiveness of most of the commonly used
types of joints and alsd information regarding the effect
of dowel spacing and joint width on the siructural
action of joints.

The fourth part of the investigation, that is, the study
of the eflfects of temperature conditions and of moisture
conditions on the size, shape, and load-carrying ability
of pavement slabs, was planned to provide information,
not beretofore available, on the complex relations
created by temperature and moisture variations, and
the practical significance of these relations with respect
to the design of the pavement slab as a load-carrying
structure,

In order to carry out the studies contemplated in this
investigation the group of 10 full-size concrete pavement
slabs shown on the cover page was constructed. FKach
of these slabs is 40 feet in length, 20 feet in width, and
has a particular cross section. Each slab is divided by
o longitudinal and a transverse joint of a particular
design end each slab is definitely separated from those
adjoming it, in most cases by & 2-inch open joint. The
conerete was uniform throughout the group and all
slabs were without steel reinforcing. Special efforts
were made to obtain subgrade unig)rmity under the
entire proup of sections.

The%oad tests and other studies designed to develop
the information desired have been made on these 10
slabs. Somse idea of the magnitude of the work of
testing may be had when it is realized that, in round
numbers, some 30,000 strain measurements, 25,000
deflaction observations, 65,000 measurements of slab
expansion {or contraction), and 30,000 temperature
measurements were made in the course of the investi-
gation. Approximately 10 percent of these were made
during the night or sarly morning hours.

Figure 1 shows the details of the several designs of
pavement slab cross section ineluded in the investiga-
tion. It will be observed that these include the rather
massive edge design suggested a number of years ago
by the American Association of State Highway Officials,
3 designs of the conventional thickened-sdge typse in
which the edge thickening is decreased umiformly to
zero over a distance of 3 feeh, o design in which the
upper and lower boundaries of the section are parabolas
diverging so as to give a thickened edge, 2 lip-curb
sections (with and without the conventional edge
thickening), and 4 sections of uniform thickness. The
areg of the cross section (in square feet) for a 20-foot
width pavement of each design is nofed in this figure.

The details of the several designs of transverse joint
included sre shown in figure 2. The ordinary butt-
type open joint with 3 different dowel spacings and
z%erent widths of joint opening, the continuous stecl
plate key with 2 widths of joint opening, the thickened
slab end (without dowels or other connection), and the
“plane of weakness” both with and without dowels

i
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Tigure 1—Dratens oF Cross Srorions INVESTIGATED.

comprise the types that have been tested. All of the
joints have been kept filled with a typical poured
bituminous joint filler.

The structural features of the several types of longi-
tudinal joints used in the 10 slabs are shown in figure
3. In 4 of these, separation of the 2 slabs was accom-
plished with a deformed Iplate of heavy sheet metal; in
4 gthers the slabs were laid half width at o time and
bond between the halves of the slab was prevented
by a sheet of tarred felt. The other 2 slabs were
grooved to create a longitudinal plane of weakness that
was intended to crack through and form a separation
between the 2 halves of the slab.

TEBT SLARS CAREFULLY CONSTRUCTED

The subgrade—Theimportance of subgrade uniformity
in any test of the structural action of pavement slabs
was recognized from the first. The site used was
selected with this in mind and s detailed s=oil survey
was made o determine the conditions existing in the
ares involved, with the result that the soil was classi-
fied a8 o uniform brown silt loam (class A-4). The
uniformity of the soil is indicated by the results of tests
made in the laboratory on the samples taken during
the survey, as shown in table 1.

The original surface of the area having been disturbed
by earlier experiments, the sub%mde material was en-
tirely removed until the new subgrade was entirely an

Tanre 1.—Test date from subgrade semples
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undisturbed soil formation. On this surface the line
of the pavement was laid out. In order to insure
proper drainage, deep side ditches with suitable outlets
were provided.
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The subgrade where the slabs were to be located was
next plowed to a depth of approximately 10 inches. It
was left in this loose condition for a period of about
4 weeks, during which it was broken up and agitated
several times with a disk harrow. The soil was finally
compacted, first with a 5-ton tandem reller and then
with the wheels of a loaded 5-ton motor fruck. Ths
appearance of the subgrade after this manipulation is
shown in figure 4. On this compacted soil the forms
were set and the final grading completed. Because of
the purpose for which the slabs were to be used, great
care was taken to have the final subgrade surface ex-
actly to grade and very smooth in order that the thick-
ness of the completed slab would be known definitely.
The appearance of the subgrade at the time the concrete
was p{)aced is shown in figure 5.

The moisture content of the subgrade was main-
tained by sprinkling daily and the particular porfion on
which concrete was to be placed was given an addi-
tional light sprinkling immediately prior to placing
concrete.

The eoncrete—The materials used for the concrete
were carefully selected and the mix designed to give
high flexural strength. The cement was a standard
portland cement of satisfactory quality, and all came
from one bin at the plant.

The fine aggregate wos & rather coarse, angular
quartz sand, containing some grains of chert, feldspar,
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PigorE 3.—DzusieNs oF LONGITUDINAL JOINTs INCLUDED IN
TEE INVESTIGATION.

gneiss and miea. The average fineness modulus of
the sand as determined by a number of tests was
3.26. The source of this material is near Fredericks-
burg, Va.

The coarse aggregate was a blue limestone obtained
from near Martinsburg, W. Va. It was shipped to the
job in three sizes and recombined at the proportioning
plant to give the desired grading. The proportions
used were: :

Size: Pereent
14 to ?%; INEheS . o mmmmummemmn—mma— 50
3to 1inehes_ . miieemann—ao- 25
MtoMinch e iiannaa 25

“When combined in this way the average fineness
modulus of the coarse aggregate was 7.65.

The propertions fixed for the concrete were 1:2:3%,
using dry-rodded volume &s the basis of measurement.
Actually, in batching materials for the mixer, these
proportions were controlled by weighing all of the
constituents except the water. Tigure 6 shows the
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FicurE 4 —APPEARANCE OF THE SUBGRADE ArTer RoLune
Hap Been COMPLETED,

proportioning plant used in the construction of the
abs.

Moisture determinations were made on samples
from the stock piles eanch morning end necessary
adjustments were made in the batch weights and
water content. The water-cement ratio decided upon
as a result of trial mixes was 0.85 by volume.

Concrete was mixed for 14 minutes in a modern
paving mixer (size 27-E). At the beginning of each
day’s run, s pre]iminag half-size batch was run
through the mixer and discarded, the purpose being
to coat the interior of the mixer drum and obfain um-
formity in subsec%uent batches. The concrete was
dumped on the subgrade and distributed in the usual
manner. Compacting and finishing were accomplished
with a 2-sereed finishing machine, without tamping.
The final finish was obtamed with a hand belt and edg-
ing tools, A double layer of wet burlap was applied
immediately after the final belting and this was kept
wetl for 24 hours, after which it was replaced with a
layer of earth 3 to 4 inches thick, which was kept wet
for 20 days and then removed. Figure 7 shows the
equipment used in mixing and placing the concrete.

In order to have concrete available for such later
studies of the physical properties of the concrete as
might be necessary, three short extra sections of pave-
ment were cast during the construction of the test
slabs.

¥Figune 5.~—APPEARANCE OF THE SUBGRADE AFTER IFoRM
BerTiNG AND CoMPLETION OF THE IiNAl: GRADING.

For an early determination of concrete strength, 8
beams and 5 eylinders wers made for each of the 10
pavement slabs. These specimens were cast from the
concrete after it had been dumped on the subgrade.
The beams were 7 by 7 by 30 inches and the eylinders
6 by 12 inches in size. These specimens were protected
from moisture loss during the fivst 24 hours, after
which the cylinders were removed to the damp room
and the beams were buried in the earth shoulder beside
the slab. All of these specimens were tested at the
age of 28 days.

The average flexurel strength of the beams (80
specimens) was 765 pounds per square inch and the
average compressive strength of the eylinders (48
specimens) was 3,525 pounds per square inch.

TEST PROCEDURE DESCRIBED

The tests and observations made in this investiga-
tion may be divided into three groups, as follows:

1. Load tests on the pavement slabs, in which definite
loadings were applied to the various sections accord-
ing to a plan and the resulting deflections and strains
were measured. These tests form the basis of—

(@) The examination of the Westergaard analysis.

{6} The study of the pavement cross-sections.

(¢) The determination of the structural efficiency
of the different joint designs.

Trgure §.~THE PROPORTIONING PLANT.

2. Obsgervations made on the slabs to determine the
effects of variations in temperature and moisture con-
ditions on their size, shape, and load-cerrying ability.
These observations included the determination of—

(e) Temperature conditions within and surround-
ing the pavement.

) T]I:?e expansion, contraction, and warping of
slabs due to temperature changes and to changes in
moisture condition,

(¢) The strains induced in the concrete through the
tendency of the slab to change its size and shape.

3. Auziliary fests.—This group comprises a con-
siderable number of collateral investigations carried
out prineipally in the laboratory, to develop informa-
tion essential to the interpretation of the data obtained
in the tests on the slabs. In this group will be found
tests to determine—

{(a) The physical characteristics of the subgrade.

(b) The physical properties of the concrete.

(¢) The thermal properties of the concrete,

{(d) The effect of moisture conditions on the strength
and stiffness of the concrete.
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PROGRAM OF LOAD TEITY BASED ON CAREFUL PRELIMINARY
INVESTIGATIONS

Before beginning the general program of load tests,
preliminary tests were made on a slab of uniform thick-
ness end on one having o ¢onventional thickened edge.
The- purpose of these preliminary tests was to deter-
mine—

1. The proper points at which to apply the loads for
the various studies..

2. The proper position for the strain gages if the
critical strain was o be measured for each loading.

3. The extent of the deflections to be measured for
each loading.

The information obtained in these tests made
possible the detailed planning of the tests that were
to follow.

An important development of this preliminary work
was the econclusion that relative deflections, as measured
in these tests, may not always be a true indication of

quarter-slab panels (points 1 to 10, inclusive, along the
line A’—B’ in fig. 8). ,

For the investigations of joint design, loads were
applied ot the joint edge, at the center of the slab panel,
and at the free edge of each slab, thus permitting a
comparison to be made between the maximum stresses
developed by a given load acting at the joint edge and
those developed by the same load at the other two
points, points that represent the extreme limits of slab
continuity. These stress data malse it possible to sot
up a rational measure of the structural effectiveness of
joint designs.

In the case of the longitudinal joints the load points
A, H, and B were used, while for transverse joints the
loads were, applied at I, H, and G. As the program
advanced it was found that some joint designs were not
equally effective at all points nor at all times of the year,
so that additional loads were applied along lines parallel
1o the slab axes but displaced from the center line. In

Ficore 7—TEr MIixing AND Pracineg orF THE CoNCRETE,

relative stresses. Since deflection and stress are directly
related theoretically, it seerns probable that the deflec~
tion date, while apparently saccurate, are actually
quite crude when compared to the strain data. Thus,
differences in elaslic curvature that are not detectable
in the deflection date may cause large differences in
siress.

This conclusion mads it necessary to depend almost
enlirely upon the stress data as a basis for the compari-
sons that 1t was desired to make,

As soon as the preliminary tests had been complsted
detailed plans for the load-testing program were
developed. Figure 8 shows the plan and elevation of
one of the test sections and the points where loads were
applied for the different studies and the positions of the
strain Igl;zjxfes in relation to the load points. Figure 9
is o similar drawing showing the points where loads
were applied and the lines along which the deflection
curves were determined. This figure also shows the
location of the points where the opening and closing
of the joinis due to temperature were measured.

In the studies of the balance of the designs of slab
cross-section the load was applied successively at points
1 foot apart along the {ransverse axis of one of the

all cases, however, the complete data were obtained for
the three positions of the load. )

When Westergaard prepared his analysis of the
stresses in a concrete pavement slab, he developed &
mathematical treatment covering three important cases
of loading that were: Case I, a wheel Joad acting at the
free corner of a slab; case II, a wheel load acting at the
interior of a slab and at a considerable distance from
the edges; case IT1, a wheel load acting at the edge of a
slab and at a considerable distance from a corner.

The loadings applied to the test slabs in the study of
the three cases of the Westergaard analysis are shown
in figure 8. These tests were made only on the slabs of
uniform thickness. For every loading the significant
stress and deflection data were obtained. Iigure 10
shows the appearance of one of the test sections after
the instellation of the gage points for the strain and
deflection measurements.

METHOD OFf APPLYING LOADS DESCRIBED

It was considered desirable to use loads that would
create maximum stresses of approximately one-half of
the modulus of rupture of the concrete. Since some of
the slabs were of rather heavy design, resctions of some



6 PUBLIC ROADS Vol. 16, No. 8
. 1@
2@
3@ .
4 @ )/—TRIKNSVERSE JOINT
53
o@D
STUDY OF DESIGN OF
@ CROSS SECTION l s -+ ~ I
I s N |
a @ | // + \\ |
9 | 7 LONGITUGINAL + N
JOINT
ID@al 1 + |
_____ a — e —
@, @ D
. |~ =4 N
N s
[ ~ + e |
STUDY OF | N STUDY OF + e |
WESTERGAARD ANALYSIS JOINT DESIGN @
2 . T
'@CASEE - == ('Bc, """"" - T ®|
o
e e + ~.N
b rd ~ A\
w // + ~ Y ’
o~ ’ + \‘"\\\\ \\}
~
(D/(:ASE 1 ~CASE I e ®a .0
3
"
=
l 2——tL 1 N
L

LEGEMD:— C!RCLES SHOW POINTS AT WHICH LOADS WERE APPLIED,

SHORT LINES SHOW LOCATION OF STRAIN GAGES.

F1eURE 8.~PraN AND BLEVATION oF A 20- Y 40-Foor Trst Sperion, Smowine TeE Poinrs Waere Loips WERE APPLIED AND
THE LOCATIONS OF THE STRAIN GAGES.

]
'
0] | —TRANSVERSE JOINT
]
0 O oo™ N Ot
1 | ; H
! STUDY OF DESIGN OF | . ;
® CROSS SECTION : ' i
JOINT OPEMING : i 1 !
MEASUREMENTS ® : 1 :
1
: ] LONGITUDINAL I !
‘\ ! | / JOINT ! |
7 Oer S U a4 —— e
L T oo s T T T T maeem e NPSNn T T T T T T T T T T T T T T T T T T T T T T T T T
o B F
I
. 1o @ !
P H I i
Ve il I t
e [H] | 3
. i! i .
e STUDY OF i STUDY OF 1
S WESTERGAARD ANALYSIS |1 JOINT DESIGN AND WARPING |
p
r # K ~CASE I ¢'lL~G H I
e BB | T Dommmmmemnmmnna] g
// !
- : ; 1
.
7 it “ :t
rd
d |l : |
/'f It |
4 i T
£, 10
Neaser o _oseesem o eloe o e e

EIREFERENCE PGINT (FiXED ELEVATION)

LEGEND — CIRCLLES SHOW POINTS AT WHICH LOADS WERE APPLIED,

DASH LINES SHOW LOCATION OF CLINOMETER POINTS.

Fraues §—PrLaw ox o 20- 3Y 40-Foor Tesr S8zcrion Smowine rae Pornts WEERE Loang WERE AppLIBD AND THE Lives ALowe
WaicE DErLRcTioNs WERE MBASURED,

8



Qctober 1935

PUBLIC ROADS 7

magnitude were necessary to produce such stresses. It
was also highly desirable that at the time the test load
was being applied no other loads be on the slab, in order
that the observed effects could be attributed definitely
to & known reaction system. These two considerations

and the availability of a large cylindrieal steel tank led |

to the adoption of the loading equipment shown in
figure 11. The tank, 30 feet long and 6 feet in diameter,
was mounted in a structural steel frame on cradle,
supported by two transverse end frames 22 feet apart.
Hach end frame was provided with a pair of heavy
cast-iron whesels of small diameter and these rested
upon a railway laid along the earth shoulders parallel
to the pavement edge. The tank spanned the slab
completely and could be moved longifudinally over the
test sections at will,

A heavy wooden bolster or pad was fitted to the
lower surface of the tank and so arranged that it
could be shifted to any
the other, and thus be placed over any desired point on
any of the sections. [

FraureE 10.—CoMrLETE INSTALLATION oF (Gage PoinTs rom
BrrAIN AND DErFLECTION MpasgrEMENTs oN ONB OF THD
TrsT SECTIONS,

By partially filling the tank with water a reaction in
excess of any load required for the loading of the slabs
became avallable.
device shown in figure 12 was consfructed. In this
figure, A is the wooden bolster that bears against the
bottom of the tanls, B is a steel facing plate on thelower
surface of the holster, C is a hardened steel knife edge,
D is a pair of heat-treated steel beams whose load-deflec-
iion rate being known through calibration enables the
operator to determine the load on them at any instant
by reading the micrometer dial that measures their
deflection, [ is a ball-bearing serew jack used for develop-
ing the thrust, I is a spherical bearing block that pre-
vents eccentricity of loading on the bearing plate G, and
H is a sponge-rubber pad to take up surface irregulari-

ties on the slab and assure s uniform intensity of load

over the entire area of the bearing block.

The capacity of the loading device shown in this
figure is approximately 25,000 pounds. One division on
the micrometer dial is equivalent to & load increment of
about 30 pounds and periodic calibrafions have led to
the conclusion that the load measurement by this means
can be depended upon to be accurate within 100 pounds,
which malkes the percentage of error small for loads of
the magnitudes used in these tests.

The bearing blocks that received the thrust of the
jack and applied it to the pavement were of two types
and of several sizes. For the study of the Westergaard

osition from one end frame to |

To develop the load on the slab the |

FieoRE 11.—Loaping EqQuipMeENT 1IN Prace OveEr OnEe or THE
Tast SBerioNs. THE Spap 18 COVERED WITH STRAW AND
S#aApED TO PrEvENT WARPING.

theory it was necessary o use blocks having both cireu-
lar (fig. 13 A) and semicireular bearing areas (fig. 13 B),
circular for the interior and corner loadings and semi-
circular for the edge, in order to meet the assumptions
of the analysis. Also it was necessary 40 use several
sizes of each in order o investignte the effect of the size
of the bearing srea on the maximum siress caused by o
given load. The diameters of the blocks selected were
6, 8, 12, 16, and 20 inches. The majority of the tests
were made with the 8-inch diameter circular block. Tor
the corner loadings the full circular plates were used,
When the larger plates were used, distiibution of the
load was obtained by pyramiding the plates as shown ai
the right hand side of figure 13 A and alse in figure 12, -
In 2 number of the tests, such as those at the mterior
of the pavement slab, it was necessary to measure the
strain in the concrete directly under the bearing plate.
Tor these tests special blocks, provided with a groove
across the bottom face large enough to accommodate g

FicUure 12.—APPARATUS FOR APPLYING THE LOAD AND FOR
MeasvriNg Its MaGNITUDE.
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D,
strain gage, were used. The smaller blocks of this type
were built as shown in figure 13 C.  Tor the larger areas
two segmenis of the proper size were placed on the
sponge-rtibber pads on either side of the strain gage and
the load was distribuied to these by superimposed cir-
cular plates as shown in figure 13 D.

Both circular ond semicirenlar plates were used as
bearing blocks for the tests at the edge of the pavement
slab. The circular plates were the same ones used in
the corner loading tests and the semicircular plates
were those shown in figure 13 B.

All of the bearing blocks wers made of sieel and were
so designed that the deflection under load produced a
negligible effect on the uniformity of load distribution.
The effect of the groove in the bearing block on the
maximum siress in the slab was investigated and the
tests showed that for a given load the grooved block
caused the same maximum strain as a bloek of the same
diameter without the groove,

A study was made of the effect of load duration on
the magnitude of the strain developed in the concreis,
It was found that in some positions, on some of the
pavement; designs, essentially the maximum strain was
developed after the load had been maintained for 1 or
2 minutes, while at other points, 4 or 5 minutes was
necessary before this equilibrium was established. As
a result of this study the procedure of maintaining the
load. for § minutes before making any strain measure-
ment was adopted for all of the tests. Conversely, 5
minuies was allowed for recovery after the release of
each load before the application of the next load. The
straing reported in the papers that are to follow ave,
therefore, maximum strains for the particular loads
and are all definitely larger than would be caused by
momentery loads of the same magnitude.

AraR Circvnar Braring BrocE Wit Spack FOR A STRAIN GAGE IN THE LOWER

ACCURATE MEASUREMENTS OF STRAIN
WITH SPECIAL GAGES

Throughout the investigation the sirains in the con-
crete were measured with the recording sirain gage
shown in figure 14. The gage and its characteristies
have been described in detail elsewhere * and will be
dealt with only briefly here. It consists of 2 body or
frame sbout 6 inches in length carrying o simple bell
crank lever with arms of unequal length. The short
arm of this lever is moved by any displacement of the
gage points between which the gage is mounted. This
motion is transmitted {o the long arm of the lever and
of course magnified by the ratio of the lengtihs of the
two arms. The long arm of the bell crank carries a
stylus point at its free end which makes a trace on the
smoked surface of a small glass plate, thus recording a
displacement of the end of the arm. The trace on the
record slide is thus proportional to the displacement of
the gage poinis and 1ifs length is measured, either
directly with a comparator orgby optical magnification
in g projection apparatus. The mechanical magnifica-
tion in the gage is about 60:1 and ordinarily another
magnifieation of about 30:1 is had in the projection
apparatus,

The gages were designed to eliminate ordin
temperature effects. The gage body from tip to tip 1s
madlr)s of the alloy ‘““invar”, and further compensation
is obteined through the use of a pair of dissimilar
metals in the long (or stylus) arm of the bell-crank lever.

The accuracy of the gages is sufficient to permit the
determination of stress in concrete to within 20 or 25
pounds per square inch, where dependence iz placed
upon a single observation.

4+ An Im%rovefi Recording Strain (Gage, by L. W. Teller, Pyarie Roaps, vol.
14, no. 10, Decomber 1933,

OBTAINEL
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The strain gage is approximately 6 incheg in length,
Barly in the consideration of the program the question
was raised as to whether or not a gage of this length
would record maximum strains when used under
bearing blecks of the sizes that it was desired to use.
This matter was investigated rather thoroughly by
using special gages of various lengths placed under
bearing blocks of & range of sizes, and the data obtained
indieated quite coneclusively that the gages would record
the maximum strain, provided that the entire gage and
gage points were within the circumference of the
bearing plate and that the axis of the gage lay salong
one of the diameters of the plate. Theoretically, the
stress is not exactly uniform across the area of the
slab under the bearing plate, and it is probable that,
had it been possible to measure strains with greater
precision, the variation due to length of gage would
have been detected. With the apparatus described,
however, the same maximum unit strain was indicated
by at least 3 different lengths of gage under bearing
plates of several sizes, so long as the gages were placed
in accordance with the 2 provisions mentioned above.
As a result of these tests, it was concluded thatthe

Preore 14-—RucorpiNG STRAIN (GAGE oF THE TyrE Usep 1N
Tais InvesTicATION MOoUNTED BETWEEN Two Gack PomnTs.

6-inch gage would record approximately the maximum
strain if used with bearing plates with a diameter of
6 inches or more.

In use the gages were installed befween two small
brass posts containing drilled and reamed gage holes.
These posts, ¥ by ¥ by 1% inches in size, were set into
small holes drilled in the surface of the conerete to a
depth_of about 1 inch immediately before each test,
bemng held in place with plaster of paris. Various other
cementing maberials were tried, but it was found that
with time the posts tended to work loose with all of
them and that, for a temporary setting, plaster of paris
was as satisfactory as any of them and considerably
more convenient to use.

As usually installed the axis of the strain gage was
one-fourth of an inch from the surface of the concrete.
This caused the recorded strain to be greater than the
strain at the surface of the pavement by an amount
that depended upon the relative distances of the gage
and that surface from the neutral plane of the pavement
slab. In most of the measurements, it was therefore
necessary to apply a small correction to the observed
sirains in order to compensate for the gage position.
Figure 15 shows an installation of the gages for a load
test at the corner of a slab of constant thickness.

DEFLECTIONS MEASURED WITH CLINOMETERS

The deflection messurements in this investigation
were made with the clinemeter or “level-bar’’ shown in
18465— 35—

Figure 15.—ARRANGEMENT OF STRAIN (GAGES FOR A LOAD
TeaT AT THE CORNER OF A Sras oF UwirorM THICENESS.

figure 16. This instrument was built especially for the
project from a design developed by the Bureau in con-
nection with a recent highway bridge research,’ the
principle of the instrument being the same as that of
the clinometer losned by the American Society of
Civil Engineers for the tests of the Yadkin River
Bridge.®

It consists of a rigid, horizontal steel frame carrying
a very sensitive spirit level in its upper face and sup-
ported by a vertical leg at each end. One of these
legs is of fixed length while the length of the other is
adjustable by means of a fine pitch serew operated by
8 Inurled hand nut at the top of the instrument. The
amount of adjustment made with this nut is indicated
in thousandths of an inch by a micrometer dial on the
front of the frame. In order that the position assumed
by the instrument when it is placed on the clinometer
points shall always be the same, a third or steadying
leg is provided, projecting at right angles from the
center of the frame and turning down at the outer end
where 1t terminates in an adjustable foot.

Small brass cylinders were grouted into holes drilled
in the pavement surface at 10-inch intervals along the

L] L 8
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Freure 16.—Spicrat 10-Inca CriwoameTer Uskp ror Msas-
oring Star Derircrions. Tus Instrument Is Smowwn
Rusting o SMarn Brass CrivoMeTer Points SEr INTO
THE SURFACE OF THE PAVEMENT.

lines of desired deflection measurements. The upper or
exposed face of each of these contained a small verti-

s Application of the Froyssinet Meathed of Arch Construction to the Rogus River
Bridge in_Oregon, by Albin L. Gemeny and Conde B, MeCullough, Fechnieal
Bulletin Ne. 2 of the Oregon Stato Highway Commission, Salem, Creg.

¢ Loadicr Tests on 5 Heinforced Concrete Arch, reported by Albin k. Gemeny
and W. . Huater, PusLic 20ADS, vol, 9, no. 10, Deecomber 1928,
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cally drilled hole and alse & nerrow horizontal groove or
slot with beveled edges. The direction of the slot was
made paraliel to the long axis of the clinometer frame
when the instrument rested on the points. The lower
ends of the 2 main clinometer legs are sharp-pointed
cones and in setiing up the instrument 1 of the legs is
sel in the drilled hole in the top of 1 of the clinometer
points and the other leg is placed in the slo} in the
adjacent poini. Any expansion or contraction of
aither the Ingfrument or the conerete eauses only o very
slight horizontal displacement of the leg that rests in
the slot and this movement produces no error in the
measurement being made.

After the legs of the clinometer are properly set in the

age points t%ua instrument is carefully adjusted to a
ﬁavel osition by rotating the knurled hand nut.
When level, the micrometer dial is read. The clinom-
ater is then moved 10 inches to the next gage point
and the operation repeated. Any deflection of the
slab due to load or to warping will change the relative
elevation of the clinometer points and this chenge will
be measured by the difference in the adjustments
necessary to level the clinometer as indicated by
differences in the readings of the micrometer dial before
and after the deflection occurred. The operation is
simply one of precise leveling along the line of installed
points, While the micrometer dial reads directly in
thousandths of an inch it was found practicable to
estimate ten-thousandths. The design of the adjusting
mechanism is such that thread wear and backlash can-
not introduce an error in successive measurements.

Benchmarks or reference points completely inde-
pendent of the pavement were used to fix the datum for
the pavement surfaces.

TEMPERATURES MEASURED WITH THERMOCOUPLES

In practically all of the load tesis it was necessary
to reduce the influence of slab warping to & minimum.
It was found chat if the slab was kept shaded from all
direct sunlight and covered with several inches of dry
straw, the temperature differential between the upper
and lower surfaces became negligible and the warping
of the slab was so small that ils influence on stress
was not importani. Therefore, these precautions were
taken in all tests as s maiter of regular procedure.
The shade and straw covering are shown in figure 11.

Observations to determine the effects of the tempera-
ture and moisture conditions within and surrounding
the test sections were started soon after the pavement
was laid and have been continued to the present time.
These observations included extensive temperature
measurements, moisture determinations, measurements
of the changes in size and shape of the slabs resulting
from temperature and moisture variations, and meas-
urements of the strains csused by these variations in
various parts of the slab structure.

When the test sections were built a number of
resistance coil thermometers were placed in the slabs
at selected points to furnish the temperature data
then thought necessary. The original installations
proved to be inadequate in extent and several of the
resistance coils ceased to function for some reason that
could not be determined. It was found also that the
coils used had a time lag in their operation that was
very undesirable for the work to be done.

It became necessary 0 make other provision for
mesasuring the temperatures in the conerete. The

plon adopted was fo build two small slabs of concrete
of the same materials and proportions as were used in
the test sections and to install in these copper-con-
gtantan thermocouples for temperature determination,
These slabs wers each 4 feet square and one was 6
ond the other 9 inches in depth. A The thermocouples
were installed in the center of the slab area. Before
placing the conerete two thermocouples were placed
1 the subgrade under each small slab al depths of
2 inches and ¥ inch respectively and, as the concrete
was being placed, additional thermocouples were placed
at l-inch intervals from the bottom of each slab to the
top. With this installation it was possible to deter-
mine not only the differential existing between the
upper and lower surfaces but also the complete tem-
perature gradient from one to the other.

Thermocouples were also placed at the top and
hottom surfaces of the four constani-thickness slabs.

The “average” temperature of the pavement slabs
as used in connection with the expansion and contrac-
tion measurements was developed from the data ob-
tained with the thermocoupls installations in the small
slabs. A pavement slab having a thickness of 6 inches
or ¢ inches was assumed to have an “average’ fem-
perature equal to the mean temperature of the small
slab of the same thickness and the “average’ tempera-
ture of sections having a thickness between 6 and 9
inches was obtained by interpolation, assuming a
straight-line variation between the mean temperatures
of the 6-inch and 9-inch slabs.

MICROMETERS USED TO MEASURE CHANGES IN LENGTH

Measurements were made to determine the extent
of both the daily eyele and the annual cycle of dimen-
sional changes in the slabs. These mesasurements
served to show the magnitude of the changes in slab
dimensions that were caused by the daily and annual
variations in temperature and moisture conient, and
they also provided a means for determining the relative
restraint to expanston and contraction offered by the
various joint designs.

To determine the absolute changes in length of the
slab sections, the movements of the slab ends with
respect to fixed reference points were measured with a
micrometer, while the degree of restraing offered by the
joint designs was determined by comparing the move-
ment at these joints with that at the free ends of the
same slab.

The fixed reference points referred to were installed
in concrete posts cast m heavy foundation blocks
several feet below the surface of the ground, the posts
themselves being completely protected from lateral
earth pressure.

Figure 17 shows the 7-inch mierometer built for this
purpose, together with the invar reference bar used for
o standard of length in these measurements. The
guaranteed coefficient of thermal expansion for this
material is 0.8 X 10~ per degree centigrade. Its change
in length for air temperature ranges is so small that
for the purpose of the tests its length could be considered
as being constant throughout the vear.

The measurements with this micrometer were made
between the tips of conical gage points of stainless
steel set horizontally in the upper ends of short steel
posts cemented into the slab surface, one on either side
of the joint (or slab end) and approximately 7 inches
apart. These details cen be seen in figure 17.
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Frcure 17.-~Tae Srzmoial 7-Inca MicroMETER FRAME AND
THE INvar Reregrexc: Bar Uskep ror MEASURING TEE
ExpansioNn aND CONTRACTION OF THE TEST SECTIONS.

Some additional data on the length changes oceurring
in the pavement slabs were obtained with 3 electric
telemeters that were embedded in 3 of the slab
panels at the time the concrete was placed. These
mstruments 7 were installed at mid-depth at the center
of the longitudinal axis of three of the 10- by 20-foot
panels. They were infended to provide data in connec-
tion with one of the designs but, because of certain diffi-
culties that will be discussed later, they failed to do so.
They did, however, furnish valuable information regard-
ing elongation caused by both temperature and
moisture,

ACTION OF SLABS DURING WARPING STUDIED

The magnitude of the temperature warping in the
various sections was determined on numerous oceasions
over a period of about 3 years. Measurements were
made to determine the warped shape of an enfire 10- by
20-foot panel. The degree of restraint to free warping
caused by the different joint designs was studied at
selected points by means of measurements of warping
over 4 limited ares near the joint involved.

The necessary temperature dats for these studies were
obtained from the thermocouple installations and the
shape of the warped surface was determined by clinom-
eter measurements slong the lines of points shown in
figure 9. The measurements of warping with the
clinometer were referenced to fixed points or bench
marks set into the earth shoulders. DBecause of the
time that was necessary to take readings around the
entire perimeter of a 10- by 20-foot slab, frequently the
shape of the slab changed sufficiently to develop a con-
siderable error of closure. Care had to be taken to
male these long series of measurements at o time when
the conditions producing the warping were not changing
too rapidly.

In the study of warping some attention was given to
the strains in the conerete produced by the forces set up
by the warping action of the slab itself and also to the
relative strains produced in a slab of given design by a
given load when the slab was both warped and un-
warped. The procedure for the loading and strain
measurement Involved only one feature that was differ-
enf, from the resi of the strain measurements. To
produce warping the straw cover was removed and the
pavemnent was exposed to the divect rays of the sun for
a number of the tests.

T ¥or o deseription see Techoologic Paper No. 247, U. 8. Buresu of Standards, A
New Eleetrie Telemoter, by Burton MeCollum and O, 8. Poters,

Freune 18.—A Srraiy Gaee INSTALLATION FOR MEASURING
Srramns CavseEp By WARPING.

The very nature of these tests required a wide range
of temperature and strain observations that wers con-
tinuous over the complete warping cycle. It was
thought desirable, therefore, to proteet fhe strain
gages from direct sunlight with smell semicylindrical
covers as shown in figure 18. These covers, to be
described in a subsequent paper, permitted the free
circulation of air around the gages but were so con-
strueted as to resist heat absorption. The purpose
of this protection was to keep the gages at the same
temperature as the concrete in the pavement.

DIFFICULTY ENCOUNTERED IN MEASURING PRESSURE OF SLABS
AGAINST THE SUBGRADE

A group of nine soil pressure cells was placed beneath
the 6-inch and 9-inch slabs of constant thickness,
arranged in the pattern of a 90° cross. These cells
were installed in the subgrade with their diaphragm
side down in carefully scraped recesses so that perfect
bearing was obtained, The recesses were sufliciently
deep to cause the back of the cell to be flush with the
general level of the subgrade. The concrete of the
slab was placed on these cells but no anchorage was
provided to fix the cells to the concrete. The purpose
of these installations was to obtain data on the distri-
bution of a load to the subgrade by the two thicknesses
of slab. TUnfortunately, these data were never ob-
tained as the cells under both slabs failed to record
pressure before the load tests were made.

For g short time after the construction of the sections
the cells operated and such pressure dats as were ob-
tained during this period indicated the normal fluc-
tuations as the slab warped during the day. In the
course of a few weeks the cells ceased to record pres-
sure, indicating that a separation between the bottom
of the slab and the back of the cells had occurred.
Whether this was due to a setblement of the cells or a
swelling of the subgrade that raised the slab more than
it did the cells is not known. The cells were not em-
bedded because it was desired to maintain the full
flexural strength of the slab. Perhaps some anchorage
attachment on the backs of the cells that would have
held them to the slab without reducing the slab strength
would have made a better installation, but this is by
no means certain.
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AUXILIARY TESTS MADE

A consideration, either theoratical or -experimental,
of the strueturs] action of a concrete pavement slab
lying on an earth subgrade, necessifates either assump-
tions regarding or a knowledge of the physical proper-
ties of the concrete and of the subgrade. Obviously,
definite data developed by tests are to be preferred to
any sssumptions that may be made. .

The auxiliery tests made in connection with this
investigation were planned to develop information
concerning:

(a¢) The concrete— .

1. Strenpgth in compression and in flexure. .

2. Stress-strain relation in compression and in
flexure.

3. Iiffect of moisture content on the strength
and elastic properties.

4, Thermal properties.

(&) The subgrade— .

1. Resistance offered by the subgrade to hori-
zontal slab movement,

2. Resistance offered by the subgrade to vertical
slab movement (or deflection) ineluding an
attempt to evaluate the support offered to
the slab by the subgrade under the test
sections.

FigurE 19.—ArpraraTus UsEp FOR DErERMINING THE STRESS-
Sreain Reration ror Concrere 1N Frexunz.

Although the suxliary tests are grouped here in the
description of test procedure, most of the iesis were
carried out as separate investigations and the discus-
gions of the data obtained will appear in the particular
parts of the report with which they are concerned. In
one or two cases these collateral investigations proved
to be sufficiently comprehensive and general to warrant
o more detailed presentation elsewhers and, in those
cases, only the facts that have a direct bearing on the
major research will be included in this report, leaving the
detailed description of what was done to a separate
Teport,

STRESS-STRAIN EELATION AND COEFFICIENT OF EXPANSION OF
, CONCEETE DETERMINED

The strength tests of the concrete were made o
determine the ultimate strength in compression and in
flexure so that safe working stress limits might be fixed,

Tigune 20—ArpaRaTus UsED FOR DETERMINING THE REsist-
ANCE OF THE SUBGRADE T0 HomizoNTal, MOVEMENT OF THE
PAvEMENT.

The procedure followed in making these tests was simply
that of good testing practice and included no unusual
features. It will not be described therefore. The data
obtained have already been given on page 148,

The determination of the stress-sirain relations in
compression and in flexure was a matter of considerable
importance because of the direct application of the
data to the analysis of the slab tests. Effort was made
to have the fests comprehensive as to scope and precise
as to technique to develop thoroughly reliable data.
The stress-strain relation in compression was deter-
mined from fests on ecores, using an extensometer of
the Martens’ type.! These cores were drilled from the
small sections provided for the purpose and the pro-
gram included tests on both wet and dry specimens.

For the determination of the stress-strain relation in
flexure on the sawed beams, use was made of equip-
ment designed in the bureau for this particular pur-
pose and shown in figure 19. This apparatus consists
of two frames that are clamped around the flexure
gpecimen either side of the midspan and far emocugh
apart to permit the installation of a recording strain
gage near the top and boftom on ecach side of the
beam. Iach frame makes contact with the specimen
at two a]i-loints; on each side of the beam. These points
are small chisel-edged studs projecting from the inside
of the frame directly opposite the points where the
ends of the strain gages make contact with the frame
and are held fightly te the specimen by tightening
the transverse tie bolts of the frame, When t%e speeci-
men i flexed the strain %ages record the amount of
length change that occurs between the frames on either
side of the beam and in both tension and compression,
The load was applied at the third peints of the span
and the deflection of the specimen at mid-span was
measured with micrometer dials arranged on either
gide. The equipment for load application and for
deflection measurement was omitted in figure 19 so
that the details of the strain-measuring apparatus
could be seen to better advantage.

Flexure specimens in both the wet and dry states
were included in these tests. Since the concrete in
the pavement slabs contained moisture and the mois-
ture content of the concrete was assumed to vary, it
seemed degirable to develop any information possible
relative to the variations in moisture in the pavement
slabg and also as to the effect of moisture condition on
the physical properties of conerete similar to that used
in maling tge slabs. The moisture content of the
slabs was determined by the rather crude but direct

® For o deseription seo Handboolk: of Testing Materials, by Prof. Adolt Martons,
Iat ed. 18090 (authorized trangtation by Gus C. Hoaning).
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Fiouvrre 21.—ApPrARaTUS UskD ror DETERMINING THE RESISTANCE OF THE SUBGRADE TO VERTICAL DISPLACEMENT.

method of weighing and drying fragments of conecrete
broken from the short sections of pavement provided
for test specimens of all kinds. The moisture content
of the test specimens was also determined by weighing.
The coeflicient of thermal expansion of the econcrete
was determined by o method developed for these tests.
Concrete of the same materials and proporiions as were
used in the pavement sections was placed in a cylin-
drical mold 12 inches in diameter and 24 inches high
and made of a very light-gage sheet copper. This mold
was in reality a large can with o watertight bottom and
top. An electric felemeter was installed at the mid-
point of the longitudinal axis of the cylinder. The
concrete was introduced through an opening in the top
of the can and as scon as the surface of the concrefe
was within about half an inch of the top of the mold
this opening was sealed off by soldering on a cover
plate. This effectively refained within the copper
jecket all of the moisture originally in the concrete.
After the concrete had set and the heat of sefting
had been dissipated, the sealed specimen was placed in
an insulated water bath, the temperature of which was
placed. at different levels within the range of normal
air tempersturves, and mainfained at esch until com-
plete temperature equilibrivm was established. The
unit changesin length accompanying the various changes
in temperature were measured with the embedded
telemeter. This furnished a simple and apparently
satisfactory method for the determination. The mass
of concrete was large enough to be representative and
the usual difficulties due to moisture changes in the
specimen were avoided by using a watertight envelope.
RESISTANCE OF SUBGRADE 170 HORIZONTAT. AND YERTICAL
MOVEMENT STUDIED _
The tests made on the subgrade in place were
planned with two objects in mind: First, to determine

the character of the resistance that the subgrade offered
to horizontal movement of the slab; and second, to
find ouf whet resistance the subgrade offered to
vertical movement of the slab (such a3 deflection under
load) and, if possible, to develop some means for
evaluating this resistance in terms that would be
applicable {0 pavement design.

The first, tests were made with 4 slabs, each 4 feet
square and 6 inches thick, placed on the same subgrade
as the large test sections. The general method of
test was {0 move these small slabs horizontally, very
slowly, alternately forward and backward by total
amounts that equalled approximately the annual eycle
of expansion and contraction of the large pavement
sections. The thrust necessary to cause horizontal
movement and the magnitude of the displacement
caused by the thrust were measured from the time
that the first detectable movement took place until
the total desired displacement had been attained.

Tigure 20 shows the apparatus set up for one of these
tests. In this figure, A 15 8 jack used to develop the
thrust, B is a spherical bearing block that controls the
line of the thrust, C is a steel beam whose deflection,
a8 indicated by the micrometer dial D, measures the
magnitude of the thrust, I is the frame supporting the
steel beam and the dial, I is the small slab, G is the
micrometer dial thai meagures the horizontal displace-
ment of the slab, and H is a rigid member used to support
the dial G.

The second group of subgrade tests may be described
generally as load-deflection tests on circular bearing
plates in intimate contact with the subgrade. The
diameters of the plates used were 2, 4, 6, 8, 12, 16, 20, 26,
36, 54, and 34 inches. The two larger sizes were con-
crete disks cast on the subgrade, the others were steel
plates bedded in & }Y-inch layer of mortar placed on the
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subgrade, but separated from i by a layer of water-
proofed paper so that the moisture content of the soil
would not be altered.

Figure 21 shows the loading equipment set up over
the 84-inch bearing plate. It will be observed that the
loads were applied on these plates in the same manner
as on the pavement sections. For the very small plates
a systemn of dead-load increments was used. Vertical
displacements were measured with respect to fixed ref-
erence points by means of the clinometer shown in the
figure. (enerally these measurements were made at
three points 120° apart around the periphery of the
plates, slthough in some cases the rmeasuremenis were
made at the midpoint. In general the loads applied
were such that & vertical displacement would be pro-
duced that spproximated in magnitude the observed
deflections of the pavernent slabs. The deflection of &
slab corner, for example, was found to be approximately
0.05 inch, the slab edge 0.02 inch, and the interior of the

panel 0.01 inch for o load that did not overstress the
concrete.

In making the tests on the subgrade, vertical displace-
ments of 0.005, 0.010, 0.020, 0.035, and 0.050 inch were
obtained in nearly all cases. Ior each displacement
value, several loads were applied until a given load pro-
duced the same deflection each time it was applied.
Each load was applied for 5 minufes and then released
for 5 minutes before being applied again. In planning
these tests it seemed desirable to arrenge the procedure
so that the subgrade would be subjected to the same
conditions as would obtain under the loaded pavement
slab, as nearly as possible. For this reason the rate of
loading and the orders of magnitude of subgrade defor-
mation were made to correspond very closely as noted
above. The moisture content of the soil was deter-
mined before and after each test and protection from
sunshine and rainfall was provided.
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PART 2~0BSERVEDR EFFECTS OF VARIATIONS IN TEMPERATURE AND MOISTURE ON THE SIZE, SHAPE,
AND STRESS RESISTANCE OF CONCRETE PAVEMENT SLABS

T HAS been known for more than half g 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 coniributed to the store of information con-
cerning the extent of these changes and the factors that
affect them.

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

Because of the relative physical proportions of =
pavement slab, it was but natural that the first mani-
festation of volume change to be noticed was expansion
and eontraction in a longitudinal direction. More than
20 vears ago the Bureau studied the expansion and con-
traction of concrete pavements 2 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 femperature between the
upper and lower surfaces of & 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, confraction, and warping may
be expected daily throughoui the life of o concrete
pavement slab. I the slab were completely free to
move and had no weight it would change in size and
shape without restraint and no stress would resuls.
Because of its weight and intimate contact with the
subgrade, however, restraint in some degree is always
present and every attempt of the slab fo change either
its size or shape develops stress within the structure.

Other early fests indicated the approximate amount
of resistance encouniered when the pavement slab ex-

L Tests of Different Portland Coments, hy J, Bauschinger, Mitt. Mech. "Tech.
Lab., Tech, Hochschule (Munich) v. 8, 1870.

? The Expabsion and Contraction of Conerote and Conergte Roads, by A, T,
Qoldbeck and F. H, Jackson, Bull 532, U. S, Department of Agriculture, October
mgzﬁ‘iw Bates Txparimental Road, by Clifford 0lder, and Highway Rassarches and
Y7hat the Resnlis Indicate, by A, . Goldbeck, papers in the Proe. Americaa Road
Buildors’ Associntion, 1922,

4 Tiffeet of Moistura on Concrate, by W. K. Hatt, PvrLic Roavs, vol. §, no. §,
Mareh 1625,

pands or confracts longitudinally along the subgrade,®
and the development of this information made 1t 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 conditionsz resulting from slab
warping caused by temperature differences within the
concrete and assumed conditions of restraint.” This
analysais supplies the means for estimating fthe stresses
that oceur under certain conditions of temperaturs
warping.

EXTENSIVE PROGRAM OF 3TUDY OF MOISTURE AND TEMPERA.
TURE EFFECTS UNDERTAEEN

It will be noted that each of the researches referred
to has contributed some information that represents a
distinet step toward o 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 date, When the pavement-design
project at Arlington was being planned, it was decided
to wclude o 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
thig 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
thatocecurin the various parts of conerete pavementslabs,

2. A study of the longitudinal expansion and con-
traction of pavement slabs caused by temperaturas
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
slabg resuléing from variatious in femperature 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 $o 3
years, The complete description of the test seciions
and of the methods of fest employed has already been
given in part 1 of this series.®

3 Friction Tests of Conerete on Verious Subbases, by A. T. Qoidbeck, PuRLe
RoAps, vol. 5 no. 5, July 1024

The Intorrelationship af Longitudinnl Stecl and Transverse Craecks in Concrats
Pavements, by A. T, Goldbeck. Pyrric Roans, vol. §, no. 6, August 1925.

7 Analysis of Btreases in Conctrete Roads Caused by Variations in Tomperature, by
H. M, Westergnard,  Puruic Eoaps, vol. §, no. 3, May 1527

8 The Structural Desipn of Concroto Pavements, Part 1, by I. W. Teller and
Earl C. Sutheriand, PUBLIC ROADS, vol. 16, ng, 8, Qctober 1035,
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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 tesf seetions 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 consfructed on the subgrade adjacent to the test
secfions 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 econditions 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 %etween its upper and lower surfaces.
In estimating the temperature conditions for the various
pavement sections from the data obtained from the
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 tempersture messurements 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 cbtained by
averaging the temperatures messured 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. No means for obtaining these data were pro-
vided in the original construction and it was necessary
t0 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.

Two types of information were desired: First, a
knowledge of how the temperature differential varies
along the different types of cross section; and second,
o comparison of the differential in the edge of & 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 wers 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 thermocotuple 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 dala 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 usnally not feasible,

In this investigation the moisture content of the
concrete was determined by weighing and drying
fragments proken from the short slabs originally
provided for the purpose of furnishing samples. No
means was found for determining differences in moisture
contient at various depths in the slabs so that no data
were obfained to show the nature of the moisture
gradient at various seasons of the year. However,
measurements were made of the seasonal warping
presumably caused by such a moisture gradient.
Measurements were also made from which it was possi-
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 axtent 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 coniraction of the
pavement seclions.—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 desecribed
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 Eangth 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 ab 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 sla,% 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 eaused 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 describeri) in part 1 of this series of papers. (See pt.
1, fig. 20.)

These slabs, each 4 feel 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 desivable test procedure. Asa
a result of this preliminary work it was decided:

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

2. That the slabs should be moved alternately in
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 varistions.

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 & 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
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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 turm 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 smalt
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,—Qbservations have shown
that under usual conditions of exposure there is seldom
s time when the temperature of a pavement slab is
uniform throughout. Either the gir is warmer than the
subgrade or vice versa, and heat is being conducted by
the slab either to the subgrade or sway from it. Be-
cause concrete is a relatively poor conductor of heat,
thie 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.
Tach 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 o distorted shape
without resistance and no stresses would result. Ac-
tually, almost no part of the slab is free to adjust itself
and, while measurable distortion oceurs, restraint
caused by the slab weight and by the subgrade reactions
is always present. It is 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 foreces.

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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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

avement and, for this reason, any information concern-
ing them is of value.

The studies of warping that were s 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. Determinafion 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 cceur
when the €avement 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 thereis
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 seclion 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 weve sfarted 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 oceurred, 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, st 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 femperature warping.

Some additional mesasuremenis were made for the
purpose of establishing the relative movementis of
various parts of the slab, in tests that covered the full
24-hour cycle of temperature changes. Decause 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 s 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 cyecle 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 mesasurements. These measurements were made'
only on the 9-inch constant-thickness section. They
were made at intervals of about l-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 starfed from s 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,
gpecial bench marks, the details of which are shown in
figure 3, were installed near the edges of the slab on
W%ich these measurements were mads. 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 temperaiure 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 o 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. Sinca
o warped slab was a requirement of the test, it was nec-
essary to arrange the loading tank so as o 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
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beneath and bearing against the fank with one end
resting on g fixed support and the other end furnishing
a reaction for the jack applying the load. Bxtension
of the jack tended to raise the end of the I-beam and to
lift the tank, the I-beam aciing 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 conecrete at the points in question
with the deformsation at & point where thers 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
restramt exists at the mid-point of the free edge in the
direction perpendicular to the edge. A strain gage
placed a! this point, perpendicular to the edge, will
record most nearly the full deformation or volume
cnanpe 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 deseribed 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.

b Seg Anplysiy of Streeses in Conerete Pavemonts Due to Variations in Tempera-

tura, by H. M. Westerpaard, Proc. Sixth Annusl Meeting, Highway Research

Board, 1927.- Also seo PUBLIC ROADS, vol. 8, no. 3, May 1927.
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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 g, b, ¢, and d. 'The direc-
tion of the line denoting the gage position shows the
direction in which the deformation was measured. The
deformation measured ab ¢ 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 defermina-
tion of warping stresses to a measurable degree.

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

Since, at most points on the pavement slab, the con-
crate 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 eertain unis
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 havin
o line of action perpendicular to that of the applie%
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force, will be produced. The relation between the
magnitudes of these two deformations is econstant for s
given material and is known as “ Poisson’s rafie,”” This
constant provides the means for determining the effect
of combined stresses,

If 5. represents the unit stress in the direction z,
then the unit deformation caused by this stress would be
measured by the expression %, n which Eis the modulus
of elasticity of the material.

Similarly, if ¢, represents the unit stress in the direc-
tion ¥ (perpendicular to direction z), the unit deforma-

tion in the direction ¥ would be expressed by %’ Also
a deformation in the direction 2 would be induced, the
magnitude of which would be expressed by ,u%: r

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

In case the stresses o, and o, are acting simultaneously
at 2 point, there will be in each direction & direet and
an induced deformation that must be combined, If
e represents the unit deformation caused by stress, then

[ Oy
e=F kT
and similarly
Ty o
ey'—_««—‘«—# —

From these equafions, the following expressions for
unit stress are obtained:

P (3:: -+ ,UG,,) E

z 1__#2 (1)
and
a’yz-(-taul—l__#——%)E (2)1

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 fhe maximum day or night temperature
differential was observed. For these conditions the
deformation recorded by each gage was the sum of
three components combined algebraically. These com-
ponent deformations are:

1. A change in length caused by the uniform change
in the temperature of the slab as a whole. This change
in length extends uniformly through the entire depth
of the slab, creates no warping, and affects all strain
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 differenfial created by the
change In air temperature during the day. The
differential in length caused by this temperature con-
dition causes warping which, if the slab were weightless,
would oceur freely and would be unaccompanied by
stress.

3. A deformation caused entirely by the bending
stresses produced by the efforis of the slab to accom-

1 For g disenssion of tho action of combined stresses see Strength of Muaterials by
8. Timoshenko, pt. I, p. 58

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 subseripts
indicate the particular gage position that is being re-
ferred to.

s=the unit change in the length of the concrete
from all causes as actually measured by the
strein 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:

€q ==~ 1€,
€ =0y— ptéq
€.=0¢

€q="0q— 118y

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

g,=0

€p—€g—€p
C = €€,
Cg="€g~—€g

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 conerete, ave formulas for stress, expressed
in terms of the measured deformations and the elastic
constants of the material. They have the following
form:

ca=0

,,b=5a_—__‘%l+_&%ﬁ o

=6a_5c

1+u

zsa_ad_!_#(ac'_ab)E
1—u®

Jil

T

L

Using the method described the stresses resulting
from temperature warping during the day were deter-
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
D1 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 fests it was
necessary to expose the strain gages to a wide variaticn
in air temperature, varying from complete shade and

1 Sea An Improved Recording Strnin Gage, PUBLIC ROADS, vol 14, no. 10,
December 1933.
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low temperature to full exposure to the sun’s rays and
high temperature, durin%‘the period that the deforma-
tions were developing. The gages are, by their design,
compensated for temperature changes to an extent that
malzes 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 temperafure change.

In order to insure the greatest precision possible in
these measurements, it was thouggt 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.

he 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

uring 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 thess,
the inability to determine with any precision the
character of the moisture distribution in the conecrete,
has already been mentioned. The second 1is the
necessity of a very long period over which the strain
observations must be continuous. In this investiga-
tion it has not yeb 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 fhat have
been made.

DATA PRESENTED AND DISCUSSED
To give an idea of the weather conditions that prevail

in the area where the fests were made, certain pertinent
meteorclogical data covering the period from Novem-

Figure 7.-—SmarL ProrEcrive Cover Usep OVER THE STRAIN
Gages N DETBERMINING StrEssEs CAUSED BY RBSTRAINED
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 & period that is believed
to be typieal. 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 see-
tions is rarely frozen. It was not possible to study the
structural behavior of the seetions for the condition of a
frozen subprade as extensively as was desired. The
daily and annual temperature veriations 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. Krom 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° I'. 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 peried was 112.5° F.
The data show that the temperature of the 6-inch slab
is, as a whole, mueh 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
certoin maximuwm conditions the value of the tem-
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TABLE 1.—Observed lemperatures in concrele pavements (degrees F.)
Averago temparatore of conerate Maximnm temperature valiics
Night Day
Dato G-inch slab 9-inch slab
G-inch slab 9-inch slab G-inch slab (-inch slab
Mini- Wexi- Mini- Maxi- Differ- Differ- Differ- Differ-
mum mum mum um Bottom | Top ence | Bottom | Top Py Bottom | Top plary Bottom | Top once
__________ L1720 I (R [543 I RO RURSUURRIN FRNVSRVSUN! ORI SRR (R 59,2 70.0 10.8 556 69,1 13.6
[ I 53,0 [commaueaen 6.5 | 523 4.0 5,2 520 £ IR FUURRNE SSNN R I S
244 67 36.7 4.9 8.2 36,8 45.3 95
................ 0.7 8Lo| 213 5041 8.0 31,0
30. 6 4.5 86,8 76.1 16.3 5.0 73.9 22.3
63.9 6.4 gnz| 1027]| 226 60.31 96.1 25,8
75,4 4.5 o090 | H26! 216 82,8 | 11,7 28,9
05.4 b.4 81.3 | HOLY 20.4 &2 | 105.8 258
76,1 2.7 00,71 106.3 .
B0 7 13 048 76.5
34.9 5.6 48,4 &8.3
28,5 31 2.0 4.1 32.0 40, 6
370 0.4 351 4.3 40,5 851
42.8 45.0 30.9 6.0 50,8 8L1
9.7 3.0 5.7 .3 4.5 98,1
60.1 3.0 | 574 5.6 72,71 0Ll
648 7.2 67. 8 5.7 80.0 00,3

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 dlab it was 31° T,

BEANGE OF DALY PAVEMENT TEMPERATURES DETERMINED

From the datse 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 m tem-

erature that occur in concrete pavements in this
ocality. ach of the four cyeles chosen is typical
for the seasop in which it occurred salthough, as men-
tioned befors, the observations wers 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 cut 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 throughou$ the day. It is apparent that
the variations gre much greater during the gay 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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Tigure 9 shows why the difference between the tem-
peratures of the two surfaces of a pavement is nof
necessarily the effeetive temperature differential. T4
is probable that an average lgne drawn through each
of the gradient curves shown in this figure would give
5 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 moming and in the
afternoon when the maximum temperature differentials
oceur, there is approximsately o siraight-line gradient
in temperature between the upper snd lower surfaces
of the concrete. These are the two fimes of the day
that are most important in the determination of
stresses caused by warping.

Tt 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° I'. higher than the air temperature.
The effect is grestest when the angle of incidence of the
sun’s rays (o the pavement surface is greatest. In
figure 10 the relation between the air temperature,
the average slab temperafure, 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 wvalues
obtained from all of the thermocouples t%mughout the
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slab depth. Tor this reason the average temperature
may not be equal to the mesn 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 sbove & 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 eoncrete on any one day is controiled
not only by the air temperature on that day but also
by several other factors such as the angle of ineidenee
of the sun’s rays, the previous temperature conditions,
perticularly as they aifect the temperature of the sub-
grade, the moisture conditions, and the humidity of
the atmosphera.

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 datae for
the period showed that for several days preceding
February 1 hi%her 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 fizure were made.

The observed differences In temperature between
the upper and lower surfaces of the §-inch and 9-inch
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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 differenice 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 1s very
great, the subgrade is still relatively cold and the sub-
grade 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 diffieult to find any direct
relation between these temperature differentisls in
slabs of different thicknesses and at different times of
the year. i

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

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. Tach 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 o 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 G-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 8-inch
edge of a thickened-edge cross section. These compari-
sons show that the femperature differentisl that
develops at the edge of o 9-6-9 thickened-edge design
is approximately equal to that in the edge of o 9-inch
constant-thickness section and is approximately 45
percent greater than that in the edpge of a 6-inch
constant-thickness section. It is indicated by these
data, therefore, that increasing the edge thickness of a

avement may be expected to result in a proportionate
Increase in the temperature differential in the edge
region of the slahb.

The date 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 indieated 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 differential 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. 1t 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 consfant-
thickness sections, although the result will probably be
less as the edge thickness of the sections is reduced.

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 mesasured. In figure 12 the
variations in length of this section arve shown, together
with the simultaneous variastions in the average tem-
perature of the conerete. 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 iz 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 4-0.017.
This indicates that in the 5 months hetween Naovember
and April the length of the slab has increased 0.0275
inch from some cause other than temperature changes.

In the vicinity of Washington, 1. 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 mesasurements
made in this locality 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 seenis reasonable that during the summer
months lowered moisture content in the subgrade and
o Felatively high evaporation rate reduce the moisture
content of the conerete and that the opposite conditions
in the winter will increase the moisture content of the
concrete and thus account for the observed volume
changes.
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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 durin
the various daily cycles of observations were groupe
on 4 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 saverage concrete
temperatures. The plotted points pertalning to a
day’s observations are averaged with a straight line,
the slope of which is the coeflicient 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 is, when taken at & 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 coeflicient of thermal
expansion of the concrete, as determined in the Iabora-
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 systematicalflgy with the season, indicating that
the coeflicient of thermal expansion determined from
the daily observations of slab expansion undergoes
s small annual variation. The cause of this was not
determined but it seems likely that the coeflicient 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 smeall 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 caleu-
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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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 suxiliary
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 instanee.
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 dats from only five sets of observations
are shown. Aetually, observations were made on a
great many days and all of the data were analyzed 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

intervals during a B5-year period. The change in
length resulting from varistions in moisture content
alone during this time is shown in figure 14, plotied
with respect to the original length at the time that the
concrete took ifs initial set. The measurements of
length change were made on one section with the em-
bedded telemeter during the peried between September
1930 and August 1932, and with the micrometer on
another section during the period between November
1931 and Beptember 1935. During the 8 months
between November 1931 and August 1932, dats from
both methods are available and there is very close
agreement between them,

This graph indicates that there is an annual cyeclic
variation in length caused by variations in moisture
content, the seciions 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 varistion 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 193031 and
the latgest thus far observed in 1932-33. It is be-
lisved that the variation in the magnitude of the length
change from vear to year is the resuli of the particular
precipitation and evaporation conditions that happened
to prevail. The precipitation record is as follows:

Unfortunately, there is not & 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, thére was no dependable method
available for defermining the moisture content of the
conerete in the pavement. Using fragments broken
from the specimen slabs and determining the meisture
content by drying in the laboratory, it was found that
the concrete contained 3.5 percent moisture during the
summmer and 2.8 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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The dats presented in figure 14 show a definite pro-

essive Incresse in the length of the pavement that
ggs become more marked during the fourth and ffth
years. The slab, during the summer of 1934, was
longer than in the summer of 1931 by I part in 10,000.
This may seem to be a small amount but it represents
o length gain of 6.3 inches in 4 mile of pavement.
Looking a2t it another way, if the slab ends were com-
pletely testrained such a length gain might develop a
ponﬁpressive stress of several hundred pounds per square
inch. .
Although this tendency {or 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 wltimate
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 TAERMAL EXPANSION FOR CONCRETE DETER.
MINED BY BOTH LABORATORY AND FIELD TEST3

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
uged to determine the coefficient of thermal expansion
that is effective for the slab as o whole. Im 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 fhe average
temperature of the slab. Hach daily cyecle of observa-
tions thus supplied one point for the figure. Through
these points a straight line was drawn o 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 coeflicient as obtained
by the method just deseribed 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 deseribed 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
gpecimen. As previously noted, each telemeter con-
tains & resistance thermometer, thus permitting simul-
taneous observations of deformations and temperatures,

After the comerete had hardened and cooled, the
sealed cylinder was placed in water baths at 32° P,
and 110° I, alternately & 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 coeflicient
of thermal expansion was obtained. The method was
later used for determining the thermsl coefficient for
the concrete in connection with the elaborate test
program on the Rogue River bridge.?

T%le cloze agreement between the coeflicients of
thermal expansion for the pavement and those obtained
with unrestrained concrete in the laboratory indicates
that the slresses in the pavement caused by the resist-

1=A£jgvﬂicatlon of the Frayssinet Method of Conerate Arch Construetion, by Gemeny
and MeCullougl, Tech. Burl. No. I, Oregon State Highway Department, 1633,
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ance of the subgrade to horizontal slab movement must
be very small,

RESISTANCE OF SUBGRADE TO HORIZONTAL SLAD DISPLACEMENT
MEASIIRED

It will be recalled that in the earlier mention of these
tests it was stated that the procedure adopted as a
result of the preliminary study was one that would
subject the subgrade o 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 inerement was
applied.

Figure 16 shows typical data resulting from one of
these tests. In fhis instance the horizentsl force, or
thrust, was applied at the rate of 50 pounds every 10
minutes until s total of 2,100 pouncfa 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 g ratio that closely approximates a
parabole 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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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 is an
actual movement of the subgrade with it.

The character of the horizontal movement that ocours
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
hoth 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

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 hod been kept at s 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 & 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
t0 slab movement may be greater for the first move-
ments of the newly constructed pavement than it is
Iater when the concrate has expanded and coniracted
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-nch 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
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thrusting forces that would produce the 0.100 inch dis-
placement, and these may be considered as the maximum
horizental 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 1% ie
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-
plagement.

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 direct%y 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-
phied to the weight of the slab, the value of this coefi-
cient, instead of being constant, would vary with slab
weight and displacement as given in table 3.

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

Cgofficients of resistoncs to displacement
Slab for displacoments of—
¥ Slab
thicke § oiuht
ness & a0l | 002 | 003 | 00t | 007 | Da0
jneh | jneh | igeh | ineh | ineh | inch
Lbs. per
Inches 57, in.
8. 0.67 0.8 1.2 L& 1.8 2.1 22
G 50 .8 1.3 L 0 2.4 2.5
4 L33 LI 1.5 1.8 2,2 2,8 3.1
2x _17 1.3 1.7 21 a5 3.3 3.5
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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.

TFrom the results of thess studies it seems ressonable
to conelude that the resistance offered by the subgrade
to the horizontal movement of o 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
date 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 date 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. TInasmuch 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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various unit areas of the pavement may be moved by
thermsal expansion, the next step is to combine these
data on the basis of equal displacements in order to
determine the forees 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 fo succes-
sive sections 1 foot apart beginming at the mid-section
of the strip (the section at which no displacement oceurs
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 al;ilven 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 ares under the curve in this figure.
The unit stress values to be expected are shown at
intervals along the diagram, at the points where they

apply.

R‘he stresses caused by subgrade resistance were com-
puted in this manner for the several slab thicknesses
from the foree-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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gnee developed ag the result of simple sliding friction.
Referring back to figure 20, it is found that for the
G-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 fo
apply. For a 6-inch slab 50 feet in length the appli-
cation of this flat coeflicient indicates & maximum unit
stress of 62.5 pounds. This compares with a unit stress
of 56 pounds by the more exact method. The differ-
ence ig 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 coeflicient might be consider-
ably in error. For slabs of average length, however,

the stresses developed by this type of subgrade vesist- |.

ance are so small that, for average subgrade conditions,
stresses eomputed 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 & 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
s study of the effect of » frozen subgrade upon the
stresses being discussed. Temperature measurements
in the conerete 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 sir tem-
perature range is much smaller in winter than in
summer becouse of the deerensed 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 siresses 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 o warped slab, as approximately 1% 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 oecurred.
The date of most value are those made on days when,
during the period of the actual measurement, the least
change in temperature differential occurred. The oeea-
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 ports.

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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The restraining influence of the attachment to other
panels at the longitudinal and transverse joints is evi-
dent in sll 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-



32

PUBLIC RGADS

Vol 16, No. B

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 eoncrete 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. These are caused by the slight
changes in the temperature differential during the period
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
;varping wiil be apparent in data that are presented
ater.
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Figure 28 shows data obtained from a thickened-
edge section of a different type at a time when the
upper surface was at o lower tempersture 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°
F. The upward movement shown in figure 28, which
is about half of that shown in the preceding three figures.

Tiovne 29 —MEASURING THE PRESSURE BETWEEN THE PavE-
MENT SLABR AND THE SUBGRADE,

is the result of a temperature differential of only 5° F,
If the warping diagrams are examined it will be oh-
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 ae-
count for the difference in the freedom of warping in
the two directions that has been noted.

RELATIONS BETWEEN TEMPERATURE WARFPING 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 2 complete relief of the high pressure in the in-
terior region and a development of 2 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 aren 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
deformation of this particular subgrade soil. Sub-
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Fieure 30.—ErrEcr or WARPING UPON Tui PRESSURE OF THE
Srap AeamnsT Tar SUBGRADE FOR A $-INCH StaB.

grade bearing tests indicate that the changes of uni
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 wvariations in shape of the iransverse
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 exacily the same conditions
of air temperature variation. The vertical movement
of the corner of a 9-inch uniform-thicknegs section is
150 percent of that of one 6 inches thick. In other
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Fraure 34.—ErrFEcT oF TEMPERATURE Warring oN THE Con-
weEr Drriecrions CAvsED By AN Aepried Loap (Derimc-
TIONS MEASURED ALONG TRE Diacowan).

words, direct proportionality apparently exists between
the thiclkness of the secfion and the magnitude of the
corner movement.

Another important indication is that the 9-inch
edge of a tGypical thickened-edge section does mot
cause warping movements as great as would be found
in a section that was uniformly 9 inches thick., In
fipure 33 the vertical movements of the free corner
and the mid-point of the free edge are compared.
The maximum temperature differentinls 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
aeccord with the dats previously presented in connection
with the discussion of the warping date for the entire
slab panel.

EFFECT OF APPLIED LOADS ON WARPED PAVEMENTS
INVESTIGATED

It is logical that any redistribution of subgrade
renctions, 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. Tigure 34 shows the elastic curves of the
diagonsal at the slab corner under the applied loads
noted, for threa conditions of warping as they oecurred
during a single 24-hour period. It is apparent from
these curves that the 7-inch slab is affected to a grester
degree than the 8-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 dats 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 o 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 econdition which might

FigurE 35.—ErrEcT oF TEMPERATURE WARPING ON THE
MaeNITUDE OF THE STrESS CAUBED BY AN APrLIED Loap.

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 W‘Lﬁ couse
may be had from fipure 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
date were obtained at the same time and under the
same conditions as the deflection data given in the
preceding figure.

There 1s & 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 approximsately 60 pounds per
square inch. There is also a slight incresse in the
critical stress if the load 13 applied at a time when the
corner is warped upward.

For loads applied at the edges, it appears that down-
ward warping results in but a slight reduetion in the
stress produced by a load while upward warping will
cause mcreases 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 notetf 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 curvabure is
forcing it downward. The result is that this pointis 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 temperaiure warplng produce
varigtions 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 in 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 ofher 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 dats were obiained,
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 fime when moisture condi-
tions would be such as to cause it to be in a flat condition.
In the presentation of the data in fizcure 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 o maximum during the
winter months (January to March). For the year
during which the moisture warping measurements were
made (1934), the observed expansion was 2 meximum
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 & comparison is made between the curves in figure
36 showing the shape of the longitiudinal center line on
Mareh 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 & 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 Mareh observations as a base and that the curves
indieate the changes in slab shape that oceurred 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, obvicusly 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 spproximately 1 year. This graph was con-
structed from fhe 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 malke 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 pane% 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 & marked change in westher conditions that
took place at about this time. During August and
September of this particular year the precipitation was
much above normal (over 17 ineches 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
carly September. In this connection it is inferestin
to compare the relation between moisture warping an
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 he warped upward approximately

0.045 inch with respect to the mid-point of the panel.

From this, an estimate of the stress developed by
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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 slters
the degree of restraint that exists.

The curve showing the movement of the center of
the panel indicates that, as the seasonal warping tales
place, the slab settles into the subgrade. This seems
probable when one eonsiders that the condition of
warping from moisture change develops slowly over a
long period of time and that the development is 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 restramt 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 (glevelo s 15 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 mwoisture 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 afterncon in midsummer, the
effect of moisture is to cause curvature such that any
stresses developed by it will tend to relieve rather than
aggravate the stresses caused by the restraint to
temperature warping,

STRESSES CAUSED BY RESTRAINED TEMI'ERATURE 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 resirained temperature warping
of typical pavement sections. These dats, 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 condifions 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. Sinee it was desired principally to determine
the magnitude of the warping stresses for the condi-
tion of aversge maximum temperaiure differential,
the greater portion of the measurements were made

during the daytime with the upper surface of the
pavement at n higher tempersture than the lower
surface. The warping stresses occwrring 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, fo
give a clear indication of the magnitude and relative
importance of stresses developed &t mnight.

The manner in which the siresses produced by
restrained temperature warping during &e day vary
alon% 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 lransverse 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 t%e transverse axis were all
obtaired during the summer but some of those per-
taining to the %ongitudinai 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
ocour 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. I'rom the
temperature date 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 daia on sections less than 20 fest
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 slag units was less than 20 feet. For slab lengths
greater 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
glab, while in a 9-inch pavement the maximum warp-
ing stress may be somewhal 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 siresses from re-
strained temperature warping at several points near
the corners of the f-nch and 9-inch uniform thickness
sections are shown by the stress disgrams 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 io 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
gtresses are found in both direclions and the stresses
perpendicular to and parsllel to the diagonal ars shown
m 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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g consistent lack of uniformity in the variation in stress
along the diagonal that might reasonably pe attributed
to & buckling action across the corner as this portion of
the slab attempts to respond to two conflicting sets of
forces.

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 differentinls.

Tigure 41 shows stresses caused by restrained
temperature warping at the corner and along the
longitudinal exis of the 6-inch constant-thickness see-
tion under normal night conditions, i. e., with the upper
surface at a lower ternperature than the lower surface.
The atress 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, sithough 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 might 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 temperaturs
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 io the
longitudinal axes of the slabs except at the diagonal

at the free corner where the stresses are parallel fo 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 loeality of
Washington, D. C. As previously stated, stresses
somewhsat exceeding these were found oceasionally on
duays 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-
persture warping from the standpoint of theoretical
mechanies. 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 & slab of infinite length, it is perhaps
not permissible to malke direct compsrisons between
the theoretical siresses and those determined experi-
mentally. IHowever, 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 siresses in a transverse section near the center are
sufficiently like those in the longer slab to make a
comparigon 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
that the shapes of the theoretical and measured stress
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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 messurement. 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 caleulated 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°
I, difference in the temperature differentials. The
stresses computed by the theory, on the other hazd,
reflect this difference in higher stresses for the 9-mnch
thickness. It is reasonable thal the greater tempera-
ture differential in the thicker slab should produce
higher stresses. Had the length of the 9-ineh test
sectlon been greater than 20 feet, it is believed that the
measured siresses would have been higher and thus
more in accord with the theory.

It has been shown previously that, when warped, the
B-inch section tends to remsn flat along the central
portion of the longitudinal axis, while the 0-inch sec-
tion showed continued curvature in this region, If the
O-inch slab had been longer it too would have been
flattened in the mid-portion of its long axis and this
undoubtedly would have increased somewhat the value
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 & paving slab is increased, for
the purpose of increasing the %oa,d—carrying capacity,
there is certain to be a corresponding inerease in the
temperature differential that develops in this portion
of the pavement. Ior 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 & 6-inch constant-thickness
section and approximately the same as those in the
edge of a 9-inch constant-thickness section. Since sn
increase in the temperature differential at any part of a
glab that is restramed from warping causes a corre-
sponding increage in the warping stresses at that point,
the effect just menfioned is an 1mportant consideration
in the design of concrete pavements.

The effect of increasing the thickness of the edges of &
pavement slab on the magnitude of the eritical warpin
stresses can be illustrated by considering fwo long an
relatively narrow pavement slabs both of the same
interior thickness. One is of constant thickness while
the other is of a2 conventional thickened-edge cross
section with an edge depth 50 percent greater than the
interior depth. The temperature differentials and
therefore the warping sfresses that develop in the in-
terjor 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, sccording to the date obtained in this investigation,
some 45 percent greater than in the slab of constant
thickness.

The results of the increased ftemperature 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 fransverse 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 resiraint that obtains at the particular point under
consideration. The degree of restraint varles, in turm,
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 restraing
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 abiut
45 percent greater than in the edge of the slab having
o constant thickness equal to that of the interior of the
thickened-edge section. Since, theoretically, there is
o direct relation between the magnitude of the stress
resulting from completely restrained warping and the
temperature differential that exists, this 45 percent
incresge in the temperature differential would lead ons
to expect a corresponding increase in the warping stress.

The relations between slab length, slab depth, and
restraint t0 temperature warping were not determuned

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
eritical warping stresses determined for each. The
data obtained would make it possible to defermine
what lengths of slab are sufficiently free to warp to
malke relatively unimportant the increase in warping
stresses thet 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.

WARTING STRESSES IN THICEENED-EDGE AND CONSTANT-THICHK-
NESS SECTIONS COMPARED

Some measurements were made o determine the
warping stresses at the edge of & 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.

TanLe 4.—Observed longitudinal warping siresses af the edge of
three 20-foot pavement slabs

. Increase in
Temperature diffezen- | Observed fongitudingl stross,
tial at edgo worping stresses 9-6-9 slab
: over—
Date, 1034
¢-inch | 9-ineh | 0-G-0 | G-inch | O-inch | §-0-9 | &-inch | 9-inch
slab slab slab slab slab slab slab slab
| .Bh, perj Lb. per { Lb. per
oI & F ¢ R | sg.dn. | 8g.1n. | &7. 0. Pcrce‘&t Pereent

May 10
Moy 20....
Moy 21....
May 22

Average...

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
0-6-9 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 & 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-thiek-
ness slabs.” The last two columns of table 4 show these
differences, expressed as o percentage of the stress
in the constant-thickness slab. There is a considerable
variation in these values for the comparison with the
8-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 is approximately 75 pounds per square inch, or
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30 percent. The average difference in corresponding
tempergture differentials is 47 percent. These data
indicate, therefore, that the increase in stress is not as
great as might be expected in view of the measured
merease 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 in the
length-depth ratio, and is thus able partislly to offset
the effect of the inereased tempersture 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
gross—sect-ion does not develop in a slab length of 20
eet.

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 faet that
the messured temperature differentisls were approxi-
mately the same in the two slabs. The explanation is
believed to be thaf in slabs of the same length the 9-inch
congtant-thickness slab would be expected to warp more
freely than the 9-6-9 thickened-edge design.

The data Pesulting from loading tests that are to be
presented in a subsequent report of this series show that
the 50-percent increase in edlzge 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 eaused 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 spproximately 90
pounds per s%uare inch, which is practica}ily 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 is not inereased by the edge | 3

thickening. For much shorter slabs this would not be
true because the warping stresses would be low, but for
slabs of greater length it 18 indicated that at times when
the warping stresses ave high, the load-carrying capacity
of the edge of a pavement slab may &ctuallv{; be reduced

by thickening the slab edge.
IMPORTANCE OF REDUGING WARPING STRESSES DISCUSSED

The date 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 leugth
originally, a thickened-edge design will not reduce the

amount of transverse cracking that will ocour. This
conclusion is in agreement with the observations made
on this point in the extensive pavement survey con-
ducted several yeanrs ago by tge 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 decresse 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 ofher data upon this point were obtained during
the spring 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-foof lengths of the same slab and to make a
comparison of their magnitudes. The longitudinal
stresses were determined &t 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.

Tapis 5.—0bserved longiiudinal warping siresses in 10- and
20-fool slab lengths of sec. no. 4

Maximum longitudinal warping L
slress R?duct;rm in
i styess fromn
I\.ﬁlz’r[rll decreased siab
Date, 1934 nir tom- Interior Edge length
pera-
tura
20-foot | 10-foot | 20-foot | 10-foot
tength | length | length | Jength |TAterlor| Edge
Lbs. per| Lbs, perl Lbg, per| Lbs, per

°F. sq.im. | 89.int. | sq. in. | sq. in. | Percent| Pereent
Apr. 26l 63 307 132 [ 57 {oeeoaan
ay b 74 370 JT: /20 PR S, [
May 2ol 4 PO P, 121 [i1: 31 O 144
May 13, . ees 83 as7 Bl 24 ...
May M. ... [T DO P 278 a1 92
May 8. eeaes 53 429 181 fovvnnns - 65 o
Junel.. ... . ____ 11 I O, R, 354 11 PR, 87
June 1 ... 11 (R . 236 38 fomeaaam 87
June 4. ... 31 T [ 313 20 foeioooos 04
June 15. b1 S [ F, 252 19 e aeen 92
June 21, 101 451 182 (ool [ N P
June 22. a6 414 180 ). e e 69 ]...onnaa
June 25. - <7 P, - 283 1) 35 PR 82
%05 (. DURRU ISRV SRR PSR R 66 80

1 Not inciuded in the sverage.

It is apparent again in these data that the longl-
tudinal warping stress in the 10-foot slab length is
consistently mueh smaller than the corresponding
stress in the 20-foot slab. This is especially true for
the siresses 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 Eeonomic Velge of Reinforcement in Concrete Roods, hy C. A, Hogentogler
Proe. Fifth Annual Meoting, Highway Research Board, pt. II.
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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 t0 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 movementis caused by the expan-
gion and contraction of abutting slabs. 1f 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 eritical 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 inereasing the thickness of the
edge of a pavement slab will be effective in reducing
the combined stresses in the corner ares 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 soldly to a depth of about 7 inches and frost
erystals 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 o subgrade that was {rozen solidly to a depth
of only 2% inches. Assoon as the subgrade had thawed
completely the measurements showed that the slab
settled back about three-fourths of the distance through
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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 & 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 wasin 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 wel during the
winter even when not subjected to freezing and thawing.

It will be observed that at all three of the poinis
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 mueh greater deflection is required
to produce a given stress ab this point.

As soon as thawing started there was an immediate
increase in the stress ab all of the points. As the sub-
grade became completely thawed the sfresses 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 isin
what may be termed its ““normal’’ winter condition, butb
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 lgcality where the tests were made {Wash-
ington, D. C.):

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,

23° F.

b. For & 9-inch uniform-thickness section,
33° F.

c. For s 9-6-9 thickened-edge section,
33° I,

These maximsa occur during the hot afternoons
of early sumumer 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 (see. no. 5) the
temperature differential in the interior of the
slab averaged about 4° IV, less than that af
the thickened edge during the most critical
part of the year.

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

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

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 i3 so small as fo
be negligible.

8. The resistance developed in the subgrade to
horizontal slab movement is not merely a
maftter of sliding friction in the commeonly
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 & frictional resistance that develops
only after a certain amount of elastic defor-
mation has occurred. The first element ap-
pears to be indepeadent 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 conftraction
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 coudi-
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 & reduction of about
20 percent at the corner.

9, For pavement slabs of the size used in this
investigation or larger, cerlein of the
stresses arising from restrained temperature
warping sre equal in importance to those

roduced by the heaviest of legal wheel
oads. 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 1s approximately 125 pounds
per square inch. These siresses 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-
crense 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-carTying capacity.

11, Since the criilcal stresses resulling from re-
strained warping are oplposite in sense to
those caused by applied loads in the corner
region of & 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 cyelic variation in moisture condi-
tions within the conerete produces o 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
msaximum position of downward warpin
during the winter, the extent of the upwar
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-
tide of the stresses arising from restrained
moisture warping, it appears that at the
time of year when the stresses from re-
strained ftemperature warping are a maxi-
mum (the suramer months) any stresses
caused by restrained moisture warping will be
of opposite sense and will thus tend to reduce
rother than fo incresse the state of stress
ereated by restrained temperature warping.
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PART 3.—A STUDY OF CONCRETE PAVEMENT CROSS SECTIONS

HI SHAPES of the
cross sections used in
concrete pavement con-
struction in the United
States have gone through
an interesting period of de-
velopment during the last
15 vears.
he earliest concrete
pavements were Jlaid in
slabs that were either
thicker in the center than
at the edges or else were of
uniform thickness at all
points. The thick-center-
thin-edge design was prob-
ably the result of the mnflu-
ence of the distribution of
material in those macadam
pavements with which en-
gineers were most familiar
at the time the early con-
crete pavements were laid.
Some of thefirstattempts
at o mathematical analysis
of the stresses created by
* wheelloadsin the pavement
slab treated the transverse
section as a beamsupported
at the ends, and this type of
analysisnaturallyindicated
the need for a section which
was thicker in the center
than at the edges. The un-
certainty of assumptions as
to sub%rade support tended
to malke engineers hesitant
about accepting the sug-
gested theories of design,
with the result that a con-

EVELOPMENTS in the design of eross sections for
D concrete pavements during the past 15 years have
produced such marked improvements in the roads
constructed that one is likely to feel that o high degree
of perfection has been attained. Edge thickening and
longitudinal joints have been generally adopted and the
prez(:‘.ient slab lengths are much less than those formerly
used. .

The most complete study yvet made of the stresses in
typieal pavement slabs resulting from both load and
temperature effects confirms the belief that progress has
been made in the right direction, but it is clear that bet-
ter designs are possible with the more complete knowl-
edge now available,

The results of this study are surprising ss fo the
stresses that will exist in conerete pavements with cer-
tain combinations of load, temperature conditions, and
slab thickness. However, the conclusions are thought
to be sufficiently well esfablished for application in
current design.

If loads alone are considered, the maximum of econ-
omy in the use of material is obtained with a thickened-
edge cross section.

hile increased edge thickness results in o reduction
of the edge stresses from applied load, it also eauses an
increase in the edge stresses under certain conditions of
restrained warping.

Since a balanced cross gection should in all enses be
designed on the basis of combined load and warping
stresses, it is obvious that economy demands that the
stresses resulting from warping be limited to low values.
The most practieal way of doing this is by construeting
short pavement slabs.

In short slabs the cross section may be designed on the
basis of load alone.

A balanced cross section for load stresses is obtained
with a design such as is shown on the cover page.

Edge thickening strengthens slab corners regardless of
the Iength of the slab.

At the present time application of the principles set
forth above to the design of pavement slabs involves
considerations other than those discussed in this report
buf necessary to the forming of a correct judgment as
to whether or not a completely balanced design should
be used or how closely it should be approached.

program, including some
130 miles of concrete pave-
ment. The point of partic-
ular interest is that the
cross section adopted for
the entire project was 3
inches thicker at the edges
than at the center, the edge
thickening being gradually
reduced to zero at o dis-
tance of 24 inches from the
edge of the slab. The re-
port on this work! states
that the cross section was
‘5 modified inverted-curb
section designed tostrength-
en the edge and at the same
time permit simple con-
struction of the subgrade.
The thickened edges add
structural strength as the
area of load distribution
and subgrade resistance de-
creases, thereby securing a
paving slab with a more
uniform resisting strength.”
Thisis clexrly arecognition
of the principle of design of
thickened-edge slabs as we
know it today.

The development of the
thickened-edge design cre-
ated widespread interest
among highway engineers
and, as the probable worth
of the new design began to
beappreciated,1twasadopt-
ed for trial in & number of
places,

The test road at Pitts-

siderable amount of the concrete pavement laid was
of a uniform thickness.

Upon the entry of the United States into the World
War, the wheel loads on many of our main roads
suddenly increased greatly, and instances of edge failure
of thin-edge sections began to be reported. These edge
failures frequently began with s corner break at a con-
struction joint or transverse crack and often developed
into a completely shattered area of considerable size.
Many engineers began to suspect that the thick-center-
thin-edge pavement was not properly designed.

DEVELOPMENT OF THICKENED-EDGE FPAVEMENT DESIGN
REVIEWED

On November 12, 1920, in Maricopa County, Ariz.,
construction was begun under a very extensive paving

L Pagement With ‘Phickened Edges Takes Heavy Loads, by C. L. Jenler, Engi-
neering Nows-Record, Apr, 13, 1022, p. 607,

burg, Calif., built during the summer of 1921, contained
one section of the new design, and ab the conelusion of
the test this section was given the highest rating of all
of those included in the track.?

The sections of the Bates test road in Illinois laid in
1920 and 1921 contained no thickened-edge designs but,
fortunately, in the fall of 1922 sections of the new design
were added and subjected to heavy traffic during 1923.2
The result was another early demonstration of the
superiority of the new design over sections of uniform
thickness when subjected to concentrations of heavy
wheel loads. In this test the structural weakness of the
e}c}ges of slabs of uniform thickness was definitely
shown.

? Report of Highway Research at Pitisburg, Calif., by Lloyd Aldrich and John B,
Leonard. California State Printing Offies, Sacramento, Calif., 1023,

3 Highway Research in Illineis, by Clifford Older. Transactions, American Society
of Civil Engincors, 1624,
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The Bureau of Public Roads at about this time
developed a method for determining the stresses in
concrete pavement slabs caused by wheel loads and,
during 1923 and 1924, made a number of studies of
stress.* The data obtained from these tests indicated
clearly the soundness of the thickened-edge design
from a load-carrying standpoint.

The fact that concrete possesses definite elastic prop-
erties has led to several attempts to develop some math-
ematical analysis that would make possible the predie-
tion of the stresses caused by load in a given pavement
slab design. The most serious obstacle encountered in
these efforts was the difficulty in treating rationally the
conditions of subgrade support. It was not uniil West-
ergaard presented his analysis of the siresses in & con-
crete pavement slab in 1925 that there was available
an even approximately tenable theory of design.® In
this analysis it is assumed that the load is apphed over
o definite area to an elastic slab that rests upon an
elastic support. By means of the formulas presented it
is possible to calculate the critical stresses resulting
from a given load applied at the corner, at the free edge,
or in the interior of the slab,

The analysis indicated that for the assumed condi-
tions & thickened-edge design is necessary if the section
is to offer uniform resistance to load at all points,
thus confirming the evidence obtained from the field
tests and siress measurements.

The analysis showed for the first time how important
a factor the area of load application is in determining
the magnitude of the critical stress. It was not possible
however, to determine the correct shape of the slab
cross section, nor was the means provided for deter-
mining the value of the elastic constant that should
be used for a given subgrade in the practical applica-
tion of the analysis to specific cases of design. In spite
of these deficiencies the Westergaard analysis represents
one of the most important steps in the development of
conerete pavement slab design.

By 1924 several progressive States that were build-
ing considerable mileages of concrete pavement had
adopted as a standard some form of thickened-edge
design, but there was a wide variety of opinion as to
what the shape of the cross section should be. Today,
8 decade later, 41 States are using exclusively some
type of thickened-edge design and there still appears
to be a considerable divergence of opinion as to the
amount and distribution of edge thickening needed,
the reason being that neither theory nor experiment
has so far supplied the information to enable engineers
to design with precision & ecross section with equal
resistance to applied load at all points.

FACTORS AFFECTING CROSS-SECTION DESIGN INVESTIGATED

The investigation of the structural action of various
concrete pavement slab designs which was begun in
1930 by the Bureau at the Arlington Experiment Farm
included, as one of its major parts, a study of the be-
havior of & number of designs of pavement cross sec-
tion.®

While it is usual to think of the design of a cross
section as being determined by the variation in the

t Btress Measurements in Conerete Pavements, by L. W. Telier, Proc. Fifth
Aunnual Meeting Highway Research Board, Degp. 3-5, 1025,

5 8iresses in Concreto Pavements Computed by Theorstics] Analysis, by H, M.
Weslergaard, A paper presented before the Highway Research Beard, Dee, 3, 1025,
Also seo PyusLic HoAapg, vel. 7, no. 2, Aprii 1926,

8 Sea The Structural Design of Concreto Pavernents, bt 1, by L. W, Toller and
Earl C. Sutherland, Porric R0ADs, vol. 16, ro, 8, October 1935,

bending moments resulting from applied load, in pave-
ments, as in other structures, other factors must also
be considered if a satisfactory design is to result.

Most of the data relating to the effects of tempera-
ture variations have already been presented,” and in
the attending discussion the primary importance of thess
effects has been brought out. In this study of pave-
ment cross sections particular attention has been given
to the following:

1. The effect of the condition of warping on the
stresses caused by applied loads. '

2. The effect of the changes in the supporting power
of the subgrade caused by freezing and thawing or by
other causes.

3. The stresses caused by variations in the tempera-
ture conditions within the pavement,

While the discussion naturally centers around the
load-stress relations developed for the various cross
sections, consideration is given to the effects of each
of the factors just mentioned as observed in the tests
at Arlington.

The sections selected for these tests have already
been described in part 1 of this series of papers, but for
the convenience of the reader the details of the various
cross sections are again shown in figure 1. It will be
observed that the sections shown cover fairly well the
range of designs in use in this country foday. There
are four seciions of uniform thickness (6, 7, 8, and 9
inches thick). This type of slab is still in use in seven
States. There are three thickened-edge slabs of the
type in which the edge thickening is reduced at a uni-
form rate to zero at o short distance from the edge.
This general type is used in 23 States at the present
time. The parabolic cross section, in which the thick-
ening extends to the center of the slab, is used in 9
States, while the design suggested by the American
Association of State Highway Officials (sec. 3 in fig. 1)
is used in 1 State.

Although the actual dimensions of the cross sections
used by some of the States will be found to differ some-
what {rom those of the sections shown in figure 1, the
differences are not large and it is believed that complete
tests on these sections provide adequate data upon
which to base a judgment as to the efficiency or balance
of almost any of the cross sections in use in the United
States at the present time.

PROGRAM OF LOAD TESTING DESCRIBED

The schedule of load testing followed in developing
the data on the relative efficiency of the several cross
sections can be most readily explained by referring to
figure 2, in which the four quarters or quadrants of one
o% the 20- by 40-foot test sections are shown. In this
figure the small circles indicate the points where a load
was applied, the load being placed successively on each
point beginning at the free edge of the panel; the short
lineg within the circles in quadrants 1 and 3 show the
position and direction of the sirain gages; and the
broken line A’~B'in quadrant 4 is the hine slong which
the curvature of the 5(113,1) was measured. The loading
schedule shown in guadrant 1 was followed on ab least
! guadrant of each of the test sections and on more
than 1 quadrant if thought desirable. The schedule
shown in quadrant 3 was followed on all four quadrants
of all of the test sections. Deflection measurements

7 8es The Structural Desi[iln of Conerete Pavements, pt. 2, by L. W, Teller and
Eaorl C. Sutherland, PusLic Roaps, vol, 16, no, 9, November 1635,
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were made on one quadrant of each test section. On a
number of the sections load-stress date were obtained
during the different seasons of the year, particularly to
determine the effect of subgrade condition.

In all of these loadmgs a_bearing block § inches in
diameter and of the grooved type was used in order
that both deflection and strain measurements might be
made within the area of load application. Because of
the height of the clinometer it was necessary to use a
split bearing block approximately 4 inches in height
when making deflection measurements. The method of
applying the load for deflection and strain measurements
is shown in fizures 3 and 4, respectively.

Figure 2

AND DrErrLecTiONs AND STRAINS WERR MEASURED,

For the loading schedule shown in quadrant 1,
recording strain gages of the type described in part 1
of this series of papers were installed at each of the 10
positions, being placed ejther all tramsversely or all
longitudinall dy 1 any one test. The selected load was
then applied successively at each of the 10 points,
the strams in both the longitudinal and transverse
directions being recorded at each gape position for
each loading.

The tests scheduled in guadrants 1 and 4 were
actually performed in the same quadrant of the iesg
secilon In order that the closest possible relation would
exist between the strain and deflection data.
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Frgure 3.—ArprLYING & TEsT LOAD AT TeE BpeE oF A BuLan

Panen., Tre DeErFuscTioNs Were RErcnrep 70 A BENCH
Manx LocATED IN THE SHOULDER.

All of the deflection data were obtained with a 10-
inch clinometer using the procedure described in pari
1 of this series of papers. The measurements were
started at a bench mark sef close to the edge of the
test section (see fiz. 3) and were continued entirely
across the slab. The elevation of each clinometer
point, with respect to the bench mark, including that
directly underneath the load, was thus determined
and the true shape of the transverse center line of the
slab established. This determination was made first
with no load upon the slab and again after the given
load had been applied, the difference between the two
curves at any ]i)omt being the vertical deflection of that
point caused by fhe applied load. In this manner
the deflection of the slab between points A’ and B’
(see fig. 2) was obtained for a load acting at each of
the several loading points.

Only a short period of time was permitted to elapse
between the strain and the deflection measurements
in order that the condition of the slab might not change.

LARGE DEFLECTIONS AND STRAINS OBTAINED WITHOUT
OVERSTRESSING CONCRETE

It was desirable to use loads of sufficient magnitude
to cause large deflections and large strains in the con-
crete since this would reduce the error of measurement.
On the other hand, it was necessary to put a limit on
the strains produced by loading since it was very
important that no injury be done to any of the test

f

———

TIGURE 4.—BTRAIN MEBASUREMENT Wirx LoAd PracEp NBan
Epan orF Tosr Sgerron. A RecorpinG StrRain (GAGE 18
Insrarner Direcriy UwpeEr THE Loap IN A Dirgcrion
PerpExnniconan 7o THE EDGE OF THE SLAEB.

sections. It was decided fo limit the loads applied
to the extent that the maximum stresses produced
in the concrete would not, in general, exceed one-half
of the average modulus of rupture as determined b
the strength tests made at the beginning of the investi-
gation. 'Fhis eriterion has proved to be satisfactory.
With but one exception, all of the forty 10- by 20-foot
test slab panels are apparently intact after 4 years of
intensive load testing, The strains and deflections
produced by loads of this magnitude were of sufficient
size that they could be measured with satisfactory
accuracy with the instruments available,

In the preceding paper it was shown that the condi-
tion of warping of a pavement slab had a definite
effect upon the magnitude of the maximum stress a
given load might be expected to produce, particularly
if the load were applied at the corner or along the edges
of the slab, It has also been established that, for the
concrete used in this pavement at least, the moisture
condition in the concrete had an important effect upon
its elastic properties. These two facts made it neces-
sary o take special precautions to maintain uniform
conditionsof moistureand of temperature within the con-
creteof the test sections during any period of load testing.

As previously described, the method adopted for
protecting the slabs during these tests consisted of o
covering layer of approximately 4 inches of dry straw
laid directly on the concrete, with protection from rain,
snow, or direct sunlight afforded by a large canvas
shelter supported by a framework on the loading tank.

Temperature measurements made within the con-
crete of the slabs thus protected showed that the differ-
entials in temperature between the upper and lower
surfaces of the pavement were always very small, fre-
quently so small as to be unmeasurable. At the time
of testing there could have been but little if any tem-
perature warping present in the fest sections. It was



Decomber 1035

PUBLIC R0OADS

49

not possible to determine the variation in moisture
throughout the depth of the concrete in the slabs and
therefore no positive statement regarding the eondition
of moisture warping can be made. It seems reasonable,
however, that the dead-air spaces in the dry straw layer
which provided the thermal insulation would also
greatly decrease the rate of moisture evaporation from
the surface of the concrete and would reduce corre-
spondingly the tendency for a differential in moisture
content to develop. Whatever differential may have
existed was held constant during the period of test by
this method of protecting the test section.

FORMULAS FOBR CALCULATING LOAD STRESSES GIVEN

The strength and elastic properties of the concrete
were determined by tests made upon drilled cores and
sawed beams obtained from short sections of pavement
constructed especially for this purpose at the same
time that the test sections were constructed. One of
the matters investigated in these collateral tests was the
effect of moisture on the stiffness of the concrete, and
it was found that the value of the modulus of elasticity
varied to some extent with the moisture content, being
highest for moist concrete. The details of these tests
wﬁl be covered in a subsequent paper. It was decided
as a result of the tests that the proper value of the
modulus of elasticity of the conerete, in bending, and
containing as nearly as could be determined the same
percentage of moisture as the concrete in the test sec-
tions, was 5,500,000 pounds per square inch. This
value is used throughout this series of papers in com-
puting stress values from the measured strains.

If a load is applied at a certain point on a pavement
slab, the stresses developed at the point of load appli-
cation can be determined from measured straing by
means of the following formulas as described in part 2
of this series of papers:

E
U'z=]_T‘u§ (ex + I-‘gy) ——————————————————

“vz'l‘:% (e o 1% N - (D

in which o,=the stress in the direction of the x—axis.

o,—the stress in the direction of the y—axis.

e,==the unit deformation caused by stress in
the direction of the z—axis.

¢,—the unit deformation caused by stress
in the direction of the y—axis.

E=the modulus of elasticity of the concrete.

p==Poisson’s ratio for the concrete.

The value of Poisson’s ratio was not determined for
these tests but was assumed as being 0.15, which seemed
to be a fair average value considering such test data
as are available.® . .

In carrying out the test schedules described in the
preceding paragraphs, a large number of observations
were made. In all cases tests were repeated on the
same or a different quadrant of the test section until
the data obtained were considered to be well established.
On some sections more tests were hecessary than on
others and in certain cases it was deemed desirable to
repeat the tests under both summer and winter condi-
tions. It is neither practicable nor desirable to present
all of the data which were obtained, but an effort has

¢ Sea Digest of Test Dats on Poisson’s Hatio for Concrete, by Richarl and Roy.
Proc. A. 8. 1. M., vol. 36 {1030), [4. 1, Report of Commitiee C-0, pp. 661-667.
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been made to include all significant data and to show
re%resentative data in all cases.

t has been found that the sfresses caused by load
in the vicinity of the longitudinal joint are affected to a
considerable degree by the structural action of the joints.
In designing & cross section, therefore, the shape of that
portion immediately adjoining the longitudinal joint
will be controlled by the design of the joint. Since the
characteristics and design of joints are to be discussed
in a subsequent paper, 1t is thought advisable to elimi-
nate from the fpresent discussion detailed consideration
of the effect of the joint design upon the cross section,
For this reason the data pertaining to that portion of
the pavement within 3 feet of the longitudinal joints
have been omitted (exeept in the case of the influence
lines). There is every indication that at 3 feet from
the longitudinal joint the effect of the joint action is so
small as to be unimportant in all cases.

DEFLECTION AND STRESS VARIATION DATA OBTAINED FOR THE
VARIOUS CROSS-SECTION DESIGNS

Figure 5 shows deflection curves along a transverse
section for a slab of uniform thickness and for one of a
conventional thickened-edge design. The magnitudes
and positions of the load that produced the deflections
are indicated in each case, and atfention is called to the
difference in the magnitude of the loads used in the two
designs. These date show that the slabs are tipped
slightly when the load is applied at the free edge, the
opposite edge or center of the pavement being actually
raised slightly. When the load is applied in the center
of the 10-foot section the slab is deflected over practi-
cally its entire width. Both of these effects are probably
due to the comparative narrowness of the slab. The
width, however, is typical of modern pavement con-
struction. It is possible that the narrowness of the
panel affects somewhat the elastic curvature and
hence the stresses caused by a given load. This point
has & bearing on any comparison of measured stresses
with stresses calculated by an analysis thal assumes an
infinitely large panel.

The deflections of the thickened-edge slab are much
smaller than those of the slab whose thickness is con-
stant, for loads applied near the free edge. As the
load is moved away from the edge, however, this
difference decreases, becoming very small at a point
7 feet {rom the free edge.

Figure 6 shows longitudinal end transverse stresses
produced by the same loads on the same two test sec-
tions for which deflection data were presented in figure
5. Kach curve shows the variation of stress across the
transverse section for the magnitude and particular
position of load indicated. Longitudinal stress is
measured parallel to the long axis of the pavement slab
and transverse stress is measured perpendicular to it.
These values are based on strains measured in the upper
surface of the pavement and henee apply only to that
surface. The corresponding stresses in the lower sur-
face of the pavement would be of opposite sense and
of very nearly the same magnitude.

AREA OF LOAD INFLUENCE FOUND TO BE RELATIVELY SMALL

It will be observed, from an examination of. the stress
variation diagrams of figure 6, that o load applied at
the free edge of a pavement slab produces two quite
different stress conditions in the vicinity of the load.
In the transverse direction the section acts somewhat
as o cantilever and a fairly high transverse tensile
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stress is produced in the upper surface of the pavement,
this stress reaching its maximum value at a distance of
approximately 2 to 3 feet from the free edge. In the
longitudinal direction, the maximum stress produced
by the edge loading is a fension in the bottom of the
pavement directly underneath the loaded area, with a
corresponding compression in the upper surface. Ior
the condition of these tests, in the case of the 6-inch
uniform-thickness section, the magnitude of maximum
longitudinal stress caused by edge loading is about
31 times the magnitude of the corresponding maximum
stress in the transverse direction and, in the case of
the 9-6—9 section, about 6 times that in the transverse
direction.

As the position of the load is moved gradually along a
transverse section, the stress conditions created change
from those just described to those of an interior load-
ing. Aload applied at the interior of a panel of infinite
extent will cause deflection and stress conditions which
do not vary with direction. IEven on a panel of the
limited dimensions used in these tests, it will be noted
that when the loaded area isnear the center of the panel
the magnitudes of the maximum longitudinal and trans-
verse stresses are practically equal. The variation
curves reflect the effect of slab dimension, however, in
that for loads applied near the center of the panel the
slab is stressed for a somewhat greater distance in the
direction of the long dimension than if is In the direction
of the short dimension. These curves also show quite
definitely that for the interior loading the critical
stresses are highly concentrated and that the magnitude

of the stress decreases rapidly as the distance [rom the
center of load application increases.

The ares of influence of the load, 1. e., the area within
which appreciable stresses or deflections are produced,
will naturally vary with the thickness and design of the
cross section and perhaps with other factors. For the
designs studied in these tests the data indicate that for
the edge loading the area of influence for stresses is
roughly a semicircle with a radius of approximately
3 feet, while for the interior loading the ares of influence
is roughly a circle with a radius of approximately 8 feet.
These are only approximate valies but the point of
interest is the conirast with the areas over which
appreciable deflections oceur.

The date show that increasing the thickness of the
slab near the free edge is an effective method for reduc-
ing the maximum stress that can be caused by an
apphied wheel load. The greatest reduction is thus
found in longitudinal fension on the bottom of the
slab with the load applied at the free edge of the pave-
ment. There is also a slight reduction in the longitu-
dinal siresses in the interior of the slab which is
probably caused by a stiffening effect from the thickened
edge.

MAXIMUM DEFLECTION AND MAXIMUM STRESS DIAGRAMSY
CONSTRUCTED

If a given load is applied successively at a series of
positions across a transverse section of a pavement
slab, for each position of the load a certain maximum
deflection and a certain maximum stress will he pro-
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tluced and the values of these can be determined. If
these maximum values are plotted as ordinates at the
points on the fransverse section at which they were
observed, & curve may be drawn through them which
is in reality the envelop of all the deflection (or stress)
varigtion curves that might be developed along the
section by the load in question. Since this envelop
curve shows the maximum deflections {(or stresses) that
could be developed by the given load regardless of its
position, these graphs have been termed maximum
deflection (or stress) disgrams in this paper.

TFigure 7 shows maximum deflection diagrams for
ench of the 10 test sentions. It should be noted that
the diagrams apply only to the case of a single load and
that the magnitude of this load varies with the design
of the cross section under test.

Sections 10, 9, 7, and 6 are the sections of uniform
thickness, The data from these sections show that the
maximam deflection caused by =« load applied at the
free edge of a constani-thickness slab is slightly more
than 3 times the maximum deflection caused by a load
of the same magnitude applied at an interior point.
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As the area of load application is moved from the free
edge toward the interior the magnitude of the maxi-
mum deflection decreases rapidly until, with the center
of load application approximately 3 feet from the edge,
the maximum deflection is practically the same as it
ig for the load at the mid-point of the panel.

Sections 5, 2, and 1 are thickened-edge sections of the
type in which the edge thickening is decreased at a
uniform rate to zero at a short distance from the edge.
The shape of the maximum deflection diagram for this
type of section appears to be very similar to that of a
section having 8 constant thickness, although the
maximum deflection with the load applied at the edge
of the slab is in this case on the average only about
2.35 times the maximum deflection measured for the
same load applied at the interior of the panel. It is
apparent that the edge thickening of these sections has
o relatively small effect on the maximum deflections.

Section 4 is one in which the cross section is bounded
by two parabolic curves, the center thickness being
seven-tenths of the edge thickness. The edge deflec-
tion of this section is also approximately three times
the deflection at the interior.

Section 3 has a heavy-edge cross section of a design
once suggested by the American Association of State
Highway Officials. The deflection of a slab of this
design under an edge loading is approximately one and
one-half times the deflection under an interior loading.

Secilon 8 is the section having the lip curb on the
upper surface. As previously explained, two panels of
this section (called sec. 8A) had the lip curb added to a
slab of otherwise constant thickness whils the remain-
Ing two panels were of the thickened edge type before
the addition of the lip curb (sec. 8B in fig. 1). The
deflection of the edge of section 8A is a little more than
3 times the deflection of the interior, while In section
8B the deflection under sn edge loading is approxi-
mately 2 times the deflection under the same load at
the interior of the slab.

These data show that in all cases a given load caused
greater deflections when applied at the free edge of the
pavement than when applied at the interior points. If
the magnitude of the deflections were to be used as a
criterion for balancing a design, one might conclude
that none of the sections has been strengthened suffi-
ciently slong the free edge. It will be of interest to
keep these curves in mind while examining the indica-
tions of the stress data which follow.

The maximum stress diagrams shown in figure 8 were
prepared in a manner similar to that used in developing
the deflection data just discussed. These curves show
the variations in the maximum longitudinal and maxi-
mum transverse stresses as the given load is placed
successively at the points shown in figure 2, quadrant 1.
The stresses are those directly under the load and gen-
erally are the maximum in each direction, the one
exception being the transverse stress developed by the
load applied at the edge of the slab. In this case the
maximum transverse stress is developed 2 or more feat
from the edge of the pavement. Because of the fact
that a greater transverse stress is developed at the same
point when the load is placed directly over it, the excep-
tion noted above does not affect the accuracy of the
maximum stress diagrams of figure 8.

The values plotted in these diagrams are generally
the average of two sets of determinations (the data
such as are shown in figure 6 being considered as one
set) from tests made on one or two quadrants of the

326367852

test section. In order to provide a general check and
to determine more closely the relation between the
maximum stresses resulting from edge and interior
loadings, the test schedule shown in quadrant 3 of
figure 2 was carried out on all 4 quadrants of all the
sections, except section 8, the lip-curb design, where
only 2 quadrants of each type wers available.

MORE UNIFORM LOAD-STRESS DISTRIBUTION FOUND ON
THICKENED.-EDGE DESIGNS

In general, the average maximum stresses for the edge
and interior loadings as determined by these supple-
mentary tests agree closely with eorresponding values
determined during the measurements mentioneg above,
1. e., the schedule shown in quadrant 1, figure 2. The
meagurements that determined the stress variation
curves give a good indication of the variation in strength
in the various parts of the different cross-section de-
signs. The supplementary tests, although they involve
measurements at only the two positions on the cross
section (the free edge and the interior), were made at a
considerable number of points. For this reason, the
average values for each test section (shown as triangu-
lar points in figure 8 and some of the other figures that
follow) are believed to give the most reliable indication
of the relative strengths of the edge and Interlor of any
particular design. gome diserepancies may be noted in
this figure, if a comparison is made between the stresses
found in different test sections having comparable edge
or interior thicknesses. These discrepancies are be-
lieved to result in large part from the fact that different
sections were tested at different times of the year.

There were variations in the condition of the concrete
and of the subgrade that influence these data to some
extent so far as the relation between slab thickness and
stress caused by s given load is concerned. Other data
obtained within a relatively short period of time were
used in the comparison of slab thicknesses to be dis-
cussed in a subsequent report. Since all of the tests on
&0y one section were made during a short period of time,
it 1s believed that the effect of the seasonal variations
in slab and subgrade condition do not enter any of the
comparisons that are made in this discussion of pave-
ment cross sections.

If a pavement eross section is to carry loads with a
maximum of efficiency, the design, insofar as applied
loads are concerned, should theoretically be such that a
given load will produce a certain maximumn stress re-
gardless of the point of application of the load on the
slab. The maximum stress diagram for such a design
would have the same ordinates at the free edge, the
interior, and all intermediate points. Any variation in
the magnitude of the maximum stress at different points
across the section is an indication of too much or too
little strength at that particular point. The maximum
stress diagrams can be used, therefore, as a basis for
judging the efficiency or “balance” of the various cross
sections that were tested.

Sections 10, 9, 7, and 6 have a uniform thickness at
all points. Referring to the stress diagrams for these
sections in figure 8, 1t will be observed that the shape
of the curves showing the variation in maximum stress
across the slab are very similar for these four sections.
An increase in the magnitude of the maximum stress
in the longitudinal direction as the posifion of the load
approaches the free edge of the slab is apparent in all
of the sections, showing clearly the lower load-carrying
capacity of this portion of a slab of uniformn thickness
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verse direction the stresses are practically zero at the
extreme edge of the sections but increase to their maxi-
mum value in & distance of approximately 4 feet from
the edge. In the case of the longitudinal stresses the
maximum value is at the free edge and this value
decreases over a distance of approximately 3 feel to a
minimum value. The maximum value of the trans-
verse stress is equal to the minimum value of the longi-
tudinal stress throughout the interior region of these
sections.

The characteristics of a section of constant thickness
are possibly shown better by the average diagram of
figure 9. This diagram was constructed by assuming
that stress varies directly with load and then averaging
the maximum stresses that would be caused in each of
the four pavement sections by an average load of 10, 250
pounds.

These data indicate that there is a relatively large
part of the cross section of & slab of uniform thickness
over which a given load will produce practically the
same maximum stress and that there is only a relatively
small part of the cross section adjacent to a free edge
that requires modification to “balance’ the cross sec-
tion. It is indicated that this adjustment of cross sec-
tion need not extend more than 2% feet from the free
edge of the slab.

The average maximum stress at the extreme edge of
these sections of constant thickness is appromm&te%y 60
percent greater than the average maximum stress in the
interior portions under the given load.

Sections 5, 2, and 1 have thickened-edge cross sec-
tions of a similar type, the interior area of each being
of a constant thickness. The maximum stress dia-
grams for these sections (fig. 8) give direct evidence on
the reduction in the maximum edge stress resulting
from various degrees of edge thickening. Although a
definite reduction is apparent, for all three of these see-
tions it is indicated that in none of them is the relation
between edge and interior thicknesses proper for a con-
stant maximum stress value. It will be noted that the
9-6--9 section is the most nearly balanced, yet even
with an edge thickness that is 50 percent gre&ter than
the interior thickness, the load placed 6 inches from the
extreme edge of this section produced a maximum stress
somewhat greater than that caused by the same load
applied in the interior of the slab,

EDGE THICEENING FOR BALANCED DESIGN DETERMINED

The relation between edge and interior stresses in the
slabs of constant thickness and in the three thickened-
edge sections just mentioned provides s means for
estimating the extent to which the edge thickness should

INCREASE IN EDGE THICHNESS EXPALSSED
AL A PERCENTAGE OF INTERIOR THICKNESS

Ieure 10—Hrrrcr or EpGE THICKENING ON THE REDUCTION
or Epgr Srress.

be increased if a perfect balance of the cross section is
to be attained. In figure 10 the increase of edge stress
over interior stress (expressed as & percentage of the
latter) has been related to the increase of edge thickness
over the interior thickness, similarly expressed, for
each of these sections. In the case of the four constant-
thickness sections the average value was used. By
drawing a straight line through the plotted points and
pmlongmg this line a short distance to the horizontal
axis of the graph, the intercept on this axis indicates
approximately the percentage of increase in edge thick-
ness that would be required to reduce the edge stress
to the same value as the interior stress.

It will be observed that this method of analysis
indicates that, for the type of cross section in which the
interior of the slab is of constant thickness and the edge
thickening is developed at a uniform rate in the outer 2
or 3 feet of the pavement, the thickness of the extreme
edge must be about one and two-thirds times that of
the interior of the slab, if the section is to be completely
balanced for stresses caused by load.

Thig relation would not necessarily hold for other
cross sections of radically different shape and might be
affected somewhat by the conditions of subgrade
support.

Section 4 has a cross section bounded by two para-
bolic curves with a thickness of 6.3 inches at the longi-
tudinal joint and 9 inches at the free edge. The maxi-
mum stress diagram for this section shows a slightly

reater stress at the edge of the slab than at the interior
%uﬁ there is a section at a short distance from the edge
in which the stresses are definitely lower than those 1n
the interior of the panel (see fig. 8). The diagram
indicates, therefore‘, that at the extreme edge the section
is not of sufficient thickness to balance completely the
edge and interior stress values, and that at a short
distance from the edge the section is thicker than is
necessary. It must be concluded that so far as stress
from applied load is concerned this section is not well
balanced. ,

Section 3 has the same center and edge thicknesses
as section 4 but the shape of the cross section is quite
different, In section 3 the 9-inch edge thickness is
maintained in the outer 2 feet and then reduced to the
center thickness of 6.3 inches in the next 2 feet of the
cross section. The remainder of the slab width is
uniformly 6.3 inches thick. The maximum stress
diagram for this section shows that the maximum
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T1ouRE 11, —AprLicaTION OF A TEST LOAD ON THE EXTREME
Epge oF TeE Lir-Curp SmEoTION.

stress at the free edge is approximately the same as
that in the interior of the slab. That part of the cross
section at & short distance from the edge is shown to be
much. stronger than either the edge or the inferior
and it is this part of the cross section that throws the
design out of balance. The diagram salso indicates
that the heavy edge of this section exerts an influence
on the magnitude of the stresses for a short distance
beyond the point where the edge thickening is dis-
continued. The contrast between the deflection dia-
gram (fig. 7) and the stress diagram (fig. 8) for this
section 1s worthy of note. From the deflections it
might be concluded that this section was the most
nearly balanced of all of those tested, while the stress
diagram leads to the conclusion that this section is not
well balanced and therefore the mos$ economiecal use
is not made of the material in it.

The stress diagram for section 3 was compared with
those for section 4 and the three sections in which the
edge thickening was decreased at a uniform rate from
the edge of pavement inward (secs. 5, 2, and 1) and it
was found that the shape of the cross section has some
influence on the relation between the edge and interior
thicknesses necessary to balance the maximum stresses
for a given load. Tor example, it has been noted that
with the type of cross section represented by sections
5, 2, and 1, an increase in edge thickness of approxi-
mately 66 percent over the interior thicknessis necessary
to balance these stresses, whereas in section 3 an essen-
tial balanee of edge and interior stresses is obtained
with an edge thickness that is only 43 percent greater
than that of the interior of the slab. This is un-
doubtedly due to the greater stiffness of those designs
in which the edge thickness is not decreased rapidly
from the edge of the pavement, designs which the
stress diagrams show to be poorly balanced elsewhere.

SPECIAL METHODS OF LOADING LIP-CURE SECTIONS DESCRIBED

Section 8 was provided with a lip curb on either edge.
As mentioned earlier, the two halves of this section,
divided longitudinally, are of different design. One
half, marked section 8A on figure 1, is of uniform
thickness except where the lip curb was added, while
on the other half, marked section 8B on figure 1, the
lip curb was added to a 9-inch edge, 7-inch interior-
thickness cross section. Thus section 8A may be
considered as being thickened on the top and section 8B
on both bottom and top.

In making tests at the extreme edge of these sections
1t was necessary to place loads and to measure strains
in & manner slightly different from that used on the
other sections, because of the presence of the lip curb.
The bearing block used was solid, i. e., there was no
groove in the bottom, and it was placed on top of the
curb, the center of the block being in the center of the
level section of the curb, as shown in figure 11. Since
this level section is only 3 inches wide, the full ares of
the bearing block was not in contact with the pavement,
and in this position the center of the loaded area was
somewhat cﬁ,ser to the edge of the slab than was the
case with the other sections. It was considered that
this method of loading was justified as it represents the
condition of a wheel load “riding " the curb.

The longitudinal straing were measured by installing
the two strain gages on the vertical face of the edge of
the pavement, one as near the upper and the other as
near the lower surface of the pavement as possible.

For reasons that are obvious, it was not practicable
to measure the strains in the transverse direction
directly under the load when the load was placed at
the edge of the lip-curb section. The transverse stress
computed from the transverse strain was found to be
practically zero at the edges of all of the other sections,
so 1t was assumed to be zero at the edge of the lip-curb
section. Consequently, in order to complete the
transverse-stress curve for this section, the value plotted
represents the transverse effect of the longitudinal
stress. All of the other values shown in the stress
diagr&ms are the direct result of strain measurements.

The maximum stress diagram for section 8A shows a
slightly higher stress at the edge than at the interior
and a slightly lower stress about 18 inches from the
edge. Across the remainder of the section the stress
iz practically constant. It appears that, except for
loads applied at the top of the lip curb, this design can
be considered as balanced and, since with a lip eurb
in normal service the application of loads on the top of
the curb would probably occur but rarely, it appears
that where o lip eurb of this design ig used no other .
edge strengthening is necessary. The maximum stress
diagram for section 8B confirms this conclusion. It will
be seen in figure 8 that, in that part of the cross section
which includes the thickening on the bottom of the slab,
the stresses are consistently less than in the interior.

It might possibly be argued that, in spite of the fact
that the very presence of a lip curb tends to keep the
wheel loads away from the edge of the pavement, the
section should provide fully for this occasional loading.
If such a design is desired, the data indicate that the
cross section, exclusive of the lip curb, should be made
slightly thicker at the edge than at the interior although
not to the same extent as in section 8B. Itis probable
that an additional inch at the edge, decreased to zero
at from 12 to 18 inches from the edge, would accomplish
the desired result.
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As previously remarked in the discussion of section 3,
there is a marked difference between the deductions
concemin% the relative balance of designs that might
be made from the maximum deflection diagrams and
those that might be made from the maximum sfress
diagrams. The deflection data might be taken to indi-
cate that all of the sections are very poorly balanced,
while the stress data show that a number of the sections
are fairly well balanced. The reason for the difference
is that for a given loading the maximum stress is found
where the change in the rate of curvature of the elastic
curve is greatest and is a highly localized condition,
whereas the maximum deflection noted may be the
result of deflection over a large area and thus may not
be associated with a marked change in the shape of the
elastic curve. '

This is one of a number of instances in these investi-
gations in which the relations indicated by the deflec-
tion dats are not in agreement with those shown by the
stress data, and in al% of the analyses which have been
made much more weight has been given to the stress
data since the latter are o direct measure of the load-
carrying ability of the slab. It iz believed that the
deflection measurements are, in all cases, as accurate
as it is possible to make them by direct methods and
that the data show very closely the relative movements
which occurred. However, the shapes of the elastic
curves of the deflected slabs are not determined by
these methods with sufficient precision to warrant any
deductions from the deflection data regarding the stress
conditions associated with the deflection.

EFFECTS OF MULTIPLE.-WHEEL LOADINGS DISCUSSED

The date and discussion thus far presented have
related solely to the effects produced by a single load.
It has been shown by these and by earlier studies ? that
the area of a pavement slab that is stressed by a single
load is relatively small, and the data indicate that if
several loads are applied simultaneously, as would oceur
in the case of a vehicle on the pavement, the critical
stress under each load will not be increased by the
presence of the other loads, providing the distance
hetween the loads is approximately 3 to 4 feet or more.
Thus it is to be expected that 4- and 6-wheel vehicles
of the usual types will not have wheel loads so closely
spaced that the effect of adjacent wheel loads on stress
need be considered. On rare ocecasions, however, pave-
ments are subjected to heavy loads on closely spaced
wheels as, for example, where such cargoes as power
shovels, road rollers, electrical transformers, or other
concentrated weights are moved over the highway on
what are generally known as heavy-duty trailers.
These trailers are usually equipped with four wheels at
the rear articulated in order to distribute the load to
the pavement uniformly.

Figure 12 shows typical wheel spacings (along a
plane through the rear axle) for two trailers of the type
referred to. It will be noted that the close spacing of
the wheels may possibly affect the critical stress in the
pavement. Thus, this type of loading might have an
influence on the design of the cross section of pavement
slabs for certain locations.

No direct tests to determine siresses in the test
sections under multiple loadings have been made up
to the present time. However, data developed in the

¢ See The Six Wheel Truck and the Pavemeni, by L. W. Teller, PyBLIC ROADS,

val, G, no. 8, October 3025, Also 500 Stresses in Concrato Pavements Computed by
Theoretical Annlysis, by B. M. Westergaard, PUBLie RoaDs, vol. 7, no. 2, April 1026,
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tests which have been described in this report furnish o
means for investigating the probable effect of loadings
such as are shown in figure 12. It was thought that an
anglysis of these two cases, from the standpoint of o
possible influence on the design of the slab cross section,
would be of value in the present discussion.

In the description of the testing procedure it was
stated that 2 load was placed successively at each of the
points shown in gquadrant 4, figure 2, for deflection
measurements, or in quadrant 1 for strain measure-
ments, and that the deflection or strain was measured
at each of these points for every position of the load.
From the data obtained it is possible to construct dia-
grams that show the variation In deflection or sfress
at any one of the points of measurement as the point
of loading was moved transversely across the slab.
These diagrams are in reslity influence lines for deflec-
tion or for stress for the several points along the cross
section.

Taking again the 6-inch uniform-thickness slab (sec.
10) and the 9-6-9 thickened-edge slab (sec. 5) as
representative sections, influence lines for deflection for
each of the 7 load positions in quadrant 4 are shown in
Aigure 13, and corresponding influence lines for stress for
each of the 10 load positions in quadrant 1 are shown
in figure 14. These values are for a 5,000-pound load
applied on a circular area 8 inches in diameter.

It was mentioned earlier in this paper that the struc-
tural aetion of the longitudinal joint exerted an influence
on the ma,%lnitude of the stresses produced by a given
load and that the effect might extend as far as 3 feet
from the joint. For this reason the data taken within
this distence of the joint have been omitted generally
from the figures. An exception was made in the case of
the influence lines because it is believed that they will
be more useful if shown in this way. The values given
for points within approximately 3 feet of the longitu-
dinal joint apply strietly only to those designs that
include longitudinal joints having the same structural
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action as those used in the tests, but should apply with
reasonable accuracy for other designs of a si.ija,r type
and degree of joint efliciency.

The longitudinal joint of section 10 is a eorrugated
steel plate, with ¥-inch diameter deformed steel bars in
bond and placed transversely at 60-inch intervals.
The longitudinal joint for section 5 is a steel plate with
a single triangular tongue with steel bars placed in the
same manner as in section 10. In fests of the efficiency
of the longitudinal joints of the various sections 1t
was found that both of the joints described were of
approximately the same efficiency and that both were
fairly efficient. It is believed that the date shown will
apgly with a reasonable degree of accuracy to longi-
tudinal joints of the tongue type where longitudinal
continuity is provided. Ii the longitudinal joint is of a
different type then only the values for the outer 7 feet
of the cross section apply.

The magnitude of the stresses developed in a concrete
pavement slab by a load is affected by the type and
character of the subgrade as well as by the elastic
properties of the pavement. The absolute values of
deflection and stress shown in these disgrams apply
only to the particular conditions of the tests. However,
as has been sald hefore, the subgrade conditions for the
tests at Arlington might well be considered as average
and it is believed that the influence lines as developed

in these tests should give s good general indication of
tlh{?3 effects of different types of loading on pavement
slabs.

MAXIMUM STRESS DIAGRAMS FOR MULTIPLE-WHEEL LOADINGS
DEVELOPED

From the influence lines for stress, stress-variation
curves, similar to those shown in figure 6 but for the
particular load positions desired, were constructed for
each of the four wheel loads of the two types of trailer.
These are shown as light solid lines in figure 15, and since
they are all longitudinal stresses they may be combined
as in the heavy solid lines to show the stress variation
along the pavement cross section under the influence of
the four loads applied simultaneously. The light dotted
lines indicate the general shape of the enveloping curves,
or maximum stress diagrams, that might be expected
should this combination of loads be shifted transversely
across the section. It should be noted that the curves
in this figure are for the 6-inch wuniform-thickness
section.

For the type of loading designated as “A" (fig. 12)
the diagram shows that the interior stress has a con-
stont value to within approximately 3 feet of the free
edge of the pavement, and that the maximum edge
stress is about 50 percenl greater than the interior
stress. This differs but very hittle from the conditions
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developed under the single loading, from which it
seems reasonable to conclude that o section designed for
balanced stresses under single or widely separated
loads would prove to be reagsonably well balanced under
the trailer loading *“A."

For a loading of the type designated as “B" the
stress conditions are shightly different. due to the greater
separation and more uniform distribution of the loads.
For the same total load the critical siresses are slightly
lower than they were for loading “A” and the stress
decreases across the full width of the loaded area from
the edge toward the center. Again the maximum or
edge stress is about 50 percent higher than that devel-
oped in the interior of the panel. If a section were to be
designed especially for this type of loading, the analysis
indicates that it would be economical to extend the
edge thickening toward the center of the pavement
more than is necessary when designing for conventional
types of loading. However, it is indicated apain that
8 pavement ba%anced for single loadings will also be
reasonably well balanced for trailer loags of this type.

In the above analysis the outer load was centered 6
inches from the edge of the Favement. This is an
extreme condition and not likely to be encountered in
the moving of very heavy loads. It is of interest to
male & similar study for the more probable condition
of the center of the load group being coincident with
the center of the 10-foot slab width. In making this
analysis the 9-6-9 thickened-edge section (sec. 5) was
used, since this is a fairly well-balanced section and one
which is widely used.

The stress variation curves for both trailer loadings
on this section are shown in figure 16. These curves
were developed in exactly the same manner as those in
the preceding figure.

It appears from this diagram that on this cross
section the maximum stresses under the four loads are
of practically equal magnitude. It ig also indicated
that at these four eritical points the stress developed
by the multiple loading is about 30 percent greater than
under the single load.
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This means that 5,000-pound wheel loads distributed
in this manner would cause eritical stresses some 30
percent higher than would single or more widely
separated wheel loads of the same magnitude.

As stated at the beginning of this discussion of
multiple-wheel effects no direct tests of such loadings
have yet been made nor have the relations between
stresses developed under an 8-inch diameter circular
bearing block and those under various types and sizes
of motor-vehicle tires been established, Tor these
reasons the data should not be extended too far and the
anal{sig. should be considered indicative rather than
conclusive,

There is another factor involved in an evaluation of
multiple-wheel loading concerning which no data are
available. When a single load is placed on a pavement
slab and a certain maximum stress is developed, this
maximum stress extends over a distance approximately
equal to the diameter of the bearing area and then dimin-
ishes rapidly. Tor trailer loadings of the type described
the maximum stress value obtains over a much greater
percentage of the pavement width, and whether or not
for a given stress value its effect on the slab is more severe
has not been established.

In the preceding paper the importance of the stresses
caused by restrained warping was pointed out. If heavy
loads are to be moved on trailers having closely spaced
wheels, consideration should be given to the possibility
of over-stressing the pavement through a combination of
warping stresses and load stresses. It may be desirable
to confine the movement of certain types of heavy vehi-
cles to those parts of the day when warping stresses are
lowest, i. e., at night or in the early morning,

CRITICAL STRESSES RESULTING FROM LOAD NOT GREATLY
AFFECYED BY SLAB WARPING

In the first part of this paper attention was called to
certain effects of temperature that may influence the
load-stress relation in concrete pavements, and it was
stated that in this investigation consideration was given
to the following:

1. Theeffect of the condition of warping on the stresses
caused by applied loads.

2, The effect of the changes in the supporting power
of the subgrade caused by freezing and thawing or by
other causes.
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3. The stresses caused by variations in the tempera-
ture of the pavement.

In the following paragraphs the significance of the
data obtained with respect to the design of the cross
section will be discussed.

One of the important effects of temperature changes
on a concrete pavement is that tempersture differen-
tials are developed which cause marked changes in the
shape of the slab. Since this results in a modification
of the condition of support, it affects the magnitude of
the stresses caused by & given applied load, as was
broughfoutin part 2 of this series of papers.

In studying the design of a pavement cross section
some consideration should be given to the changes in
the load-stress relation caused by slab warping in order
to determine what correction, if any, should be applied
to basic data obtained from pavement sections tested in
a flat or unwarped condition.

A study was made of the effect of both upward and
downward warping on the load-stress relation and
these data were presented and snalyzed in part 2. It
was shown that the effect of slab warping on the magni-
tude of the stresses caused by load was negligible in the
interior portion of the slab panel. In figure 85 of part 2
it was shown that:

1, Maximum downward warping reduced the critical
stresses caused by load at the edge of the pavement by
about 6 percent 1 the 7-inch slab (sec. 9) and about 2
percent in the 9-inch slab (gec. 6). ‘

2. Maximum upward warping increased the critical
stresses caused by load at the edge of the pavement by
about 8 percent in the 7-inch slab and about 20 percent
in the 9-inch-slab.

From these data it would be concluded that it is not
necessary to make any correction to the load-stress rela-
tion af the interior of the section, but that small adjust-
ments of the critical stresses at the outer end of the
cross section may be desirable to compensate for the
effects of slab warping.

FREEZING AND THAWING OF THE SUBGRADE PRODUCES
CONSIDERABLE EFFECT ON STRESSES

In part 2 there was included s description of certain
load tests conducted during a period of freezing and
thawing of the subgrade ang & rather full discusston of
the effect of the condition of the subgrade on the load-
stress relation was given. This is a matter having
possible bearing on the design of pavement cross sec-
tions and it is pertinent to reexamine the data with this
in mind.

1t will be recalled that at the time of these particular
tests the subgrade was at first frozen solidly to a depth
of 2% inches under the pavement and to a depth of 7
inches below the surface of the earth shoulder, and that
later it thawed rapidly until near the surface it became
very web and completely plastic. During the time that
the earth was {rozen, the pavement sections were dis-
placed upward or heaved abouf one-half inch.

The conditions of pavement support are probably
more uncertoin during the period mmmediately follow-
ing a thawing of the subgrade than at any other time.
For this reason stress data obtained after a thaw are of
more importance than those obtained with the sub-
grade in the frozen state. )

Tigure 17 shows the maximum stress diagram for
section 5 (0-6-9 cross section) under a 7,000-pound
Joad with the subgrade in a softened condition 1mme-
diately after a thaw. The values shown are the aver-
ages of two sets of strain measurements.
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The maximum stresses at the various points in the
interior of the slab are much less uniform than they
were found to be with the subgrade in its normal con-
dition. (See fig. 8.) The lack of uniformity in the
stresses is probably the reflection of a similar lack of
uniformity in the physical condition of the subgrade.
Also the stresses for a 7,000-pound load (fig. 17) are of
gpproximately the sams magnitude as those shown for
the 8,000-pound load (fig. 8).

It will be noted that the curve showing the variation
of maximum stress scross the section has been drawn
through the maximum stress values rather than as an
average of all the values. This was done deliberately
so that the relation between edge and interior stresses
as shown by the diagram for the condition of a thawing
subgrade would represent the most critical value devel-
oped by these tests. As the curve is drawn the maxi-
mum edge stress is approximately 25 percent above
the value of the maximum stress at the interior. This
is practically the same relation as was found in other
tests during the winter months when the subgrade is
wet, so it sppears that, for this section at least, it
might safely be assumed to be representative of winter
conditions, For the remainder of the year the relation
between edge and interior stress is as shown in figure 8.

COMBINED LOAD AND TEMPERATURE WARPING STRESSES
DISCUSSED

When the temperature of the pavement changes two
effects are produced. First, there is 8 change in the
average temperature of the concrete; and second, there
is almost certain to be a change in the relation between
the temperatures of the upper and lower surfaces of the
slab.

The first effect changes the dimensions of the slab and,
because there is & resistance to horizontal movement
developed in the earth of the subgrade, direct tensile
or compressive stresses (depending upon the direction
of movement) are created, which attain their maximum
value in the mid-section of the glab. The unit stresses
developed in this manner are normally of the same mag-
nitude across the entire width of any given section and
for this reason do not enter as a factor in the design of
the cross section. Their prineipal influence is a general
increase or decrease in the amount of stress resistanece
that is available for carrying wheel loads.

The stresses developed as a result of restrained warp-
ing under the action of a temperature differential (the
second effect mentioned above) are of more importance
than the direct stresses described in the preceding par-
agraph, because at cortain times they may be of con-
siderably greater magnitude, but more particularly
hecause they vary in magnitude {from point to point
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Frgure 18. —AREANGEMENT OF RECORDING STRAIN GAGES AND THERMOCOUPLE EQUIPMENT FOR STUDYING THE STRESSES
CAvusED BY REsTRAINED TEMPERATURE WARPING.
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across a given section. It is desirable, therefore, to
examine these stresses as they combine with the stresses
caused by applied loads in order to determine their
influence on the design of the cross section.

The siresses resulting from restrained warping were
not determined for all of the test sections, but the data
for one constant-thickness section and one of the
thickened-edge sections will be given as typical ex-
amples. The two sections selected were the G-inch
constant-thickness sectiom (sec. 10) and the 9-6-9
thickened-edge section (sec. 5). The technique em-
ployed in these tests has been deseribed in part 2 and a
typical installation of the apparatusisshown in figure 18,

Figure 19 shows the maximum stress diagrams for
these two sections and the stress values shown are the
result of restrained warping and applied load combined.

The load stresses are those shown in figure 8, while
the warping stresses are average maximum valies as
determined by measurement during the spring and
summer months when the temperature warping is at a
maximum, as shown in figure 35 of part 2.

It was not possible to measure the warping stresses
on the sections having thickened edges in the usual
manner, due to the difficulty of measuring the change
in length which should occur in the interior of the slab
for the condition of free warping. It is probable,
however, that the warping stresses for the 9-6-9
section approximate in magnitude those of the 6-inch
uniform-thickness section except in the vicinity of the
edges. It was shown in part 2 that the average warp-
ing stresses at the edge of the 9-6-9 section are approx-
imately 30 percent above those at the edges of the
6-inch section of constant thickness, and this relation
has been used to establish the warping stress at the edge
of the 9-6-9 section in figure 19,

Since the load stresses near the edge are reduced
slightly by the same downward warping of the edges
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that produces the critical warping stresses, a slight
correction has been applied to the load stress values
in this diagram. The correction was made in accord-
ance with the experimental data on this point previ-
ously referred to.

The curves in figure 19 for the maximum combined
stress across the two typical pavement sections show
s very uniform stress condition throughout the interior
aren of both sections. Since the interior of both of
these sections is of constant thickness, it is indieated
that for a balanced cross section the interior of the slab
should be of & constant thickness. This was shown to
be the requirement when only the stresses developed
by applied loads were considered. The shape of the
interior portion of the cross section is the same, there-
fore, whether determined by load stresses alone or by
combined stresses.

Referring to the disgram for the 6-inch constant-
thickness section in figure 19, it will be seen that the
combined stress at the edge is about 90 pounds per
square inch, or 15 percent above that in the interior,
This compares with an incresse of 165 pounds per
square inch or 60 percent where load stresses only are
considered (see fig, 8), and the comparisen indieates
that when the combination of the stresses from re-
strained warping and from applied loads is considered,
the pavement of constant thickness is more nearly
balanced than it is for the stresses from applied load
slone. In order to balance the combined stresses for
this section it would be necessary to reduce the edge
stresses by slightly more than one half of the amount
that would be necessary to balance the load stresses only.

Tor the 9-6-9 section, the diagram in figure 19
shows that combined stress at the edge of the pavement
is about 85 pounds per square inch or 13 percent above
the interior stress. This is practically the same rela-
tion as was found to exist in the slab of constant thick-
ness and indicates that so far as maximum combined
stresses across a mid-slab section are concerned, the
9-6—9 section is no better balanced than the section of
constant thickness. This somewhat startling result is
explained by the fact that the increase in the warping
stress ot the edge of the thickened-edge slab, caused by
the increased temperature differential which results
from the greater depth, is approximately equal to the
reduction in load stress at this point accomplished by
the increased edge thickness.

SHORT SLAR LENGTHS NEEDED TO MINIMIZE STRESSES CAUSED
BY TEMPERATURE WARPING

It has been shown, during the discussion of warpin
stresses in part 2, that the magnitude of the critica
warping stress that most directly affects the load
capacity of the pavement is a function of slab length.
The data show that in a slab length of 10 feet the
maximum warping stresses are small but that they
increase with length unfil the length is such that
complete restraint to warping exists in the interior of
the slab. The length necessary for complete restraint
in slabs of different thicknesses has not been deter-
mined in this investigation. It is indicated that
practically complete restraint is developed by a 20-foot
length in g slab of 6-inch constant thickness, and also
that this length in & 9-6-9 thickened-edge section is
not sufficient to develop full restraint at the mid-length
of the panel.

Because of the effect of slab length, it is apparent
that the analysis of combined stresses given above can
be applied exactly only to slab lengths of 20 feet.

It is not known whether the stresses caused by load
in the test sections are larger or smaller than those
developed in actual pasvements by traffic, so that the
comparison between the combined stresses observed
in the test sections and the combined stresses that occur
in pavement slabs in service is not certain. It is
apparent, however, that in pavement slabs as they are
designed today the factor of safety against breaking
must be very small at times when eonditions are such
as 10 produce high warping stresses. The relatively
frequent transverse cracking in our more heavily
traveled concrete pavements 18 also an indieation that
the combined stresses in them often exceed the flexural
sirength of the concrete.

At first thought one might expect immediate crack-
ing when ths combined stresses exceeded the strength
of the concrete, and this would probably occur if the
hi%h stresses extended completely across the slab.
When the critical stress is highly localized, asit appears
to be under an isolated load, a single application of an
excessive stress may produce no immediate effect. In
cases where load stresses are responsible either wholly
or in part for the cracking of a pavement, it is but
natural to expect the transverse cracking to develop
gradually and to continue over s period of years.

Consider, for example, the case of a heavy wheel load
moving longitudinally on the pavement at a time when
high warping stresses are present in the slab, Being of
the same sense in fthe mid-section of the slab, the
stresses combine and may exceed the ultimate flexural
strength of the concrete. These tests indicate that
the high combined stress will be found to exist only for
a very short distance directly under each wheel. The
remainder of the cross section will not be overstressed.
It is not probable that such a stress condition would
caguse & full-length transverse erack immediately, but
it is reasonable to believe that a great many repetitions
of the condition would cause such a crack.

If the length and width of a pavement slab were
equal, the warping stresses would be the same in the
two directions and it would be reasonable to expect
the added stress caused by wheel loads to cause longi-
tudinal cracking to precede transverse cracking, be-
cause the wheel load traverses the ecomplete length of
the slab, stressing every point in the longitudinal sec-
tion, yet this wheel stresses to the same degree only a
comparatively small part of any traverse section. This
may explain the early appearance of longitudinal
cracks in some of the older pavements that were built
without a longitudinal joint.

In concrete slabs where the combination of the length,
depth, and flexural strength are such that warping
stresses alone may cause tﬁe slab to crack, it is to be
expected thatsuch cracks will develop suddenly, since the
high stress condition extends over the entire eross section,

SHORT SLABS MAY BE DESIGNED ON THE BASIS OF LOAD STRESSES
ALONE

Before proceeding with a discussion of the applica-
tion of the results of the investigation to the design of a
pavement cross section, it may be well to review briefly
some of the points developed in parts 1 and 2.

It has been demonstrated conclusively that varia-
tions in the temperature of the concrete in the pave-
ment slab frequently cause large stresses in ceriain
parts of the slab. These stresses combine with those
caused by applied loads, and the pavement design, to
be adequate, must be based upon combined streszes
rather than upon load stresses alone.
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It will be recalled that loads were applied with the
test sections in the flat condition and_ in the warped
condition and that tests were made when the subgrade
was in its normal condition of moisture and also at a
time of excessive moisture immediately after a thaw.
Data were presented to show the influence of concrete
temperature on (1) the direct stresses resulting from
the resistance offered by the subgrade to horizontal
slab movement, and (2) the bending stresses caused by
restraint to free warping which exist in praetically-every
part of the slab.

Since the magnitude of the stresses caused by a
given applied load is affected by the warping of the
slab to & certain degree at the edge of the slab and to &
different degree at the interior, it is evident that this
is o factor that must be considered.

It was shown in figure 17 that the relation between
edge and interior stresses is practically the same during
the very wet eonditions that preveil immediately after
a thaw as during the balance of the winter. any of
the tests that supplied the data for the maximum stress
diagrams were conducted during normsal winter condi-
tions. It is believed to be unnecessary, therefore, to
malke an allowance for subgrade condition in setting the
ratio of edge to interior thickness, .

The ususal assumption concerning the direct stresses
of tension or compression, caused by the resistance to
horizontal movement offered by the subgrade, is that
they are uniform over the full cross section of a slab of
constant thickness, It is probable that the same as-
sumption could be applied to the thickened-edge sec-
tions of this investigation with no great error. If this
is assumed to be the case, the stresses referred to will
not affect the shape of the cross section.

The effect of closely grouped wheel loads was investi-
gated to o limited extent, and the maximum stress dia-
grams which were developed indicate that the shapes of
the load-stress curves for the multiple loads are approxi-
mately the same as for single loads. This leads to the
tentative conclusion that a cross section designed for
sin%le loadings will net need to be modified because of
multiple loadings of the type described.

In order to design a cross section from the maximum
stress diagrams shown in figure 19 it will be necessary to
make allowance for the fo%low:ing:

1. The effect of the condition of warping on the
stresses caused by loads applied along the cross section
of the slab.

«2. The stresses coused by the restrained warping re-
sulting from temperature differentials within the slab.

The stresses caused by restrained warping are de-
pendent in magnitude upon the length and the thick-
ness of the pavement slab and this must be considered
in a discussion of the design of the cross section. It
was shown in table 5 of part 2 that if the length of slabs
of the usual pavement thicknesses is reduced to approxi-
mately 10 feet, the maximum stresses caused by re-
strained warping are quite small. The difference
between the warping stress at the edge and that at the
interior points is reduced to such an extent as to be un-
important in ifs effect upon the design of the cross
section. If a pavement slab were to be deliberately
designed with a length of 10 feet, it would be sufficient
tcf design the cross section on the basis of load siresses
alone.

The maximum stress diagrams shown in figures 8
and 9 will be used to design g balasneed pavement cross
section with the slab length limited to 10 feet. The
principal decisions o be made are:

1. What should be the shape of the interior portion
of the cross section?

2. What should be the relation between the depth of
the slab at the interior where the conditions of support
are most favorable and the depth at the free edge
where they are the least favorable?

3. What should be the shape of the cross section
near the fres edge?

It is definitely indicated by all of the data and shown
more clearly by the average curve for the four eonstant-
thickness sections that, except in the immediate vicinity
of the slab edge, the pavement slab should be of uniform
thickness (see fig. 9).

A load applied at an unsupported edge causes a
maximum stress considerably higher than that produced
by the same load placed at interior points of the slab.
Designing for balanced load stresses therefore requires
g, strengthening of free slab edges. The degree of
thickening required for this strengthening can be deter-
mined from figure 10, which indicates that the depth
of the slab at the free edge should be one and two-thirds
times the depth in the interior region. As mentioned
before, this ratio applies only to eross sections in which
the additional or edge thickening is reduced to zero
approximately uniformly between the edge and a point
a short distance from the edge.

The distance in which this reduection of edge thick-
ness should be accomplished is determined by the varia-
tion in the stresses in the longitudinal direction since
these are the critical load stresses in the vieinity of the
edge. The average curve for stress for the four con-
stant-thiclmess sections {(see fig. 9} shows that the
interior stress is practically uniform from the center
out to a point approximately 2} feet from the edge,
and indicates thal for this area no additional depth
would be required. The date also indicate that the
eftect of the thickened edge on the maximum stress from
load is felt even beyond the point at which the thicken-
ing ends. Considering the stress diagrams for all of
the sections, it seems reasonable to conclude that the
edge thickening need not extend more than approxi-
mately 2 feet from the edge. Again this applies only
to the type of cross section in which the edge thickness
ig reduced to the interior thickness at an essentially
uniform rate, as in section 5. While the data obtained
with the test sections of this type indicate that this is
probably the minimum distance over which the edge
thickening should be reduced, as & practical matter 1n
shaping the subgrade the tendency will be fo increase
rather than decrease this dimension. In balancing the
cross section for load, it is probably permissible to
adopt the minimum distance, or 2 feet, as this dimen-
sion.

TEST RESULTS APPLIED TCO THE DESIGN OF A BALANCED CROSS
SECTION

It is not to be expected that the data from field iests,
no matter how carefully the tests were conducted,
would justify fine distinctions as to the shape of the
cross section where the edge thickening is introduced.
The dats indicate quite definitely that the desired
balance of stresses is accomplished to a satistacto
degree by g cross section in which the increase in sla
thickness is developed at a uniform rate as the edge is
approached, as in sections 1, 2, and 5. None of these
three sections had an edge depth sufficient to balance
{ully the load stresses, yet the advantage of this type of
edge thickening over that provided in sections 3 and 4
is readily apparent in the maximum stress diagrams.
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The pavement cross section shown in figure 20 has
been designed in accordance with the principles devel-
oped by this investigation, and it represents a section
that is completely balanced so far as the stresses from
applied loads are concerned. The interior of the cross
section is of constant depth and the relation between
this depth and that at the extreme edge is 3:5 and is
constant for the usual range of pavement thicknesses.
The difference between the depth at the edge and that
at the interior is reduced to zero in a distance of 2 feet,

It is apparent that the design based on these prin-
ciples is not radically different from that used by a num-
ber of States today. However, attention is called to
the fact that this design does not take into account
temperature stresses and for this reason can be effec-
tive only when conditions ate such that large tem-
perature stresses will not develop.  Climatic conditions
8o constant as to accomplish this are rare indeed, but
as mentioned previously, & very large reduction in the
magnitude of the critical temperature stresses can be
obtained by using short slabs.

It is indicated by the data presented in part 2 that
even with a 10-foot slab length the maximun stresses
caused by resivained warping are greater in magnitude
than the increase in load stress caused by upward
warping of the edges of the pavement. Therefore,
the critical combined stresses to be considered in the
design of the cross sections are those occuring during
the daytime when the edges of the slab are warped
downward,

It was assumed earlier that the small difference be-
tween the warping stresses at the edge and those at the
interior of a 10-foot slab would not cause the refation
for combined siresses to be materially different from
that which obtained for load stresses alone. In pro-
ceeding {rom the unwarped condition, for which the
eross section shown in figure 20 was designed, 1o that
of the combined stresses of the warped slab of the 10-
foot length, it is only neccessary, therefore, to modily
the load stresses slightly due to the effect of the condi-
tion of downward warping, It has already been shown
that this decrease for o load applied at the edge of the
7- and the §-inch sections was about § percent.

If the edge stresses shown in figure 9 arve decreased
by 5 percent, it is found that the edgé thickness of a
balanced slab should be approximately 1.6 times the
interior thickness instead of 1.66 as was indicated for
the unwarped slab condition. This is a small difference
and is perhaps beyond the accuracy of this method for
determining the relation between edge and interior
thickness. The data do lead definitely to the conelu-
sion that in slab lengths of approximately 10 leet a
balanced design requires a maximum edge thickness
that is slightly more than one and one-half times the
interior thiekness.

534302 ©-43 -5

Pe—-LOHGITUBINAL JOINT FREE EDGE—w

&

TR ¥
fadasa b

a0 a8 ¥
a tbbh

Fal
L~—- 2 af—j———i

13F7T 1

Froure 20.--8ras PANEL Cross-Scpcmon Cowmrrarany
BALANCED ror Load SrTressns.

Inereasing either slab length or pavement thickness
increases the warping stress up to the point at which
the length for a given thickness is such that complete
restraint to warping exists in the center of the slab,
For this reason, increasing the edge thickness of a long
slab may not increase the load-carrying capacity of the
slab edge as much as would be expected. Asshown in
the maximum stress diagrams for combined stress in
the two 20-foot slabs of figure 19, the benefits derived
from the thickened edge from the load-stress standpoint
are practically offset in the 20-foot section by the
increased warping stresses which unavoidably result.
It is conceivable that there may be cases of slabs so
long that complete restraint to warping is developed
in which the thickening of the slab edge may actually
lower the load.carrying ability of the edge.

It may seem from the above discussion that the
thickening of slab edges should be eliminated in slabs
with lengths of 20 feet or more. So [ar as strengthen-
ing the edge in the mid-length of the slab this is prob-
ably true. The high combined stresses in long slabs
that carry heavy loads eventually lead to transverse
cracking which shortens the slab length and thus
reduces the warping stresses and consequently the
combined atresses at the edges of the slab.

While the design of sleb corners is not discussed in
this paper, edge thickening is so intimately connected
with corner design that some mention of the effect of
edge thickening on the stress conditions in the region
adjacent to the slab corner should be included, Thick-
ening the edges of a pavement slab does not increase
the combined stresses in the corner because the critieal
warping stresses are opposite in sense to those eaused
by load. Edge thickening is effective therefore in
reducing the combined stresses at the corner.

This study leads inevitably to the conclusion that a
conditionof balanced stressesin a pavement eross section
iz possible only when the critical stresses arising from
restraint to warping are definitely limited to low values,
The most practical method of insuring this seems to be
through the construction of short pavement slabs.
Application of this conclusion to the design of pavement
slabs involves considerations other than those discussed
in this report but necessary to the forming of a correct
judgment as to whether or not a completely balanced
design should be used or how closely it should be
approached.
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PART 4—A STUDY OF THE STRUCTURAL ACTION OF SEVERAL TYPHS OF TRANSVERSE AND
LONGITUDINAL JOINT DESIGNS!

RECEDING REPORTS on parts of this investi-
gation have presented: (1) A general description
= of the entire project and of the methods employed
in making the tests {part 1); (2) a discussion of the
effecta of temperature and moisture varistions on the
size, shape, and load-carrying ability of pavement
slabs as observed during the course of these studies
(part 2); and (3) a discussion of the results of tests on
various pavement cross-sections (part 3).

This report contains a description of the studies that
were made of the structural action of the several
transverse and longitudinal joints included in the
investigation. In presenting this material, certain
descriptive matter will be repeated from the preceding
reports for the purpose of amplification together with
such data from parts 2 and 3 as are necessary for an
adequate treatment of the subject.

In dealing with the subject of the design and use of
joints in concrete pavements, it 1s of considerable
Interest to look backward over the period of concrete
pavement construction and trace the development of
theory and practice in regard to joint construetion.
This development will be sketched rather briefly.

A number of concrete pavements were built in Eu-
rope and in the United States long before the beginning
of the present century. There is mention of one con-
strueted in Inverness, Secotland, as early as 1865,°
while in this couniry one of the earliest of which there
is an authentic record iz that construeted in Belle-
fontaine, Ohio, in 1892, So little information is given
in the gecounts of these early concrete pavements that
in most cases no details of the spacing and design of
the joints are available. It appears, however, that
the joints were simply small spaces left between adja-
cent slabs and were intended to be filled with earth,
although as far back as 1871 a patent was granted that
gove the inventor righfs covering the use of gum, tar,
rubber, or other water-repellent substances as a filler
for joints in pavements made of concrete blocks.?
Some mention is made in engineering literature of the
use of pitch and of creosote oil for the same purpose at
about the same time.

EARLY JOINTS DESIGNED TO PROTECT SLAB EDGES FROM
DAMAGE RY STEEL-TIRED WEHEELS '

The Bellefontaine pavement was laid in small slabs
or blocks 5 or 6 feet square and tarred paper was
placed between the blocks to allow for expansion.* It
15 interesting to note that with this small-slab construc-
tion practically no cracking has occurred in this pave-
ment during more than 40 years of service, At the

i A series of {lve articles has bean planned, Ports 1, 2, and 3 have eppesred in
Pupric Roaps, vol. 16, nos. 8, §, and 10, Octobar, November, and Decomber 1035,
respectively. .’Bemuse of its length, Part 4 wilt bo presented in two issues of PUsLic
Roaps. The seeond installment will appear in tho October issuo.

[;t%c’):mgn% é\nd Concrete—A. general refronce book, 1928, Portland Cement Asso-
3 Unfiod Blates Patont no. 120208 granted Oct. 24, 1671, to H. A, Cunther,

4 Portland Cement Pavemont, by G. W. Bartholomew, Jr,, Engincering Nows,
vol. 33, no. 1, Jam. 3, 1804, p. &.

88862—86——1

time 1t was constructed all traffic was carried on steel-
tired wheels and much damage was done to the edges
of the slabs by teamsters who drove so that their wagon
wheels followed the jointa.? FEfforts to prolect slab
edges from the damaging action of steel-tired whaeels
seem to have been the dominant throught in the early
consideration of joint design.

Figure 1 shows a drawing of what is one of the first,
if not the first, joint designs for concrete pavements
patented in this country.® The object of this design,
as stated in the patent, was to allow adjacent blocks
{0 heave without injury to their edges. Direct expan-
sion apparently was not a consideration. It was
specified that the metal forming the joint should be
stiff enough fo permit tamping the concrete around it,
yet light enough to erush in the event that heaving
aceurred.

The decade between 1900 and 1910 might well be
considered as the early formafive period in concrete
pavement history. A new type of pavement was de-
veloping and the liferature of this period contains many
inquiries as to how concrete roads should be buils,
with httle or no information available to supply the
answers. The joint, intended to provide for expansion
and to control cracking, made its appearance, although
it continued to be 2 simple opening between slabs.
Breaking of the slab edges under the action of the steel-
tired wheels was still a serious problem and its effect is
reflected in the staggered and oblique joint designs of
the period. Some pavements of which there is a record
of the joint construction are deseribed briefly as follows:

Grand Rapids, Mich.,, 1901-02: In a {two-course
pavement, joints were placed along the curbs and trans-
versely at intervals of 25 feet in the base course. The
width of these joints is not recorded. The top course
was laid in alternate blocks 6 feet square with expan-
sion joints one-fourth inch in width between blocks.
These joints were filled with asphalt.

Toronto, Canada, 1902: This pavement was laid in
blocks 20 feet square with ¥%-inch expansion joints
between the blocks. The joints were filled with “‘paving
piteh.”” It is reported that under heavy traffic the
edges of the slabs shattered badly.

Richmond, Ind., 1903-04: The earliest concrete
pavements in this city date from 1896. Of the early
pavements no information about the joint design was
found, although it appears that small slabs were used.
The pavements laid in 1903—4 were in large slabs with
expansion joints 1 inch wide. It wasreported that these
wide joints were troublesome because of chipping at the
aslab edges. Mention of temperature cracking in con-
nection with this pavement appeared in the early re-

ports.

2 Tho Concrote Pavernents of Bellefontaine, Ghio, by Pref. F. H, Eno, Engineoring
Naws, vol. 51, no. 1, Jaa, 7, 1604, p. 15,

s United States Patent no. 312807 granted Feb. 24, 1884, to C. F. Rapp.
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Washington, D. C., 1906: This pavement was laid
in slabs 100 feet long separated by 1l-inch joints filled
with 2 bituminous material, '

City of Panama, 1906-7: It is recorded that the first
concrete paving in this city consisted of slabs 10 feef
in length. On wide streels fhe pavement was divided
longitudinally at the center and the slabs were stag-
gered on either side of this joint.

Becauge of difficulties with chipping and spalling
along the joints, commercial companies specislizing in
concreta pavement construction began gradu&lly o
increase the spacing between joinis. This practice
continued for many years and culminaied in the con-
struction of hundreds of miles of concrete pavements in
which the only joints constructed were at places where
the E&ving operation was stopped for some reason.

That some engineers ab this fime appreciated the
advantages of crack control in concrete pavements is
evidenced by the foﬂowin%&quc)tation from a patent for
s joint design granted to Mr. B. Kieserling, a German
cifizen, by the United States Patent Office in 1906: 7

“As it is well known, irregularly running cracks
appear after o shors time 1n paving made from conerete
or other cement mixtures, which lead to the desiruc-
tion of the pavement. * * * I avoid this irregular
formation of cracks by providing for the oceurrence of
cracks at definite places and causing them to run in &
direction previously determined upon.” Mr. Iieser-
ling’s designifor accomplishing this control of cracking
is shown in figure 2.

WIDE DIFFERENCES FOUND IN STRUCTURAL DETAIL3 OF
BARLY JOINTS

By 1910 the automobile had demonsirated itself to
be a practical machine and with its increasing use came
the demand for more and better highways, particularly
interastate highways. The stimulus thus given to road
building is reflected in the increased discussion of von-
crete pavemeni design. Spalling and chipping at the
joints and separation of adjacent slabs, both vertically
and horizontally, were iroubles which gave a great deal
of concern in these early pavements. To overcome
chipping, diagonal joints and edges armored with metal
were frequenily recommended, For the displacement
et the joinis, particularly the longitudinal joints,
numerous suggesiions appeared—more attention to
drainage, reinforcement to pravent longitudinel cracks,
dished subgrade to provide s thicker pavement at the
center of the road, and rolled stone subbases—each had
its advoceates,

7 United States Patent Mo, 830660, granted Dee, 235, 1903, to R, Kiesorling, Germany,

.
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FigoRE 2.—AN Earyuy ParENTED JornT Dosiax ror CovncRETE
PAVEMENTS.

Speaking editorially, one of the leading engineering
journals of the country said of the concrete pavement
joint designs of this period: ®

Practice exhibits a heferogeneous array of expansion joint
details, spacings, and arrangements. This iz most frue of
transverse joint practice. The plan is general of placing joints
between pavement edge and curb and, when railway iracks
occupy the streets, of placing joints on each side of the tracks
jusé outside the tie ends. There is no similar uniformity in
transverse expansion joint practice. They are spaced 25, 30,
3714, 50, 60, and 100 feet apart, and the most common spacings
are perhaps 25 and 30 feef. Usually they are square across the
roadway but various dingonal arrangements are employed,
Btructurally the differences are wide. Joints with metal guard
plates, joints with rounded edges only, joinis of all widths from
¥ to 1inch, joints with fillers of 2 dozen characters are employed.

As mentioned previously, some of the State highway
departments adopted the practice of laying concrete
pavements withoub joints except at poinis where the
construction operation was stopped. By 1915 a pum-
ber of States were building their pavements in this
menner. The reasons prompting this poliey were
described by one State highway engineer,” who stated
that the occurrence of transversa cracks hed been
plmost as erratic in pavements with the joinis spaced
50 feet apari as in those in which the spacing was 100
feet. The difficulty of constructing smooth surfaces in
the vicinity of the joints and the chipping of the slab
edges at the joints under the action of trailic were also
important considerations.

At the tenth annusal convention of the American
Concrete Institute (1914) certain recommended speci-
fications for concrete pavement construction were
adopted, and the recommendations relative o joint
construction probably reflect the thought as to the
best practice at that tima.

In these specifications it was recommended that
transverse joints should bes not less than one-fourth nor
more than three-eighths inch in width and should be

laced across the pavement perpendicular o the center
Ena, not more then 35 feet apart. It was further rec-
ommended that 2 longitudinal joint not less than one-

§ Eaghaecering and Coatrascting, vol. 40, ae. 2, Yuly 0, 1013,

$H, . Bilger, Stato road engincor of Ilingis, in o paper delivered befars the

iingis Sosiety of Enogineers snd Burvoyors 1915, Alzo Engincering sad Contracting,
vol. 43, no. 11, Mar, 17, 1015, pp, 254-6.°
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fourth inch in width should be constructed between
the curb and the pavement and that all joints should
extend completely through the pavement and be per-
pendicular to its surface. Also, the conerete af {rans-
verse joints should be protected with soft-steel, joint-
protection plates rigidly attached to the concrete, the
surface edges of the metal plates to conform to the sur-
faces of the concreta. All joints found to be more than
one-fourth inch too high or one-half inch too low were
to be removed. It was specified further that all joints
were to be formed by inserting, during eonstruction, and
leaving in place the required thickness of joint filler,
this filler to extend through the entire thickness of the
pavement.

I 1017 LOAD TRANSFER APPREARIED AS A PACTOR IN JOINT DESIGN

It will be observed that provision for expansion and
protection of the joint edges are dominsnt considera-
tions and that mutual support through trensfer of load
is not mentioned as a joint requirement. The smooth-
ness tolerances are of interest in contrast with the
specifications of today.

Load {ransfer as a factor in joint design was soon to
appear, however. In the desigh of a concrete pave-
ment constructed between two Army camps near
Newport News, Va., during the winter of 1917-18,
steel dowels were placed across all transverse joints for
the stated purpose of transmitting load across the
joint by shear.'® The joints were three-eighths inch in
width and four three-quarter inch diameter steel dowels
were used in the 20-foot pavement width. It wasrecom-
mended that eight rather than four dowels be used.
Heavy truck traffic during the World War period ap-
parenily failed to damage these joints.

Following the World War the use of steel dowels
spread rapidly wherever concrete pavement was being
laid and has continued up to the present time.

Although the principle had been well known for
many years, one of the earliest references to the use of
the weakened-plana contraction joint for erack control
appears in connection with o pavement laid in West
Virginia in 1919.2* It was constructed by grooving the
bottom of the slab by sefting a thin board on edge on
the subgrade, the width of the board being approxi-
mately one-half the thickness of the pavement. The
concrete was then cast over the board.

Soon after this the recommendation appeared that
this type of joint be formed by a board one-fourth inch
thick and 6 inches wide so cupped or warped as to
give a tongue-and-groove effect to adjoining slabs, thus
preventing uneven settlement of the abutting edges.

Tigure 8 shows typical joint designs for which patents
were granted in this country during the decade follow-
ing 1910. The essential feature of the design shown in
figure 3—A was the use of steel protection plates at the
joint edges, tisd in to a general system of reinforcement.
The object of the design shown in figure 3-B was to
permit the placing of the joint filler in advance of the
concreting operation. It will be noted that an air
chamber was provided to take care of the filler material
during expansion. Figure 3—C shows a design intended
to protect the edges of the slabs and at the same time
serve as o container for the filler.

The use of a steel T-section embedded in the plastic
filler material was proposed in the design shown m
figure 3-D), the T-section presumably serving to protect
the edges of the concrete. While the design shown in

® Engineering News-Record, vol, 83, ne. §, Mar. 2, 1922, pp, 357-8,
11 Enginecricg News-Record, vol. 85, no. 7, Aug, 12, 1020, p, 305,

figure 3—I0 was apparently intended primarily to provide
a sliding key or bridge in order to hold the filler material,
both the design and the claim contain the germ of an
idea that appears in many of the joint designs bein
promoted today. TFigure 3-F shows & heavily armore
expansion joint in some respects guite similar to designs
recently proposed salthough the idea of load transfer
does not appear in the clalms.

The design shown in figure 3—G is definitely intended
to provide “an interlocking engagement of the adjacent
conerete sections” although the compressible material
which is interposed between the corrugated plates,
together with separation caused by contraction, would
probably completely defeat the purpose. Iigure 3-H
shows a design that includes the use of dowels which
are not bonded o the concrete, and are installed for
the stated purpose of maintaining the engaged sections
of conerete in the proper relation to each other and at
the same time permitfing independent expansion and
contraction,

NEED FOR BETTER EXPANSION AND CONTRACTION JOINTS

‘RECOGNIZED

The disappearance of sieel-tired wvehicles from the
highway, a change which accelerated rapidly during
the pertod following the World War, eliminated what
had been one of the worst problems in joint design, i. e.,
chipping of the slab edges. The result was the general
omssion of the steel, edge-protection plates from joint
designs. A new trouble appeared, however, with the
increased use of concrete pavements. ISxpansion fail-
ures known as “blow-ups’ began to appear 3 or ¢ years
after the laying of the pavement, and the seriousness
of some of these created a renewed interest in joints
providing relief for expansion. '

The desire to Improve the appearance of concrete
pavements by control of cracking led to the more wide-
spread use of the so-called “contraction jeints.” As
already noted, the earliest joints of this type were con-
structed by grooving the bottom of the slab. The
irregulority of the crack on the slab surface, coupled
with the difficulty in sealing these joints effectively, led
to an unfavorable reaction which resulted in the general
abhandonment of this design. Shortly after 1920 a
wealkened-plane joint appeared in which the upper
surface of the slab was grooved. While more diﬂ%ult
to construet, it obviated the difficulties just noted and,
with the development of mechanical methods for groov-
ing the concrete at the time of construction, this type
of contraction joint came into rather widespread use.

The decade following 1920 also saw the ﬁeneral adop-
tion of longitudinal joints that divide the pavement
into slabs approximately 10 feet wide. Experience
showed that such joints practically eliminated longi-
tudinal cracking and, since this width is about what is
required for & single lane of traffic, the practice of
buiding pavements in slabs about 10 feet wide has
developed naturally and has resulted in effective con-
trol of longitudinal cracking.

During the early part of this decade researches such
as the test road at Pittsburg, Calif., the Bates road
tests in Illinois, and experiments of the Bureasu of
Public Roads at Arlington, Va., developed certain basic
facts concerning the effect of loads on pavement slabs
of various designs. In all of these researches the need
for strengtheming slab edges was definitely indicated.
Free edges of slabs can be strengthened most simply by
increasing the slab depth, but where the slab adjoins
others the possibility for inter-sleb support as & means
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for strengthening the edges has long been recognized
and hes led to meny proposals for joint designs in
which varying degrees of interlocking action are devel-
oped. The use of transverse joint designs in which
gsome form of load-transfer mechanism is incorporated
hes become quite general, the round, steel dowel bar
being the most common.

Efforts were aleo made to strengthen structurally, by
systems of steel reinforcement, eertain parts of the slab,
usually the edges and corners. Some of these proposed
systems were very simple; others were quite extensive
and complicated.

In figure 4 are shown a number of typical joint designs
for which patents were granted between 1919 and 1920,
It is of interest to compare this group with that shown
in figure 3 and note how the changes in ideas about
joint design that have just been discussed are reflected
in these two groups of designs. The idea of edge pro-
tection disappears and the 1dea of load transfer appears
as the most important factor in the design.

Figure 4—A shows a method for the control of cracking
by means of a {ransverse, steel parting strip so deformed
as to create corrugations of various shapes to provide
for an interlocking action of the two slab edges. TFigure
4-B is similar except that complaete separation is pro-
vided without cracking and a single approximately
rectangular tongue and groove is formed. TFigure 4-C
shows a deformed metal plate intended for longitudinal

joints and forming a triangular tongue and groove simi-
lar to that used in one of the test sections. Figure
4-D shows a doweled joint with a short cap to provide
for end freedom of the dowel during expansion. In
figure 4-K are shown several designs incorporating
various methods of load transfer together with s col-
lapsible metal box intended to form the opening between
the slabs at the time of construction and to remain in
Place as a seal afterward.

The use on one slab of rounded projections that
engage sockets of the same shape on the adjoining slab
is proposed for load transfer in the longitudinal joint
shown in figure 4-I*. The use of bonded dowels is con-
templated in this design. Figure 4-G shows an expan-
sion joint in which inter-slab action is obtained by both
o conerete tongue and groove and by steel bars which
pass from slab to slab.

CLOSER SPACING OF TRANSVERSE JOINTS GRADUALLY ADOPTED

The great differences of opinion as to how far apart
joints should be placed, which were remarked in the
1815 editorial, persisted for many years. In 1931 three
States used expansion joints only at bridge approaches
while several others employed them only uncﬁar special
conditions (which frequently meent only at bridge
approaches). The remainder, with the excepfion of
one 3fate, installed expansion joints at Intervals of
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approximately 100 feet or less. This one State con-
strueted a' 4-inch e}g)ansion joint at approximately
800-foot intervals and used no other fransverse joints
in concrete pavements.

By 1934 all of the States, with but one exception,
were installing expansion joinis at intervals of 100 feet
or less {and in this one the interval used wag 150 feet).
Also, the adoption by meany States of the policy of
using contraction joints between the expansion joints
resulted in a still further reduction of the interval be-
tween fransverse joints. During the early part of 1934
the Bureau of Public Roads made the requirement that
on Federal-aid road construction expansion joints should
be provided at intervals of not more than 100 feet and
that in plain-concrete slabs transverse joints should be
placed at intervals not exceeding 30 feet. It was re-
quired aleo that the width of expansion joints should
be not less than three-fourths nor more than 1 inch
and that some provision for load transfer should be
made in 2]l transverse joint installations. These re-
quirements for Federal-aid consiruction have probably
accelerated the ftrend toward & shorter distance between
joints, & frend that has been discernible for a number
of yoars in spite of the wide variation of opinion which
has existed.

Although there is widespread acceptence of the
desirability of inter-slab load support at transverse
joints, there is both a wide divergence of opinion as

to how it should be accomplished and a decided lack
of agresment on the fundamental structural require-
ments of a satisfactory joint design. This eondition
ig caused principally by a lack of conelusive evidence
from tests or other sources as to what these require-
ments should be.

In 1927 Westergnard published an analytica] treat-
ment of the action of a doweled joint under load.?
This valuable contribution to the general subject of
joint design has apParently not been given the atten-~
tion it deserves. The snalysis showed the effect of
dowel spacing on the stresses direcily under a load
acting at & doweled edge of & pavement slab, throwing
new light on the critical stresses in the vicinity of joints
of this type. It is indicated that dowels, even under
the ideal conditions thai were assumed, must be placed
very close together if they are to be reasonably effective
as o means for transferring load.

Agide from Westergaard’s analysis there has been
little information avasilable except for ocecasional re-
ports of the observed service behavior of certain joint
msialintions.

An examination of fthe designs shown in figure 5
will reveal how widely opinions vary as to what is
required structurally in jomnt action. It will be noted
that some believe that a joint should be sheer resistant

13 Angiyais of Btreasea in Conerats Roads Oaused by Variatlons of Tempersture.
Punrie ROADS, vol. §, no. 3, May 1927,



72

PUBLIC ROADS

Vol, 17, No. 7

kY
/.:" T
T
RIS
T
=

-
=

PATENT GRANTED 1932
NO. 1,884,647 —R.B,GAGE

=
(]

'_.@. T!r(“?_” T
g @
PRt

Ty 4 Sl

ST TN
B
NEW YORK STATE STEP PLATE DESIGN

TENT GRANTED {932
.1856,722- C. OLDER

PATENT GRANTED 1934
NO.1,956,809~ R.R.ROBERTSON

NEW JERSEY CHANNEL DOWEL DESIGN

Tigure 5.—Jornt Desigws Tmar Treiry Vantous OriNions as vo WaaT Is REQUIRED STRUCTURALLY IN JOINT AcTion,

but should be without stiffness so far as vertically
applied loads are concerned. Others are equally con-
vinced that an effort should be made in designing the
joint to develop the same resistance to bending at the
joint as is found in the interior of the slab.

Tigure 5-A shows g design in which no eoffort is
made to develop bending resistance in the joint struc-
ture itself. If the load approaches the joint from one
direction there is direct transfer to the adjacent slab
through the reaction developed on the ledge or shelf
on the adjacent slab, The joint in this case acts some-
what as o free hinga. If the load approaches from the
opposite direction there can be no transfer of load.

ne of the designs, shown in fipure 5~B, shows a
gteel plate running the z.length of the joint and fitting into
grooves or recesses formed into the two opposing slab
ends. The plate acts as a key or spline and by its
stiffness transfers part of the load across the joint.
The flexibility of the plate permits a certain amount of
hinge aclion to occur. Figure 5-C shows another
design in which one slab rests on a shelf on o slab
opposite. The shelf or ledge in this case is of steel and
is anchored imto the concrete of the slab end. In
order to obtain the same support for each slab, the
sheli angles are cut inio short sections, half of the
projections extending from each slab and so stagzered
that they intermesh, giving o typical hinge construction.

Another joint identical in principle but differing in
the details of itz design is that being used in New York
State and shown in figure 5~D. In this case the shelves
are individual castings anchored into concrete as
shown. In neither of these is fhere any attempt to
develop resistance to bending in the joint structure.

A design differirg radically in principle is that used
by the State of New Jersey and shown in figure 5-T5.
The theory behind this design is that the same resist-
ance to bending should be provided at the joint as is
found at the other poinis along the slab, and the series
of stiff members which span the joint in this design
are for this purpose.

JOINTS MAY ACT TO RELIEVE STRESSES RESULTING FROM
EXPANSION, CONTRACTION, OR WARPING

A feature of joint design that has given considerable
concern and that has been and is still being given o
great deal of study is the filling and sealing of expansion
joints. It presents a related but separate problem and
was not a part of the investigation that is being reported
in this series of papers,

In this brief review it has been noted that joints
appeared with the first use of conerete for paving, prob-
ably the division of the early pavements into small
units being as much for convenience in construction as
for any other reason. Later, expansion joinis as such
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appeared with the expressed idea that their use would
control the cracking which inevitably occurred. Diffi-
culty in the construction of joints and their apparent
ineffectiveness as & means of crack control led fo a
reaction that resulted in o decreased use of joints for a
period. The results obtained by this policy were not
altogether satisfactory, however, and the continued
urge for smoother and better appearing pavements led
to the introduction of what have been called contrac-
tion joints placed between expansion joints, the length
of the slalg units being gradually decreased. Load
transfer as a recognized factor in joint design appeared
after the World War and is now quite generally con-
sidered to be an essential requirement.

The importence of freely scting joints as a means for
the relief of stresses developed by restrained tempera-
ture {and possibly moisturs) warping is as yet not
generally appreciated, although the results obtained
with the longitudinal center joInt have been evident for
vears and both the theoretical and experimental indi-
cations of the importance of warping stresses were
pointed out before the Highway Research Board nearly
& decade ago.l?

Ag shown in the preceding papers of this series, the
present investigation has developed 2 considerable
amount of information about the magnifude and the
distribution of warping stresses. This information,
much of which is mew, emphasizes the necessity for
controlling these stresses in concrete pavements if
adequate wheel-load resistance is to be provided. The
data that have been presented relative to warping
stresses bear directly, therefore, on one important
function that a joint should be designed to perform.

Thus it appears that joinis in concrete pavements
may be clossified according to their intended function,
as follows:

1. Those designed to provide space in which unre-
strained expansion can oceur.

2. Those designed for the relief or control of the
direct tensile stresses caused by restrained contraction.

3. Those designed to permit warping to occur, thus
reducing restraint and eontrelling the magnitude of the
bending stresses developed by restrained warping.

Obviously a joint may and frequently does perform
all three of these functions. An expansion joint, for
example, may permit unrestrained expansion, contrac-
tion, and warping, while & joint of the so-called contrac-
tion type may actually benefit the pavement more by its
ability to relieve warping stresses than by its intended
function of relieving direct fensile stresses caused by
contraction.

Tt should be kept in mind that joints are needed in
concrate pavements for the one purpose of reducing as
much ag possible the stresses resuliing from causes other
than applied loads in order that the natural stress
resistance of the pavement may be conserved to the
greatest possible extent for carrying the loads of traffic,

A joint is potentially & point of structural weakness
and may limit the load-carrying capacity of the entire
pavement so thatitis important to examine joint designs
from this standpoint as well as for their ability to permit
unrestrained expansion, contraction, and warping.

1# Analysis of Stresses In Coneroto Pavements Due to Variations of Temperature,
by H. M. Westergaard, Proccedings, Sixth Annusl Meeting, Highway Resesreh
Board, December 1926, pp. 201-215,

U Progress tepert on the Experimontal Curiag Blabs at Arlnpgton, Virginia, by

J. T Pouls, Proceedings, Sixth Annual Meeting, Highway Research Board, Decomber
1928, pp. 102-201,
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Firaure 6.~-DEsigNs or TRANSVERSE Joints INCLUDED IN
AR InvEstigaTion. TrE Boxp was DEsSTROYED ON ALL
Dowrns Across Trawsverse JoinTs BY PAINTING AND
(GREASING.

_ In studying the structural action of joints in this
investigation, each joint was subjected to tests to deter-
mine its relative effectiveness for:

1. Permitiing unrestrained expansion and contraction.

2. Permitting unrestrained warping at the joint.

3. Reducing the structural weakness ereated by the
break in the slab continuity at the joint.

INSTALLATION AND DETAILS OF TRANSVERSE JOINTS DESCRIBED

In the first paper of this series there was given a
brief description of the 10 #ransverse and the 10 longi-
tudinal joints that were included in the pavement sec-
tiong buils for this investigation. Before beginning the
deseription of the tests and the discussion of the results,
it is desirable to refer agein to the details of these joints.

4

The details of the several types of transverse foi.nts
studied are shown in figure 6. The joints are all classed
as expansion and contraction joints with the exception
of the two fransverse plane-of-weakness or dummy
joints that were incorporated in sections 3 and 4. These
two are primarily contraction joints. The transverse
joints are divided into four groups, according to type.
The first group comprises the dowelled expansion and
contraction joints found in sections 6, 7, 8, 0, and 10.
In this group the dowels were round, rolled-steel bars
three-fourths inch in diameter and 3 feet in length in all
cases but both the spacing of the dowels and the distance
between the abutting slab ends (or joint opening) were
varied, as shown in table 1, in order to determine the
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SECTION 5

D
, TRIANGULAR TONGUE

WITH 3-IN,DIAM. DOWELS 4 FT. LONG 60INS.CLC,

SECTION 3
RECTANGULAR TONGUE
WITH %-IN. CIAM, DOWELS 4FT, LONG GOINS,CC,

SECTION 4
RECTANGULAR TONGUE
WITHCLT DOWELS

SECTION 10

. CORRUGATED PLATE
WITH 3IN.DJAM, DOWELS 4 FT.LONG B0OINS.C.C,

SECTION & p°
PLANE OF WEAKNESS
WITH $4N.DIAM, DOWELS 4FT.LONG 60 IN5.C.C,

SECTION 7

£

PLANE OF WEAKNESS
WITHOUT DOWELS

SECTIONS 1,2,889

PLAIN BUTT JOINTS ~~TARRED FELT
WITH $4N.DIAM, DOWELS 4 F T.LONG SPACED:
SLAB 1-60 INS. CC. 5LAB8—36INS.C.C
SLAB 2~48 INS.CC. SLAB 9- 24 INS.C.C.
Figore 7.—Desianag oF Loweimupinal Jorwts IwcLupep 1w
THE InNvBsTIGATION. ALl DoWwEus (or Derozmep Tie
Bars) WERE BouneEn TEroverouT TaBIR LENGTH.

effect of thr;ase variables on the structural setion and
general efficiency of joints of this type.

PasLe 1.—Delails of doweled expansion and centraction joints

Joint Dowael
Section mo. opening | spocing
Inch Inches

27

3 18

% 26

4 27

3 18

At the time of installation the dowels were carefully
painfed and eoated with grease to prevent bonding
with the comcrete, and special pains were faken to
insure that all of the dowels were parallel to the sub-
grade and to the longitudinal axis of the pavement
section. As will be noted in the drawings (fig. 6) 2
short cap or sleeve on one end of each dowel permits
free longitudinal movement of the dowel within the
concrete.

In the second group of transverse joints are the two
plate-dowel designs found in sections 2 and 5, the only
difference between the two being in the width of the
joint opening. In each the steel dowel plate iz one-
fourth by 4 inches in section and is continuous for
the full 10-foot width of the pavement slab. The
bonding of the dowel plates to the concrete was pre-
vented by an encasing shield of sheet metal which
extends beyond the edges of the dowel plate in such a
manner as to provide for free movement of the dowel
plate during expansion and contraction of the pave-
ment. The widths of the joint openings employed in
these two joints are one-half inch (sec, 2) and three-
fourths inch (sec, 5).

The third type of transverse joint is thai in which the
thickness of the slab ends abutting the joint has been
increased above the thickness of the interior of the
slab for the purpose of strengthening the transverse
slab edges. In this design no load transfer is attempted
since mo infer-support 18 necessary; hence thers is no
direct connection between adjacent slabs. Such a
joint was placed in section 1. The ends of this section
at the open joints were also thickened.

The fourth and last type of transverse joint included
in this investigation is tﬁe weoakened-plans or dummy
joint found in sections 3 and 4. 7These iransverse
joints were construcied in the same manner as the
longitudinel joint of the same type except that bonding
of the dowols was prevented in one (section 4), while in
the other (seetion 3) sll dowels wers omitted. The
spacing of the dowels in section 4 is 18 inches.

INSTALLATION AND DETALLS OF LONGITUDINAL JOINTS DESCRIBED

Details of the designs of the 10 longitudinal joints
are shown in figure 7. With the exeeption of those
found in sections 4 and 7, where no steel crosses the
joint and free contraction is permitted, all of the designs
are primarily warping joinfs,

By definition & dowel may or may not be bonded
to the two pieces which it joins, In woodworking
practice, dowels are more often bonded than net. In
conerete pavement construction the dowels that cross
the longitudinal joint are nearly always bonded to the
concrete and are usually called tie-bars, although they
are more exactly described as dowels in bon% when
they are called upon to withstand shesring forces.
In this report the steel bars used for joining two
abutting slab edges are generally referred to as dowels
if the bond has been broken and dowels in bond if the
bond still exists.

The longitudinal joint designs ineluded in this
investigation can also be grouped according to type.

The first group consists of four sections (sections 5,
3, 4, and 10) in whieh g tongue-and-groove construciion
was obtained by casting the concrete around s pre-
formed, steel joint plate. The rectangular- and fri-
angular«shapei tongue and groove and the sinusoidal
tongue and groove (sections 3, 5, and 10, respectively)
are held together with dowel bars in bond at 60-inch
intervals.

In the second group are the longitudinal plane-of-
weakness or dummy joints in which the surface of the
slab was grooved to a depth of approximately one-third
of the slab thickness at the time of construction, if
being intended that an irregular fracture would sub-
sequently develop extending from the bottom of the
groove downward to the bottom of the slab. One of
these sections (section 6) has dowel bars in bond placed
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MEASUREMENTS OF DEFLECTIONS DUE TO ARPLIED
LOAD AND TO SLAB WARPING
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across the joint at §60-inch intervals, while in {he other
(section 7) no dowels were used.

The third group embraces four sections (sections 1,
2, 8, and 9) in which the verfical faces of the abutting
edges of the two 10-foot slabs were separated by a
single thickness of tarred felt but held together by
dowels in bond. These dowels were deformed bars of
steel % inch in diameter and 4 feet in length. They
were spaced at intervals of 60, 48, 36, and 24 inches,
respectively, in the four sections listed above.

As stated previously, in making the study of the
structural behavior of these joint designs, tests were
made on each to determine:

1. How freely expansion and confraction occurred.

2. To what degree unrestrained warping of the slab
edges was permitted.

3. Their relative effectiveness in reducing the natural
wealkness of the joint edge by transferring load or by
other means.

Measurements of expansion and contraction, of slab
shape, and of slab deflection and strain under load were
necessary to malke these determinationa. The location
of the points at which the various measurements were
made are shown on the plan of one of the test sections
in figure 8. In this figure a letter is assigned to a
definite point on a test slab while the subsecript indicates
the quadrant number. For example, the letter “I7 is
assigned to the free corner, and “H”’ the center point of
the test panel and the subscripts 1, 2, 3, and 4 indicate
the four quadrants of the test section. As in earlier
descriptions, the various tests are described as having
been made on the different quadrants of the test section
for the sake of clarity in presentation. Actually cer-
tain tests were frequently made on more than one
quadrant of a given {est section,

SCHEDULE OF DEFLECTION AND STRAIN MEASUREMENTS
OUTLINED

The points at which the expansion and contraction
of the slab as a whole were measured are shown in the
free ends and af the transverse joint in quadrants 2

and 3. The measurements were made with the spe-
cially consfructed micrometer described in the first report
of this series, the normal distance between the gage
points being approximately 7 inches. The movements
at the transverse test joint were compared with those
at o joint which was known to be free to expand and
confract and this comparison served as a basis for esti-
mating the relative restraint offered by the various
designs to longitudinal slab movements, These mea-
surements covered both the daily and annual eyeles of
changes in slab length,

The study of the snnual varianiions was made from
measurements made twice daily over a period of about
2 years. The measurements wers made at about ¢ &. m.
and about 3.30 p. m,

In the study of the daily variation in slab lengths,
measurements were made on selected days at 2-hour
intervals for a complete 24-hour period. The days
were selected so as to give as wide a temperature range
as Bossible for the parficular geason of the year,

I'rom the dats obtained it is ][l)ossibie 0 estimate
very closely the extent of both of these cycles of change
in slab length and joint width.

The relstive restraint to free Wa.r%ing developed by
the various joints was determined by comparing the
magnitude of the deflection &t the joint in question with
that at a free edge under a given temperature condition
and also by comparing the strains resulting from warp-
ing restraint at corresponding points at the free edge
and a4 the joint under test. The shape of the deflected
slab was determined with the clinometer and the move-
ments of the extreme corners of the slabs were also
meagured with micromefer dials on fixed supports.
The tests were usually started very early in the morn-
ing and readings were taken at 1-hour intervals until
the maximum warping in each direction had occurred.
In making the comparison for a transverse joint, deflec-
tions at the free corner (point E) were compared with
those at the {ransverse joint corner (point C). Ifor a
longitudinal jeint the deflections at the fres corner
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(point E) were compared with those at a lonpitudinai
joint eorner (point F). .

The lines along which the clinometer points were
installed for the warping studies are shown in the third
quadrant of figure 8. The restraint to warping offered
by a transverse joint was indicated by 2 comparison of
the curvature aiong the line E,—A; with that alon
the line C;—A;. Tor the same study of the longitudina
joint action the curvabure along the line E,—I; was
compared with that slong the Line Fy—1,.

In measuring the curvature with the clinometer two
sets of readings were made for each comparison, the
first in the early morning at s time when the upper
surface of the pavement was at a lower temperature
than the lower surface and & second set in the early
afternoon when the temperature of the upper surface
of the slab was above that of the lower surface.

Bince any tendency of the joint to restrain the slab
edge from warping freely would be reflected by an in-
crease in the magnitude of the warping stresses, a com-
parison was made in each case between the warping
stresses at o free edge and those a6 the joint in question.
The method of arriving at the values of the warping
stresses from measured strains was deseribed in part 2
of this series of reports. The location of the strain
gages for these comparisons is shown in the fourth
quadrant of the test section in fipure 8. In the study
of the transverse joint the stresses indicated by the
group of gages at I; were compared with those measured
bgf corresponding gages at &y, Similazly, for the study
of the longitudinal join{ the stresses indicated by the
group of gages at A, were compared with those found
at the corresponding positions at point B,.

As remarked before, every joint is potentially a
structural weak spot and some means for strengthen-
ing this part of the slab is usually & part of the joint
design. 'The common method is by transferring part
of the load to the adjoinin%lslab through the shear
resistance of the joint. In this investigation the rela-
tive effectiveness of the various joints from the stand-
point of their ability to strengthen the slab edge was
determined by comparing the eritical sirains and de-
flections caused by a lond acting near & joint edge with
tihci)se produced by the same load at other points on the
slab.

Loads were applied at the four corner points C, D,
B, and F (fig. 8) to determine how effectively the joint
functioned in reducing the critieal deformsations caused
by & load acfing at t%e corner of the slab. Similarly,
the effeciiveness of the design under the action of loads
applied at the joint edge (but away from the slab
corner) was determined from data obtained with loads
applied at points A, B, G, I, and H. The lines along
which the curvature of the slab was measured under
the action of the applied loads are shown in the second,
third, and fourth quadrants, while the strain-gage
locations that were used in this part of the study are
shown in the first quadrant of this figure. The detailed
schedule of the deflection measurements follows:

CORNER TEAT

Load applied at point: Deflection measured along line:

Es. Ea-"'—Aa and Es——F:;.

Cs. A;;—A.z and Cg——Da.

i BT

D, Di—E,.

EDGE TEST

As. A—RB,

Ba. Ar—H,.

T ,—H,,

G‘z. Hs""—'Hg.

For each test the shape of the unloaded slab was de-
termined, the load was applied and the shape of the
loaded slab measured, the cgs,nge in shape being taken
os the deflection caused by leading.

CRITERIONM OF YOINT EFFICIENCY ADOPTED

A somewhat similar schedule was followed in making
the strain measurements. ITor the load applied at the
slab corners the strains were measured in the upper
surface of the slab along the hisector of the corner angle.
For example, with 2 load applied 2t point E; the strains
were measured along the Iine I,—0O,; and similarly for
the other corners of the slab.

Tor loads acting o4 the edge poinis the strains were
measured both parallel and perpendicular to the slab
edge at the point of load application and for & sufficient
distance along a line perpendicular to the edge to insure
the finding of the critical tensile stress in the upper
surface of the slab. For example, with a load acting
ol point A, the strains wers measured in both directions
directly under the load and along the line A,—H;.

Loads were applied at point H solely for the purpose
of obtaining a comparison of the critical stresses caused
by a load at this point with those caused by the same,
load applied at certain other points. Sinee the critical
stresses occur directly under the load in the case of o
load acting in the interior of the slab, only the strains
developed in the upper surface directly under the load
were measured. T%ese strains at point H were meas-
ured in both the longitudinal and transverse directions,

Before making a comparison of the relative effective-
ness of various joints for accomplishing any certain
purpose, it is necessary to establish soms rational basis
of comparison. If it is desirad to compare joints on the
basis of their ability to reduce the deflection of the slab
edge at some particular point, then deflection measure-
menfs at that point may be used as & means for estimat-
ing the effectiveness of the joint. Iowever, if the pur-
pose of the joint design is to reduce the stresses from
applied loads so as to, in effect, increase the load-earry-
ing capacity of the edge of the slab, then it is necessary
to arrive at the basis of comparison through the meas-
urements of strains and not deflections, for it has been
clearly demonstrated in these tests that the precision
of the deflection data is not sufficient to warrant any
conclusions relative to attendant stress conditions. The
question then arises as to how stresses determined from
strain measurements may best be used as a basis for
judging the relative structural effectiveness of various
joint designs.

Tt has been established that if a given load is applied
at various points on the surface of & concrete pavement
slab of umiform thickness the critical stress will he a
minimum when the load is applied at an interior point
and that the critical stress will reach its maximum value
when the load is applied af the free edge.

If o joint operated with a maximum amount of
structural efficiency, it would reduce the critieal load
stress at the joint edge to a value equal {o that found
in the interior of the slab. If, on the other hand, it
wes completely ineffective the critical stress for a load
at the joint would equal the critical stress for the same
load acting at a free edge.

These two values therofore, delimit the range of
joint efficiency so far as the ability to reduce load
stresses i3 concerned and suggest a stress formula which
will furnish a rational measure of joint efficiency.

If, for a given applied load on a slab of uniform
thicltness,
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o;is the critical stress for the load applied at the joint
edge,

oy is the critical stress for the load applied at the free
edge,

and %s the critical stress for the load applied at an
interior point.

Then the joint efficiency, £, may be expressed as
follows:

=0 E|
Op— 0y

In other words, the reduction in edge stress accom-
plished by the joint under consideration is compared
to that accomplished by the complete continuity of the
interior condition, ns o measure of efiiciency.

In maling the stress determinations upon which the
joint efficiency values were based, it was not con-
sidered desirable to depend entirely upon stress values
obtained at a single point no matter how well estab-
lished the value might be.

For the determination at each load point, therefore,
eight tests were made, each at o somewhat different
location. For example, to establish g stress value for
the free edge (point A) eight tests were made alto-
gether, and in no two was¢ the bearing pate in the
same spot on the same quadrant of the test section,
although in all cases it was at the iree edge and close
to the midpoint of the slab length.

Teats were made also at all of the longitudinal joint
corners on the four constant-thiekness slabs but were
not made a$ these corners on the thickened-edge slabs
because there would be no basis for comparing strains
measured at corners of different thicknesses.

Deflection and strain data that indicate the strength-
ening effect of thickened edges at slab corners appear
later in this report.

DATA ON VARIATIONS IN JOINT WIDTH PRESENTED

The snnusl variation in the widths of the various
transverse joint openings is indicated by the data shown
in figure 9 in which the ordinates are the varistions in
the measured joint width when compared to a set of
initial measurements made in November 1930, shortly
affer the pavement was constructed. The morning
measurementa were made between 9 and 9:30 and the
afternoon measurements between 3:30 and 4 o’clock.

The joint designations used in this figure are as fol-
lows: The transverse joint in the center of the. test
section is given the same number as the test section

in which it is Jocated. For example, joint 3-3 refers to*

the transverse joint across the center of test section 3.
The open joint betwéen twe adjoining fest sections is
given the numbers of the two sections between which
1t is found, as for example, joint 2-3 is the open joint
between test sections 2 and 3. It will be recalled that
these open joints between the test sections were all 2
inches wide and were kept open, preventing any con-
nection between the slab ends.

It was mentioned earlier that the expansion and con-
traction measurements were of necessiiy made at the
level of the upper surface of the pavement. The ob-
served horizontal movements were therefore the results
of the dircet expansion and confraction of the slab
combined algebraically with the horizontal eomponent
(at the plene of the measurements) of any tilting of
the slab ends caused by warping, To determine the
changes in joint width caused solely by expansion or
confraction of the slab, it is necessary to correct the
observed changes for the effect of the.warping present
at the time of observation.

Tigure 9 showe the seasonal variations in obszerved
joint width. The correction for Wargiing mentioned in
the preceding paragraph is considerably moreimportant
in a consideration of the daily variations than it is
when sezsonal changes are involved for the following
reasons:

The afternoon observations were made at the time
of maximum downward warping of the slab edges.
During the summer when the pavement was expanded
to its greatest length the slab edges were warped upward
by moisture conditions within the slab to the maximum
degree. Dafa were presented in the second report of
this series to show the relative degrees of ihe datly and
seasonal warping found in the test sections at different
seasons of the year. The dats presented in that report
on the effect of seasonal moisture changes indicated
that the moisture condition was rather unstahle durin
the summer months. This resuited from abnorma
weather conditions during the summer of the year in
which the observations were made. Moisture warping
observations that have been made since that report
was written and the data showing the change in length
of the pavement caused by moisture changes both indi-
cated that, under normal summer weather conditions,
the moisture state of the pavement is quite stable dur-
ingi the summer months.

t is indicated by the data just mentioned that the
downward warping of the slab edges on critical days
during the summer at the time of the afternoon obser-
vativns is approximately equal to the unward warping
caused by tllm)e seasonal change in its moisture condition,
This conclusion is based upon the assumption that all
of the seasonal moisture warping is upward; in other
words, that there is at no time more moisture in the
pores of the conerete in the upper part of the pavernent
slab than is present in those near the subgrade. This
assumpiion seems to be supported by all of the daia
available from these tests.

It appears therefore that, at the time the measure-
ments indicating the maximum closing of the joinis
were made, the slabs were probably in nearly a flat
condition. Tor the morning observations in winter all
evidence indicates little warping from either moisture
or temperature. If these assumptions are correct, data
such as are shown in figure 9 indicate the seasonal
variations in the widths of the joints with suflicient
accuracy without correcfions for the effects of warping.
The indicated deily variations in joint width are not
true measures of expansion and contraction end should
not be used without correction. The method used for
determining the magnitude of the warping correction
is described a little farther on in this report in connec-
tion with the diseussion of daily variations in joint width,

ELARS DID NOT EXPAND AND CONTRACT SYMMETRICALLY

If a comparizon is made between the annual variations
in width of the several joints, it will be observed that
the movemenfs at the joints formed by the free ends
of the slabs are, in general, greater than those at the
regular transverse joints. The observed difference
between the opening of the {ransverse test joints and
that of the open joints between the test sections in-
dicates that tﬁe resistance of the former fo ezpansion
and contraciion mevements causes either o deformation
that alters the length of the slab or o shifting of the
cenger of the slab panel longitudinally over the sub-

ade.

That there is no appreciable stress deformation that
changes the sleb length is shown by the numercus
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measurements of the variation in slab length with
temperature changes that were presenfed in the second
aper of this seriss. It will be remembered that these
indicated thai the deformation or change in slab length
c&used by the subgrade resistance during expansion or
contraction is negligible in slabsg of thiz length. It mus
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be eoncheded, therefore, that the 10- by 20-foot slabs do
not expand and coniract symmetrically with respect to
the subgrade at their midpoints. This eccentricity of
m()vement is evident in all of the sections, although it
iz more noticeable in some than in others. It will be
dizcussed in more deteil s litéle farther on in this repors.
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It will be observed further that seversl of the trans-
verse joints opened mors during the winter of 1932
than during the winter of 1931 and that consistently
the adjacent open joinis opened less during this same
period and each by approximately the same amount.
This condition is most noticeabls in the two transverse
planes of weakness (joint 3-3 and joint 4—4) and for
the two joints containing the dowel plates (joints 2-2
and 5-5), and also, for some reason that is not apparent,
in the dowelled joint 6-6. During 1931 these joinis
closed very little if any after March.

Figure 10 was constructed, from the same basic data
that were presented in the preceding figure, for the
purpose of showing the relative freedom of the different
transverse joints to expand and contract. Selecting
arbitrarily the period between February 16 and June
22 as giving a wide range in temperature, the average
maximum mn;ﬁ of movement for each of the transverse
joints during this period was determined. In the prep-
argiion of figure 10, the daily values rather than 10-day
averages such as are shown in figure 9 were used to
obtain the average maximum and average minimum
values. The indicated seasonal movements are there-
fore greater in figure 10 than in figure 9. The data for
the joints are arranged in this figure in the order of
descending values of the observed maximum seasonal
movement. Since the sections are all of the same length
and each is completely separated from its neighbors,
the smount of movement which occurs ot each test
joint during & given period of time may be assumed to
be & measure of the relative freedom of action so far
as expansion and confraction are concerned.

Joint 1-1 was econstructed as & clear opening one-
half inch wide between two thickened-end slabs. I%
was filled with & bituminous joinf filler shortly after
construction. o far as the joint filler is concerned,
it should offer relatively little resistonce to expansion
and contraction movements. The opinion has been
expressed that this type of slab end exercises a restrain-
ing action that prevents the slab from contracting
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freely and causes a corresponding stress in the con-
crete, due to the inclined surface of the subgrade over
which it presumably has to move.

In the second report of this series it was shown that,
for the subgrade material and slab lengths concerned
in these tests, the earth of the subgrade adhered to
the bottom of the slab, “bending” or moving forward
with the slab. Under such conditions the incline of
the lower surface of the slab would not increase the
resistance over that of a flat slab. It is indicated by
the data in figure 10 that the thickened-end slab joint
1-1 permits the slabs to expand and contract as freely
as any of the other fransverse joints tested in this
investigation.

Joints 7-7, 10-10, 9-9, 88, and 66 contain the
unbonded, round, steel dowel bars. The movements
at ol of these are of approximately the same magnitude
and about the same as that at joint 1~1, with the one
exception of the seasonal movement of joint 6-86.
There is no apparent resson why the seasonal movement
of this one joint should be appreciably different from
those of the other joints of the same typs. The data
indicate a high degree of relative freedom for the dowel
joints with httle or no variation in the restraint with
the number of dowels per joint.

Other data, which supplement those shown in figure
9, were obtained in the measurements on section 10.
These data are given in figurs 11 in which the amount
of movement at the test joint 10-10 and at the free
ends of the section are shown at frequent intervals
over a period of about 1 year. This section was sepa-
rafed from the one adjoining by an open space of con-
siderable width., The expansion and contraction meas-
urements were therefore made to fixed reference points
at each end of the section. Since both ends were
completely free the difference between the movements
at the fres ends when compared with the correspond-
ing movements at the transverse test joint, as shown
in figure 11, give a good idea of the degree of restraint
developed in joint 10-10. In figure 10 this joint is
among the group compsared, hence & basis is furnished
for estimating the order of resfraint to expansion and
contraction offered by each of the joints.

DOWEL-PLATE JOINTS OFFERED MORE RESISTANCE 70 SLAB
MOVEMENT THAN DID UNBONDED DOWEL BARS

For example, if the maximum movement found
during the year shown in figure 11, i. e., November 1931
to November 1932, for joint 10-10 is expressed as a
percentage of the movement measured at the com-
pletely {ree slab ends, it will be found that the move-
ment at the joint was, in round numbers, 80 percent of
that at the free ends of the test section. If this per-
centage is applied to the movement shown in figure 10
for joint 10-10, the analysis indicates that & movement
for a completely unrestrained joint would he of the
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order of 0.065 i]lchf W}ﬁh ;Jhl}:sl value as B&bHSiS, the o JOINT I-F  FHICKENED EHDS - NG DOWELS
restraining aection of each of the 10 joint designs ean o P
be estimated. -o10 S ’;/’QJC% S
1t is indicated that joint 1-1, constructed as an open ; el
joint and filled with a poured joint fller, is not com- 020 NV
pletely free and it seems Likely that during the expansion -.030
of the concrete the compression of the filler material JOINT 68 |/24NCH OPENING-3/4-CH DlaM. DOWELS 36INS.€-C.
in the joint required an smount of force approximating ° oy
that required t0 overcome both the resistance of the ~o10 s N
filler and the resistance of the dowels in each of joints NN - x
7-7, 10~10, 9-9, and 8-8. If this is so, then the force 020 \L\ :/:[/
required to cause the dowels to slide in these joints must -.030
“E’Oe go‘i%fég;;g;l l?g%ﬁ%sgetgg;:?)]itﬁaenggrgé ?ﬁeeiggifﬁgﬁg o JOINT b6 I/Z-IHCH DPENING ~¥4NCH DIAM. DO‘IiiLSZ.’? IH8.C-C.
joints in this group. oo e e N
Joints 5-5 and 2-2 contained the one-fourth by 4-inch ‘ NN e ™
steel dowel plates. The measurements show that the -020 |”—— e
seasonal movement of these two joints was approxi- - 080 \v—*/%
mately three-fifths of that of the dowelled-joint group
(7-7, 10-10, 9-9, 8-8, and 6-6). It is indicated, there- 0 ol 272 M OENING - HATiiCH i, DOweLS ZTmsCC
fore, that the plate-dowel joints offer a greater resist- e i
ance to expansion and contraction than do joints con- e TR =5 S
taining properly installed round steel dowel bars which -.020 \3\\ e i
are not in bond with the concrete. " Nnied
Joints 3-8 and 4-4 are the two fransverse plane-of- A
weakness or dummy-type joinis; the latter contain T, _JOINT 7-7 I/2INCH OPENING - 3/4INCH DlaM. DOWELS IBINS.C-C
three-fourths-inch diameter dowel bars spaced 18 inches M { P i
between centers. The seasonal movements of these | & ~°' == =5 \
joints are the smallest for any of the transverse joints. | > _oz \\L =~ X
hat this is caused by the complete closing of these i l\
joints in the early summer is clearly shown by the data g ~ox g
a,h'e&dy presented in ﬁglll‘e 39 In examining this ﬁgure, g o IOINT 1010 3/4INCH OPENING - 3/4iNCH DIAM. DOWELS 101 C-C.
attention is called particularly to the large movements o]
of joint 3—4¢ lying between the two dummy joints. The -010 (— ﬁ/ S8 P
closing of the dummy joints throws any subsequent w030 \\ L <
expansgion into slab displacement or slab deformation ‘ \Q’?‘—wo-—?/
under stress. In such slabs the short slab length and -.030 =i
the adjacent open joints provide fhe necessary relief N
from compression. The plane of weskness joints con-
tr&ct freely &nd relieve tenSion. .A.ISO, jOiJltS Of t'his o JOINT 4-4  PLAME OF WEAKMNESS BIQ-INCH DIAM. POWELS 1BINS.C-C.
type undoubtedly reduce greatly the warping siresses. Q«k f l | L
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great extent, however. -.020
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measurements of width made at each of the transverse e [T
joints at approximately 2-hour intervals over a period -—o1a s M
of 24 hours. As noted in the figure, these particular et =
observations were made during the latter part of June -oz0
1931, the time of year when large temperature differ- 030
entials are developed in the test slabs. JOINT 2-2 DOWEL PLATE 1/2-NCH GPENING
" On the same day that the daily variations in trans- o B
verse joint width shown in figure 12 were obtained, P . ‘ e
the warped shapes of the slabs were measured at inter- ' &,‘}/‘" *
vals of approximately 2 hours with the clinometer. ~020 S
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estimated graphically. ¥rom this the change mn slope M. oot M s 204931 1
of the vertical end face of the slab was determined for oBSeED Ve oroen e 2ol
the rather extreme condifions of temperature warping 0-OBSERVED VALUES CORRECTED FOR THE EFFECY OF WARPING.

which obtained on the particular day that the measure-
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and confraction measurements obtained at the trans-
verse joints on the same day. Both the uncorrected
and the eorrected values are shown in figure 12.

15 will be noted that the apparent change in joint
width caused by the rather extreme temperature warp-
ing amounts to a closing of 0.007 o 0.009 inch during
the day and an opening of 0.003 to 0.004 inch during
the night. - From the corrected curves of daily varia-
tions in joint width, figure 13 was constructed to show
the relative extent of the true expansion and contrac-
tion that occurred at each transverse test joint for thig
particular June day.

In geners! the indications of figure 13 as to relative
joint freedom are the same as those shown in figure 10
for the slower seasonal movements, The restraing fo
expansion and contraction offered by the dowel-plate
joints is apparent in figure 13 and it appears that this
restraint is greatest at the time when the slab edges
are warped downward to the greatest degree. It is
possible that slab warping eauses an increaSe in the
friction between the plate and its sockets and that the
irregularity in these curves is caused by the variation
in the frictional resistance as the extent of the slab
warping varies.

BECCENTRICITY OF SLAER MOVEMENT DURING EXIPANSION AND
CONTRACTION STUDIED

In connection with the discussion of figure 9, men-
tion was made of a tendency for the measured move-
ment gt the transverse tess joints to differ in magnitude
from that observed at the open joints st certain times
and under certain conditions of temperature. A study
of this relation has been made throughout the period
of the investigation and much hos been learned of its
nature although the causes for the observed behavior
are not entirely clear.

TFigure 14 shows the movements af joint 3-3, a
transverse plane of weskness without dowels. Figure
14 also shows the corresponding movements at the
open joint 3—4 and maximum, minimum, and average
alr temperatures for s period of about two months
during the winter of 1930-31.

It will be noted in this figure that frequenfly the
movement at the test joint is of about the same magni-

Fraure 14.—CHANGES N TEHE WIDTH OF ADJACENT TnRANg-
vERSE AND OpEN Joints Doning A Periop Wuny EccENTRIC
MoveEMENTS WERE NoTED. OBsERVATIONS WERE MADE AT
2 P. M. Posruvr VaLur Iupicatss OPENING or 7EE JoinT
AND NmeATIVE Varue Inprcates Crosing or Ten Joint.

tude as that at the free end, and yel whenever a marked
temperature change occurs there is a tendency for the
movement ot the free end greatly to exceed that at
the test joint. This effect iz particularly noticeable
during a sudden drop in temperature such as that
which occurred between December 16 and 17, 1930.
Whenever the observed movement at the fres end
exceeds that at the transverse joint, the slab is not
expanding or contracting symmetrically with respect
to the midpoint between the two, the slab panel being
shifted as a whole toward the end at which the smallesi
change of position was observed.

This phenomenon was noticed on all of the test sec-
tions, being greater on some than on others, and being
noticeably greater during the winter than in the sum-
mer. Also, it was greater during the first winter
following the laying of the pavement than during the
second winter, as can be seen by an examination of the
data in figurs 9.

To bring out the variation in the degree of eccen-
tricity during the year, figure 15 was prepared from
observations on section 7. The {ransverse joint in this
section contained round dowels af 18-inch intervals.
The movements of the transverse joint, expressed as
percentages of that at the free end of the slab are shown
as ordinates to the curve. It is interesting to note how
this varistion follows in a general way the annual
variation in average daily air temperafure, definitely
indicating that the phenomencn is caused primarily by
temperature. During the summer months the move-
ments at the two points of measurement are nearly
the same, but during cold weather the movement at
the transverse joint is from 5 to 15 percent less than
that at the open joint ap the free end of the slab. As
already smtag, the difTference was found to be greatest
for any pavticular season, at times of sudden change
in tempersture.

The observations were continued over a peried of
nearly § vears in order to determine whether the move-
ments tended either to open or to close the transverse
j(f{fints or whether they were compensating in their
eifects,
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The net change in width of each of the transverse
joints and of each of the open joints on which measure-
ments were made is shown, for the period between
November 1930 and August 1935, in table 2.

TABLE 2.—Changes in lransverse joint width 1 (November 1930 to
August 1935)

Test folats Open jolnta

Not
Jolnt no. chango In
width

Jolnt no,

Taches
—0.074
—. 039
—. 108

1 The values shown aro the net changes in joint width after tho observed widths
lisd been corrected for the estimnted offocts of pavemont fomperature difforence and
moisture differsnco, averagod for tha two halves of the pavement (on oither side of the
longitudinal center jeint) and expressed in inches per 20 feot of slab length, A posi-
tivo sign Indicatas an opsning and 4 negative sigo a closing of the joint,

The data indicate that while all of the transverse
joints, except that in section 10, opened to some degree,
the two weakened-plane joints (3-3 and 4—4) and the
two containing the dowe; plates (2-2 and 5-5) appa-
rently opened by about one-tenth inch during the period
covered by the observations. In all of the other seec-
tions the opening has been very much less and in sec-
tion 10 a slight closing has apparently occurred.

A comparison of the movement al the transverse
joints with that at the open joints will show that the
change in width has been accompanied by a correspond-
ing change in the open joints. Thisindicates that some
resistance to expansion and contraction existing at the
transverse joint caused a permanent displacement of
the pavement slab away from the transverse joint and
toward the open joint. The magnitude of the dis-
placement is probably a rough measure of the relative
freedom of the various transverse joints to expand and
contract.

In figure 20 of the second paper of this series data
were presented to show the approximate magnitude of
the force required to move 2 slab & given distance on
this particular subgrade. An estimate of the restrain-
ing force developed by the different transverse joints
may be made by finding the distance through which
any particular joint causes the abufting slab to be dis-
placed over the subgrade and then calculating the force
roquired to cause this movement.

LONGITUDINAL JOINTS TENDED T0O OPEN IN WARM WEATHER

The restraining forces were calculated in this manner
for the four sections in figure 10 that show the least
seasonal movement at the transverse joint (secs. 2, 5,
3, and 4), and the estimated unit stress developed by
joint restraint in each is shown in table 3 with the data
upon which the caleulations were based. It is indi-
cated that the dowel-plate joints caused restraint which
may develop either tensile or compressive stresses of
approximately 30 pounds per square inch, and the
plane-of-weakness or dummy joint may cause compres-
sive stresses of ap roximate{y the same magnitude.
It is probable that 1if the slabs had been forced to ex-
pond and contract against the full resistance of their
joints, instead of being com]ilamtwely free to shift
their position as they were in these tests, a much more
serious stress would have resulted.

VARTATION OF MEAN AIR TEMPERATURE
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_ The tendency for the joints to increase in width with
time is of {)articuls_x,r interest in connection with the
wealcened-plane joints when no dowels or other positive
mesns for load trensfer has been provided, The in-
crense, though small, is o large percentage of the width
of the original crack and it makes the load-transfer
action of such joints problematical. It also creates
joint opening that is difficult to seal against moisture
and solid matter,

TapLe 3.—Estimated siresses resulling from joint restraint during
expansion and conlraction

=
bt _ | Total
= Woight p]IDnicse- com- A&““ Tsti-
25 Typoofslab eross § Typo of transverse | of slad, mont uted myted
28 seotion joing Jafoot | *off* | chrust- orost | uait
7o wi ing " | stress?
§ sleb forca tlon
Lbs.
Sg. | per
Pounds| Inches| Pounds| In, |27 in,
R T eee-| Dowel plato....... 18,250 | 0.023 | 25,660 | 876 =20
F o o RN PR mcmcmcnnenenf 106,125 022 L350 | T4 =23
3 | 0-6.3-0 (A, A. 8. | Plans of weakn 17,776 020 27,100 | 853 —32
il ot '399')'( Pl of i 8,000
. pare- ano of weakmess | 18, L031 | 28,800 | 864 —33
bolie}. {doweled). 3

1 The porlod covered is the same as thot shown in fig. 10
st:e‘;s .positive sign indicates tensilo siress and a negative sign indieatss compressive

The daily measurements of width of the longitudinal
center joints of 6 of the 10 test sections over a period
of about 1 year are shown in figure 16. Joints C-6
and C-7 are not shown, as they were constructed as
planes of weakness and had not cracked through at
the time of the measurements. Joints C-3 and C-10
had not been equipped with measuring points at the
time of the measurements.

The measurements were made a6 the same fims of
day as those 8t the transverse joints, so that this
graph shows the same relation as was brought out in
figure 9, i. 6., the maximum seasonal movements. In
studying this graph it is well to bear in mind that the
effective slab lengfh in this direction is 10 feet and that
all joints except C—4 and C-7 were crossed by bonded
steel bars 4 feet in length. As noted above, joint C-7
had not eracked through at the time of the measure-
ments but joint C-4 affords a good example of o free
joint for purposes of comparison. It will be observed
that the movement of this joint iz approximately twice
as great as thet measured ab the bonded joints.
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These data indicated that in all cases the longi-
tudinal joints tend to open as warm weather comes on,
although a shight closing oceurs each day as the slab
expands with temperature. The possibility that this
rather curious behavior was the result of temperature
and moisture warping was investigated in the same
manner as that deseribed in the discussion of transverse
joint movements. It was found that the change in
slope of the slab edge at the longitudinal joint under
extreme conditions of daily temperature warping might
be as great as 10/10,000 for maximum downward
warping (afternoon condition) and 2/10,000 for maxi-
mum upward warping {night condition),

The effect of moisture change was also investigated
and it was found that from extreme upward warping
from this cause (summer condition) to sxtreme down-
ward warping (winter condition) a change in slope of
the slab edge of about 12/10,000 occurred. The nor-
mal or unwarped condition of the slab, representing
the condition where no moisture gradient was present,
was not determined so that it is not possible to break
down this total change in slope into its two com-
ponents of upward and downward warping, The evi-
dence indicates, howaver, that the slab is practically
unwarped from this caouse during the winter.

CERTAIN TYPES OF TRANSVERSE JOINT OFFERED LITTLE OR NO
RESTRAINT TO SEAR WARPING

Assuming that as warping oceurs, joints containing
dowel bars in bond either widen or close at the top of the
slab and that at the plane of the bdrs the joint width
remeins constant, it is found that the total temperature
warping would cause an apparent daily change in width
of the longitudinel joint of a 7-inch slab (with the
bonded dowsl bars at mid-depth) of 0.008 inch. Since

FigurE 17.—AprpanENT Crawces N Wipth or Tan VARIOUS
Lowairgpical Jomnts Cavsep py Damy Ceances Ix Tem-
PERATURE OF TEHE PavEMeENT. A NEGATIVE VALUE Inpr-
caTes CrosiNg or THE JoINTs.

the total change in slope for extreme daily temperature
warping equals that for total warping caused by annual
moisture changes, it is probable that moisture change
will produce an annual change in widith of approx-
mately the same magnitude.

The effect of the daily eyele of temperature changes
is an apparent closing of the joint during the day zmg Q
corresponding opening during the night. The seasonal:
cycle of moisture variations should cause an apparént
opening of the joints during the summer months and a
closing during the winter,

This is in agreement with the observed behavior, as
will be seen by referring to fipures 16 and 17, which
show the uncorrected measurements of longitudinal
joint width during a 24-hour cycle of temperature
changes. It is found that the magnitude of the ob-
served varintions agrees closely with what might be
expected from the warping that was known to occur,

While the method of computing the effect of warping
on joint width is necessarily an approximate ons, it is
beliaved that these computations show quite definitely
that o large part of the apparent variation of longitu-
dinal joint width shown in figures 16 and 17 is caused
by slab warping and that, in the case of the joinis
containing honded steel, there was in reality little or no
opening and closing caused by expansion and con-
traction.

Joint C-4 is a rectangular tongue-and-groove joint
without bonded steel. There is a tendency for this
joint to incrense in width with time. It is not kmown
how long this progressive opening will continue but the
fact that it has opened is of particular interest as indi-
cating the probable movement of the longitudinal
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plane-of-weakness joint (C-7) had this joint been
cracked through at the time.

A study was made of the relative vertical deflections
at the free and the joint edges of the various slabs to
determine the magnitude of the restraint offered by
the various transverse and longitudinal joints. The
deflected or warped shapes of the slab axes were
measured with a clinometer and the cycles of veriieal
displacement of slab corners were measured with
micrometer dials. Typical' deflection data obtained
from these measurements are shown in figures 18 to 21,
inclusive. Since there were no thermocouple installa-
tions in the majority of the slabs, it was not possible
to determine exactly the ftime at which the different
slabs were of constant temperature throughout their
depth and hence were in the unwarped econdition.
Therefore, for these particular comparisons, the total
change that occurred during a full daily cycle is used
in each case.

The extent of the vertical displacements caused by
temperature warping at both the free and the trans-
verse joint corners of several of the test sections are
shown in figure 18. Since the deflection resulting from
warping is greater at the corner than at any other
point along the edge, it seems reasonable that any
restraining effect of the joint would be most spparent
in deflection date obitained at the corners. Ior this
reason any indiestions of restraint in this figure
probably represent approximaiely maximum coanditions.

Date for two doweled joints, a dummy joint, and
a dowel plate are included in this figure, Data for
the doweled joint with the dowelz at 27-nch intervals
indicate some resistance to warping, while those for
the other doweled joints in which dowels are installed
at 18-inch intervals actually show a greater defleciion
8t the joiné corner then at the free cormer. This is
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F1eure 19.—TEMPERATURE WaARPING DEBEFLECTIONS ALONG
Frer Eper oF TyricaL BecTIONS.

rather typical of much of the date obtained during
these particular measurements. At times the free
corner would show a slightly greater range of deflections
than the joint corner and again, at some other time,
the reverse would be true. 'The differences were
generally so small as to be of no great importance in
interpreting the data. The data for the iransverse
weakened-plane or dummy joint and for the dowel-
plate joint indicate quite definitely that little or no
restraint to warping is offered by either design.

In figure 19 the effects of temperature warping along
the free edge of several of the sections are shown for
days on which relatively large temperature variations
occurred. ‘The zero or base values for these curves were
observations made at approximately 6 a. m. in each
case, while the other set was made in the early after-
noon at the time of maximum downward warping of
the slab edges. An indication of the degree of restraint
to warping offered by several transverse joints is:
obtained by comparing the warping at the transverse
joint with that at the free ond of the slab.

The joint types covered by figure 19 are the same
a3 in the preceding figure, except that the dumm
joint shown in figure 19 contains dowels and the dowel-
plate joint has a different joint opening. The indica-
tions of this graph are in general agreement with those
of figure 18 and, so far as these deiecﬁion dota go, one
would conclude that none of the designs of transverse
joints included in these observations show any indi-
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cation of offering serious resistance fo warping. Final
judgment as to the efficiency of the various joints in
permitting warping should be reserved until certain
gtress data to be presented later are examined.

CERTAIN TYPE3 OF LONGITUDRINAL JOINT OFFERER NOTICEAEBLE
RESTRAINT TO SLAB WARPING

In the case of the longitudinal joinis the study of
the effect of the joint design on the restraint to warping,
based upon the deflection data, was restricted to the
four sections having a-constant slab thickness; in all
of the others the thickening of the free edges prevented
o, direct comparison of deflection data obfained at the
jolnt with those obtained at the free edge of the slab.

ortunately, the more important types of longitudinal
joint are represented in these four sections, as shown
1n the following summary:

Types of longitudingl joint: Stab m}ﬁﬁﬁ

Corrugated plate with bars at 60-inch infervals._.____ 6
Butt joint (tarred felt) with bars at 24-inch intervals__ 7
Plane of weakness, No bars. . _weucicameoaunn 3
Plane of weakness with bars at 24-inch intervals______ 9

Figure 20 shows the relative magnitudes of the
veriical displacements measured at the free and
longitudinal joint corners of each of these four seciions

FIGURE 81 ~TEMPERATURE WARPING DEFLECTIONS ALONG FREE END
OF UNIFORM THICKNESS SECTIONS.

Fiaure 21.—TEMPERATURE WARPING DEFLECTIONS ALoNg
TFren Byp or UnrorM-THICKENESS SECTIONS.

over & full daily cycle. The method of measurement
was the same as that desceribed in connection with the
discussion of transverse joint achion.

These curves indicate that the weakened-plane type
of joint, which grovides & greatly reduced section at
the joint, caused very little restraint to temperature
warping even when crossed by bonded steel. The
butt-type joint and the type that contains a deformed,
metal separating plate both sppear to offer noticeabls
registance to warping action.

Restraint to warping in joints that are crossed b
bonded steel resulis from o resisting momeni whie
develops between the tension of the bonded steel bara
and the compression in the sbutting surfaces of con-
crote in the two slab edges as the joint closes when the
slab begins to warp, The length of the moment arm
depends upon the distance to W%ich the effective section
extends either above or below the plane containing the
steel. With the position of this plane fixed and at some
point typical of general practice as, for example, half-
way between fhe two surfaces of the slab, a relatively
deep groove in the upper surface such as is present in
weakened-plane joints greatly reduces the moment arm
for the condition of downward warping end effects a
corresponding reduction in the restraint. Restraint to
upward warping would not be relieved by such a groove,
however. l.}:)iubs that contain little or no reduction in
gection provide a grester moment arm and, with other
condifions the same, will develop more restraint to
warping.

urves showing the change in slope and the extent of
the warping that occurred across the free end of each
of the constani-thickness slabs during some partieular
day are shown in figure 21. The dnia were obtained
with the clinometer in the manner previously deseribed.
The evidences of restraint shown by these date are in
accord with what was shown by figure 20. .

Additional information on the relative reatraint to
warping of the various transverse joints was obtained
aa 8 result of stress determinations based on sirain
meagurements made af the positions shown in quadrant
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4 of figure 8. The two gages placed perpendicular to
and 6 inches from the free edge were used as index
geges and the average deformation measured at these
points, when corrected by means of Poisson’s ratio for
the strain measured by the gage parallel to the slab
edge, was used as a base for computing the strains
caused by restrained warping at other points.®

Stress values obteined in this manner for typical
cages of warping for certain of the fransverse joints are
given in table 4 and for the longitudiral joints in table §.
A comparison between the stresses found at correspond-
ing pomts near the joint edge and fres edge of a slab
panel, for a given {emperature condition, brings out
the effect of the joint on fhe eiregses caused by warping.
Tor example, the stresses at a point 18 inches from the
joint edge should be compared with those found a$ the
seme distance from the fres edge.

TapLe 4.—Werping stresses caused by the various Iransverse joints

Longituding] Transverse

stroas 1 stress ©
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1653,

June 29__.... [ 3 — i (SO 18| —93 | ~-365( —20 | —14{ 22
Juno 80.eauu._ b1 3 (o T+ P—— Nono | +40 | 480 | —~10 | —&6] —05
July d...__ B focans (i T o 407 (4100 | 416 | 42| —43
Hopt. 20, ... 2 [ Dowe! plate._..| Continuons | —25 | ~22| 32 | 456 [ --30
Bopt. 28 ... 3 P, [ 1, T do 9| ~42f 10 | —14 | —0F
Bopt, 10 ..o 4| Crack ooooceeen None [~140 | —140 [ —25 [cccroc|ocavnn

1 A positive glgn indicates tensilo stress and o negetive sign compressive atress in
the upper surfaco of the slab,

TanLe 5.—Warping siresses caused by the various longitudinal

Joints
Transverse stress !
Datg tosted | senr Typ Dowel 1
aip teated | see- owe.
Qauzd) tion o of Joint specing Incgms ing?ms fnches
no. from | from tffg
Joint | joing edge

Lbe. perjLbe. periLba. per
27, ES g tn. | oog. In.

July 7o cuua] 73 —23 40
July il 3 15 -10 -8
Aug.22. ___., 15 -4 -7 —40
Qet, B 10 —38 {0 =18
Bopt. 18 ... @ -8 428 -+-48
Sepf. 19...... 4] -2 -8 38
gept. 26......| 22 —G8 —80 —18
+ Oet, 2. 2 5 —00 —327
July 21 ] —41 —65 42
¥ 24 ] -7 —42 4G5
July 16. 7 =20 —25 —15
Foly ¥ i -17 —3a2 +10

1 A pozlilve clgn indicates tenstle atress and a negative slgn compressive stress in
[Ai:) ugfrer surfaco of the slab.
#Fhickencd-edge slab.

DATA SHOW YHAT JORNTS SHOULD OFFER A MINIMUM OF
RESTRAINT TO WARPING
Since the deformations were all measured in the up-
per surface of the pavement for & condition in which
the edges of the slab were warping downward, restraint
to warping would be expected to cause an increase in
1 For & dizougslon of the formulas and methods of eamputing, theso atrazson the

rezdor s e to tho cecond roport of this sories publishéd in PubLic Roaps, vol.
18, ro, 9, Novembar 1025,

the compressive stresses at the positions near the joint
edge over those found at corresponding positions near
the free edge.

A number of tests were made on thickened-edge slabs.
The fact that o slab has thickened edges should not
aifect the stress comparisons so far as the {ransverse
joints are concerned but the comparisons for the longi-
tudinal joints are affected because the index gages,
being at the thicker, outside edge of the slab, will record
o larger deformation for a given degree of bending than
will the gage at a corresponding position near the thin-
ner, longitudinal joint edge. In the case of transverse
stresses, the siresses themselves are small and the effect
at the thickened ed%e does not appear to be important.
In the case of the lonpgitudinal stresses, however, the
effect is more important and these data have been
omitted from table 5 for this reason. It is indieated
by both the deflection and siress data that none of the
longitudinal joints eauses any serious restraint to warp-
ing in the direction parallel to the joint.

It will be noted that the sfress values given in tables
4 and 5 are generally small and that they tend to be
erratic, It is believed that the tendency for the stress
values to be erratic is caused in part by the variable
behavior of the slabs, which was mentioned previously
in connection with the deflection data, and in part by
the small deformations and relatively few measure-
ments involved. In most of the other stress determina-
tions in these investigations it was possible to average
o congsiderable number of observations of deformations
which in themselves-were of much greater magnitude
than those being considered here. It may be said,
however, that the stress data show no indications of
serious restraint to warping in any of the designs tested.

Attention is called to the faet that the tests on the
Weakenad-plane joints were made during the summer,
when the joinis wers closed, a eondition which should
produce the maximum restraint to warping in slabs of
the length used in these tests.

The crack in one of the slabs of section 4 was tested
28 a joint and, as shown by the data in table 4, appeared
10 exert a greater restraint to warping than any of the
joint designs. There are probably two related causes
for this. The first, and probably the most important,
is the firm connection of the cracked panel with the
adjoining uncracked panel by & tongue-and-groove
type of longitudinal joint which exerted a stiffening
effect on the cracked panel. The second is that the
two broken edges of the cracked panel appeared to be
tightly in contact at all times.

Tor warping to take place it is necessary to displace
the two slubs abutting the erack longitudinally a slight
amount. Except for some {rictional resistance in
the longitudinal tongue-and-groove joint the only force
resisting this longitudinal movement is the resistance
to deformation of the subgrade material, the magni-
tude of which varies with the length of the slab. In
this particular case the resistance must have been quite
smaﬂ) because the slab length was only 10 feet. In
longer slabs, forces of considerable magnitude might
eustly be created at tirnes when the conerefe was in an
ex%anded condition and the cracks tightly closed,
although the presence of the crack tends to ameliorate
the warping stress conditions in its vicinity. .

The deflection and stress data just presented to show
the relative degree of the restraing to warping offered
by the various joints tested in this investigation are but
a part of the data obtained although they are typical
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in all instances. To some extent they are erratic but
it is believed that in spite of this the deflection and
stress data both indicate that none of the joint designs
which were tested are sufficiently resistani{ {o bending
to offer serious restraint to warping. The date do
point to the danger of designing joints which are re-
sistant to bending because of the warping stresses that
such designs are likely to eauss to be developed at
times when warping of the slab occurs, It is indicated
that o fundamental structural requirement in joint
designs should be that the resistance to bending in
both directions, but particularly in a plane perpendicu-~
lar {o the direction of the joint, be a minimum in order
that the stresses caused by warping restraint will be as
smsall as possible.

STUDY MADE OF THE RELATIVE ABILITY OF VARIOUS JOINTS TO

STRENGTHEN THE JOINT EDGE OF THE BLAD

The third group of tests of joints was planned to
develop data that would show the relative effectiveness
of the different designs from the standpoint of their
ability to reduce the natural weakness of the slab at the
joint edge. With the one exception of the thickened
ends used at the transverse joint in section 1, this
strengthening of the slab edge was accomplished
through o transfer to the adjacent slab of a part of any
load applied near the joint. The influence of the
several designs on the deflections and on the stresses
in the vicinity of the applied loads will be brought out
in the discussion which follows,

Figures 22 to 25 contain data showing how the
various parts of the different slabs deflect under the
influence of loads applied at the points designated in
the figures. The curves show the measured deflections
for the two slabs abutting the joint under test, and, for
comparison, the deflection of a corregponding edge or
corner under the same load but lacking the support of
& connecting joint, Tor example, in figure 22, which
shows the deflections of the outside edge of the test
section, a load applied on one side of the iransverse
joint deflected the two abutting slab ends in the manner
shown by the crosses, while the same load placed near
the free end of the outside edge produced the deflection
of the free end which is indicated by the cireles, Re-
ferring back to figure 8, which shows the location of the
lines of clinometer points in the four quadrants, the
crosses in figure 22 show deflections at points along the
line Ay—A; for a load at C; while the circles show the
deflections a4 points along the line E;—A,; for the same
load at Es.

In making an estimate of the ability of the various
joints to reduce the deflection of the slab edge on which
thedload is applied, certsin sssumpiions have been
made:

1. If the joint design has s maximum of effectiveness
in performing this funetion, a load placed on one side
of but close to the joint edge should cause equal deflec-
tion of the two slab ends that abut the joint.

2, Iif the joint design is completely ineffective in
this respect, a load on one side of, but close to, the joint
should produce no deflection of the slab end on the
op%omte side of the joint,.

he first and second sssumptions serve as the basis
for the first method of estimating joint effectiveness
from the deflection data. The method will be described
in g sueceeding paragraph.

3. If the joint design has a maximum of effectiveness,
the application of a given load at the joint should pro-
duce a deflection having o magnifude one-helf as great

as that which would be produced by the same load
acting at an unsupported edge.

4, %f the joint design is completely ineffective, o
given load will cause the same deflection when applied
at the joint edge and ab a corresponding pomt of the
free edge of the test slab.

The third and fourth assumptions are the basis of the
second method of estimating joint effectiveness from
the deflection data. '

It i¢ believed that all of the assumptions are correcs
for the condition of complete and uniform contact
between the slab and the subgrade, because, for such a
condition, the load-deflection relation is practically
linear for loads within the safe stress range. It is
indieated by these tests that this condition rarely pre-
vails and that the extreme edges of the slab are mn full
contact with the subgrade only when they are warped
downward.

Since the joint tests were made with the slabs in an
unwarped condition brought about by the protective
coverings deseribed in the first report, the edges of the
panels were not in full contact with the subgrade at the
time the loads were applied, with the result that the
load-deflection relation is not linear. A typical exampls
of the character of this relation for a load applied at
the free corner of one of the test sections is given in
figure 26. It will be noted that for equal increments of
load, each suceeeding increment eauses s somewhab
smaller increment of deflection. This condition affects
the third assumption because, for a given load, the free
edges and corners are generally deflected more than the
joint edges and corners. The third assumption there-
fore does not apply strictly to the conditions under
which the tests were made and this fact should be
considered in the application of these data.

On the basis of these four assumptions it is possible
to estimate the extent to which the various jomnts are
effective in reducing the deflection of the loaded joing
edge, by making use of the deflection data given in
figures 22 to 25, inclusive.

DEFLECTION OF LOADED SIDE OF JOINT ALWAYS EXCEEDED THAT
OF ADJACENT SIDE

Two methods are available for making such an esti-
mate. As noied previously, the first method makes
use of the first and second assumptions, while the second
method malkes use of the third and fourth assumptions.
Figure 27 shows the comparisons that are involved in
each method of analysis.

While it is believed that the first method is probably
the better measure of the ability of the joint design to
reduce deflection because it does not involve the third
assumption, both methods are of some value and will
be used in the comparisons which follow.

TFigure 22 shows the deflections along the outside edge
of the various slabs caused by a load at points E; and
C; and gives some indication of the effectiveness of the
joint construections in reducing the deflections caused

v loads applied at the joint corners. For a load at

oint T, the shape of the deflected slab is shown
getween points E; and A, while for a load at point C,
the shape is shown betwoeen points A; and A,.

PFigure 23 shows the extent of the deflections along
the centerline of a 10- by 20-foot panel eaused by loads
applied either at point I, or G; and indicates the effect
o? the various transverse joinis on the deflection eaused
by a load acting at 9 transverse joint at a point away
from a longitudinal edge. For a load at point I; the
shape of the deflected centerline is shown between

L
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Fraurz 23.—CoupaRrison oF DEFLEGCTIONS ALONG LONGITUDINAL USNTERLINE OF TreT PANELS For LoADs PraceEp ar MippoInt
oF FrEE Exp anp aT CorrksroNnING PoINT AT Transveusm JoinT. ALL Dowers Usep 1N Trawsversw Joints WERR

3 Inom v DisMETER AND 36 Ixcaes LoNG.

poinis I; and H, while for a load at G; the deflections
are shown between points H; and .

It will be observed that the data for transverse joint
1-1 (thickened slab ends) are included in these figures.
Since there is a complete separation of slab ends in this
construction and no load transfer is intended, these
particular load-deflection date do not have the same
significance as do those that apply to the other sections.
As would be expected from the design, the two ends of
the 10- by 20-foot panel behave in identical fashion and
a load applied on oneside of the transverse joint causes
no deflection of the slab end on the other side of the
joint,

Figure 24 shows the deflections along the end of the
slabs caused by loads applied either at points E; or I,
and indicates the effectiveness of the various longi-
tudinal jeints in reducing the deflections caused %ly
loads applied at the joint corners of the slab. The
shape of the slab is shown slong the line E;—T; for a
load applied at I, and, similarly, with 2 load at I, the
deflections between the points E; and I, are shown.

Figure 25 shows the deflections along the transverse
centerline of a slab panel caused by loads applied at
points A, and B;, and these data indicate the ability of
the various longitudinal joints to reduce deflection for
loads applied near the longitudinal joint and at some
distance from a fransverse Joint, For a load acting at
point A; the deflections are shown between points A,
and B;, while for a load acting at B; the defleetions are
shown between points A; and H,. .

In the case of the thickened-edge slabs it is not possi-
ble to compare direstly the deflections at the free and
the longitudinal joint edges of the slabs. Tor this reason
the comparisons in figures 24 and 25 are resiricted to
the constant-thickness sections.

In the data just presented for the transverse joints,
it will be observed that the loaded side of the joint
always deflects more than the adjacent side o which
load is trsnemitied by the joint structure. The differ-
ence is greater for the joints containing the round dowel
bars than for those which contain the dowel plates.
There is also a variation in the magnitude of this differ-
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Ficore 25.~CoMPARISON OF DEFLECTIONS ALoNG TransvERsE CenTernivg or Tmst Pansie ror Loaps PraceEp aT Mibproint

oF FREE EpaE AND AT THE (JORRESPONDING POINT AT LONGITUDINAL JOINT.

C-1, C-2, C-8, awp C-9.

ence among the joints that contain the dowel bars.
This variation might possibly result from a lack of
stiffness in the dowel bars or from s looseness of the
dowels in the concrete, or from a combination of the
fwo. In order to develop information regarding the
relative importance of each of these factors, a series
of loads was applied on each of the four gquadrants of
two of the seetions at a joint corner (point C) and at
several points directly over dowel bars at some distance
from the corners (near point ).

For the purpose of these comparisons it is_assumed
that, for & load applied on one side of & doweled joint,
so long as the dowels are firmly in bearing on each side
of the joint, the deflection rate of the adjacent slab
end will bear a constant relation to the deflection rate
of the loaded slab end. The ratio of the one to the
other will be & constant as each load increment is ap-
plied. When the loaded edge begins to deflect, the
adjacent edge will not follow immediately if any defi-
ciency in dowel seating is present, and this lag will be
evident as a variation in the ratio between the load
deflection rates for those increments of load applied
while the seating deficiency exists.

DATA ON LOAD-DEFLECTION MEASUREMENTS AT JOINT EDGES
PRESENTED

Figure 28-A shows the load-deflection relation for
both the loaded and unloaded joint ends at the corner
of the panel, for sections 6 and 7, for a series of uniform
increments of applied load. TFrom the corresponding

Dowzrs ¥ Ince v Diameter Usep v Joints C-3, C-5, C-6, anp C-10.

DowsLs # InceE v DiauereEr Usep v JorwtTs
Air Dowers 1N Bowbp.

deflection inecrements “%k and “p”, the mean slope

ratio, % was caleulated for each increment of load and

these values are plotted as ordinates to the curves
shown in figure 28-B.

This graph indicates that the dowels at the corner of
section 6 were slightly loose, because the ratio is smaller
for the first load increments than for the later ones.
Apparently the 6,000-pound load was sufficient to take
up the dowel looseness completely, and it is noted that
this load caused a maximum deflection of the loaded
corner of about 0.016 inch. In the case of section 7
there is no indication of dowel looseness, the value of
the ratio being practically constant for all load
increments,

The flexibility of the dowels is indicated by the fact
that for the upper increments of load the deflection of
the adjacent slab corner is but 50 or 60 percent of that
of the corner on which the load was applied.

The deflections of the loaded corners of the two sec-
tions are approximately the same for a given load despite
the difference in slab thickness. The amount of sup-
port received from the adjacent slab corner is not the
same in the two cases, however, and this probably
accounts to a large extent for the effect noted.

Tigurse 29 confains date obtained in similar fests on
section 7 in which the loads were applied directly over
the dowels but at some distance from the longitudinal
edges of the slab (near point (). These are average
curves from tests made at several points on the same
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slab and are ploited in the spme manner as the data
shown in the preceding figure. In this case it appears
that the differences between the deflections of the two
slab ends should be attributed entirely to dowel flexure,
there being no indication of dowel looseness.

A comparison of the values of the slope ratios shown
in the last two figures shows that the value is smaller
for loads applied near the joint at points remote from
the corner than for loads applied near the slab corner.
This indicates that to obtain the same percentage of
deflection across & doweled joint at all points a stiffer
transfer medium is required at points that are away
from the slab corner than is requived in the immediste
vicinity of the corner. . Also o stiffer medium is required
for thick slabs than for thin slabs.

Tt is thought that the data shown in the last two
figures furnish an explanation for most of the differ-
ences found in the deflection data presented in figures
22 to 25, inclusive. In general, it was found that only
a very few of the dowels were sufficiently loose to pro-
duce any apperent deirimental effect on the ability of
the joint to transfer load. This is rather surprising
when consideration is given to the very small deflec-
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tions involved in this action. During consiruction
considerable care was taken to place the conerete
around the dowels properly, but typical field methods
were employed in all of the operations and the condi-
tion of these dowels is considered representative of
what can be obtained where dowels ars carefully in-
stalled in first-class construction.

Somewhat similar studies of the deflections of con-
crete pavement slabs caused by loads acting near joints
have been reported by the State highway organizations
of Georgia ** and Michigan.”” The data given in thege
two reports are in general agreement with those which
have been presented in figures 22 to 25, inclusive.

TWO METHODS USED TO MEASURE EFFECTIVENESS OF JOINTS IN
REDUCING DEFLECTION OF THE LOADED JOINT ERGE

Tables 6 and 7 were developed from the data shown
in figures 22 to 25, inclusive, for the purpose of bring-
ing out more directly the comparisons that appear to
be significant. Table 6 applies to the transverse joints
and table 7 to the longitudinal jeints.

In columns 5 and 8 of these tables a comparison is
made between the sum of the maximum defections of
the two slab edges abutting the joint in question and
the deflection of a corresponding point at a free edge
of the same slab, the load being the same in both cases.
Referring to figure 27, the comparison of deflections

16 Tests of Lond Transmission acress Joinis in Conereto Pavements, by Besrcy B.
Siacl, Bagincering Nows-Record, vol. 107, ne. 2, July 9, 1931, p. 3.

1 Tasts of Aggrezate Interlock ot Joints end Oracks, by A, C. Bonkelmnn, Tagl-
neering News-Reoord, vol. 111, no. §, Aug. 24, 1033, pp. S37-230.
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involved in the computation of the values shown in
columns 5 and 8 is expressed as & percentage of the free
edge deflection by the formula

(a-}-d)—e¢
¢

Columns 6 and 9 show the effectiveness of the vari-
ous joints in reducing the deflection of the loaded edge
by means of a comparison of the deflection of the un-
loaded joint edge with the mean deflection at the joint.
This is the first method previously mentioned and the
values sre computed by the formuls

&

(a--b)

2

Celumns 7 and 10 give similer comparative values
developed by the second method, the reduction n
deflection effected by the joint being compared to one-
half of the deflection of the free edge (a reduction of
one-half of the free edge deflection would mean perfect
joint action). This relation is expressed by the formula

e—b

&)

TaBLE 6.—Various relations between the deflections caused by
loads placed af $he free and the {ransverse joint edges of slabs
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1.4 nogative sign Indicates that the sum of the deflections of the two edges abutting
the joint under test Is smaller than the deffection of the correspording point af the
freo odge of the sinb.

The values in table 6 indicate that for a given load
the sum. of the deflections at the corner of a transverse
joint is nearly always greater than the deflection of
the corresponding free joint corner. At the transverse
joint edge at a distance from the corner, in some cases
the sum of the deflections at the joint edge exceeds the
corresponding deflections at the free edge and in other
cases 1t does not.

Farlier in the disecussion it was shown that the load-
deflection relation at o slab corner is nof linear because
the slab is not completely in contact with the subgrade
when the deflection begins and the conditions of sup-
port change gradually as the deflection progresses. It
was shown in figure 26 that for equal increments of
load the resulting increments of deflection graduslly

TaBLE 7—Various velations belween the deflections caused by

loads placed at the free and longitudinal joint edges of the slabs
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feon edge of the slab.

decrense as the magnitude of the deflection increases.
It is thought that this is the resson that the combined
deflections at a transverse joint corner nearly always
exceed the corresponding deflection at o free corner.
The free corner, on account of its relatively greater
defleciion, is able to offer more resistance to deflection.
The values %ivenin columns 5 and 8 of these tables are
significant because they illustrate the point just dis-
cussed and help to explain differences in the values of

| joint effectiveness as estimated by the two methods of

analysis. )

en the loads are applied at the slab edges at some
distance from 8 corner, the deflections are all small,
relatively. The effect of varying subgrade support is
therefore much less.

I# is apparent from table 6 that the two methods of
analyzing the deflection data to determine the relative
effectiveness of the transverse joint designs in reducing
the deflection of the loaded edge of a joint give different
values for the same joint design. TFor the corner load-
ing the first method of calculation, with one exception,
yields higher values, while for the interior edge con-
dition the relation between the values ebtained by the
two methods of comparison is quife irregular., The
most probable cause for this irregularity hes already
been mentioned. The values obtained by the first
method probably give the better idea of the ability of
the joints to transfer load, while those obtained by the
second probably give a better indication of the relative
ability of the joints to reduce the maximum deflaction
of the loaded edge. Neither method gives a complete
measure of the structural efficiency of the joint to
which it is applied, however,

WEAKENED-PLANE JOINTS CONTAINING DOWELS WERE EFFECTIVE
IN REDUCING SLAB DEPLECTION

From table 6 it appears that the transverse joints
that depend upon round dowels for their connection
are not as effective in reducing meaximum deflections
gs might reasonably be expected. The data for the
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joints having dowels spaced 18 and 27 inches apart,
respectively, indicate that the effectiveness of the joint
in reducing corner deflection is increased as the dowel
spacing is decreased. The joint containing the dowel
bars with a 36-inch spacing is not in line with the others
in respeet to this relation. Why this should be is not
known, although the fact that this particular trans-
gorse joint was installed in the section having the
ip-curb ecross section may have been at least partly
-esponsible. The two halves of this section (longi-
udinally) were different, so that there was opportunity
‘or but one-half as many comparisons as on the other
sections. Also, because of the presence of the lip curb
on the upper surface, certain difficulties in duplicating
ionding conditions were always present in the tests
»n this section.

So far as the values computed from the deflection
date indicate, dowel spacing within the limits of the
tests did not influence the effectiveness of the doweled
joints in reducing the deflection of the loaded edge.

either do they show any consistent difference attri-
butable to the differences in the width of the joint
opening used in these tests.

The tests on the t{ransverse plane-of-weakness or
dummy joints were made in November when the slabs
were confracted and the joints were opened slighily.
The comparative values for the weakened-plane joints
containing dowels (particularly those computed by
the first method) indicate a very effective construetion
g0 far as ability to reduee slab deflection is concerned.
The joint without the dowels is also indicated as being
quite effective by these values. It should be re-
membered in this connection that the slab length in
which the joints were used is but 20 feet.

It is indicated further by the values in table 6 that
the two joints containing the one-fourth by 4-inch
dowel plates are effective in reducing slab deflection.
When used with a joint opening of one-half inch the
effectiveness of a dowel plate of ghls thickness seems to
be noticeably greaier than when used with a fhree-
fourths-inch joint opening.

Table 7 eontains similar comparative values for the
longitudinal joints computed by both methods wherever

ossible. Ome is struck immedistely by the generally

igsher order of values in this table when compared to
those given in the preceding table for the transverse
joints. This is a direct reflection of the better struc-
tural connection obtained in the longitudinal joints
where liftle or no change in joint width occurs and no
provision for slab expansion was necessary.

It will be noted in table 7 that the values computed
for the corners of the longitudinal joints in sections 9
and 10 show that the combined deflections at the joint
are less than the deflection at the corresponding free
corners. This relation is the reverse of thaf generally
ghown in table 6 for the fransverse joints.

Asg stated earlier, 1t was possible to make compari-
sons between the deflections of free and longitudingl
joint edges of slabs only for sections of constant thick-
ness ‘ung even then only two of the four constant-
thickness sections (gections 9 and 10) were suitable for
the desired comparison. The other two constant-
thickness sections were of the plane-of-weakness type
and only one of these contained bonded steel across
the joint, It is believed, however, that the relations
indicated for sections 9 and 10 will probably be found
in any constant-thickness section in which the dummy-
joint construction is not used and the slab edges are
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held in contact by bonded steel members across the
joint. That such a design permits the development of
o resisting moment during deflection has already been
pointed out. 'The effect of this moment is to stiffen
the joint against deflection under load and this would

roduce the relation indicated by the values in table 7.

he magnitude of the moment that it is possible to
develop will depend upon the effective depth of the
slab ai the joint, the amount and position of the steel
capable of taking tension, any opening of the joint,
and other factors.

Table 7 shows that the sum of the deflections ap the
longitudinal joint exceeds that at & corresponding poini
at the free edge in the two plane-of-weakness joints.
For the other two sections of constant thickness (sec-
tions 9 and 10), the sum of the deflections at the joint
is less than that at the free edge because of the effect
of resisting moments due to the design of the joints.
This has been discussed earlier in this report. The
effect of the deep groove in the plane-cf-weakness joint
is apparent if the data for section 6 are compared with
those for section 10.

Figure 30 shows a comparison of the deflections of
the different corners of the four constent-thickness sec-
tions under a given load. The greatest deflection
oceurs at a completely free or unaftached corner.
Bome reduciion in deflection is brought abhout when the
corner ig attached on one side by o transverse joint.
A still greater reduction is effected whon the corner is
supported along the other side by a longitudinal joint
capable of transferring load. The joints and combina-
tions of joints are different in each of the four sections.
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of opinion. A brief dis-
cussion of it at this point
is pertinent.

he successive changes
in curvature of the deflec-
tion (or elastic) curve of
the slab are values of slope
which, if determined with
sufficient frequency and
precision, may be used to
form a slope curve. The
changes in curvature of
this slope curve, in turn,
if determined with suffi-
cient preeision, give values
of moment, a direct means-
ure of stress. However,
the determination of sec-
ond differences, if these
differences are to be signif-
icant, must be based upon
a precise knowledge of the
shape of the basic curve
and aceurate methods of
determination of the
changes in curvature.

It has not been found
possible in this investiga-
tion fo measure slab cur-
vature with sufficient pre-
cision to permit the use of
the deflection data as a
basis for estimating abso-
lute or even relative
stresses at critical points.
A comparison of the rela-
tive deflecfions and of
the relative stresses in
the vicinity of a load ap-
plied on one edge of two
typical doweled joints will
be shown later in this
report and the date pre-
senfed illustrate the point
whieh has just been made.
It is felt that the deflec-
tion data have definite
valile for certain purposes
and complete deflection
dats were obtained in
ﬁactically all of the tests.

ain reliance has been placed upon the strain data,
however, for comparisons that would show the relative
structural efficiency of the various joints.

¢ Because of its length, Part 4 is preseated in two issues of PURLic Roans. Ths

YHIE SIGNIFICANCE of deflection data in connec-
tion with tests of the structural action of joints is
& matter about which there seems to be a difference

LONGITUDINAL JOINT DESIGNS—Concluded!

OINTS are needed in conerete pavements for the one
purpose of reducing &s much as possible the stresses
resulting from causes other than applied loads in

order that the natural stress resistance of the pave-
ment may be conserved to the greatest possible extent
for carrying the loads of traflic.

A joint is potentially & point of struetural weakness
and may limit the load-carrying capacity of the entire
pavement.

Joints are classified by function as:

1. Those designed to provide space in which
unrestroined expansion can occur.

2. Those designed for the relief or control of
the direct tensile stresses caused by re-
strained contraction, .

3. Those designed to permit warping to occur,
thus redueing restraint and controlling the
magnitude of the bending stresses devel-
oped by restrained warping.

Expansion joints should be provided at no greafer
intervals than about 100 feet in order to keep the joint
openings from becoming excessive.

The spacing of eontraction joints will be determined
by the permissible unit stress in the concrete. IF this
ig restricted to a low value, which iz desirable, con-
tra(f:ti(%n joints should be provided at intervals of about
30 feet.

It ig indicated that joints to eontrol warping should
he spaced at intervals of about 10 feet.

A free edge is a structural weak spot in a slab of
uniform thicknesses, and it is necessary to strengthen
the joint edges by thickening the slab at this point or
by the introduction of some mechanism for trans-
ferring part of the applied load across the joint to the
adjacent slab.

The doweled ftransverse joints investignted were
quite effective in relieving stresses eaused by expan-
sion, contraction, and warping, bul they were noil
particularly effeclive in controlling load stresses near
the joint edge.

The dowel-plate joint tested had merit as a meansg
for load transfer, thoungh it offered more resigtance to
expansion and contraction than is desirable.

Aggregate interlock as it occurs in weakened-plane
joints cannot be depended upon to control load stresses.
Even when joints of this type are held clesely by
bonded steel bars there is wide variation in the eritieal
stress value osused by a given load; therefore, it
appears necessary to provide independent means for
load transfer in plane-of-weakness joints.

Tongue-and-groove joints held together by bonded
steel bars were found to be the most eflicient struc-
turslly of any of the jointe studied. However, modi-
fications of the designs might improve their action.

Before presenting the results of the strain measure-
ments made in connection
desired to call attention to

with the joint tests, it is
two conditions that affect
directly the precision of
the efficiency values
which appear later in this
digscussion. In the first
placs, it should be re-
membered that the tests
were made on specimens
that were built and tested
under field conditions.
Certain unexpected vari-
ations in the deflection
and strain data have con-
sistently appeared when
certain sections or certain
panels of a given section
were tested. These indi-
cate that wvariations in
the strength of the speci-
men or 1 the condition
of support are present in
spite of all the precautions
taken to guard against
them.

In the second place, the
criterion that has been set
up as a measure of joint
efficiency on the basis of
the stress datsa, while
sound in principle, has
one prachical weakness
that should be recognized.
Although the eritical
stress values as deter-
mined from the strain
measurements are of ap-
preeiable magnitude,
being generally of the
order of 250 to 350 pounds
per sguare inch, when
these values are used in
the application of the effi-
ciency formuls the signifi-
cant ratio is developed
from differences in stress
values, both in the nu-
merator and in the
denominator of the ex-
pression. The differences
naturally are of much less
magnitude that the stress
values themselves and the

result is that the ratio of differences iz very sensitive
to small changes in the stress values from which the
differences were obtained. Thus variations in stress
determination that are quite unimporten$, insofar

first instaliment appeared in the September 1036 issue. as the total value of the stress is concerned,

534302 0-43-7
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may be sufficient to cause appreciable variations in the
ratio by which the structural efficiency is measured.

The stress values used in computing the efficiency
values to be presented later were based on averages
from tests made at not less than eight comparable
points in order to minimize the effect of individual
variations in the strain data and are believed to be
quite well established. Still, a realization of the man-
ner in which these values were derived will show the
necessity for care in the use of individual figures, and
will indicate the reasons for certain apparent incon-
sigtencies in the fest data.

The tests o determine the effectiveness of the va-
rious joints in relieving slab stress were divided into

four general groups for convenience in preseniation,
as follows:

1. Tests to show the character of the stress and
deflection variations parallel to the joing.

2. Tests to determine the effect of the transverse
joint design on the critical stresses caused by a load
geting near o transverse joint, but at a distance from
& corner.

3. Tests to determine the effect of the longitudinal
joint design on the critical siresses caused by a load
acting near a longitudinal joint but at & distance from
& COTNer.

4, Tests to determine the effect of the different joint
designs, both transverse and longitudinal, on the
critical stresses developed by e load acting on a slab
corner.

Mention has already been made of the fact that,
with & load ascting at the edge of a pavement slab,
it has been determined that the highest stress will be
found direetly under the load in a direction parallel
to the edge of the slab., In making the stress measure-
ments for loads applied at joint edges, the stress just
mentioned is the critical stress, all others being of less
gignificance. This critical stress was determined for
each test at a joint edge and in addition the stress-
variation curves were determnined through the load
position in a direction perpendicular to the joint and for
some distance back on each slab.

REDUCTION IN DEFLECTION EXCEEDED REDUCTION IN STRESS

While the stress variation along the edge of the slab
is of interest for the comparisons to be made, it was
not considered sufficiently important to justify the
amount of work that would be involved if these dafa
were to be obtained for every joint. Stress-variation
data along the edge were obtained only for one trans-
verse joint with the 18-inch dowel spacing (section 10)
and for the longitudinal joint. with the 24-inch dowel
spacing (section 9). For these two joints datas were
obtained for a load applied midway between dowels,
directly over a dowel; and at a free end. The varia-
tions in stress on both the loaded pane] and adjacent
panel were determined in each case.

The deflection variation and stress variation along
the free edge and the two edges of the transverse joint
in section 10 are shown in figure 31, while similar data
for the longitudinal joint in section 9 are shown in
figure 32. The method of grouping makes it possible
more easily to make comparisons between the influence
of the design on deflection and that on stresses, com-
parisons that are of particular interest because they
show why strain mensurements furnish a better basis
than deflection measurements for judging the ability
of joints to perform their intended function of stress
reduection.

TIf the relations between {ree-edge deflection and
loaded joint-edge deflection are compared and if a
similar comparson is made between free-edge stress
and that developed at the loaded joint edge, for each
of the two joints, it will be found that reductions in’
deflection and reductions in ecritical stress are as
shown in table 8.

From these values it is apparent that the reduction
in load deflection that is obtained with either of these
joint designs is not a measure of the reduction to be
axpected in corresponding critical stress values,

If a similar study is made of the relative deflections
and the relative stresses on the two sides of the joint
when a load is applied on one of the sides, and ratios
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are caleulated which express the maximum deflection,
. or stress, in the adjacent edge as & percentage of that

found in the edge on which the Ioag was applied, the
ratios will have the values shown in table 9.

Again it is evident that the deflection relations are
not o usable measure of the stress conditions that
accompany them. The point is well illustrated in the
case of the longitudinal joint with the load applied
directly over a dowel. The deflection curves of the

two slab edges are closely comparable, as nearly as
can be judged by visua!l examinstion (ses fig. 32),
and the maximum deflection of each is identical. Yei
the maximum stress in the loaded edge is more than
twice that of the adjacent edge. This is direet evidence
of the presence of changes in curvature that are not
apparent in. the deflection data and for which there is
no dependable measure except strain data. Since the
reduction of the critical edge stress is one of the chief
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funectious of the joint, this is o very important fact and
it has a direct bearing on methods of testing joints for
structural efficiency. It emphasizes the impossibility
of forming sound judgments regarding the effect of
joint designs on stress {rom deflection dafa alone.
The reasons for this apparent anomaly have already
been discussed.

TanLe 8.—Compnrison of deflection reductions and stress reductions

Trang- | Longi-
verse tudinal
Juint joint
(section | (ssction
19) )
Long midwey between dowels: Fercent | Percent
Reduction in maximum deffection. ... 49 40
Reduction in maximum, $E0688. oo a 12 23
Lozd directly over & dowel: i
Redaction in maximum defleetion.. - 40 i3]
Reduction in maximum SHe8S oo oo - 22 33

TasLe 9.—Comparison of deflection raiios and siress raitos
between the loaded and adjacent joint edges

Trans- | Longi-
verse tudinal
joint jeint

{=ectlon | (section
10) )

Load midway between dowels:

Ratio of doflections (adjacent vs. loaded edged..ooouuvuen- 0.58 0.82

Ratio of strosses (adjacant vs. loaded edgedee oo omee .14 .23
Load directly over o dowel;

Ratio of deflections (adjacent vs. Ioaded edge) - naruewemne- .58 L00

Ratio of stresses (adiacent vs. londed edge) - oo - .16 .45

EFFICIENCIES OF VARIOUS TRAMSVERSE JOINTS COMPARED FOR
LOADS NEAR JOINT EDGES

There are other interesting points brought out in
figures 31 and 32. The concentration of the critical
stress along these joints is very clearly shown by the
stress-variation curves. It will be noted that for these
spacings practically all edge stress of any magnitude
occurs within a distance of two dowel spacings in the
case of a load applied over a dowel and within fhree
dowel spacings for & load applied between dowels.
The distribution of the deflection is much greater.

The position of the load with respect to the dowel
not only affects the distribution of the stress but also
the magnitude of the critical stress, the highest value
being observed when the load was midway between
the dowels, In each of the joints tested.

In comparing the date in figure 31 with the com-
parable date in figure 32 the greater stiffness of the
longitudinal joint is evident both in the deflection and
the stress relations. Because of the presence of the
honded bars a resisting moment is developed during
the deflection of the longitudinal joint which accounts
for the fact that a deflection reduction of more than
50 percent is obtained. The date indicate that the
presence of this resisting moment has no important
effect on the stresses in a direction parallel to the joint
edge although it does affect the stresses in a direction
perpendicular to the joint edge. The effect of the
close proximity of the two slab edges in this joint is to
make the steel bars more effective as shear unifs and
this causes greater stress reduction, particularly when
the load is applied over a dowel. This is shown by
the comparative values in tables § and 9.

Finally, it is to be noted that for joints such as these,
the stresses developed parallel to the joint in the
edge of the adjacent slab are relatively quite low in
magnitude.

The data which have just been presented serve two
important purposes; first, they illustrate the necessity
for stress determinations in a study of joint action;
and second, they give a peneral picture of the siress
conditions along the edge of the slab which is helpiul
in connection with the discussion of the other stress
data which follow.

Figure 33 shows stress values, as determined from
strain measurements in the vicinity of the load applied
at the edge of a slab, either at a transverse joint
(point G) or at a free edge (point I), for the purpose of
studying the structural efficiency of the various joints
from the standpoint of their ability fo control eritical
load stresses, The method of placing the loads and of
measuring the strains was previously explained in
connection with figure 8. The curves connecling the
circles show the stress variation salong a line perpen-
dicular to the joint and passing through the center of
load application. The single values shown by the
crosses indicate the maximum values of the stress at
the edge of the slab in a direction parallel to the joint.
These stresses reach & maximum at the peint of load
application in those cases where the load is at some
distance from a corner.

In figure 8 points G and I are shown on the longi-
tudinal centerline of the panel. Tests were made at
these points and af many other points along the
fransverse joint or free edge and it was found that
the edge condition shown by the typical data in figure
33 applies at all points along the edge except within
a distance of approximately 3 feet of a corner. Within
this distance there is a gradual transition from the
edge to the corner condition. TFor the corner condition
the bending stress under the load is negligible and the
critical stress is found to be o tensile stress at some
distance from the load and along the bisector of the
corner angle,

The data in figure 33 show that the most important
stress to be controlled by a transverse joint for a loading
such as that at point G is that oceurring directly under
the load and in a direction parallel to the slab edge.
Using the method of calculating structural efficienc
from stress values that was described earlier in this
report, the average values for each of the joints were
determined. These values as given in table 10 are not
based on the data shown in figure 33 together with
the corresponding dafa for the center of the slab, but
upon similar and much more extensive tests in which
only the strains occurring directly under the load were
measured.

TanLe 10.—Efficiencies of the various fransverse joints for conirol-
ling the stresses caused by loads placed near the joint edges

Jaint efficiency
Test Spzes | roint {
s00- . ing of | 7938 Aver-
tion | T¥peof joint asw- OB | e Sume 25 | over | B
no. els inter vari- Ween
M | g sen-) LOFE | domels
50D53)
Inchet | Inches |Percent | Percent | Percentt | Percent | Percent
1| Thickened end.._| Noue %] [ N i T
8 | Dowel
b
b
7
1
4
3
2
5

The joint in section 1 differs from the others in that
there is no connection between the two ends of the
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slabs that form the joint, the edges being strengthened
by edge thickening. To make these edges as strong as
the center area it is necessary to design the transverse
joint edges according to the principles that were de-
scribed in part 3 of this series of papers.

As indicated in table 10 the doweled joints were
tested al points both directly over and midway be-
tween dowels. The efficiencies of these joinis are gen-
erally low at all points, but {or loads applied over &

VALUES ABove THE AxIs InprcaTe TeNsiow, aNp VALUss Berow THE Axis InpicaTe COMPRESSION IN

dowel the efficiency is often much higher than for loads
applied midway between dowels.

EFFICIENCIES OF VARIOUS LONGITUDINAL JOINTS COMPARED FOR
LOADS NEAR JOINT EDGES

The dowel spacing was varied in the different sections
for the purpose of bringing out the effect of dowel
spacing on structural efficiency. It has been learned
during the testing of the sections that for edge tests the
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deflections are so small that the stiffness of the two slab
ends, as determined by slab thickness, and the stiffness
of the structural connection as determined by the width
of the joint opening and by the spacing of the units in
the case of the doweled joinis, are two very important
factors which affect the structural action of the jolnt.
To study the matter of dowel spacing properly, the slabs
should be of the same thickness and the joint openings
should be the same throughout, leaving the single
variable of dowel spacing. 'This does not mean that the
dats obtained are of no value but it does explain the
apparently inconsistent relations which appear when
the data are examined from the standpoint of dowel
spacing alone.

The effect of the spacing of the dowels is largely
eliminated in the data for loads applied directly over a
dowel. The low efficiency for this loading indicates the
inadequacy of a ¥%-inch dowel installed in this manner
for transmitting load across joint openings such as were
used in this investigation. The efficiencies are some-
what higher for the }-inch opening than for the ¥-inch
opening although the variation in slab stiffness compli-
cates the data. Some looseness of the dowels may have
been present and deflection of the dowels certainly
oceurred, both of which would lower the efficiency of the
joint and to the greatest degres in thick slabs. The
matter of dowel spacing will be discussed on a theoreti-
cal basis later in this report.

The data in table 10 show a great difference in the
afficiency of the wealkened-plane joint, without dowels,
in winter as compared with summer. The very low
efficiency of this joint during the cold season resulis
from opening of the joint as the pavement contracts.
It would appear that aggregate interlock cannot be
depended upon to transfer load effectively when the
pavement is in a contracted condition even on relatively
short slabssuch as these. Forlonger slabs the reduction
might be still greater, while for shorter slabs it might be
expected to be less.

The efficiency of the weakened-plane joint with 3-inch
dowel bars at intervals of 18 inches was found to be high
at all seasons of the year.

With the dowel plates, joint openings of one-half
inch and three-fourths inch were used to determine the
effect, of this variable. It will be noted that the joint
with the wider opening shows a slightly higher effi-
ciency, contrary to what might be expected. The
plate 1 this case was called upon to deflect a G-inch
slab across & %-inch opening, while in the other case a
plate of the same size had to deflect & 7-inch slab
across o J-inch opening. The effect of the difference
in joint opening is thus obscured by the complicating
variable of slab thickness. Both joints appear to be
quite efficient in slab edges of this general thickness.

Figure 34 shows typical stress data corresponding to
those shown in figure 33 but obtained in tests at lon-
gitudinal joints, the loads being applied at points
A and B. As stated previously, the stress conditions
shown were found to apply at all points along the joint
except within approximately 3 feet of a slab corner,
The data in this figure indicate again that the critical
stress for a load acting near a joint is found directly
under the load and 1n a direction parallel to the
slab edge. .

The stress data in this figure are shown for both the
constant-thickness and the thickened-edge slab. Since
the stresses for loads applied at point A are affected
by the slab thickness at this point, direct comparison

of the stresses at points A and B does not give a true
indication of joint efficiency for the thickened-edge slab.

Table 11 contains efficiency values for the longitudinal
joints caleulated in the same manner as those in table
10 for transverse joints. The stress values used in
these computations were average values obtained in
tests at a great many points. The loads were placed
arbitrarily a$ points over and at various points between
dowels in order that the final averages might be repre-
sentative of average conditions along a joint of the
particular type being tested. The difficulty mentioned
1n connection with thickened-edge slabs was overcome
in the following manner. An average empirical rela-
tion was established between the interior and edge
stresses on the constant-thickness slabs. This relation
was applied to the interior stress of the thickened-edge
slabs to determine what the edge sfress would have
heen had the free edge been of the same thickness as
the longitudinal joint edge, and this calculated value
for free-edge stress was used in the efficiency formula.

TaBLE 11 —Efficiencies of the various longitudinal joinis for con-
trolling the siresses coused by loads placed near the joint edges

Test Spac- § Joint
section Type of joins Typt of tongue ingof ; of-

no. dowels }| ciency

Tnchey | Pereent

IR I A1) 1.4 1 VO Reetanpular.... .-, 60 78

[ — s P Triapgular- ... [ 75

10 ... do. .-- . Corrugated--. 60 72

L3 - do Rectangular..... None 50

3 4 52

8 42

2 &l

1 47

6 44

7 30

1 All dowels aeross longitudinal joints were fully honded,
EFFECT OF DOWEL SPACING ON JOINT EFFICIENCY DISCUSSED

All of the tongue-and-groove joints that are held
closed by the bonded bars appear to have relatively
high efficiencies. The tongue-and-groove joint in sec-
tion 4 has no dowel bars to hold it together. It was
tested in & slightly open condition and it will be noted
that, although it has a substantial tongue that is roughly
rectapgular in shape, 8 marked reduction in efficiency
ocours when the bonded steel is omitted. It appears
from this table that the shape of the tongue is of little
importance in controlling load stresses so long as the
joint edges are held together with bonded steel. The
highest efficlency value found was with the joint con-
teining the rectangular tongue and groove, however,

In the four butt-type longitudinal joints, the slab
thiclkness at the joint edge was 7 ineches in each case,
each joint was separated by tarred felt, and ¥-inch
dowels were used throughout. The dowels were de-
formed bars in bond but their function was to transfer
load through shear. In all, 59 load tests were made on
these four joints at various times and the loads were
applied at various distances from a dowel bar.

from the strain dats efficiency values were calculated
for each of these tests. These efficiency values were
grouped according to the distance between the center
of the load and i‘.ﬁe nearest dowel and each group was
averaged, from 4 to 16 values constituting a group.
These average group values are shown in figure 35
plotted against the space beiween the load and the
dowel and a curve has been drawn through the values.
There is considerable dispersion among the values and
the curve as drawn may not be correct as to shape. In
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spite of these deficiencies, it is believed that these data
show a useful indication of the effect of dowel spacing
on structural efficiency for a joint of such eonstruction
that little or no deflection of the load-transfer units
CAIL OCCUT.

A. comparison of the relative efiiciency of the closed,
longitudinal, butt joints with the open, fransverse,
expansion joints having the same dowel spacing shows
that the efficiency of a given longitudinal joint is much

Varues ABove THE AXIs INpicATsE TENSION, AND VaLurs Berow THE AxX1s InpicaTe COMPRESSION IN

higher than that of the corresponding transverse joint,
particularly for loads applied between dowels. It is
obvious that the conditions for Joad transfer through
the dowels in these longitudinal joints are much more
favorable than they are i any of the doweled transverse
joints,

Neither the butt-type longitudinal joints ss a group
nor the weakened-plane longitudinal joints were found
to have efficiencies comparable to the tongue-and-
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groove joints in controlling the stresses that occur
directly under a*load. It is perhaps surprising that
the weakened-plane joint that is held closed by bonded
steel bars (section 6) should show such low efliciency.
It was found in testing these joints that, for loads ot
certain positions, the indicated joint efficiency was very
high, while at other load positions the efficiency was
practically zero. It was frequently noted that at a
certain point this joint would be efficient when the load
was placed on one side of the joint and inefficient when
the load was placed directly opposite on the other side
of the joint.

The load stresses that occur directly under a load are
of a critical magnitude only over a small area and if the
stresses are t0 be controlled by the action of the joint
it is necessary that the joint be effective in transferring
load in the immediate vicinity of the load. If the
funciioning of such a joint is dependent upon the
interlocking of the broken edges, then the efficiency
will depend upon the tightness of the contact and upon
the peculiar form of the fractured face directly under
the load. If these are favorable the efficiency may be
quite high; if they are not then the joint will not
reduce the critical stresses. It will be recalled in this
connection that the bars in the longitudinal joint were
60 inches apart. In the transverse joint of the same
type in which ¥-inch dowels at 18-inch Intervals were
used, the indicated efficiency was high under all
conditions.

EFFECT OF JOINT DESIGN ON CONTROL OrF CORNER STRESSES
STUDIED

The discussion of the stress dats has thus far been
confined to the effectiveness of the different joint
designs in controlling or reducing the eritical stresses
that occur when a load is applied at a joint edge but
at & distance of 3 feet or more from any corner.
certain slab designs, as, for exasmple, those of constant
thickness, a critical stress may algo be developed when
a8 heavy load is applied ab an unsupported corner. In
this case the critical tensile stress is no longer found
directly under the load but appears along the bisector
of the corner angle in the upper surface of the slab and
at some distance from the center of load application.
The stress-reducing function of a joint design should

With.
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Ficure 36.—ComparisoN or THE CriTicaL Loap StRESSES
MEASURED AT THE FREE AND TransvERss Joint CorNERs.
Varues Inpicare TewsioNn 1N Urprn SURrAcE oF SLABb.

extena to the relief of these corner stresses. Since
under 2 given load the slab corner tends to deflect
more than the edge, joints thai are effective for the
edge condition are quite likely to be effective near the
slab corner also, but a joint that iz quite effestive in
the corner region may be considerably less effective
when the load is applied at an edge but away from a
corner.

Tigure 36 shows stress data obtained from the load
tests that were made for the purpose of determining
the efficiency of the various transverse joints in con-
trolling the critical corner stresses. Figure 37 shows
similar data obtsined in the same way 1n fests at the
four longitudinal joints that were used in the constant-
thickness sections. The reason that data are not given
for the other sections has already been discussed.

The stress values shown in these two figures are the
averages obtained from tests at four corners in sach
section. From them stress-reduction values were cal-
culated for each of the joints tested and these are given
in table 12. It should be kept in mind that the stress-
reduction values shown in the fable are not a measure
of the general structural efliciency of the different joints
but only an indieation of the relative ability of the
joints to control the crifical siresses caused by a load
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acting at a slab corner. The values are simply the
percentage of reduction of the free-corner stress ob-
teined]through the use of the various joint construetions.

It will be noted that there are no values in this table
for sections 1 and 8. In section I the free and joint
ends of the slab are of identical construction and the
stresses in the free and test joint corners should be of
the same magnitude for a given load. Section 8 has a
lip-eurb design and because of the difficulties in testing
caused by the shape of the cross section and the fact
that the number of corners available for comparisons
are very limited, comparisons were not made.

TanLe 12.—REeduction in corner stress eaused by iransverse and
longitudinal joint action

TRANSVERSE JOINTS

Post spae- | Joint Stress Reduzc-
b Type of joint ing of | opsn- E;gglé?
no dowels | ing | Affree (At joint] Differ- stress

. cotner | corner | ence i

Lbs. periLbe. per|Lbs. per| Per-

A Inches | Trches | sq. in. | sg.in. | sg.in, | cent
1| Thickened endee..u.. None ] /RN S AR A
81 Dowel_______ —— k] 277 JRRPRRN SR PN S
I3 (— do._.. —a- 27 I 247 154 93 38
[T do._... . 27 3 302 176 126 42
Y — do_... - 18 14 205 18 127 43
10 |- L+ P, 18 EH 239 193 104 35
1 | Planoe of weakn " 18 fuvecinan 250 172 168 34
3 P, 0. oeoeeeo{ None |.._..._. 283 188 o7 34
2| Dowel plate.ooeoo oo |aoeas 15 370 203 167 44
[ N— L [ YU IR, 31 336 225 111 33
10 150 148 &0
] 136 146 pit3
4] 134 113 46
7 180 115 3%

Theoretically the maximum smount of load which
can be transierred by a joint design can never quite
egual 50 percent of that applied to the one side of the
joint because of the eccentricity of the point of load
application with respect to the joint. Under ideal
conditions a transfer of approximately one balf of the
load to the adjoining slab should result in a correspond-
ing reduction of approximately 50 percent in the critical
stress. In the case of a corner this should apply also
and as a matter of fact, because of the distributed na-
ture of the bending that accompanies corner deflection,
in practice il would be expected to apply even more to
corners than to edges. It is probable, therefore, that
the actual efhicieney of the joints in reducing the eritical
stresses at corners is approximately double the values
listed in table 12.

It was shown previously by the deflection data that
it is not possible for a joint to have an indicated effi-
clency of 100 percent (based upon a comparison of
deflections al the free and joint edges) unless the slab
is in perfect contact with the subgrade. Since the slabs
were unwarped when the corner loadings were applied
and thus perfect contact with the subprade did not
exist, it is probable that the percentage of load actually
transferred 1s somewhat more than one might assume
from the stress reduction values given in table 12. The
reasons for this have been discussed previously in con-
pection with the application of the second mefhod of
analysis to the deflection data.

Congidering all of the evidence regarding the ability
of the various transverse and longitudinel joints to
reduce or control the critical stresses resulting from a
load applied near a slab corner, it is indicated that
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6,000 -POUND LOAD
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STRESS — POUNDS PER SQUARE INCH

Ficore 37—CoMmparisoNn oF TEE CRritican LoaDd STRESSES
MBASURED AT THE FREE AND LoNairopmwal Jomt CoRNERs.
Varues Inprcars Tension 1§ Uresn SURFACE OF SLan,

practically all of the joints have a relatively high degree
of effectiveness.

EFFECT OF DOWEL SPACING ON JOINT EFFICIEMCY DISCUSSED
FROM A THEORETICAL STANDPOINT

The transverse joints of the weakened-plane type
were tested during the winter when they were in the
opened condition. However, the amount of opening
resulting from temperature contraction was not large
in slabs of this length. This probably explains the
fairly .high degree of eoffectivenéss shown by the
undowsled joint,

The dowel-plate joint having the %-inch joint open-
ing appesrs to be somewhat more effective in con-
trolling corner stresses than does the similar joint with
the %-inch opening. In the case of the doweled joinis
containing the ¥%-inch dismeter round bars the effect of
joint opening is not definite, probably for the reasons
previously discussed. The same is true for indications
a3 t0 the effect of dowel spacing.

It will be noted that two of the longitudinal joints,
on the bagis of the corner stress-reduction data, appear
to transfer a full half of the load across the joint to the
adjacent slab (sections 9 and 10). Section 9 is a 7-inch
uniform-thickness slab having a longitudinal joint of
the butt type erossaed by ¥%-inch bonged dowels at 24-
inch centers, while section 10 is a 6-inch uniform-thick-
ness seetion having a longitudinal joint consisting of a
corrugated, steel dividing plate ami held together with
Y-inch bars at 60-inch intervals. Thus, in each, condi-
tions are favorable for the development of a resisting
moment and & high degree of load transfer.

The effect of edge thickening in reducing the corner
stresses of the thickened-edge slabs is of interest in
connection with joint design even though it may not be
considered an actual joint design problem. An indica-
tion of this effect may be obtained from the siress
curves in figure 36 by comparing the stresses at the
free corners of thickened-edge slabs with those at the
corresponding point of comparable slabs of uniform
thickness.

It has been shown that, for a number of reagsons, it has
not been possible during this investigation to develop
from the test data as complete information regarding
the proper dowel spacing to control efficiently the
stresses that occur directly under a load applied near a
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Froune 38 -—Errecr or Dowsr Spacing oN REDUCTION 6F
Enge Struss ComMrUTED BY WESTERGAARD'S Exacr METHOD,
RELaTIONS SHOWN ror a4 Commow Loap.

joint as it is desirable to obtain. This was caused in
part by the fact that most of the dowel spacings were
too great to be effective and in part by the presence of
other complicating varizbles in a number of the tests.

It is believed that a short discussion of the subject
from a theoretical standpoint will help to clarify the
general relations between load, stress, slab thickness,
and dowel spacing.

Making use of the more exact formaulas developed
by Westergaard in his analysis of this subject,” that is,
the formulas in which the reactions of the four dowels
nearest the load are taken into account, the values that
determine the sets of curves shown in figures 38 and 39
were computed. The constants used in the caleulations
were appropriate to the conditions of the tests at Avling-
ton. In the analysis by Westergaard it was assumed
that the dowels were of sufficient stiffness o cause the
two sides of the joint to deflect equally. Since dowels
do not perform in this ideal manner, it is to be expected
that the theorefical stress reductions for given condi-
tions will be greater than those that will be obtained in
practice, with joints as they are constructed at the
present time.

The stress reductions shown in figure 38 are for a
constant load of 10,000 pounds applied on slabs of
6, 7, 8, 9, and 10-inch thicknesses. The stresses
theoretically developed in the free edge of each slab
by this same load are tabulated in the lower part of this
figure.

gIn figure 39 similar relations are shown, butin this case
the magnitude of the applied load was varied in order
that the edge stress in each of the various thicknesses
of slab would have a constant value of 300 pounds per
square inch.

Both of these figures show very clearly that both the
spmount and the rate of stress reduction increase as the
dowel spacing decreases. If is indicated that, even
for the i1deal condition represented by the basic specifi-
cation of the analysis, dowels spaced 3 feet or more
apart are of little velue in reducing slab stresses.
When the dowel spacing is 2 feet or less, the dowel reac-
tions become more effective in reducing stress and the
analysiz shows that if dowels are to be of appreciable
value in reducing edge stresses, they must be closely
spaced, even when complete rigidity exists in the dowel.

1 Bpacing of ‘]Sowels, by H. M. Westergaard. Procesedings, Eighth Annual Meot-
ing of the Highway Rescarelr Board, 1025, pp. 154-168. [Footnoto 12 in the first in-

stallmeent of this paper (PubLic RoAaDs, Septomber 1936, p. i47) is incorrect, and
should refer to the above article.}

TFreore 39.—ErrrcT oF Dowsn SraciNg ON REDUCTION OF
Epen Srress CompuTeEd BY WESTERGAARD'S Fixacr MuTHOD.
Revarrons SEown ror A Coumymon Encr STress.

Both theory and experimnent show that a load that
will produce a critical stress of 300 pounds per square
inch in the free edge of a slab will cause a critical stress
of slightly less than 200 pounds per square inch when
applied in the interior of the slab (provided the slab is
of uniform thickness). Thus in this type of slab com-
plete continuity will effect a stress reduction of a little
more than 100 pounds per square inch. There are a
number of other factors that affect this relation some-
what but the above general statement is approximately
true.

Tigure 39 shows that, theoretically, in order to accom-
plish the same reduction with dowels that is obtained
by the continuity of the slab (about 100 pounds per
square inch), a dowel spacing of approximately 21
inches would be required with a slab 9 inches thick
and a spacing of approximafely 17 inches with a slab
6 inches thick.

The data presented in this report show that in joints
of the types tested, the stress reductions to be expected
in joints as actually constructed will fall considerably
short of that theoretically possible.

If o doweled joint is to bring about a satisfactory
control of edge stresses it would appear that the dowel
unifs will have to provide more shear resistance indi-
vidually and be spaced much nearer to each other than
has been the practice in the past.

MEASUREMENTS MADE CF COMBINED STRESSES AT JOINTS

A pavement slab to be perfectly designed structurally
should be so proportioned that a given load, wherever
applied, would at all times produce no mere than a
selected maximum stress at any point. Such a design
would make the most economical use of the material
and would have no weak spots at which overstressing
could occur and failure begin.

The load-carrying capacity of any pavement slab
should be indicated by the most critical combinations
of load snd warping stresses at the different parts of
the slab, and the more nearly the ideal design is ap-
proached the more readily will these combined stresses
attain a common value. There is, however, one con-
sideration that should he mentioned because it affects
the generality of application of the statement that was
just made. I'or a load placed at the edge of & slab or
at an interior point the load sfress is ghly localized
as has been shown in a number of the figures of this
and the preceding papers. When a load is applied on
the corner of a slab the distribution of the high stress
values is considerably greater. I sesms probable,
therefore, that a combined stress having a magnitude
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that would cause a structural failure in the case of a
corner loading would not necessarily produce s strue-
tural failure when developed under the load in the ease
of an edge or interior loading. If this is true, a pave-
ment slab should be so designed that the combined
load and warping stress at the corner is less than at
other parts of the slab.

Since the interior portion of the slab is inherently
the strongest and comprises the greatest area, the object
of the design should be to increase the load-carrying
capacity of the free and joint edges and of the corners
to equal that of the interior of the slab. With this
thought in mind table 13 was prepared. The values in
the four columns headed ‘‘Maximum load siresses” show
the magnitudes of the maximum stresses for various
positions of a given load, expressed as a percentage of
those found for an interior position of this load (point
H}. The values shown in the columns headed “Warping
stresses” are expressed in the same way and are taken
Trom the maximum average warping stresses measured
on the two test sections concerned and published in
the second report of this series,

The first two columns of each group show data ob-
tained from the thickened-edge slab (sec. §) whila
the third and fourth columns contain similar values
which apply to three points along the free edge of the
6-inch constant-thickness slab (sec. 10).
tors being constant, these are the three points where
the relations for a constant-thickness slab might be
ei‘qi)ected to be different from those for a thickened-edge
slab.

The warping stresses are applicable only fo slabs of
the general dimensions tested in this investigation,

TaBLE 13.~—Relation of both critical load and warping siresses at
points near the free and joint edges of typical slabs compared to
the stresses at the inlerior

Maximuom load stresses (upper
surfaca of slab) (porcontago of
that at point H on each

Warping stresses (percentage of
that at peint H on eack: section) 1

section)
Lead at point Section § Section 10 Section 5 Seetion 10
Com= | Com- " | Com- Com-
en- Ten- Ten- Ten-
PIeS- | gion | DPFeS-  gion | PO [ giopz [ PRS- 1 gign

sion sion sion sion

Percent | Percent | Percent | Percent | Percent | Percent { Percent | Percent
7L 130 11 It

100 {1,V (S
120 22 [
84 Q n
115 L5t
110 i} 11

| Warping stresses are for the samo points in the upper surface of the slab for whicl
load stresses are givon and are for conditions of gverage maximum warping,

? Values aro for strasses parallel to the bisector of the corner angle since they ure to
pa combined with the load streszes in that direction.

It will be noted that two load stresses are shown for
each point of load application on these two slabs except
for points I and . The values shown in the first
column in each case are stresses in the top of the slab
directly under the load. These are not shown for
points I and C because of their very small magnitude.
The second column in each case contains the maximum
stresses occurring in the top of the slab at some distance
from the area of load application. The efficiency of
the longitudinal and the iransverse joinis naturally
uffects some of the values given so that relations shown

Other fac- |

in the table apply to pavements of equivalent cross
section and joint efficiency.

The effect of edge thickening on the load and warping
stresses at the various points is apparent if the values
pertaining to them for section 5 are compared to those
for the smme points on section 10. Except in those
cases where the edge thickening affects the relation, the
values shown for points at the free edges and free ends
of the sections would apply equally well for joints
having little or no structural effeetiveness. The effect
of the joint design in section 10 in reducing load
gtresses 1s reflected in the comparative magnitude of the
load-stress values at the corresponding points on the
free and joint corners of this constani-thickness slab.

IMPORTANCE OF CONTROLLING LONGITUDINAL WARPING
STRESSES EMPHASIZED

There is a small variation in the relation batween the
load-stress values at the various parts of a pavement
slab at different seasons of the year. This will be dis-
cussed more thoroughly in the next paper of this series.
The relations shown in table 13 for the critical stresses
dirvecily under the load are based on data obtained from
a great many tests made during the winter months.
The values shown for the less critical stresses (those
not directly under the load) are based upon less ex-
tensive data obtained in tests made at varlous seasons
of the year, although wherever possible the relations
shown are averages from several tests.

In order to emphasize the importance of the data
just shown and to present them in 2 more easily
assimilated form, table 14 was preparsd. In this table
the critical combined stresses are given in absolute
units and represent stresses that might reasonably be
expected to develop in each of the two slabs under the
action of a 7,000-pound load and temperature warping
of average maximum intensity as determined during’
the course of this invesfigation. The values follow
directly from the percentages given in the preceding
table. In all cases except at t%:e corners the slresses
apply to afternoon conditions. Ior the corners the
warping is that which occurs during the night. It was
explained in a previous report that it was not possible
to determine the corner warping stresses for a thick-
ened-edge slab. For this resson it was necessary to
2pply to the thickened-edge slab the corner warping

TABLE 14.—Combined eritical loud end warping siresses ! al the
midpoint and al points near the free and joini edges of panels of
two of the test sections

Comblned b Con.(\bined :
. ombine stress (percent-
Lond stress 2 | Warping stress stress g0 of that af
point H)
Load at point
Cowmn- Com Com- Com- .
‘Ten- Ton- ‘Ton- Ten-
pros- Pres: pres- N prog- A
sfon | SO0 | Gign | Sfom | Gign | stom | Gon | siom
Lbs. Lba. Lbs. Lbs Lbs. Lbs.
per qer per per per © per
Seetion 6: 2q. tn. | sg. dm. | &g, dn. | gq. dn. | sg. in. | so. i, | Percent] Pereent
0 176 40 9 216 & 36
........ 413 favamnran [:2) N . 8 o
119 [} 40 joooo o 169 {caeas 2%
________________ 478 |omeaees P—
........ 360 foocmeman 807 |ocmmmme 100 [acmaenan
________ 80 foeeee - fuy o I [
165 40 207 205 34 M
........ 320 |ameaeeo- G05 [aeannne- W [aeeeeee
ad 1] 40 272 124 45 20
381 .- 40 oo Fi210 U S 40
________ 320 |ociimann T13 fiians j N I,
217 fecmmmann 40 oo 207 oo 42

[ Maximum stresses in uE;}ar surface of slab,
: The lond stresses in each section were produced with a 7,000-pound losd.
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stresses defermined from measurements on {he corner
of & constant-thickness slab. The magnitude of these
stresses is so small that this method should introduce
no error of consequence.

The warping stresses shown in this table are for
slabs 10 feet. wide and 20 feet long. It was brought oub
in the diseussion of warping stresses in the second
report that, for slabs of the thicknesses used, the maxi-
mum warping stresses are approximately as large as
they would ba for much longer slabs of the same width.
The combined stresses shown in fable 14 should there-
fore represent the condition where effective control of
warping stress has not been provided.

There was no opportunity in this investigation to
male an extensive study of warping stresses on short
slabs, but the work that was done Indicated that the
magnitude of the critical warping stresses would be
greatly reduced as the length of the slab was reduced
helow the 20-fool length used in this series of tests,
Yor short slabs the values of the combined stress will
tend to approach the value of the load stress alons.

It is obvious from table 14 that the most important
step in the effort to balance the combined siress values
is to reduce the warping siress at poinits A, H, and B.
The most effective means for doing this seems to be by
shortening the length of the slab. This has already
been discussed in connection with cross-section design
in the preceding paper and needs no further discussion
here. The effect of edge thickening on the load and
warping stresses was also discussed in a previous report.

One of the most difficult problems in connection with
concrete pavement construction is the eontrol of
transverse cracking. It is important to control the
critical load stress along a elab edge abutting a longi-
tudinal joint because this stress combines directly with
a warping stress that tends naturally to be high. The
combined stress, being s longitudinal siress, is in a
position to start the formation of o transverse crack if
its value becomes excessive. Longitudinal joint designs
of high structural efficiency ave desirable therefore as
an aid in controlling transverse cracking.

" J0INTS SHOULD PERMIT FREE FLEXURE OF SLAB EDGES

The longitudinal joinis in both seciions 5 and 10
were very effective in reducing the stresses under the
load and it is apparent from table 14 that, where the
warping stresses are controlled, the cross section of a
slab having a thickened edge and an efficient longitu-
dinal joint is very well balanced. Because the width
of the slab was bu one half of its length, the warping
stresses ot points I and G are much smaller than those
at points A and B. This probably explains why
longitudinal eracking is seldom observed in};}l)abs having
a width of approximately 10 feet.

It is apparently unnecessary, in order to balance the
venera} design of a pavement slab, to reduce the com-
bined stresses at points I and G unless the warping
stresses in the longitudinal direction are controlled.
Where these stresses are controlled, leaving practically
all of the flexural strength of the slab available for
carrying load, then it becomes necessary to provide
transverse jomts that are effective in reducing the
atresses directly under the load, when the load is near
the joint, in order to make the load-carrying capacity
of the slab at point G comparable to that at the interio:
point H.

The effect of edge thickening and of the joint con-
struction on the stress conditions of the eorners E,
C, T, and D are well shown by table 14. The warping

stresses abt the corners are so low that, on the basis of
combined stresses, the corners do not appear to be
critical points. Because of the distribufion of the
maximum stress from a load applied at a corner and
hecause of the greater likelihood of impact, weakened
subgrade supporé resulting from the infiltration of
water, and possibly other factors, it appears desirable
to make the corners of the slab somewhat stronger in
relation to the other parts of the slab than would
appear to be necessary from the combined siress
values in the table.

A comparison of the load stresses oceurring along the
bisector of the corner angle, for a load acting at point
I on each of the two slabs, shows that edge thickening
is very effective in reducing these stresses. The effoc-
tiveness of joinis In controlling these stresses at joint
corners was discussed earlier in this paper in connection
with table 12.

It is interesting to note that at the inside corners,
where the load stresses along the bisestor of the corner
angle are very low, the stresses directly under the load
become relatively high. This is due to the action of
the joints causing the slab at point D to behave more
in the manner of the interior of the slab. One joint
acting effectively will cause the stresses at this point to
be distributed as at a free edge, while with both joints
effective o stress distribution more like that which
exists in the case of an interior loading is ereated. Thus
the position and magnitude of the critical siress at a
slab corner depend upon the action of the joint or joints
at that corner. Joints that are very effective in con-
trolling the siresses along the bisector of the corner
angle may cause a critical stress condition under a load
acting near the corner.

It has already been shown that, from the standpoint
of reducing warping stresses, free action of the corners
at point D is desirable. Such construction would like-
wise reduce the load stress just discussed and increase
slightly the load stress along the bisector of the corner
angle of the slab. Therefore, as far as both warping
and load stresses are concerned, the joints should be so
designed that resisting moments that prevent free
flexure are not developed in the joint.

Farlier in this paper it was stated that joints are
introduced into concrete pavements for the purpose of
controlling certain stresses that are present from
causes other than load, and that joints may be classified
according to the stresses they are intended to relieve as
follows:

1. Expansion joints to control the direct compression
stress caused by expansion of the concrete.

2. Contraction joints to conirol the direct tensile
stresses caused by coniraction of the concrete.

3. Wearping joints to control the bending stresses
resulting from restrained warping.

Data developed during the ecourse of this investiga-
tion and reported in this and the two preceding papers
of this series permit eertein peneral observations to be
made and also suggest certain ways in which the joint
designs that were tested may be improved.

SPACING OF EXPANSION, CONTRACTION, AND WARPING JOINTS
SHOULD BE APPROXIMATELY 109, 30, AND 106 FEET, RESPECTIVELY

The proper spacing of joints iz a matter concerning
which there has frequently been a wide difference of
opinion. The trend of thought as reflected in construc-
fion practice during the past was brought out in the
historical review at the beginning of this paper. As
recently as the December 1932 meeting of the Highway
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Research Board, in a paper on the design of jeints?
R. D. Bradbury stated thai: ““The proper spacing of
transverse joints is largely a matter of judgment based
upoen experience”’. In other words, there was availablea
no rational method by which the proper spacing of
Joints could be determined.

Since joints cost money it has [requently been the
policy to install as few joints as possible and to have
these of the cheapest type. It is well to remember,
however, that the strass reductions accomplished by the
introduction of the joint may be worth more in added
load-carrying capaeity than the cost of the joint instal-
Iation. This study indicates that frequency of joints
can increase the safe load-carrying capacity of a pave-
ment without any increase in slab thickness. Also,
frequent joints and the resulting short slab lengths
simplify somewhat the structural requirements of trans-
verse joint designs.

It is not the intention to suggest that as & result of
this investigation it is now possible to determine ration-
ally the proper spacing of joints under all conditions.
Much addifional information is needed before this
desirable objective can be attained; parficularly needed
are data on the effects of radically different subgrade
conditions and on a number of factors that affect warp-
ing stresses. However, the data already obfained male
possible several useful generalizations relative to joints.
'The tests have shown that the distance between expan-
sion joints will not be determined so much by the
magnitude of the compressive siresses during expan-
sion as it will by a consideration of the amount of hori-
zontal movement that it is desirable to permit at any
one joint. The data presented in the second report*
show that for ordinary slab lengths the compressive
siresses during expansion are re%atively quite small,
provided no restraint is offered at the slab ends.

Figure 40 has been prepared from data obtained dur-
ing these studies to give an idea of the average changes
in length that oceur annuslly in concrete pavements
from changes in the moisture state of the concrete and
in the average temperature of the slab (fig. 40--A), and
of those that oceur daily from temperature change alone
(fig. 40-B). Thelength changes are ininches and apply
to a slab 100 feet in length. This graph shoews {hat the
rise in temperature from winter to sunmer caused an
expansion of about 0.45 inch in this length of slab. Dur-
ing this same period a loss of moisture occurred which
caused a contraction of about 0.15 inch. The net result
of the combined annual volume changes was an expan-
sion of about 0.30 inch from winter to summer. The
daily changes in length are approximately 0.03 inch in
winter and 0.08 inch in summer. The values apply ex-
actly only to climatic conditions and to concrete having
volume-change characteristics such as those which ex-
isted in these tests. However, there is nothing unususal
about either.

It will be recalled that dats presented in the second
report showed that the test slabs at Arlington are gradu-
(111[;7 inereasing in length. The ultimate extent of this
growth cannof be predicted, but after four annual eycles
of length change it amounted to approximately 0.17
inch in a 100-foot slab. Such a change when present
will have to be cared for in the expansion-joint design.

* Dreslpn of Joints in Concrate Pavements, by 1. D, Bradbury, Preceedings 12th
Anausl Meeting, Highway Research Board, 1932, part I, pp, 105-136.

4+ Btructural Dezign of Conerets Pavements, {sce 1ig. 23 and attendant discussion)
Pysric Roabg, vol. 16, no. 8, Novomber 1935,
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In view of the present knowledge on the subject, it
seems reasonabie to conclude that expansion joints should
be provided at no greater than 100-foot intervals in order
to keep the joint openings from becoming excessive.

The spacing of contraction joints, unlike that of ex-
‘pansion joints, will be determined by the permissible
unit stress in the concrete. If this is resiricted to a low
value, a3 is most desivable because of its direct effect on
load-carrying capacily, the test data indicate that fhe
contraction-joint inferval should be kept quite small,
possibly of the general order of 30 feet.

In the second and third papers of the series it was
shown that, if the stresses caused by restrained temper-
ature warpine are to be properly controlled, the length
and width of the slab panels must be kept quite small.
Although additional studies should be made to deter-
mine what the maximum dimensions should be for vari-
ous slab thicknesses, the present data indicate that a
safisfactory control of warping stresses would ordinarily
be obtained if the maximum dimensions of the slab
wera 10 or 12 feet, indicating that the interval between
warping joints should be of the same general order.

EDGE THICEENING AT JOINTS EFFECTIVE ONLY FOR SHORT SLAERS

The joint tests in this investigation as originally
planned did not inelude provision for a study of types
and arrangement of joints to control warping stresses,
and it has not yet been possible to conduct such a study.
There are three arrangements that might be considered:

1. Placing joints that will both provide for expansion
and relieve contraction stresses at intervals sufficiently
small to control warping stress effectively.

2. Placing expansion joints af intervals sufficiently
small to relieve confraction stresses and, between the
expansion joints, placing joints intended to relieve
warping stresses only.

3. Placing expansion joints at the proper intervals,
between these placing the contraction joints at the
intervals necessary to control tensile stress and, finaily,
betwoeen the contraction joints placing warping joints
ag frequently as necessary.



110

PUBLIC ROADS

Vol 17, No. §

In deciding which of these different arrangements
should be used and to what extent the ideal installation
should be approached there are several factors to be
talen into consideration:

1. The effectiveness of the proposed joints in redue-
ing the stresses caused by restrainted warping;

2. The efficiency of the joints in reducing the critical
stresses caused by a load acting near the joint:

3. The difficulty of maintaining the joints in & prop-
erly sealed and smooth condition;

4. Installation difficulties; and

5. Cost®

The strengthening of slab edges at joints has been
applied, in practice, fo longitudinal joints and to a
more limited extent to transverse joinfs. The applica-
tion to longitudinal joints appears to have heen success-
ful but there has been some criticism of the attempts to
use edge thickening at transverse joints becasuse, on
certain projects at least, it is reported that transverse
cracks have formed within 3 or 4 feet of the transverse
joints. The formation of these cracks is attributed in
various ways to the presence of the thickened slab end.

In this investigation one of the sections was con-
structed with thickened ends and this section has been
carefully studied over the entire period of the test.
It was found that the thickened ends did not increase
the resistance of the subgrade to horizontal slab move-
ment because in slabs 20 feet long the subgrade adhered
to the concrete and there was little or no sliding of the
slab ends. The data obtained indicated no greater
tonsile stress in this slab, during eontraction, than in
one built without the thickened ends.

The design of edge thickeéning for balancing load
glresses was describegl in the third paper of the series,
and it was pointed out that edge thickening to be most
effective should be limited to relatively short slabs be-
cause of the increased warping siresses that tend to
develop under certain conditions. These considera-
tions apply with equal force to both longitudinal and
transverse joint edges. It is necessary that special care
should be faken in the early curing period of such de-
signs to insulate the slabs and prevent the formation
of large temperature differentials. In the report of the
curing experiments at Arlington ® some years ago men-
tion was made of transverse cracking which occurred
close to the ends of several of the sections that were
not protected from the sun’s rays during the first 24
hours afier placing. This cracking, which was similar
in location to that reported on some of the thickened-
end pavements, was attributed to high warping stress
during the early period of strength development, point-
ing to the desirability of insulafive coverings for curing
concrete pavements.

With thickened-end slabs, blocking of the lower por-
tion of the transverse joint with concrete spilled during
consfruction or with solid matter entering after con-
struction is likely to be a serious matter becnuse of the
eceentricity of thrust and consequent greatly increased
bending moments that may develop near the joint dur-
ing expansion of the slabs. It is especially necessary,
therefore, that, where thickened ends are to be used at
transverse joints, care should be taken to insure that
there is space for free expansion at all times.

# Tor & discussion of current costs and other considerations, the reader s roferred to
a puper catitled *'Developmonts in Transverse Joints and Fillers in Conorote Pave-
ments and Bazes” by R. E. Toms, presented before a meoting of the Asscciation of
Btate Highway Officials of the North Atlantic States, Baltimore, Md., Feb. 14, 1035,
fﬁg ggﬂeﬁg‘i’ﬁn Highways, Vol. 14, No. 2, April 1935, for a similar discussion by

¢ Tho Arlington Curing Experiments, by L. W, Teller and H. I.. Bosloy, PusLic
RoADs, Vol. 10, No. 12, Februsry 1930. pp. 218-210.

IMPROVEMENTS IN DESIGN OF DOWELED JOINTS RECOMM ENDED

The doweled transverse joints tested were found to
be effective in the two functions of permitting unre-
strained expansion and contraction and in allowing the
slab ends to warp freely. These joints as constructed
in this investigation were not satisfactory, however, so
far as their ability to reduce the stresses caused by load
is concerned. For loads acting at joint corners fair
reductions in the critical stress were obtained, and the
same 1s true for loads applied directly over dowels, but
for other conditions of loading the stress reductions
generally were much smaller than is desirable.

Attempts to improve the doweled joint designs
should begin with efforts to increase their effectiveness
in reducing the critical stresses caused by a load placed
near the joint but at & distance from a corner.

It is indicated thai the doweled transverse joints as
built and tested in this investigation have the following
weaknesses: '

1. The individual units were too widely spaced.

2. The individual units were not stiff enough effec-
tively to transfer loads of the magnitude and under the
conditions invelved.

3. It is difficult to obtain complete and perfect
embedment of a dowel bar.

4. Even if perfect embedment were obtained the
unit bearing stress on the concrete is apt to be excessive
when heavy loads are applied on one side of the joint.

The closest dowel spacing tested was 18 inches and
it is evident from the data that, for dowel size, joint
openings, slab thicknesses, and loads of the same general
order as were used in the tests, this spacing is too great.
It is not possible to state, from the test data, what the
proper spacing should be in order to make this joint
highly effective in relieving the important edge stresses.
The minimum spacing of dowels will be determined by
the magnitude of the critical stress caused by a load
gpplied at the joint edge at a distance from a corner.
If the spacing is close enough to control this stress
satisfactorily, the stress conditions for a load acting
at the slab corner will also be satisfactorily controlled,
s0 long a8 no resisting moment is allowed to develop in
the joint itself.

It has been shown previously by some of the load-
deflection measurements that one very important cause
of the low efficiency of the doweled joints mn controlling
load stresses is the lack of stiffness in the dowel itself
This suggests that the size or shape of the dowel should
be changed, that the joint opening should be decreased,
or that the bearing conditions of the dowel in the slab
should be improved in order to increase the resistance
to bending of the unit. Any great incresse in the
bending resistance of the joint is undesirable because it
reduces the ability of the joint to relieve warping stress,
one of its most important functions. Tt is necessary,
therefore, to proceed cautiously with any changes
tending to increase joint stifiness.

Tests made for the purpose indicated that, when the
concrete around the dowel is placed with great care,
Little or no play between the dowel and the concrete
existed. It is difficult to be certain that this condition
will always be obtained in construction. Indeed, it is
10 be expected that it will not, unless unusual attention
is given to it. Furthermore, although no thorough
study has been made of the effect of continued service
on the seating of dowels, there is good reason to believe
that such usage tends to develop looseness.
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Under the small deflections of pavement slabs, con-
tinued good bearing is essential if the dowels are to
maintain their original effectiveness. This suggests that
some bearing other than that of the concrete should he
provided in order to make the bhearing conditions more
effective and permanent. What the best form for such
2 device should be cannot be determined without more
tests. Certainly there are problems connected with its
design which will have to be worked out, and this is
true also for the other possibilities that have been
discussed.

The doweled joint is not an ideal type and probably
will never approach closely to its theoretical efficiency,
but there is little doubt that it can be improved con-
siderably by correcting its recognized weslnesses.
From the information at present available it seems
probable that the greatest all-around effectiveness in a
joint of this type will be had with dowel members that
are not too stiff, that are spaced elosely in a joint that
is opened as little as possible, and with good bearing of
the dowels in the slabs insured through the installation
of an effective dowel seat.

FURTHER INFORMATION NEEDED ON ACTION OF VARIOUS JOINTS

The tests made with the limited number of dowel-
plate joints included in this investigation indicate that
this type is quite eflective in relieving warping stress
and in reducmg the critical stresses caused by loads
aching near the joints. The continuous plate, as used
in these tests, appears to control the stresses directly
under a load more effectively than round dowels at
any of the spacings tested.

The tests showed that the dowel-plate joints offer
more Tesistance to expansion and contraction of the
slab than do the joints containing the round dowels
regardless of their spacing. The concrete was carefully
placed around the dow gl.—plate covers at the time of
construction. Because of the small space between the
plate and the subgrade special manipulation was
necessary but a satisfactory installation was obtained.
There can be little doubt that the same tight gripping
of the plate in its socket, which caused the resistance
to slab movement just mentloned is responsible for
the effectiveness of the construction in reducing the edge
shress.

Only two dowel-plate joints were studied and the
information developed leaves unanswered a number of
questions, For example, it 13 desirable to know what
width and thickness of dowel plate will be most generally
effective in slabs of different thickness. %0 1t 18
desirable that means be developed for effectively sealing
the joint or by other means reduecing corrosion of the
dowel plate to a minimum.

The data indicate that the dowel-plate joint has con-
siderable merit and that o more thorough study of its
possibilities is warranted. Determination of its effec-
tiveness after having been in service for some time
would seem to be particularly important.

This investigation revesaled that the weakened-plane
tranverse joint without dowels is not effective in reduc-
ing the stresses directly under & load acting near the
joint when the joint is open and may not be effective
when the joint is tightly closed. It appears to be
fairly effective in reducing corner stresses when closed
hut may become very ineffective when open. The fact
that these joints sometimes do not function effectively
though tightly closed is apparent due to an inelined
fracture. The character of the support varies from
side to side of the joint and from point to point along

LR
DOWEL BARS CLOSELY SPACED

BUT NOT IN BOND

. e f
B0OWEL, BARS CLOSELY SPACED
AND IN BOND

4].—PLANE-oF-WEARNESS JoINTS DESIGNED TO
PuryiT FrEE WARPING.

F1cuRre

each side, being effective in some places and quite
ineffective in others.

The weakened-plane fransverse joint with dowel
bars spaced 18 inches apart was found to be much more
consistent in its behavior and fairly efficient in reduc-
ing corner stresses and stresses directly under the load.
There is little to indicate that aggregate interlock can
be depended upon to control the critical stresses caused
by load under any conditions and this applies to the
longitudinal as well as the transverse plane-of-weakness
joints. It appears that to control the stresses effec-
tively and thus strengthen the joint edge, the same
type and character of edge support will be necessary
with o weakened plane of the type tested as would be
required with butt joints.

The weskened-plane joint will control warping
stresses effectively if it is so designed that a resisting
moment within the joint cannot be developed. In a
warping joint, prevention of the development of &
resisting moment may be accomplished in any one of
three ways: (1) By preventing the steel dowels from
talking tension through a destruction of bond on one or
both halves of the (fowei (2) by preventing the con-
crete from developing compressmn by separating the
two slab ends; or (8) by greatly reducing the length of
the moment arm so that for a given joint deflection the
magnitude of the resisting moment is greatly reduced
even though the sieel dowels take tension and the con-
crete surfaces are tightly interlocked.

Weakened-plane joints designed to prevent the
development of large resisting moments during warp-
ing are shown in figure 41. 1% should be recalled that
the downward warping of the slab edges normally
exceeds the upward warping by a considerable degree and,
further, that under the conditions that cause upward
warping of the slab edges, the concrete is in a contractad
state and the joints are opened, the dowsls being with-
out bond.

In this class only the longitudina! joints of sections
3, 4, 5, and 10 are copsidered. None of these was
intended as an expansion joint and none of the designs
included in this group could be expected to function
satisfactorily as an expansion joint because the shape
of the interlocking elements 1s such that separation
horizontally is in each case accompanied by » separation
vertically that would prevent effective load transfer by
the joint.

Of the four joints considered, only that in section 4
could be expected to relieve direct tensile stress caused
by slab contraction. This joint, it will be recalled, had
a trapezoidal tongue roughly rectangular in shape
although there is appreciable slope to “the upper and
lower iaces No dowels or tie bars cross the joint.
At the time the load tests were made the joint was
opened slightly so that the stress wvalues obtained
probably indicate the efficiency under critical condi-
tions. _

The joint was found to be fairly effective in reducing
the eritical corner stress, but, for loads applied at the
joint edge at a distance from the corner, the efficiency
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Ficurg 42.—RpLATivE DISPLACEMENTS OF THE VARIOUS PARTB
or ToneUun-AND-Groove Joints DURING Dowxwarp Warp-
ING,

in reducing the critieal stress is much less than it was
found to be for the same type of joint held closed by
bonded steel. This undoubtedly results from the
tendency for the tongus to loosen ag it 15 withdrawn
from the groove and indicates the mecessity for de-
signing g different shape of tongue if this general type
is to be considered as a contraction joint. Although a
perfectly rectangular fongue section would probably be
the most effective design for controlling load stresses, it
‘would restrain warping and, probably to g lesser extent,
free horizontal movement. 1t appears necessary, there-
fore, that the shape of the tongue and groove should
depart {from the perfectly rectangular form.

ACTION OF TONGUE-AND-GROOVE JOINTS DURING SLABG WARPING
DESCRIBED

Figure 42 illustrates a simple method for determining
graphically the relative movements of the two sides of
three designs of tongue-and-groove joints during warp-
ing of the slab ends. Tt is assumed that in each design
the ends of the two slabs both above and below the
tongue and groove have been relieved by inclining the
face of the edge slightly as shown in the section. The
point of contact and probable center of rotation would
be just above the tongue during downward warping
and just below the tongue during upward warping,
approximately as shown in the figure.

In the first design (fig. 42--A) the upper and lower
faces of tho tongus are parallel. It is apparont that as
warping occurs the tongue will bind in the groove and
will not be able to take the posttion that it would as-
sume il unrestrained warping were fo be permitted.
Restraint is developed that will cause undesirable
warping stress in the slabs near the joints and high
loggl) stresses in the elements of the joint itself.

In the second design (fig. 42-B} there is considerable
slope to both the upper and lower faces of the tongue.
When warping occurs there is a tendency for these
faces of the tongue and groove to separate, depriving
the joint of ite ability to transfer load during small
deflections.

Figure 42-C shows a section modified in accordance
with the preceding discussion. The upper and lower
surfaces of the tongue have been shaped so that neither
excessive bearing pressures nor loss of contact should
oceur during slab warping. It is emphasized that this

- CENTLR OF ROTATION

A B

FicURE 43.—HRELATIVE DISPLACEMENTS 0F THE VARIOUsS PARTS
or Two TrianGULAR ToNgue-aAND-GRoOVE JowwtTs Dunmne
Downwarp WARPING.

design is only o suggested application of the results
of these tests and sﬁould be given an experimental
verification before being recommended as a design
suitable for contraction and warping joints.

Figure 43 iz a similar study of the triangular shape
for tongue-and-groove joints. For the assumed con-
ditions it appears that if the depth of the tongue “d”
is greater than approximately one-half of its height
“R”, warping will cause high local beuring siress near
the end of the tongue (fig. 43—A), while if the depth is
less than about one-half the height, separation will
oceur as the slabs bend. This analysis indicates and
the test data show that the triangular tongue and
groove is lilkely to be less satisfactory during contraction
or warping than the modified rectangular forms.

For the reasons just discussed in connection with
the joints shown in figures 42 and 43, it is apparent
that the corrugated plate used in the longitudinal joint
in section 10 would be unzatisfactory as o conilraction
joint and would be less satisfactory than the medified
rectangular tongue as a joint for the relief of warping
stress. Tt is probable, however, that because of the
many possible points of contact and lack of sharp
corners, it will not be so likely to develop high local
hearing stress as either the perfectly rectangular tongue
ot the deep triangular shape during warping.

The tongue-and-groove types, as a class, have been
shown to be quite effective when constructed and
tested in the manner described. The preceding
discussion was intended to bring out the weak points
of the designs in order that means may be found for
improvements that will add to both the structural
effectiveness and the durability of the joints.

The doweled transverse joints are not considered to
be buti~type joints because of the wide joint opening.
Only the four longitudinal butt-type joints found in
sectlons 1, 2, 8, and 9 will be discussed. They are
primarily joints for the relief of warping stress, being
unable to function either as expansion or contraction
joints because of the bonded dowels. Four different
dowel spacings were used ag was shown in figure 7. As
stated earlier, it was not possible to defermine the
effectivencss of all of these joints in reducing corner
stresses because o number of them were in thickened-
edge slabs, but all of them were tested fo determine
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their efficiency in reducing the stresses direcily under
the load when the load was applied along the edge
but away from a corner. The results of these tests
have been shown in table 11 and in figure 34 of this
paper. The one joint of this type on which it was
possible to make such determinations was found to be
affective in reducing critical stresses for the ecorner
loading.

PREVENTION OF RESISTING MOMENT NECESSARY IN DESIGN OF
BUTT-TYPE JOINTS

So far as dowel spacing is concerned, butt-type
longitudinal joints can be made more effective in their
function of controlling load stress by the close spacing
of dowels in the same manner as expansion joints,
In the matter of dowel stiffness the situation is differ-
ant, however, because the small opening between slabs
ereatly reduces dowel flexure, as was shown by all of
the defleciion daia for these joints. It is probable
that in longitudinal joints of the butt type the need
for better bearing for the dowels is as great as in the
doweled expansion joint and that the same general
type of bearing should be provided.

If restraint to warping is to be eliminated, it is neces-
sary to malke some provision for preventing the edges
of the abutting slabs from being pressed together dur-
ing warping, particularly near the upper and lower
surfaces of the slabs, This can be accomplished by
the introduction of a compressible layer between the
edges during construction, as was done in the case of
the test slabs, or perhaps better by so shaping the slab
edges that the necessary clearance will be provided in
g manner similar to that suggested in connection with
the plane-of-weakness joinis,

The amount of steel that must be placed in o warping
joint in order to hold the slab edges together depends
primarily upon the amount of resistance to horizontal
movement to be overcome and upon the unit stress
permissible in the steel.

In joints that contain bonded steel the use of designs
that do not permit large resisting moments to deveTop
in the joint is desirable for two reasons. In the first
place, the prevention of these moments relieves the
conerete of the stresses arising from warping restraint
and thus conserves its strength for load-carrying pur-
poses, In the second place, the prevention of these
moments will further protect the pavement structure
by preventing the steel in the bonded dowels or tie-
bars from being overstressed in tension.

The amount of bonded steel likely to be used across
a longitudinal joint will be sufficient to prevent large
seéparations of the two slab edges during contraction,
but will be insufficient to prevent some separation of
the slab edges resulting from angular change during
warping. Indeed it is desirable that the amount of
restraing to these rotational movements during warping
be kept as small as possible. A given temperature
differential in the pavement tends to cause a given
rotational movement of the abutting faces at the joint.
If this rotation brings the concrete into tight contact,
it, develops compression in the concrete and this tends
to separate the slab edges by a certain amount at the
plane of the steel. For a given percentage of steel
tuking tension, the magnitude of the tensile stress
developed in the steel when this given separation
oceurs will depend directly upon the effective length
of the steel that is yielding under the tension.

If the bond is deliberntely prevented for a few inches
int the center of the har, as for example, with a coating

534302 0-43-8

of bitumen, more bar length would be available to
yield under the given force. The unit deformation in
the critical section of the bar would be smaller, and
the stress would be correspondingly reduced. The net
result would be less restraint in the joint for a given
temperature differential and o given percentage of
steel. Furthermore, such a coating would protect
from corrosion the most vulnerable part of the bar.?

With designs that will permit resisting momenis to
develop durng warping it is not possible to caleulate
the amount of steel required, but with these moments
eliminated the calculation becomes a relatively simple
matter.

In the discussion of joints in this article there has
been presented (1) o brief history of joint development
up to the time at which this investigation was planned;
(2) a description of the joints that were studied and of
the manner in which they were tested; (3) a presenta-
tion and discussion of all pertinent data bearing upon
the ability of the various joint designs to relieve the
stresses caused by expansion, contraction, restrained
warping, and applied load; and (4) a discussion of
certain improvements in design suggested by the results
of the tests. '

CONCLUSIONS

The following statements give what are believed to
be the most important conclusions to be drawn as a
result of this study:

1. Joints are installed in conerete pavements for the
purpose of conserving the natural flexural strength of
the <lab- for its primary function of carrying loads.
This is accomplished through the relief and control of
the stresses caused by expansion, contraction, and
restrained warping. Joints in concrete pavements
should therefore be so designed and so spaced as to
permif, the entire pavement {o expand, contract, and
warp with & minimuim of restraing,

2. While the proper spacing of joints to aceomplish
this end was not definitely determimed by this investi-
gation, it is indicated that joints to control warping
should be spaced at intervals of the general order of
10 feet, that expansion will be satisfactorily cared for
by suitable joints at intervals of approximately 100
feet, and that contraction jeints should be installed
at some lesser interval, the length of which must be
such that the direct tensile stresses in the concrete are
definitely limited to low wvalues. Data presented in
the second report of this series indicate that under
the conditions of these tests a slab length of the order
of 30 feet would accomplish this.

3. Since & free edge iz a structural weak spot in a
slab of uniform thickness, it is necessary to strengthen
the joint edges by thickening the slab at this point or
by the introguction of some mechanism for transferring
a part of the applied load across the joint to the
sdjacent slab. Otherwise, the strength of the joint
edge will determine the load-carrying capacity of the
pavement.

4. The structural effeciiveness of a joint design is
mesasurad by its ability to reduce the critical edge
stress to a value equal to the critical stress which
exists in the inferior ares of the slab.

5. The most critical stress caused by a load applied
at a joint but away from a corner is that directly under
the load in a direction parallel to the joint, It is
especially desirabhle to control these stresses along a

7 The ldea of goating the midsection of bonded bars with bitumen was suggested
by Mr. Bengt Friberg
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longitudinal joint so as to mit the combined load and
warping stress to a value that will be unlilely to cause
transverse cracking. )

6. The most eritical stress caused by a load applied
at the free corner of a slab of constant thickness is a
tensile stress along the bisector of the corner angle and
&t some distance from the center of load application.
Edge thickening reduces this eritical stress considerably
anc% at interior corners the action of the longitudinal and
transverse joints frequently reduces the critical corner
stress to relatively low values.

7. There is nothing in the results of these tests to in-
dicate that edge thickening cannot be applied to the
transverse edges of concrete pavement slabs with as
much success as to the longitudinal edges. If the full
benefits of edge thickening are to be obtained in either
case, the slabs must be short.

8. The doweled transverse joints tested in this investi-
gation were found to be quite effective in relieving the
stresses caused by expansion, contraction, and warping.
They were not particularly effective, however, in con-
trolling the critical stress caused by a load applied near
the joint edge.

9. The tests indicate that doweled joirits as they are
usually designed are deficient in two important respects:

a. The individual units are not suffiiciently close
together to control effectively the stress developed
directly under the load.

b. P};r joint openings such as are usually em-
ployved in expansion joints, the individual dowels
are not sufficiently stiff to transfer load effectively.
Increasing the stiffness of the dowels will result in
an undesirable increase in the restraint to warping
offered by the joint and for this reason should not
be carried too far.

10. The continuous plate key or dowel plate as used
in these tests appears to have conmsiderable mernit as a
means for load transfer. The joint as built for the tests
offers more resistance to expansion and contraction than
is desirable and for this and other reasons it is believed
that a further study of the type should be made.

11." Aggregate interlock as it oceurs in the weakened-
plane joints cannot be depended upon to control load
stresses. Iiven when joints of this type are held closed
by bonded steel bars there is a wide variation in the
value of the critical stress caused by a given load, from
side to side of the joint and from point to point along
it. For this reason it appears necessary to provide
independent means for load transfer in plane-of-weak-
ness joints.

12. The joints of the tongue-and-groove type tha
were held ofosed by bonded steel bars were found to be
the most efficient structurally of any of those tested.
It appears, however, that certain modifications of the
designs might improve their action by permitfing the
slabs to warp more freely and at the same time main-
taining the bearing between the tongue and the
groove.

13. It was shown in the second reperi of this series
that over a considerable period of time there may be a
permanent increase in the length of the pavement slab.
In designing the expansion joints for a pavement, con-
sideration should be given to this possibility and some
allowance made for it.




THE STRUCTURAL DESIGN OF CONCRETE
PAVEMENTS

BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION

Reparted by L. W, TELLER, Principal Engineer of Tests
and
BARL C. SUTHERLAND, Senior Highway Engineer

PART 5.—AN EXPERIMENTAL STUDY CF THE WESTERGAARD ANALYSIS OF STRESS CONDITIONS IN CONCRETE PAVEMENT SLABS OF
UNIFORM THICKNESS

EIS IS the last of a series of reports of an extensive
investigation, undertaken by the Public Roads Admin-
istration in 1930 with the general objective of developing
information that would be of assistance in better under-
standing the struetural action of concrete pavement
slabs. Much of the work has been described in four
previous reports published in this same journal, as
follows:

Parr 1.—A Description of the Investigation, vol.
16, Nao. §, October 1935,

Parr 2.—Observed Eiffects of Variations in Tem-
perature and Moisture on the Size,
Shape and Stress Resistance of Con-
crete Pavement Slabs, vol, 16, No. 9,
November 1935.

Part 3.—A Study of Concrete Pavement Cross
Sections, vol. 16, No. 10, December

1935.

Part 4—A Study of the Structural Action of
Several Types of Transverse and Lon-
gitudinal Joint Designs, vol. 17, Nos,
7 and 8, September and October 1936.

Since concrete is g material with recognized elastic
properties, engineers concerned with the design of con-
erete pavement have long searched for a theory that
would adequately express the relations between applied
forces and the resultant stresses in pavement slabs of this
material,

A reliable general theory of slab stresses would serve
at least three important purposes. In the first place it
would enable the designer to determine the thickness
and the form that the slab should have to function withs
out failure under specified conditions of loading and
support; second, it would make possible accurate esti-
mates of the loads which might be imposed with safety
on existing pavements; and third, it would provide a
useful tool for judging the relative effects of wvehicle
loads of various magnitudes in studies of the costs of
providing facilities for wvehicles of different types and
weights,

From time to time, over 2 period of many years,
theoretical treatments of the load-stress relation in
concrete pavements have been offered (9, 4, 10, 1).
None of the early analyses was general in scope. Rather,
each was concerned with somne special situation that
wag assumed to be critical and for which rather broad
assumptions were sometimes proposed. The principal

L Numbers in italics refer to bibliography at end of articie. The abovoe releronces
ara in chronologieal order.

weakness consistently seemed to lie in the azsumptions
that were made regarding the conditions of support,
although other assumptions open to serious question
were sometimes present.

ELASTIC ACTION OF SUBGRADE AN IMPORTANT FACTOR IN
WESTERGAARD ANALYSIS

It was not until the original Westergaard analysis
was published that a rational theory of general appli-
cation became available (23). In this treatment, it is
assumed that the slab acts as 8 homogensous, isotropic,
elastic solid in equilibrium snd that the reactions of the
s0il are vertical only and are proportionsal to the deflec-
tions of the slab. The relations between applied loads
and critical stresses are then developed on the basis of
elastic theory for the three cases of a wheel load applied
on the surface of the slab at & free corner, at an interior
point and at & free edge (at some distance from a corner)
respectively.

In the first paper of this series (78) mention was made
of the Westergaard analysis and it was stated that one
of the objects of the investigation being deseribed was
to study the clements and relationships of the analysis
by means of load tests on full-size pavement slabs of
constant thickness together with such collateral tests
as might be found necessary. The investigation was
planned in 1929, the sections constructed in 1930 and
8 considerable amount of testing under load was done
during 1931 and 1922, These early tests were referred
to by Westergaard in his supplementary paper (25) in
which he says “The tests suggest certain adapiations
of the theory. There will be needed some restatements
of analytical results and some supplementing and
modification of the theory™,

The extension of the original analysis that is con-
tained in this second paper permitted a more compre-
hensive study to be made and, as & result, much addi-
tional information has been developed. The present
paper containg a deseription of the work that was done
on this part of the general project, with a presentation
of the data obtained and a discussion of their significance.

It one studies the Westergaard analysis he is at once
impressed by the importance of the assumption which
relates to subgrade support. In the original theory
(28) it was assumed that the reactions of the subgrade
are vertiodl only and are proportional to the deflections
of the slab, the reaction per unit of area at o given point
being the product of the deflection at that point and a
coeflicient of subgrade stiffness, &, which was termed the
modulus of subgrade reaction. This modulus is
normally expressed in pounds per square inch per inch
of deflection (or pounds per inch cube).
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In the supplementary theory (25) Weslergaard pro-

posed 8 new coeflicient, &, de&ed by the reﬁt.tion P
K=l

in which [ is a linear dimension, termed the radius of

relative stiffness. which appeared in the original

theory.

The reason for the proposed new coefficient was an
expectation thet K would be less dependent on the
stiffness of the pavement slab than k. Westergaard
stated that “the truth may lie between the two extreme
coses of o constant £ and & constant K.

To make practical use of the analysis one must be
able to assign a wvalue o the modulus of subgrade
reaction for the particular soil structure with which he
iz concerned. At the time the investigation was under-
taken no determinations of the value of such a soil

coeflicient had been made, so there was no background
of experience in testing that would indicate either the
grob&ble range in values of the coefficient or a procedure

v which values might be obtained. Therefore, it was
necessary to devise 8 test procedure that would indicate
how the soil of the subgrade beneath the test sections
behaved when subjected to pressure intensities and
vertical deformations of the same order as occur under
pavement slabs in service.

Because of its importanee as s part of the study of the
Westergaard analysis and because of ifs current
general interest, this study of the elastic action of the
subgrade is reported in some detail in this paper, being
presented as a separate section, preceding the diseussion
of the results of the studies of the other relationships
expressed in the analysis.

DETERMINATION OF THE MODULUS OF SUBGRADE REACTION

The ideal subgrade assumed by Westergaard is per-
fectly elastie, has uniform elastic properties at all
pomts and its vertical deformation varies as a linear
function of the vertical pressure exerted on its surface.
Such a subgrade probably does not exist and the
problem becomes one of determining by some test pro-
cedure, how nearly the soil under a given pavement
approaches the ideal and whaf stiffness coefficient, if
any, can reasonably be assigned to it for the purpose of
applying the method of analysis to a particular problem.

‘While it is 2 fact that stress values as computed with
the Westergaard equations are not particularly sensi-
tive to variations in the value of the subgrade modulus
k, if comparisons are to be made between computed
stresses and those determined  experimentally, the
value of the coeflicient £ used in the theoretical eompu-
tations must be determined with at least a fair degres of
accuracy before dependable values for the computed
stresses can be had.

The elastic defleetions of a concrete pavement slab of
usual design under the action of normal highway load-
ings are quite small, probably of the order of 0.05 inch
or.less, depending upon the position of the load, the de-
toils of the slab 3esign and, other factors that influence
deflection. The area over which deflections occur is,
on the other hand, relatively large, as may be geen by
referring to load-deflection data presented in Part 3 of
this sertes (20). In developing a test to be applied to
the soil in place for determining the modulus of sub-

rade reaction, it seemed only reasonable to study the
%eha.vior of the soil when subjected to deformations of
the same general order of magnitude as would obtain
under & pavement slab deflected by a motor vehicle
wheel load and, at the same time, to deform the soil
over & relatively large area.

THREE METHODS OF MEASURING LOAD SUSTAINING ABILITY OF
S0IL DISCUSSED

There appear to be at least three methods or proce-
dures by which the load sustaining ability of the soil
can be measured under field conditions. These may be
described briefly, as follows:

1. Load-displaccment tests in which loads are applied
at the center of rigid circular plates of relatively small
size, the pressure miensity on the soil bemg uniform
over the entire ares of the plate. In these tests the

applied load, the mean vertical plate displacement and
usually the time intervals are measured.

2. Load-displacement or load-deflection +ests in
which the load is applied at the center of slightly flexibla
rectangular or circular plates of relatively large dimen-
sions, In this case some bending of the plate {or slab)
oceurs and the pressure intensity under the plate is not
uniform throughout the area of its contact with the soil,
The load, the vertical displacement of various points
throughout the area of the plate and possibly time
intervals are measured.

3. Load-deflection tests on full-size pavement slabs
in which the load-deflection data are obtained by meas-
urement and used in the Westergaard deflection formu-
las to provide a value for the soil stiffness coeflicient or
“modulus of subgrade reaction.”

If all three methods wers equally satisfactory the
first procedure offers the practical advantege of re-
quiring test loads of lesser magnitude with a corre-
sponding reduction in the size of the equipment. Also
the number of measurements is less since no plate
deflections are involved. Its use 13 complicated, how-
ever, by two conditions. The first 1s that the ability of
& soil to sustain a given unit pressure varies within
limits with the area over which the pressure is applied
to the soil. This variation may be quite marked and
this males it necessary to determine the effect of size
of plate in order to avoid error from using a bearng
plate that is too small. The second complication is that
the supporting ability of a soil varies with its moisture
state and 1t 1s necessary, therefore, to talke special pre-
cautions to insure that the soil on which the bearmg
plate 15 placed is in the same physieal state and moisture
condition as that which will obtain or does obtain under
the pavement to be considered.

The second procedure has a certain theoretical
appeal but offers considerable practical difficulty as a
method of test. In this procedure the plate is de-
flected by the centrally applied load muech as the pave-
ment slab deflects under the action of a wheel load.
The shape of the deflected plate must be determined
precisely and its vertical displacement measured in
order to be able to estimate accurately the volumetric
displacement of the soil that is cffected by the applica-
tion of the test load on the plate. The modulus of
subgrade resction is then computed by dividing the
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load (in pounds) by the volume of displaced soil (in
cubic inches). Some use has been made of this pro-
cedure in Epgland (78). The possibilities of the
method should be more thoroughly explored.

When using the third method, the procedure is to
apply test loads at the free corner, free edge or interior
point of a pavement slab of uniform thickness and of
normal size. If the elastic modulus of the concrete
in the slab is known, for the moisture and other condi-
tions that obtain, it is possible to determine the value
of the effective modulus of subgrade reaction from the
maximum slab deflection under the applied load by
means of the deflection formaulas given by Westergaard
in his supplementary paper (26). This method for
determining the soil stiffness coefficient will be discussed
further in o later part of this report in connection with
the presentation of deflection date obisined in such
tests. The remaining part of this section of the report
will be devoted primarily to a discussion of work done
with the first method, i. e., load-displacement tests
with rigid plates of relatively amall size.

Load-displacement tests with rigid plates have been
made many times in the past in studies of the bearing
capacity of soil for foundations. The date obiained in
such tests are not applicable to the problem of pave-
ment support, however, because of the conditions
surrounding the tesis and the extent to which the soil
deformations were carried.

LOAD-DISPLACEMENT TESTS WITH RIGID PLATES

When a rigid plate, supported by soil, is subjected to
a vertical force or load applied at its center, the soil
deforms and the plate moves downward., This down-
ward movement of the plate under load has been
variously termed deflection, displacement, penetration,
settlement or subsidence, and tests which make use of
thig action have been termed accordingly load-deflec-
tion—or load-subsidence tests, In this giscussion the
terms displacement and load-displacement tests will
be used,

The losd-displacement tests which were a part of this
general investigation comprise four series, as follows:

Series 1. —Tive circular bearhag plates and one
square bearing plate were used. The diameters of the
circular plates were 8, 12, 16, 20, and 36 inches reapec-
tively and the square plate had 48-inch.sides, The
magnitudes of the loads applied to each plate were such
as would cause displacements within the range 0.01
to 0.05 inch, this being the approximate range of con-
crete pavement slab deflections under the action of legal
maximum wheel loads,

The tesis of this series wers divided into two parts.
In the first part, all plates were placed successively, in
the descending order of size, at the same loeation on
the subgrade while in the second part of the series the
test WIE‘I each plate was made at a8 different location
but within the same general area.

Series 2—Eleven circular plates, having diameters
of 2, 4, 6, 8, 12, 16, 20, 26, 36, 54 and 84 inches respec-
tively, were used. As in series 1, the applied loads
were such as to cause displacements within the range
0.01 to 0.05 inch. In series 2 the tests with each size
of Izlhzte were made at o separate location on the sub-
grade.

Series 8,—These tests were the same as those of
series 2 except that the maximum plate displacement
was increased to spproximately 0.25 inch, and a some-
what different loading procedure was followed.

Series 4.—Only the 54-inch diameter plate was used.
The plate remained al one locstion and the displace-
ments were kept within the range 0.01 to 0.05 inch as
in series 2. 'The loads were applied, however, in June
and in January. ' '

The first tests made in this study were those of series
1. They were intended to explore the effect of size of
bearing plate on the load-displacement relation and also
to compare date obtained in o series of tests at one
location with those from tests that wers identieal
excepl that each test of the series was made at a dif-
ferent loeation in the same general area. Obviously it
would be preferable to have each fest made in an area
undisturbed by previcus leading, provided there was
sufficient gganeml uniformify in the soil structure to
eliminate the possibility of local variations in structure
affecting certain tests (particularly those in which small
bearing plates were used).

The tests of series 2 were designed to exiend consider-
ably the date from series 1 on the effect of size of the
load-displacement relation.

The tests of series 3 were to provide information on
the comparative supporting ability of the soil when
subjected to deformations greater than these which
usually occur under rigid pavements. These data ex-
tended the range of the information obtained and
perglitted certain comparisons with other data to be
made. y

Series 4 was simply & study of the effect of the annual
change in the physical state of the soil directly under
the slab on s ability to support Iead. Tor this reason
only the 54-inch dismeter bearing plate was used and
the displacements were limited to the 0.01 to .005 inch
range,

METHOPS OF TESTING DESCRIRED

All of the soil tests of the four series were made on a
part of the originally prepared subgrade that was re-
served for this purpose. The soil was described as a
uniform brown silt loam (classification A—4) and de-
tailed information concerning it is contained in the first
report of this series (I8).

When making tests such as those deseribed it is im-
portant that the soill on which the bearing plates are
placed be in the same physical state ag that under the
pavement to which the tests are to be related. An
effort was made to accomplish this by casting the larger
bearing plates (which were of concrete) on the sub.
grade several months in advance of the first scheduled
tests and by casting, at the same time, a number of
concrete slabs, each 4 feet square, at those locations
where tests with the smaller bearing plates were to be
made later. By this means the soil was given the same
protection and the same opportunity for moisture
equilibrium was afforded as obtained with the test
pavement, itgelf.

The larger plates of concrete were left in place and
loads were applied at the scheduled time. The smaller
plates were of steel and with these the procedure was
different. At the proper time the small conerete pro-
tecting slab was removed snd waterproof paper spread
over tpﬁe areg where it had been. A thin layer of port-
land cement mortar or of plaster of Paris was then
spread over the waterproof membrane and the bearing
plate was bedded in this mortar. This procedure gave a
uniform contact between the soil and the bearing
plate yet prevented moisture from the mortar from
entering the soil. Figure 1 shows one of these smaller
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Frgvee 1.—DErEnminviNg TEE MobULUS OF SUBGRADE RE-
ACTION WIrH A SMALL BEananG Prate, THE SMarn CoNoriTE
Srae Taar Coverep raE Sunenabpe Has Brex TuenNEDd Back.
DispraceMeENT Is MEasuRED WiTE A CLINOMETER.

plates in place while figure 2 shows a test with one of
the larger plates.

The vertical loading force was applied by a jack re-
acting against & large horizontal cylindrical tank
mounted on a dolly frame and filled with water. The
magnitude of the force was determined with a dynamom-
eter. All of this equipment is described in the first
report (18). The vertical movements of the bearing
plate were measured either with dial micrometers sup-
ported on & bridge or by a series of clinometer measure-
ments in the manner described in the first report (18).
When using the clinometer it was neeessary to place the
reference point al some distance from the bearing plate
and to carry the level line over a series of intermediate
points to the bearing plate so that soil movements in the
vicinity of the bearing plate would not cause errors in
the displacement date. With the smaller bearing
plates the mesn displacement was obtained from a single
point in the center of the plate while for the large
plates the displacements of three points symmetrically
spaced along the perimeter were measured and averaged.
All of the plates were sufficiently rigid to prevent
appreciable bending as used.

In the tesls of series 1, 2 and 4 an effort was made to
deform the soil in 8 manner simliar to that which might
be expected under a concrete pavement. A compara-
tively large number of loadings were applied in each
test and t.%ne magnitudes of the plate displacements were
kept within the normal load-deflection limits of & con-
crete pavement slab.

For each size of bearing plate a series of 3 to 5 ascend-
ing load values was selected, such that the series would
give a good spread of displacement values and the maxi-
mum would not produce a displacement greater than
the desired limit. With the smallest load value se-
lected for a plate of a given size, the load was applied
and removed several times. The number of applica-
tions was not constant but was determined by the
character of the data, it being desired to reach a condi-
tion such that each succeeding application of a given
load would produce the same vertical displacement of
the bearing plate. This might be termed a state of
approximate elastic equilibrivm. The number of load-
ings required to develop this condition, with the soil
on which tests were made, usually varied from about

5 to 10. When a satisfactory load-displacément rela-

Fraune 2—Dereruining THE MobUrLus oF Svrerapr RE-
ACTION WitH A LancE Bmanine Prarm. Tar Bearineg
Prare Was Cast on THE Supcrape SomME Tmve Brrors
TestinG, DispLacEMmENT Is MEAssurrp WiTH A CLINOMETER.

tion had been determined for the lowest load value, the
procedure was repeated with the next higher load value
and so on until the displacement limif was reached.
As stated previously, when the tests with plates of
various diameters were to be made at one location, the
procedure was to test with the largest plate first then
with the nexi largest and so on,

When a load is applied to a bearing plate a displace-
ment of the bearing plate begins and, under some con-
ditions, may continue for a long time before a state of
complete equilibrium is reached. Similarly when the
load is removed a certain amount of elastic recovery
occurs and this too may continue for some time. Asa
practical matter it is not possible to continue each test
cycle until the last vestiges of either displacement or
recovery have disappeared before proceeding with the
next loading cycle. After some experimentation it was
decided that for the soil condition, load intensities and
sizes of bearing plates in this investigation, a condition
of essentially complete equilibrium would be reached if
each load wag maintained for 5 minutes after reaching
ite full magnitude and if after the complete removal of
that load 5 minutes elapsed before the application of
the next load.

The procedure followed in the tests of series 3 was
somewhat different, as mentioned previously. As the
data from this series were, in part, to be compared with
data developed in tests of series 2, the fests of series 3
were made immediately after the completion of those
of series 2 so that no change in the condition of the
subgrade soil eould oceur between the two series. In
order to obtain load-deformation date for the soil in
question which might be compared directly with those
obtained by other agencies for other soils, the soil de-
formation limit was increased to apprommately 0.25
ineh for this series and the loading procedurs was modi-
fied to conform more closely to that followed in the
tests made by others. In the tests of series 3 only one
load of each magnitude was applied. This load was
left on for 5 minutes, removed completely and a period
of 5 minutes aliowed to elapse before the next larger
load was applied. The maximum displacement limit
of gpproximately 0.25 inch applied only to the smaller
sizes of bearing plates since the maximum reaction pos-
sible with the loading equipment used was only about
50,000 pounds and this was insufficient to cause a dis-
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placement of the desired magnitude with the larger
plates.

Information regarding the moisture condition of the
soil was obtaimned from samples taken from under a
4. by 4-foot concrete slab immediately adjacent to the
point at which the bearing test was being made. The
soil sumples were taien just before and just after the
bearing test. The moisture content was determined by
weighing, drying, and reweighing.

SOILS TESTED SHOW HIGH PERCENTAGE OF RECOVERY AFTER
REMOVAL OF TEST LOAD

When a bearing plate is subjectéed to a sequence of
loads in the manner described for series 1, 2, and 4,
data of the type shown in figure 3 result. This graph
shows a log of the progressive displacements of a 26-inch
diameter plate caused by a series of loadings of five
magnitudes, the Ioad of each magnitude being repeated
several tirnes, as described earlier in the report. The
mean plate displacements are shown throughout both
with respect to the original plate position and to the
position just before the particular load was applied.
The graph shows also the magnitude of the recovery
during the 5 minute period fo%lowing the removal of
each load.

The data obtained in these load-displacement tests
showed that, for & given plate size and load intensity,
the magnitude of the displacement ususally decreased
somewhat with each load application until several loads
have been applied, after which the load-displacement
relation remained fairly stable. As soon as the pressure
intensity was inereased by the application of a greater
force to the plate, the same repetifion of loadings was
necessary to again bring about the condition of approxi-
mate elastic equilibrium. Data of this type and extent
were obtained for each of the various sizes of bearing
plate listed earlier.

It is apparent in the graph that for the conditions of
soil, pressure intensity, soil deformation, and time which
obtained in this test, the action was never completely
elagtic. This is evidenced by the residual deformation
after each loading. A study was made of the data to
determine the percentage of recovery that followed the
complete removal of the load and the result of this study
is summarized in table I.

TABLE 1.—Awverage recovery of soil after removal of fest load

Diameter of bearing plate in inches—

Displacement
4 20 54 84
Tuches Percent | Percent | Percenl | Percent
0010 e 03 0 03 89
D20 e 90 90 G5 G7
B0 e a0 91, 85 9

The percentages of deformation recovered upon
removal of the load, as shown in this table, are values
determined by averaging the movements after prelimin-
ary loadings had developed a state of approximate
elastic stability.

The data indicate that the percentage of recovery
was rather high in all cases, that it was greater with
large plates than with small ones and that it tendedito
be greater for the larger plate displacemenis than for
the smaller ones.

EFFECT OF SIZE OF BEARING AREA STUDIED

Since the recovery is not complete, there is & cumu-
lative residual or permanent displacement as the test
proceeds. For the soil on which these tests were made,
the magnitude of this cumulative deformation anpeara
to vary with the number of load applications and with
the pressure intensity used.
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This gradual settlement of the bearing plates under
the succession of test loads raised the interestin
question as to what effect such s yielding of the so
might have on the load-strain relation of a concrete
pavement slab, To obtain information on this point,
tests were made on o full-size pavement slab on the
same subgrade that was used for the soil bearing tests.
In the tests on the pavement slab a load was applied
a relatively large number of times at the corner, the
edge and the interior and the critical strain measured
for each load application. It was found that at the
corner there was a progressive increase in the strain
caused by a given load, but at a diminishing rate, until
there had been about 70 repetitions of the load. After
this there was apparently no increase in the eritical
gtrain. The mammum incresse in strain from the
initial to the final loading was approximately 10 per-
cent. Repetition of load at the free edge and at an
interior point caused no appreciable change in the
critical strains. The data from these load strain tests
are pregented in greph form in s later section of this
report,

It will be recalled that in series 1 tests were made
with various sizes of bearing plates, both at a common
location and at individual locations. The tests with
each size of plate provided data of the type shown in
figure 3. The data from all of the individual tests of
series 1 are summarized in figure 4 which shows load-
displacement relations for each of the several sizes of
bearing plate, both for the tests at & common location
and for those at individual locations, The displace-
ment values in this figure are with respect to the
position of the plate immediately before the application
of the particular load, being in esch case the average
of 2 or & determinstions made after the subgrade had
attsined a condition of approximete elastic equilibrium
for the particular displacement. No tests were made
at the common location with the 36-inch round plaie
and the 48-inch sgquare plate. '

The data obtained in this series of tests afforded two
significant comparisons. They showed first the im-
portant effect of plate area on the pressure intensity
required to produce a given plate displacement on the
goil in question. A similar effect has been observed
by other investigators in tests where much larger plate
displacements were used. This effect will be discussed
in more detail later in this report. The second com-
parison was between the tests with a series of plate
sizes at one location and o similar series at individual
Jocations, Tor this comparison the data show that for
o given plate size (within the 8- to 20-inch diameter
range) essentiplly the same load intensity-plate dis-
placement relation obtained. It wes considered better
procedure, however, to make the tests with each.plate
size ot individual locations in the subsequent program
of series 2,

In figure 52 and 5b the same date are arranged in &
different manner. In figure 52 are shown the relations
between pressure intensity and the diameter of the
bearing plate for three magnitudes of plate displace-
ment, 0.01, 0.02, and 0.05 inch, respectively. This
graph brings out forcibly the importance of both the
aren and the degree of the displacement in determining
the load supporting ability of the soil. The shape of
the curves, shown i this graph, iz generally similer to
that found in other tests, both in this country and in
Europe, in which loads were applied to rigid plates of
various sizes that were supported by soils not strictly
granular in character (3, §, 6, 8, 2). Generally speak-
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ing, the other tests cited differed from those deseribed
in this report in two important particulars. In the
firat place, the soil deformations were carried con-
siderably farther than in the present study and, in the
second place, the maximum dimension of the besring
plate, i. e., the diameter of the circular plate or the
side of a square plate was, with one exception, less
than 42 inches.

In figure 5b the duta from series 1 are again shown
but, in this case, with the pressure intensity related to
the perimefer-ares ratio, an inverse function of the

late size, in the manner suggested by Housel (6).

hree curves, one for each of the three magnitudes of
plat% displacement used in the tests, are given in the
graph.

In both figures 5a and 5b the dats obtained with the
48-inch square plate are included, being plotied on the
basis of area, the shape factor being ignored. Thus
there may be reason to guestion the accuracy of the
points which are plotted on the 54-inch diemeter and
0.083-inch! perimeter-ares ratio ordinates respectively
in the two parts of this particular figure. Data obtained
in the subsequent series of tests support the relations
shown in figures 5a and 5b, however.
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It iz of interesi to mote that, when the daia are
plotted in the manner shown in figure 5b, an essentially
stroight line relation exists, between the pressure in-
tensity and the ratio of perimeter to area for plates of
20-inch diameter and less while for the larger plates
used in thiz series, it appears that the linear relation
does not hold. The use of the inverse function of

. 2 . .
plate size ( m) for the abscissas results in such a con-

vergence of this scale near the origin that it is difficult
to determine at what point on these curves the departure
from linearity begins but it appears to be in the vicin-
ity of 30 inches on fhe diameter of bearing plate scale.

SMALL PEATES FOUND UNSUITABLE FOR USE IN DETERMINING
RELATION BETWEEN PRESSURE INTENSITY AND PLATE DIS-
PLACEMENT

It will be recalied that, in series 2 and series 3, tests
were made with eleven sizes of circular bearing plates
ranging from 2 to 84 inches in dismeter. In series 2
the loading procedure and displacement ranges were
the same as in series 1, while in series 3 the loading
procedure was different and the displacement range was
Inereased consistently.

In figures 6 and 7 are summarized the load displace-
ment data obtained in the tesis of series 2 and series 3
respectively. These graphs correspond to figure 4
which contains similar data from the tests of series I.
Attention is called to the difference in the horizontal
scales used in the two figures, this being necessary
because of the difference in the displacement range of
the two series of tests, It will be noted that in series
3 the displacements are limited to values less than the
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IteurE 6.—LoAD-DISPLACEMENT RBELATIONS FOR THE SEVERAL
Boapiveg Areas or THE Snconp Spriks oF TBsrs. FIiaures
¥ Crreres InpicaTs TERE Drammrsr oF THE Braring Prate.
v INcHES.

maximum in the case of the large bearing plates.
With the large areas, the available load reaction of
spproximately 50,000 pounds limited the pressure
intensity (and the plate displacement) which could be
obtained,

Figure 8 shows the load-displacement date from the
tests of series 2, plotted in the same manner ,as was
used in figure 52 for series 1 in order to bring out the
effect of ﬁlﬁ size of the bearing plate on the ability of
the soil to resist deformation. As in the corresponding
earlier graph the relation is shown for each of the three
displacement magnitudes, 0.01, 0.02 and 0.05 inch
respectively.

figure 9 is similar $o figure 8 but contains data from
the tests of series 3. Because of the larger displace-
ments in the tests of series 3, the action of the soil was
somewhat different and this difference was most marked
wheun the 4-, 6-, and 8-inch diameter bearing plates
woere employed. Generally speaking, however, the
relations between plate size and the pressure intensity
necessary to produce & given displacement were similar
to those developed by the tests in which the displace-
ments were limited to the small values of 0.01, 0.02
and 0.05 inch, as shown in figures 5a and 8.

The data consistently show that, for the conditions
that existed in the present tests, the effect of plate
gize on the pressure mtensity-plate displacement rela-
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tion is not important for plate diameters of about 26
inches or larger, but for plates of less than the 26-inch
diameter there is an effect which becomes increasingly
Iar{ie as the plate size diminishes.

Certain earlier investigators, (3) and (5), eoncluded
that, for soils of the cchesive type, & given pressure
intensity applied to bearing plates of various sizes

ight be expected to produce vertical soil deformations
which would be directly proportional to the square
root of the areas of the plates. An analysis of the

present data indicates that the relation just stated
applies quite well for bearing plates having diameters of
26 inches or less, but that for larger plates it does not
apply, the magnitude of the divergence increasing
rapidly as the size of the plate is increased. For a
plate 84 inches in diameter the measured displacement
was approximately one half of that which would be
predicted if the above-mentioned relation held true.

It should not be assumed that the relations found in
the bearing tests at Arlington are applicable generally.
Further tests are needed on other soils in place, particu-
larly tests that include large bearing areas, before any
attempt can be made to generalize on the relations, It
should be remembered also that the studies at Arlington
were made primarily to determine the behavior of soil
undergoing relatively small deformations and the
magnitude of the deformation is shown to be an im-
portant varighle in the test.

The data obtained are important, however, in showing
the size of plates which must be considered in studies
of the soil condition of the Arlington pavement research
and furthermore because they indicate the necessity for
a knowledge of the effect of plate size when making
bearing tests with other soil conditions.

SEASONAYL VARIATION IN SUBGRADE SUPPORT STUDIED

It will be reealled that the modulus of subgrade
reaction is o stiffness coefficient which expresses the
resistance of the soil strueture to deformstion under
load in pounds per square inch of pressure per inch of
deformation (in the direction of the loading force).
Certain pertinent facts have been brought out. It has
been shown that, (1) the soil structure is imperfectly
elastic; (2) the elastic behavior of the soil is affected
by its moisture state; (3) the load resistance of the soil
structure, 1. e., the pressure intensily required to
produce a certain deformation, depends upon the
magnitude of the deformation and, within cerlain
limits, upon the aren over which the pressure is applied
to the soil structure.  Ttis evident that these conditions
place limitations on the manner in which the stiffness
coefficient can be determined and on the extent to which
1t can be applied. However, it is believed that, for soils
of cohesive character at least, it is possible to obtain
approximate but usable values for the coefficient from
load-displacement tests with rigid bearing plates on the
soil in place, provided certain precautions are taken to
minimize the effect of the disturbing influences men-
tioned above. A study of the dats suggests the nature
of the precautions to be taken.

If values of the stiffness coefficient & are calculated
from losd-deformsation data, such as those shown in
figure 3, it will be found that the value of the coeflicient
varies with the size of the plate used in the test and with
the magnitude of the soil deformation. This has been
mentioned fFreviously and is indicated by the relations
shown in figures 8 and 9. An analysis of the data
obtained in the more comprehensive tests of series 2
was made to determine the extent and characteristics of
the variations in the value of the coefficient for the
conditions that obtained in this series of tests. Values
were caleulated for each size of bearing plate used and
for soil deformations of 0,01, 0.02, and 0.05 inch for each
plate size. The variation in the value of the coefficient
with plate size and with the magnitude of the plate
displacement or soil deformation is shown in figure 10.
Trom this figure it appears that when making tests to
determine the value of the z0il stiffness coeflicient %
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it is necessary to limit the deformation to & magnitude
within the range of pavement deflection and that it is
of great importance to use a bepring piate of adequate
size. Tor the conditions of the tesis of series 2 the
minimum plate dismeter is indieated as being about
263inches. ~ It should not be concluded, however, that
this size of bearing plate would necessarily be adequate
for other soil conditions. There is, in fact, evidence
that it would not be. This point will be referred to
again later. .

A similar analysis was made of the data obtained
in the tests of sertes 3. It will be recalled that in this
series larger displacements were included and only
one load of each magnitude was applied. The values
of the coefficient, for the various conditions of the tests
of series 3 are shown in figure 11.

A comparison of figure 11 with figure 10 shows that
the general indications, mentioned above, as to the
effect on the value of the stiffness coefficient of the
magnitude of soil deformation and of the size of the
bearing plate are supported by the data from the tests
of series 3 as well as those of series 2. IFurthermore, in
the one case where the two series are most nearly com-
parable, i. e., the tests with a limiting soil deformation
of 0.05 inch, the agreement between the values obtained
in series 2 and series 3 is rather good.

The shapes of the curves shown in figure 11 are differ-
ent from those in figurs 10, particularly in the region of
the small bearing plates. This is attributed to the
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difference in test procedure used in the two series of
tests as mentioned in connection with the discussion
of figures § and 9.

The tests of series 2 and series 3, from which the data
shown in figures 10 and 11 were obtained, were made
during the summer. The moisture content of the soil
was determined to a depth of about 12 inches and was
found to be quite uniform, averaging 17 percent.

Because the moisture content of the soil beneath the

avement was known to vary from summer to winter,
cad-displacement fests with the 54-inch diameter bear-
ing plate were made under both normal summer and
normal winter conditions. This made possible some
study of the effect of seasonal moisture change on the
value of the soil stiffness coefficient.

In these tests, which were designated series 4, the
bearing plate remained in position on the subgrade
for some time before the test so that moisture conditions
were stabilized at the time of test. For the summer
condition the moisture content of the soil was uniformly
17 percent to a depth of about 12 inehes while for the
winter condition it was about 25 percent in the 0- to
g-inch zone and about 19 percent in the 6- to 12-inch
ZOne.

The loading procedure in series 4 was the same as in
series 2.

Load-displacement dats from the tests of series 4
are shown in figure 12 for both the summer and the
winter condition. On the graph are shown algo values
of the modulus c&lculate§ from data ¢btained in the
bearing plate tests for soil deformations of 0.01, 0.02
and 0.05 inch, respeciively. It is apparent from this



124

PUBLIC ROADS

Vol. 23, No. B

figure that the soil structure in question was much more
resistant to load deformation under the conditions
which prevailed when the summer tests were made
than it was at the time of the winter tests, the increase
in stiffness from winter to summer being roughly 40 to
50 pereent. Undoubtedly the magnitude of the
seasonal change in subgrade support will vary with
the characteristics of the soil material and with the
temperature and moisture changes that occur. Under
favorable conditions the variation may be much smaller
than that cited. It is obviously important, however,
to make sure that the soil at the site of the bearing test
is of the same character and density and is in the same
moisture state as the soil supporting the pavement under
consideration. The important influence which the
magnitude of the soil deformation has on the value
of the modulus % is further emphasized in fhis graph.

CAREFUL PEOCEDURE NECESSARY IN DETESMINING MODULUS OF

SUBGRADE REACTION FROM LOAD-DISPLACEMENT TESTS

The experiments with rigid bearing plates have led
to the conclusion that approximate but usable values for
the modulus of subgrade reaction as used in the Wester-
gaard equations can be obtained by means of load-dis-
placement tests with rigid bearing plates. The eri-
terion by which the usability of the medulus values
determined in this manner is judged has been a com-
parison of caleulated and measured stroins in full-size
pavement slabs, Sinee the modulus of subgrade re-
action % is but one of several coeflicients that must be
determined before the comparison can be made the
discussion of this comparizon will appear in the more
general section to follow.

The studies have indicated that there are certain
limitations which must be recognized, certain pre-
cautions which must be taken and certain procedures
which are desirable when determining values for the
modulus of subgﬁ'ade reaction by means of load-displace-
ment tests with rigid bearing plates. These will be
mentioned briefly under appropriate headings.

Condition of the Soil at the Sife of the Test.—It is
obvious that if the data are to reflect the supporting
properties of the subgrade, the soil at the site of the
test should be truly representative of that subgrade.

Not only should the soil materials be the same, but the |

structure, density and meisture state must likewise be
duplicated. It appears that this can be accomplished
best by giving the soil to be tested the same compaction
as that given the subgrade, by covering the soil to be
tested with a conerete slab and by permitting suflicient
time to elapse for the development of a stable condition
of soil mositure before testing. Tnless these precau-
tions are taken, there i3 mo assurance that the soil
structure tested was representative of that under the
pavement. In the case of an existing pavement these
conditions can be satisfied by removing a small section
of the pavement and making the bearing plate test
on the subgrade itself. Both procedures have been used
in the Arlington tests and both are believed to be
aatisfactory.

earing Plate~—Certain physical characteristics of
the bearing plate must be considered. It was shown
that, within limits, the area of the plate had a very
marked effect on the value of the modulus k as de-
termined by the bearing plate test and furthermore that
the value which was obtained with data from tests
with relatively large plates could not be predicted from
similar dsta obtained in tests with small plates. Also
there is evidence that the minimum size of plate that

will give satisfactory data depends upon the soil strue-
ture being tested. It is important, therefore, to de-
termine by tests with plates of several sizes the mini-
mum size that will be satisfactory for a given soil
condition. If this is not possible an expedient would
be to test with a relatively large plate, a 43- to 60-
inch diameter being suggested by the dats at present
available.

The rigidity of the plate is apparently an important
factor. The use of slightly flexible plates may be
feasible but the degree of flexibility is another influence
to be considered and sufficient data are not yet avail-
able to permit comparisons to be made of the relative
value of rigid and slightly flexible bearing Dplates.
Until further sfudies are made of the use of slightly
flexible plates it is believed that rigid plates should be
used exelusively, a rigid plate being arbitrarily defined
as one which, under the conditions of the load-displace-
ment {est, does not deflect or ““dish” from perimeter to
midpoint by more than 0.004 inch. (Nors~—The 54-
inch diameter bearing plate used in these tesis was made
of concrete and was 12 inches in thickness. Under s
15,000-pound total applied load, the maximum meas-
}n'elcll )deﬂection of & diameter of this disc was 0.0034
inch.

The effect of the shape of the bearing plate isanother
element which has not been studied adequately, Unitil
more information is available it seems advisable to make
all bearing tests with circular plates.

Range of Plate Displacement.—I% has been shown that
the magnitude of the soil deformation (or plate dis-
placement) had an important effect on the soil stiffness
coefficient. in the fests at Arlington. How great this
effect might be with soil structures radically different
from the subgrade under the experimental pavement is
not known. Iiis believed, however, that the maximum
displacement of the bearing plate in tests to determine
the modulus of subgrade reaction % should net exceed
the average deflection of the pavement slab under the
expected wheel load. In the absence of measured
values, it is probably safe to assume a value within the
range 0.02-0.03 inch for this pur]psose.

edding the Bearing Plate.—DBecause of the small
maximum displecement it iz especially important that
the bearing plate be carefully bedded on the soil under
test. The procedure followed in the tests previously
described appears to be one way by which a satisfactory
initial contact can be obtained.

Loading Procedure.—It seems desirable to have the
soil structure in as nearly an elastie condition as possible
when the modulus of subgrade reaction is determined
and it appears that in the tests at Arlington this end
was substantially attained by the procedure adopted.
It will be recalled that in thig procedure a sequence of
loads of equal magnitude was applied to the bearing
plate until the soil structure reached a condition such
that each successive load produced essentially the same
plate displacement and elastic recovery in a given time
nterval.

Other Tests.—In conjunction with & subsequent
program of studies of the structural action of certain
types of transverse joints, there was afforded an oppor-
tunity to make tests that provide limited comparisons
between values of the modulus of subgrade reaction as
determined by pavement slab deflections and values
obtained by bearing plate tests for a somewhat different
goil strueture. These comparisons will be discussed
later in the more general section of this report.
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LOAD-DEFLECTION AND LOAD-STRESS RELATIONS FOR PAVEMENT SLABS OF
UNIFORM THICKNESS

WESTERGAARD EQUATIONS FOR DEFLECTION AND STRESS

The Westergnard equations for defleetion and for
stress in concrete pavement slabs are developed for
three cases of load position, as follows:

Case I in which ‘o wheel load acts close to a rectangu-
lar corner of & large panel of the slab” (23), referred to
as & corper loading,

Case IT in which “the wheel load is at a considerable
distance from the edges,” referred to as an interior
loading.

Case III in which “the wheel load is at the edge but
at & considerable distance from any corner,” referred to
as an edge loading.

In the original analysis it was assumed that the slab
acts as a homogeneous, isotropic, elastic solid in
equilibrium and that the reactions of the subgrade are
vertical only and are proportional to the deflection of
the slahb.

On the basis of these assumptions the following equa-

tions for maximum deflection and for critical stress
were presented:
Mazimum deflections:
a\ P
zc=(1.1—0.88 ) o)
P
R e 2}
1 P
== A+0dp) e (3)

Oritical stresses:

ac=¥[1“(mf‘+l%\)m(aw/§)“] ...... )

at=0.3162§[10gm (W) —4 logi(+/T.6a5-F 2
—0.675h) —logy k-+6.478} ... __ (5)

a¢*~=0.572§[10gm (33) 4 logw (1.6 -AF
—0.675h) —logy, k+5.767)

I(]il the above equations, the following notation is
used:

2., 24, 2., 'maximum deflection for corner, interior, and
edge loadings respectively.

g, 0y, o, Mmaximum tensile stress for corner, interior,
and edge loadings respectively.

P=applied load, in pounds.

h=thickness of slab, in inches.

a=rodius, in inches of the circular aren (cases I
and II) or the semicirculsr ares (case III)
over which the load P iz assumed to be
uniformly distributed.

ay=a+/2 in the case of the corner loading, the dis-
tance from the extreme slab corner to the
center of the area of load application when
the slab edges are tangent to that area.

4 EiF  a dimension, termed the radius of
I= 19(1—9)); relative stiffness, measured in
inches.
k==modulus of subgrade reaction, in pounds
ineh™,
E=quu]llu§ of elasticity of the conerete, in pounds
inch=*.

uw=Poisson’s ratio for concrete.

It will be noted that the elastic constants & and p
do not appear in equations (5) and (6). In the omginal
presentation these equations were limited to the case
where I7=3,000,000 lbs, in,”* and p=0.15. Subse-
quently Westergaard generalized these equations and
transeribed equation (4). These equations as restated

are:
3 1201 — I\, s,
Fe== I 1— —(Ehay—)c) (a"/Z)OG:I —————— (7)
P ER®
o¢=0.275(1-p) 13 logud W) --------- (8)

ER® .
7, =0.529(1-}-0.54u)54| logy| 577 }—0.71 [._.(9)
s kb
the term & being an equivalent radius dependent upon
a and h and expressed in inches.
In this subsequent paper (25) Westergaard proposed
8 new coeflicient, X, defined by the relation

K==kl (measured in lbs. in.”?).

This new coefficient K, like %, i3 & measure of the
resistance of the subgrade. The reason given for the
proposal was the expectation that K would be less
dependent on the stiffness of the slab than is & and
Westergaard stated his belief that ‘“the truth may lie
between the two extremes of & constant k and a con-
stant K.”

Westergaard in this subsequent discussion infroduced
another coefficient I which he called the deflection
modulus of the pavement, This was defined as

D=kI’=Kl

He restated equations (7), (8) and (9) in terms of the
new coefficient of subgrade stiffiness and gave a new
equation for the maximum stress for the Inferior case
of loading based upon the conception that, for this
case, the reactions of the subgrade will be more closely
concentrated around the load than are the deflections.
The modified equation for maximum stress for the
interior case of loading is

3 \ 2
o (=0.275 (1 p);gl:logn,(% _54.54(%) Z]--(IG)

in which,

I is the maximum radial distance from the center
of load application within which a redistribution of
subgrade reactions is made, in inches.
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Z is a ratio of reduction of the maximum deflections
which Westergaard states may be expected to wvary
between 0 &ng 0.39. If Z==0, equation {10) reduces
to equation (8).

It is with the equations given above that the dis-
cussion which follows will be concerned. TFor a more
complete explanation of the terms used, reference to
the Westergaard papers (23} and (26) is suggested.

EXPERIMENTAL PROCEDURE DESCRIBED

In the original planning of the investigation at
Arlington four sections of uniform thickness were pro-
vided. Each test section was 20 feet wide by 40 feet
long divided into four equal guadrants by a longitu-
dinal joint and a transverse joint. The thicknesses of
the four sections of uniform depth were 6, 7, 8 and 9
inches respectively. Except in the case of & few special
studies, the test sections were protected in order to
maintain them in & uniform moisture condition and to
prevent warping from variations in temperature while
load testing was in progress. The method used for
this protection is deseribed in detall in the first of this
series of reports (18).

It was stated in the first report that the program of
tests for these sections of uniform thickness was planned
in such o way that esch of the factors which theo-
retically might influence the load-stress relation could
be examined experimentally and the observed effects
compared with those predicted by the theory. Thus
origmally it was plarmed to study the effect on the
load-stress relation of slab thickness, of load position
and of size of bearing ares. As the work proceeded

a"c-c-»~| ,

32" ;
|

£

the study was extended considerably beyond the limits
originally contemplated and an examination was made
of various assumptions used in the development of the
equations and of the several coeflicients that appear
in them.

In genersal, loads were applied to the fest sections at
the three posifions assumed in the development of the
Westergaard analysis, 1. e., the corner, an interior poing
and a free edge. These positions are shown at K, H,
and A on the plan of a typical test section shown in
figure 13. The positions of the strain gages installed
for each case of Joading are shown by the short solid
lines in quadrant 1 while the dash lines in quadrant 2
show where the slab deflections were measured.

In certain studies of the structural action of slab
corners to be described later, strains were measured in
four directions in the corner area. The positions of
the strain gages used in this part of the investigation
are shown 1n guadrant 3.

It will be noted that for case-I, with the load acting
at E, both the straing and the deflections were measured
along the bisector of the corner angle E-P. For case 11,
with the load acting at H, stramns were measured in
two directions immediately under the load aad deflec-
tlons were measured along the line I-H. Ior case III,
with the load acting at A, the strains were measured
on the slab edge 1 inch below the top surface and 1 inch
above the bottom surface directly opposite the center
of the load A while the deflections were measured along
the line E—A.

The apparatus used for obtaining and measuring
test loads, the various plates used in applying these
loads to the pavement, and the instruments used in
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he strain and deflection measurements were com-
sletely described in the first report of this series (18)
:nd the details will not be repeated here.
The bearing plates used for the corner and interior
ases of loading were circular. For the case of edge
rading Westergaard assumed the loaded area to be
emicireular in shape and in the major part of the tests
seing reported semicircular plates were used for loads
pplied at the edge. In certain of the edge tests, how-
ver, cireular ®plates were used and in such cases the
et 1s noted either in the text or on the figures.
The loading tests on sections of uniform thickness
onsidered in this report ean be roughly divided into
yur groups. Firet, there were a number of what may
¢ called auxilinry or collateral tests designed to settle
-uestions of instrumentation or to supply information
eeded for the proper execution of the main program or
sr the interpretation of the data obtained in it.
.econd, there were certain preliminary or exploratory
ests on the experimental sections themselves designed
o develop satisfactory methods for obtaining the
esired information. Third, there was the main pro-
xam which comprised the determination of the load-
leflection and load-strain relations for the four yniform
hickness test sections under the conditions prescribed
or the tests together with the determination of values
. or the several coefficients that appear in the theoretical
quations. I'ourth, dhere were s few supplementary
studies made because, with test sections available and
1 testing technique developed, it seemed desirable to
sbtain data that would throw light on certain problems
which were not a part of the original program. If
Jhese objectives are kept in mind, it is believed that the
purpose for which given tests were made will be clear
m the subsequent discussion..

METHOD OF STRESS DETERMINATION OUTLINED

In general the method of arriving at experimental
stress values was the same as that described in the
earlier reports of this investigation. IHowever, there
were some unusual conditions involved in the program
being deseribed which made special studies of the strain
measuring technique desirable,

It will be recalled that the method used generally
throughout this investigation was to measure strains
with o temperature compensated,recording type of
gage (I7) installed between metal points set in the
surface of the pavement slab. From the strains
recorded by these gages, stress values were obtained by
means of the equations

rom= o) oo (1)
eI Ca NS I (2)

in which,

o, 18 the stress in the direction of the x-axis.

oy is the stress in the direction of the y-axis.

¢; is the unit deformation in the direction of the
x-axis caused by stress in that direction.

¢, is the unit deformation in the direction of the
y-axis caused by stress in that direction.

E is the modulus of elasticity of the concrete.

» 1a Poisson’s ratio for the concrete.

In applying these equations to measured strains,

values for ff were determined experimentally because of

the importance of the term in the equations. Poisson’s

ratio, on the other hand, was assumed and the value
0.15 was used in all computations in which the term
entered. There were two reasons for this, first, such
experimental values of the ratio as are available lie
generally between 0.10 and 0.20 with the majority in
the upper half of the range and second, small changes
in the value of the ratio have an unimportant effect on
the computed stress values.

It is obvious that, in any comparison of theoretical
stresses with values determined experimentally, it is
essenfial that the strain measuring technique be such
as to yield representative values. In this particular
investigation the question of gage length was of unusual
importance because stress values are the basis for the
principal comparison and the test conditions are such
as to produce rather abrupt stress variations in the
area where strain measurements were to be made.
TFor theoretical reasons, therefore, a short gage length
is indicated. Experience has shown, however, that
because concrete in small masses may lack the homo-
geneity that is assumed, the use of too short a gage
length is likely to cause trouble by giving strain values
that are not representative. A short gage mounted
directly over a large piece of aggregate may show quite
a different strain indication than would a similar gage
mounted between {wo such pieces because the modulus
of elasticity of the stone is different from that of the
mortar. A fairly long gage fends to average these
deformations and to indicate unit strains which, when
combined with the “average’” modulus of elasticity, will
give stress values that are nearly correct.

In this investigation a collateral study was made to
determine the Iength of gage necessary to give repre-
sentative strain values in the tests that were scheduled.
It was found that a gage length of about 6 inches was
sufficient to average out local effects of aggregate in the
concrete being used. This was evidenced by the fact
that when this gage length was used a given load spplied
at homologous points on a given test slab always pro-
duced essentially the same maximum strain.

Another study was made to determine the effect of
gage length on indieated unit strains when the measure-
ments were being made within the ares over which the
tests londs were applied. For this study a special gage
having an effective gage length of 2.2 inches was con-
structed and this gage was used to determine strain
variation under the bearing plates of 6-, 8-, 12-, 16~ and
20-inch diameters. Figure 14 shows typical data
obtained in these tests. The curve marked A shows
the maximum unit strain values recorded in a 2.2-inch
gage length at the middle of a diameter of the bearing
area for a given applied losd and each size of bearin
area listed above. Curve B shows, for the same 10:15
and bearing aress, unit strain values which are averaged
from three 2.2.inch gage lengths arranged end to end
along one diameter o t%e bearing area. These average
unit strains, therefore, are those which would be shown
by a single 6.6-inch gage centrally located along the
same diameter. The %oca.tion of the gage lengths with
Eespecii 4to the bearing area is shown in the legend of

gure 14. .
- Because of possible local aggregate effects with a gage
of this length the actual procedure was to leave the
nge in one position and to shift the pesition of the
oaded areas with respect to the gage length. The data
Indicate that for the conditions of these tests, the stress
variation along a diameter of a bearing area was not
sufficient to show different unit strains for gage lengths
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of 2.2 inches and 6.6 inches respectively so lon%'1 as the
plate diemetfer was 8 inches or greater and the gage
was positioned along a dismeter of the area.

In this same group of tests some study was made of
the sfrain variations within the bearing areas when a
gage length of sbout 6 inches was employed. Besring
areas of 8-, 12- and 20-inch dismeters were used and the
tests were made by shifting the bearing area with
respect to the gage length in the manner previously
described. However, in these tests, the strain deter-
minations were made over the entive length of the
diameter in each case. The data obtained are shown
in figure 15. It appears from these data that the
maximum unit strain occurs under the center of the
bearing area, as would be expected, and that for bearing
areas of these sizes there is no appreciable reduction in
the strain for some distance toward the edge of the
bearing sres. In other words the strain variation curve
is rgther flat in this region. The reduction in strain
magnitude near the edge of the bearing area iz evident
in these data.

In tests such as those just described the precision
with which unit strain Vajues are measured is & very
important matter. In the published deseriplion of the
strain gage used g0 extensively in this general investi-

gation (17) it was stated that the accuracy of the gage
1s sufficient to permit the determination of stress in
concrete to within 20 or 25 pounds per square inch,
where dependence is placed upon a single observation.
Subsequent extensive use of these gages has shown this
to be & very conservative estimate. Stress determina-
tion is affected by precision in determining the effective
modulus of elasticity-as well as by precision in measuring
strains in the material so that any lack of precision in
stress determination muy be the combined result of
several influences, In this general investigation every
effort was made to keep the gages functioning at
maximum efficiency and usually dependence was not
pleced on & single observation unless that observation
was supported by other data. In order to find out
what consistency could be expected in the load-strain
megsurementis when the same operation was repeated,
an 8,000-pound load was applieg 80 times at the edge
of the 7-inch uniform-thickness test section and the
strain recorded for each application. Of the 80 individ-
ual determinations only one differed from the average
by more than 3% percent, and some ides of the consis-
tency of the combined load and strain measuring
operation may be had from the following figures.

Edge loading, 8,000-pound load, 7-inch slab thickness

Average unit strain. . ____. 0.00006675
Standard deviation .. renmnann 00000146
Coeflicient of variation 2.18.

DETERMINATIONS MADE OF MODULUS OF ELASTICITY OF THE
CONCRETE

Two methods were nsed for studying the values of
the modulus of eclasticity of the concrete, first, the
testing of laboratory specimens in compression or
bending and, second, by deflection measurements on
the test sections themselves.

Stress determinations from measured strains reguire
2 knowledge of the value of the modulus and since the
exposed pavement sections were tested over o long
period of time it was necessary to know alse how much
the wvalue wvaried from summer to winter. [t was
shown in the second report of this series (19) that there
is an annusal chapge in the moisture state of the concrete
in the test seetions sufficient to cause rather large
volume changes from summer to winter. It iz well
egtablished that ehgnges in moisture state cause changes
in the stiffness of concrete. It seemed probable, there-
fore, that this change in moisture content from its
lowest value in summer to & higher value in winter was
such ag to cause changes in the modulus of elasticity
that would have to be taken into account,

When the test sections were originally laid, extra
slabs were provided from which laboratory test speci-
mens could be taken. From these slabs cores were
drilled and prisms for flexure testing were sawed and
nsed in laboratory studies of the modulus of elasticity.
1t wos found by flexure tests on prisms that those
dried for 12 months by storage in the normal atmosphere
of the laboratory had an average modulus of elasticity
of 4,500,000 pounds per square inch while 2 comparable
group that had been immersed in water at laboratory
temperature had an average modulusz of 6,000,000
pounds per square inch.

An attempt was made to delermine the moisture
content of the concrete in the {est pavement in order
that some comparison might be made between it and
the mositure content of the conerete in the test prisms
a3 an indirect measure of the modulus of elasticity of



April-May-June 1043

PUBLIC ROADS

the concrete in the pavement sections. Fragments
broken from the extra slabs on the subgrade were
weighed and dried. The effort was not entirely satis-
factory, however, because of variation in moisture
content from top to bottom of the pavement and
because of difficulty in getting a representative sample
for the moisture determination. As nearly as could
be determined the moisture content of the concrete
that had been immersed for 10 months was slightly
greater than that of the pavement during the wet
winter months. It seems reasonable to conclude, there-
fore, that the modulus of elasticity of the pavement
concrete in winter would be somewhat less than
6,000,000 pounds per square inch. While it was not
possible to establish a reliable comparison between the
moisture content of the air dry prisms and that of the
Ea.vement during the dry summer condition it is be-

eved that the difference in. the corresponding modulus
values would not be large and that the value of 4,500,000
pounds per square inch determined by the laboratory
tests might be used in conjunction with the strains
measured during the summer tests.

Values for the modulus of elasticity determined from
slab deflections will be discussed Iater and comparisons
will be made between them and the values determined
from the flexure tests of prisms.

POSITION AND DIRECTION OF CRITICAL STRESSES INVESTIGATED

Before attempting to make direct comparisons
between computed and observed stresses it was con-
sidered desirable to make certain exploratory tests on
the test seetions to determine the position and direction
of the critical stress for each position of loading, to
agscerfain the effect of repetition of load on stress
magnitude and to establish the relation between load
magnitude and stress magnitude for each case.

In the discussion of the comparizons of computed and
observed deformations which is presented later it was
fonnd convenient to discuss the cases of corner, interior
and edge loading separately and in that order. Be-
cause of this fact, the discussion of the work that
comprised the preliminary load tests has been arranged
in the same order.

A study was made of the strain variations in the
corner ares of a typical section for case I (the, corner
loading) in order to determine the location and direc-
tion of maximum strain. Sirains were measured in
two directions at various positions along the bisector of
the corner angle and in four directions at comparable
positions along two other lines radiating from the
slab corner and making an angle of 22.5° with the corner
bizsector. The maximum strain at each position slong
the three radial lines for the particular test conditions
that obtained is shown in figure 16. Along the bisector
of the corner angle the direction of the maximum stress
was known to be parallel to the bisector but slong the
other two radial lines the direction of the maximum
strain was found to make an angle of about 15° with
the radial line in each case. This matter of the direc-
tion of stresses In the corner area will be discussed
much more fully Iater in the report.

The strains mn the vieinity of the slab edges are not
shown in figure 16 but it has been well established that
for a corner loading on & conerete pavement slab of
uniform thickness the strains slong the edges that form
the corner are definitely of less magnitude than those
along and in proximity to the cornmer bisector. The
dats shown in figure 16 are typiesl of those obtained in

534302 G- 43-9
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Fieurs 16.—Vanriarion 1w MagNirgpe or Maxivuas STRATNS—
7-Ince Unironn-THICENESS SBCTION—SYMMETRICAL CORNER
LoApIwe.

a number of similar corner tests and these data con-
sistently indicated that the strain measured along the
corner bisector at the proper location would he at
least as large as, if not larger than any other strain to
be found in the corner region. This being true it is
only necessary to locate the position along the bisector
at which the radial strain reaches a» maximum and at
this position measure the radial strain and the strain
at right angles to it. The combination of these fwo
strains determines the critical stress for the case of the
corner loading.

In his ana%ysis of this case Westergaard gives an
equation for finding the distance from the corner along
the corner bisector at which the maximum stress
theoretically develops. This equation is

it} =21/ a;l
in which
%, is the distance from the corner to the point of
maximum stress measured along the bisector
of the corner angle,
a, and [ are as previously defined.

The distance »; was determined experimentally for
each of the slab thicknesses, for o range in loads, after
various numbers of load applications and for different
conditions of temperature warping.

In table 2 the experimentally determined values of
this dimension are given for the four slab thicknesses,
a range of loads and after various numbers of loadings
had been applied. The tests covered a considerable
period of fime so that the soil moisture was not the
same at the time the different sections were tested.
Tor example, when the 6-inch and 7-inch sections were
tested the subgrade soil was in a relatively dry state
and a slight separation between the lower surface of
the slab was noted after the application of & number of
loads. In contrast, the subgrade was in a wet condition
alter severe freezing and thawing when the comparable
tests were made on the 8-inch and 9-inch sections.
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TapLe 2.—Hzperimenially determined values of the distance, z,
along the biseclor of the corner angle al which the mazimum stress
wes found to occur. These values are averages from the siress
curves of the jour quadrants. Loads were applied on 18-inch
digmeter bearing plates

Distanes, 1,
Siab thickness' Load "
After first | Aftor 12 load | After 35 load
load spplications | applications
Inches Pounds Inches Inches Inekes
............................. 4, 000 34 35

5, 000 34 33 35
G, 000 33 33 a3
b RS 4,000 5 34 38
5, 000 36 34 37
7,000 33 33 34
9,000 33 34 33
SRR 3,000 33 43 41
6, 030 33 a3 30
3,000 33 33 32
10, 000 33 33 31
O ierinemr—————— 3,000 46 48 46
6, XK 41 47 43
8, 000 41 40 42
10,000 41 89 40

The data of table 2 indicate a tendency for the dis-
tance %; to increase, for the low loads, with the number
of load applications. For the higher loads the distance
remained? fairly constant as the loads were repeated.
There seems &{so to be a tendency for the distance to
decrease as the magnitude of the load is inereased, other
conditiohs remaining the same.

In table 3 are shown experimentally determined values
for 2, for three conditions of temperature warping.
Each value in this table was from an aversge stress
curve, each point of which was the average of eight
separate siress determinations. The values in table 3
tend to decrease as the degree of contact between the
slab eorners and the subgrade is increased. This same
effect was noted in the data of table 2 as the magnitude
of the load was increased.

Tasie 3.—FEzperimentally defermined values of the distance, m,
along the biscctor of the corner angle et which the maximum stress
was found lo occur. These values are averages Jrom the stress
curves of the four quadrants jor each condition of warping. Loads
were applied on 12-inch diameter bearing plates

Distance, o1
Stab thickness Edgeswarped| gpq o (Edges warped
down up
Inches Inches Inches
30 34 36
3 ik 38

With the possible exception of those for the 9-inch
slab the experimentally determined values for z; were
found to be in good agreement with ecomputed values.
This is especially true for the condition of the unwarped
or the downward warped slab corners. When the corner
was warped upward an increanse in the value of the
distance z; was noted.

In figure 17 average values of 2; from s considerable
number of tests with the pavement in an unwarped
condition are compared with values computed with the
equation mentioned above. It will be noted that the
comparisons include three sizes of bearing area and four
slab thicknesses.

Generally there is good agreement between the com-
puted and observed values of this dimension. While
there is some temdency for the experimentally deter-
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mined values to be greater than the computed values,
particularly with the larger bearing areas, the difference
18 not great and when the flat character of the stress
variation curve along ‘the corner bisector is considered,
it is apparent that small errors in determining the value
of z; would be of very little importance. Itis concluded,
therefore, that the theoretical equation for computin
this distance is sufficiently sceurate for all practicsﬁ
purposes.

EFFECTS OF REPEATED CORNER LOADING STUDIED

The behavior of o slab corner under repeated loading
was first studied In a series of tests on the 7-inch uniform-
depth test section made during the late fall when the
subgrade soil was in a normal state. A load of 8,000
pounds was applied 80 times to the free corner of each
of the four quadrants of the test section. Each load
was maintained at full value for 1 minute and after the
removal of the load 1 minute was allowed to elapse
before the next loading was begun. The loads were
applied in groups of ten and the maximum strains for
each group of 10 loadings were averaged. The data
obtained are shown in figure 18. Since, in this graph
the dats from all four quadrants are combined, each

oint on the curve is an average of 10 tests in each of
our quadrants or 40 observed values.

The data show & distinet tendency for the strain to
increase. with repetition of the test load, the average
strain for the last group of ten Joadings being approxi-
mately 10 percent greater than the average stran for
the first group. The rate of increase is not constant,
decreasing as the number of load applications inereased.
Theuincrea,se after 60 repetitions of the load was very
small,

Following these experiments it was decided to in-
vestigate the relation for all four thicknesses of pave-
ment. In carrying out this subsequent program the
procedure followed with each test section was the same
and comprised the following schedule:
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1. Two applications of a test load of each of three or
four different magnitudes were made on each of the
four free corners of each of the four sections. For each
load application the maximum deflection and the
maximum strain were measured.

2. A series of 12 loads of the maximum magnitude
used in (1), above, was applied but no measurements of
deflection or strain were made.

3. The same loadings and measurements made under
(1), above, were repeated.

4, A series of 50 to 70 loadings of the maximum
magnitude used in (1), (above), was applied, no measure-
ments of deflection or strain being made.

5. The same Joadings and measurements made under
(1), above, were again repeated.

The load-deflection and load-strain relations de-
veloped during the {ests of this schedule are shown in
ﬁgure 19 while the strain variation along the bisector
of the corner angle, for the maximum load magnitude
is shown for each slab thickness in figure 20. Tach
point shown in these two figures is an average of two
measurements in each of four quadrants or eight
observations in all,

The tests extended over a winter period so that the
subgrade was not in the same condition when all of the
sections were tested.

The 7-imch section was tested in early December &
short time after the data shown in figure 18 were ob-
tained. The earlier series of tests may have affected
the soil under the slab cornmers. The 6-inch section
was tested in early January. Although the soil

L0012 }
=
3 -cooos " PR R——
o« [
=
v
o
Zz Q0004
o )
o]
o] 20 40 60 80 100

MUMBER OF LOAD APPLICATIONS PER QUADRANT
T-INCH SLAB 8,00G-POUND LOAD
8-INCH DiAM, BEARING AREA

FreurE 18.—ErFFECT ON STRAIN OF REPEATED LoADS APPLIED
AT TEE CoRNER OF A CONCRETE PAVEMENT.

beneath the pavement was not frozen when the tests
were made it probably had been frozen slightly a short
time before. The tests on the 8-inch section were made
during March shortly after the subgrade had thawed
after having been frozen to a depth of about 12 inches.
During the time that the soil was frozen the test seetion
was heaved upward approximately 1 inch but at the
time of load testing it had resumed approximately its
original position. The soil was in a wet condition but
there is reason to believe that the pavement was in
ood contact with the soil over its entire aréa when the
oad tests were made. The 9-inch section was tested
about the first of April. The subgrade had been frozen
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a8 described above and, in addition, the section bad
been inundated for about 30 hours by flood backwater.
The soil was, therefore, quite soft at the time the
tests were made on this section. The swelling of the
soil from moisture probably improved the umformity
of its contact with the lower surface of the pavement,
however.

It is indicated by the data of figure 19 that the de-
flections and the stresses caused by & given load in-
creased with the repetition of the load for all thick-
nesses in the same manner as found earlier with the
7-ineh section. It will be noted also that when the load
magnitude was greatest the effeet of repeated loading
on deflection and stress wasleast. 'The date consistently
indicate that the change in deflection and strain under
repeated loading is the result of an adjustment of the
conditions of soil support under the slab corner as the
repetition of loading proceeds. This adjustment con-
tinues until & condition of equilibrium is established.

The lack of linearity in the load-deflection and load-
strain data for these slab corners is further evidence that
as the slab corper is deflected the conditions of soil
reaction under it change.

Similar tests to determine the load-deflection and
load-strain characteristics of the interior region of the
test sections were made and representative date from
these are shown in fipures 21, 22 and 23.

Figure 21 is a typical strain variation graph for an
interior loading. Each point on the curvesis the average
of two strain messurements in each of four quadrants,
eight observations in all. The radial stramns were meas-
ured along & radius from the center of the loaded area
and at distances from that center as shown. The
tangentisl strains were measured at the same positions
but in a direction normal to the radius. The shape of
the curves under the bearing plate was drawn in accord-
ance with data discussed earlier in this report and shown
in figure 15.

These dats indicate that directly under the bearing
area the two strains have essentially the same magnitude
but at points not within the bearing area the tanpgential
strain is greater than the radial strain. The radial
straing become zero at a distanee from the center of the
bearing ares approximately equal to I while the tan-
gential strains approach zero at a distance of about 1.67.
The date in fizure 21 were obtained on the section of
g-inch thickness bui tests on the sections of other thick-
nesses showed the relation to be essentislly the same
when expressed in terms of I. This means that the
critical stress from & given wheel load will not be in-
creased by the presence of another equal load so long as
the two loads are separated by a distance of 1.6/ or
more. For most highway pavements this would cor-
respond to a distance of 40 to 60 inches.

I is interesting to note how clogely this is in aecord
with experimental strain data obtained in studies of the
effect of G-wheel trucks on conecrete pavements made
by the Public Roads Administration some 17 years ago
(16).

PRELIMINARY TESTS YIELDED SIGWIFICANT REBULTS

Repeated load tests were made at the interior position
(cage 1I) following the same procedure as that used for
the corner ease, Typical data, obteined in the tests on
the 7-inch thickness section, are shown in figure 22.
The data from the tests at the inferior consistently
show that repeated loading causes no increase in the
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magnitude of the critical strain, within the limits of the
tests of this progrem.

A large number of tests were made in studies of the
load-deﬁection and load-strain relations for the interior
loading. Typical data from these tests are given in
figure 23. Both the load-deflection and the load-strain
relation were consistently linear for the interior loading,
within deflection and strain limits such as thoze shown
in this figure.
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At the free edge, tests were made to determine the
shape of the strain variation curve along 8 line through
the center of the bearing area and parallel to the edge
of the pavement; to determine the effect of repeated
loads; and, to determine the load-deflection. and load-
stroin relations using cireular bearing areas centered 6
inches from the slab edge. Typical data from these
tests are shown in figures 24, 25 and 26.

The strain variation curve(fig. 24) shows radial strains
only since tangential strains at the points of measure-
ment shown are negligible. Iach point shown on the
curve is an average of eight observations, two in each
of the four quadrants of the test section. The
mesasurements of strain were made on the upper surface
of the slab, hence the maximum strain shown is & com-
gression in the upper surface of the pavement. It will

e noted that the distanee from the center of the loaded
area to the point where the strain changes from com-
pression to tension is approximately equal to . The
tensile strain in the upper surface of the pavement is
much smaller than that in the bottom surface directly
under the area of load applieation. . It is this maximum
tensile deformation in the bottom of the slab directly
under the load that is the critical strain. Numerous
tests have shown that the maximum compressive strain
measured under the center of & circular bearing plate of
8- to 12-inch diametier when the plate is tangent to the
slab edge is essentially equal to the maximum tensile
strain measured at the bottom of the slab edge. In
other words the maximum strainshown in the variation
diagram may be considered as equal to the eritical strain,
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The data from repeated loading are given in figure 25.
The procedure was the same as that followed for
case I (corner) and case II (interior). It is indicated
that the critical strain for the edge loading is not
increasect by a repetition of load application. In this
respect it is hike the interior case. This difference in
behavior between the corner on the one hand and the
ipterior and edge on the other iz attributed to two
faetors, first, there is more deflection and bence more
soil deformation when the free corner of a slab of
uniform thickness is loaded and, second, for corner
loading there is less confinement for the soil than is
present with either the edge or interior loadings.

In figure 26 are given some typical load-deflection
and load-strain data for the edge loading. It was found
that these relations were linear within the limits of the
tests.

To summarize, the preliminary load testing program
gave data as to the strain dislribution which located
the position of the critical strain for each of the three
cases of loading considered in the Westergaard analysis.
It verified the equation for locating the position of
maximum stress for corner loads as given by Wester-
gaard. The application of repeated loads was found
to affect the magnitude of the eritical strain to a
measurable extent with corner loading but not for the
interior or the edge loadings. Tinally the preliminary
load testing program showed that the load-deflection
and load-strain relations were nearly linear for corner
loading and linear for the interior and edge loadings,
within the limits of the tests..
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LOAD-DEFLECTION DATA AND THEIR SIGNIFICANCE

The methods used for determining the deflacted
shape of the test sections under various Ioad and
other conditions were described and discussed in the
earlier reports of this series.

The principsl use made of the deflection data in the
present study is for evaluating the constants that appear
in the various equations of the Westergaard analysis,

In connection with the presentation of his generalized
equations (26) Westergaard suggests methods for
determining the value of the quantities D, L, I, K, E, L
and Z from observed values of deflections and stresses.
These will be discussed briefly.

The deflection modulus, D), was defined as being equal
to &I? and values for it may be obtained by substituting
the observed maximum deflection value in the appro-
priate equation for maximum deflection (1), (2) or (3).

The value of [ is obtained by adjusting the scales
(both horizontal and vertical) of a theorefical deflection
disgram, in whichk the ordinates are deflection units and
the absecissas are distances expressed in terms of [, until
the theoretical elastic curve coincides as nearly as
possible with the observed shape of the deflected slab.

For the corner loading the theoretical deflection
disngram may be constructed, once D is determined, by
means of the generalized equation for corner deflection

-z i
zmg (1.1e !—%0.883 i )

z being the deflection at any distance z from the slab
corner, measured along the bisector of the corner
angle, while ¢ is the Naperian base., Values of [ are
assumed until coincidence is obtained.

For the interior and edge cases, the theoretical
deflection diagrams were constructed by means of
coefficients of deflection obtained from the diagrams
given by Westergaard in the originel analysis (28)
(figures 4 and 8). Values of [ were assumed as in the
case of the corner loading until the best degree of coin-
cidence wag attained.

With values for D and [ determined in the manner
just described &, X, and & may be evaluated by means
of the following equations:

k=l—? ______________________ (14)
=% ______________________ (15)
E=12(1——;W (16)

B e

There appears to be no direct method for the deter-
mination of values for the quantities L and Z from
deflection data. Westergaard suggests that these
terms be evaluated from the theoretical equations for
slress. Discussion of this question will acecordingly be
deferred until after the infroduction of the stress (ﬂl,tn,.
Except where stated otherwise, the value of Z will be
taken as zero, however. :

Observed deflection data for each of the four test
sections of uniform thickness for the three cases of
corner, interior and edge loading are shown in figures 27,
28, and 29, respectively. n these diagrams the
observed shape of the deflected slab is shown by curves
drawn through crosses. Each cross is the average of
12 observed values, three measurements in each of four
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quadrants. The small circles are computed values
which indicate the position of the matched theoretical
diagram constructeg for the purpose of determing .

alues of the several coefficients, derived by the
methods just described from the deflection data shown
in figures 27 to 29, inclusive, are given in table 4.
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Tasre 4.—Values for various coeflicients, used in the Westergaard
equations, determined from meqsured deflections

Sleb
Posttlon | mymg of testing] thick- | ¢ E K D E
of load I

058

Inchey | Inches |Lbs.in. % Lbs.in.~3|Lbs. in,)| Db, in. 2

Corper....i Lato summer [} 20 143 3,708 | 06,400 | 3, 540,000

7 16t | 4,515 | 126,400 | 3, 300,000

8 30 287 6,826 | 204,700 | 4, 220, 000

] a3 168 5,635 | 182,600 | 3, 200,000

Interior...| L 6 25 105 4,880 | 122,000 | 4, 140,000

7 20 28 6, 805 , 000 | 5, 750, 000

7 8 222 6, 230 § 174,400 | 4,670, 000

8 13! 260 8,065 , 000 | 5, 500, 000

g 6 203 1 7,315 | 263, 200 | 5,400, 000

1] a3 220 7,200 { 240, 500 | 4, 210,000

Edge ... G 260 171 4,440 | 115,400 | 4, 235,000

7 20 212 6,145 | 178, 200 | 5,125,000

8 30 279 8,365 | 251,000 { 5, 175,000

] 34 243 §, 260 | 280,800 | & 220,000

The deflection tests on the four sections were not
made at the same time but covered a period of about
4 months, as follows: .

Test: section: Adonth tested
G-aneh_ . e cnccacn—am——— September.
T-AnCh. . et ——— December.
B-ineh . L e November.
O-imeh . e —— e Qotober.

During the period when a particular section was
under test it was insulated against air temperature
fluctuations with a layer of straw and was protected
from precipitation and direct sunlight with a temporary
canvas shelter. However, during the 4-month period
between late summer and winter there are important
changes in temperature, evaporation rate, ground
moisture, ete., and it seems reasonable that some effects
of this seasonal change are present in the data. If go,
the effect would be most noticeable in comparisons
between different test sections.

For a given slab thickness, values of the radius of
relative stiffness, [, are in good agreement for the three
cases of loading. TFor condifions that are comparable
there is rather good agreement also between the values
of modulus of subgrade reaction, k, as determined by

avement deflection, for the interior and edge loadings
gu’o the value for the corner loading is consistently
lower. This is believed to be the result of incomplete
contact between the corner area and the subgrade and
is in accord with the evidence of the strain dsta previ-
ously discussed. It will be noted that the values of k,
as determined from the deflections of the 6-inch section
of uniform thickness are somewhat lower than as
determined by the deflection data from the three other
test sections. .

SEASONAL CHANGES AFFECT CERTAIN COEBFFICIENTS

In the earlier discussion of the modulus of subgrade
reaction, &, in the first section of this report, the data
from the bearing plate tests of series 4 showed that for a
given plate displacement the value of & was appreciably

eater in summer than in winter. For example, at a

isplacement of 0.02 inch, the summer value was 280
Ibs. iIn.~® and the winter value was 199 lbs. m—
This same trend is not evident in the limited data on
the values of %, determined from the deflections of the
interior of the 7-inch and 9-inch sections shown in table
4, Tt will be noted that the value of % is nesrly the
same for summer conditions as it is for late fall or
winter conditions in the two comparisons available in
this table. It may be recalled that in the study of
seasonal effects on the value of k with the bearing plate

tests, the plate was left continuously in place on the
subgrade. 'While the plate used was relatively large,
it actually was much smaller than a full-size pavernens
slab. It is conceivable, therefore, that & larger change
in soil moisture may have oceurred under the bearing
plate than was possible under the test section and that
this larger change in soil moisture might account for the
larger variation in the value of & as determined from
the bearing plate test.

The general level of values of % from the bearing plate
tests is in ressonably good agreement with that de-
termined from pavement deflections,

The coeflicients D and K being dependent on ! and %
are affected directly by any conditions that influence
the value of either [ or 2. The values of the modulus
of elasticity for the concrete, I, as determined from the
slab deflections are in the same general range as the
values that were obtained from the tests of the labora-
tory specimens. Values obtained from corner deflec-
tions are distincily lower than those determined by
deflection data from interior or edge loading. This 1s
believed to be a direct refiection o? the imperfect sub-
grade support that obtained under the unwarped slab
corners and of certain rotational movements that will
be discussed presently. For this reagson the value of E,
determined from corner deflections, is considered a less
reliable index of slab stiffness than those determined
from interior or edge deflection data. It is noted also
that there is a tendency for the values determined from
the deflections of the 6-inch section to be slightly lower
than those for the other three sections. A comparison
of the data obtained in summer with those obtained in
winter in fests at the interior of the 7-inch section show
a much higher value of E for the winter condition,
The same trend is evident in the tests made in summer
and in late fall at the interior of the 9-inch section,

Since the. value of the modulus of elasticity of the
concrete varies with the moisture state of the material
and since the moisture state is kmown to vary bub no
good measure of its range or rate of variation was
available, an uncertainty as to the exact value of the
modulus E was slways present in any consideration of
data that required its use, particularly where long time
periods were involved in the testing.

Assuming that values of E=15,500,000 lbs. in.—* and
=200 lbs. in."® were fairly representative of the winter
condition and that values of E=4500,000 lbs. in.~?
and k==280 lbs. in.”® are equally representative of the
summer condition of the test sections, values of the co-
efficients I, D and K were computed for each of the four
thicknesses of test section. These computed values are
given in table 5. A comparison can be made between
these computbed values and cerlain of the values de-
rived from the measured deflections which were shown
in table 4. In making such comparisons it is well to
bear in mind, first, that the eomputed values are only
a8 good as the selected values of £ and L on which the
computations are based, and second, that the computa-
tions presuppose the ideal subgrade reaction to obtain.
The agreement between the computed values and those
derived from the measured deflections is, in general,
better for the winter observations than for the summer
and better for the interior and edge loadings than for
the corner. Tor the winter condition several compari-
sons are available and for the interior and edge cases
the agreement may be considered good. For the corner
case the values of D and K derived from messured de-
flections tend to be lower than the ecomputed values.
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Tapre 5.—Computed values of coefficients used in the Westergaard
' equations

WINTER CONDITION
{ B 5,500,000 1bs, in.-t, k=200 Ibs, in.-%]

Slab thickness 1 D K
Inches Inches Lbs, in.~1 Lbs, in.~?
2.7 142, 300 . 5,340
20,9 179, 360 5,900
831 2190, 100 6,020
36.2 261, 500 1, 230

SUMMER CONDITION

| B=4,500,000 1bs, in.~2, kw280 1bs. in.~9)

2828
=L-R ]
P
£588

For the summer condition only two comparisons are
available, the interior case for the 7-inch and 9-inch
sections. In these the values of D) and K derived from
the measured deflections tend to be 10 to 15 pereent
lower than the corresponding computed values of table
5. There is generally good agreement in the values of
{ for the four pavement thicknesses and the three cases
of loading,

Further studies of the corner case were made in an
effort to establish the reason for the differences between
the computed values of the coefficients and those ob-
toined from the measured corner deflections. Tests
were made with the 7-inch and 9-inch sections, loads
being applied when the corners were flat, warped up
and warped down. Maessurements were made not only
of the deflection but slso of the rotational movement of
the slab about the longitudinal joint as the corner loads
were gpplied. These rotational movements were meas-
ured by placing two recording strain gages on the slab
end spanning the joint, one gage near the top and one
near the bottom surface of the pavement.

The vertical displacement of the free corner resulting
from rotational movement at the longitudinal joint was
calculated from the movements recorded by the two
strain gages, This displacement is an apparent de-
flection of the slab corner thot must be subiracted from
the measured maximum deflection at the corner if the
displacement caused by slab flexure alone is to be ob-
tained. Displacement values calculated in this manner
for the 7,000-pound load on the corner of the 7-inch
test section and the 10,000-pound load on the 9-inch
test section are shown in table 6. It will be noted that
the valies are about the same for the two slab thick-
nesgses but that they vary considerably with the degree
of subgrade support afforded the loaded corner, bein
approximately three times as great for the upwar
warped corner as for the same corner brought into
better contact with the subgrade by downward warping.

The measured total vertical displacements along the
bisectors of the corner angle for the 7-inch and 9-inch
sections, for the three conditions of temperature warp-
ing are shown in figure 30. Each value on the apparent
deflection curves in this figure is the total displacement
from a fixed datum. The calculated movement of the
corner resulting from rotation of the slab about the
longitudinal joint is indicated as & correction to be sub-
tracted from the measured total downward movement
of the corner point. Beecause of the rotationsl move-

Tapre 6.—Displacements caused by rolational movement of the
slabs about the longitudinal joint

Comner displacement

Condition of edges of slab

7-in, slab 9-in. slab

Inches

015
2t

Tnches

016
2020

Werped dowWn. .. oo e
Flat e vr i —————

TiNCH SLAB  7,000-POUND LOAD  9-1NCH SLAB 10,000-P0UND LOAD
12-IHCH DIAM. BEARING AREA
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JETLILZ
5 ol

0 40 BD 120 160 0 40 80 120 160
DISTANCE FROM CORNER ALONG BISECTOR QF CORNER ANGLE - INCHES

MEASURED DISPLACEMENTS™
©-CORNER WARPED DOWH -UNCORRETED
e-CORNER WARPLED DOWN - CORRECTED FOR ROTATION
*CORNER UNWARPED — UNCORRECTED
A-CORNER WARPED UP - UNCORRECTED

Fravre 30.~DEPLECTION OF THE BISECTOR OF THE CORNER
Ancere ror THREE CoNprTIONS OF TEMPERATURE WARPING,

ment: of the slab about the longitudinal joint it is ap-
parent that the measured load-deflection relation for
the corner case cannotl be expected to compare directly
with the theoretical relation. As nearly as could be
determined in this investigation, the measured maxi-
mum corner deflection for the downward warped condi-
tion when corrected for slab rotation is in reasonably
good agreement with the theoretical value. The meas-
ured maximum values for the other two conditions of
warping are approximately equal after correction and
both are approximstely 25 percent greater than the
corrected value for the downward warped condition.

It is believed that this special study of the deflection
of the corners of the 7-inch and 9-inch test sections indi-
cates thet, because the measured apparent deflections
of the slab corner contain displacements from causes
other than flexure, such measurements are not suitable
for uyse in determining the value of the several coeffi-
cients previously discussed. Ome possible exception is
the value of the radiue of relaftive stiffness, I, which is
determined more by the coincidence of curve shapes
than by absolute deflection magnitude. Because of
this, values of I'determined from corner loadings are in
good agreement with values determined from interior
and edge loadings for all four slab thicknesses.

LOAD-STRESS RELATIONS ANALYZED

One of the early steps in the testing program was a
study of the effect of the size of the bearing ares over
which the load was distributed on the amount of strain
produced by a given load for test sections of various
thicknesses and for the three cases of loading considered
by Westergaard.

In testing the corners bearing plates having radii,
a, of 8, 4, 6, 8, and 10 inches were used. In testing the
the interior and edge positions, however, the 6-inch
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diameter plate (¢=3 inches) was omitted because of
having o measure strains under the bearing plate with
a gage length exceeding the plate diameter. The
measured critical strains for each size of bearing area
and each slab thickness are shown for the corner, in-
terior and edge loadings in figures 31, 32 and 33, respec-
tively. In order to compare the observed effect of size
of bearing area with that indicated by theory, strain
values were computed for each value of the radius, @,
and these theoretical relations are shown by the broken
line curves in the three figures. For purposes of com-
parison the two eurves in each graph were made to coin-
cide for the case of the bearing area with 4-inch radius.
For this reason they do not indicate the relative magni-
tude of observed and computed strains for a given test
condition.

In the case of the corner loading (fig. 31) the ob-
served effect of size of bearing area on strain is slmost
exactly the same as that indieated by theory. The two
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Tigure 38.—Errect oF S12E or BeARING Anma on
BTRAIN--EpsE LoADING,

curves coineide exactly in the comparison for the 8-inch
slab while for the other three seetions the observed in-
fluence of the size of bearing area is only slightly less
than the theoretical.

For loads applied at the interior (fig. 32) the agree-
ment between the observed and theoretical relations is
very close in all cases. Such divergences as appear are
S0 srlnall s to be without significance in interpreting the
results.

The comparison between the observed and theoretical
relations for the edge loading (fig. 33) is the only one in
which a significant difference exists. It will be recalled
that in this edge loading (case ITI) a semicircular bear-
ing area was used in the original analysis. In the fest
program at Arlington a semicircular bearing plate was
used and the effort was made to center the load over the
center of area of the plate so as to have uniform load
distribution to the slab surface. On the 7-inch and
8-inch test sections the curve showing the observed
relation has essentially the same shape as the theoretical
curve, although lying somewhat flatter with respect to
the x-axis. ’%he curves showing the observed relation
for the 6-inch and 9-inch sections on the other hand are
of somewhat different shape, being concave with re-
spect to the x-axis instead of convex. The apparent
divergence between the observed and theoretica}) Curves
for the 6-inch and 9-inch sections is emphasized by the
fact that it is the data for the smallest bearing area
which appear to be out of line and it so happened that
it was at this point that the curves were made to
coincide, principally because the 8-inch diameter bear-
ing area was used extensively in the load-strain studies.
Even with the discrepancies that have been pointed out
for the edge loading there is fair agreement between
the experimental date and the theory.

As 2 general statement it is believed that the observed
effect ogsize of bearing area on strain is so similar o the
theoretical relation as to indicate that the latter can be
used with confidence in its aceuracy.

In subsequent tests where the size of bearing area
entered as a variable only the 8-, 12- and 20-inch diameter
plates were used.
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LOAD-STRESS RELATION FOR CORNER LOADING

The first direct comparison between observed and
theoretical stresses is shown in figure 34. The term
observed stresses used hercafter refers to the criticas
stress values derived from measured strains, in the
manner described earlier in the report. The observed
stress values in figure 34 are compared with theoretical
values computed with coeflicients obtained from corner
deflections measured at the same time as the strain
measurements. Kach observed stress value in this and
subsequent figures is based on an average of eight
measured strams (2 tests in each quadrant of the test
seetion).

It will be observed in figure 34 that, in every case, the
observed stress value is smaller than the theoretical
value. This difference is due in large part to the fact
that the apparent modulus of elasticity of the concrete,
as determined from corner deflection date, is much
smaller than the value of the modulus of elasticity
determined by other methods. This was brought out
in table 4 and the attendant discussion.

When values of the modulus of elasticity obtained
from the measured deflections of the interior and edge
were averaged and applied to the corner strains for a
given test section a better agreement between observed
stresses and theoretical stresses resulted. This com-
parison is shown in figure 35. It is believed that this
1s & better comparison than that of figure 34 because all
evidence indicates that the modulus of elasticity deter-
mined from deflection data obfained in tests at the
interior and edge is approximately correct. In figure
35 the agreement between the observed and theoretical
stress values is very close for the 6-inch and 8-inch
sections while for the 7-inch and 9-inch sections the
observed stresses are higher than the theoretical
stresses by 14 and 18 percent, respectively. The ob-
gerved influence of the size of bearing ares 1s essentially
that indicated by theory.

Some further tests were made to discover, if possible,
the reason for the difference between the agreement for
the 6- and 8-inch sections and that for the 7- and 9-inch
sections as shown in figure 85. The firai of these tests
were made on the 7- and 9-inch sections during the
summer under the condition of maximum downward

RADIUS OF BEARING AREA —INCHES
X-OBSERVED STRESSES oTHEORETICAL STRESSES

Fioure 85.—CoumpariaoN oF OBSERVED AND 'TEEORETICAL
Stnmsses ror CornNer Loaping Using Average CoErr-
FICIENTE DETERMINED FroM DurrecTioNs MpBAstrep at
e INTERIOR AND Bpag,
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Fraurr 36.—Comprarisony or Tmmormrical Maxzimum STrESS
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Bisecror oF THE CorNER ANGLE With Tax CorNER WARPED
DownNwaRD.

warping of the slab corners. It ig reasonable to assume,
therefore, that the pavement corner was in good contact
with the subgrade at the time of tesf. While only one
size of bearing plate was used, testz were made on all
four quadrants of the test sections and the tests were
repeated in two different years. The data may,
therefore, be considered representative. ’
The average observed stresses along the corner bi-
sector for both the 7-inch and the 9-inch test sections,
together with the theoretical maximum stress, are
shown in figure 36. Tach observed value is an average
based on 16 strein measurements. The agreement be-
tween the observed and theoretical stress values from
these tests indicates that, if the conditions are such that
the corner is receiving full subgrade support, values of
critical stress computed with the Westergaard equa-
tion for critical stress for corner loading (case I) can be
used with confidence. When full subgrade support
does not exist the computed stresses will be too low.
Further study was given to the effect of the condition
of subgrade support on critical stress for corner loadin
in a series of tests on the 6-inch, 7-inch, and 9-inc
sections. In this study loads were applied to the slab
corners when those corners were warped upward, un-
warped and warped downward. The slabs were as-
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sumed to be flat when the temperature of the upper
surface and of the lower surface were the same. The
8-inch section was not included because it was necessa
to keep the program within practical limits. Condi-
tions for maximum upward warping occur only at
certain fimes in the might or early morning hours in
winter and with only three sections included the pro-
gram extended over nearly one entire winter before the
desired data could be obtained. The data from this
study are shown in figure 37. Fach observed stress
value is the resuly of eight separate strain measure-
ments. The maximum theoretical corner stress is
shown on each graph.

Table 7 shows the observed maximum stresses for
each condition of warping and for each slab thickness,
expressed as g percentage of the theoretical stress. It
will be noted that the observed stresses are slightly

eater than the theoretical stresses for the condition of

ownward warping. It is quite possible that even
when the corners were warped downward full contact
with the subgrade was not established. The observed
stresses for the flat and upward warped conditions,
i.e., for the conditions of least subgrade support, are
higher than the theoretical values by 30 to 50 percent.
Thus it is evident that where the assumed condition of
full subgrade support does not obtain some correction
must be applied to the stress values computed by the
theoretical equation for maximum siress from corner
loading. Westergaard snalyzed the load-deflection and
the load-stress relations for slab corners that are not
fully supported by introducing a modified condition of
subgrade resction that was assumed to represent the
support given a slab corner when that corner was
warped upward (26).

This analysis provides corrections to be applied to
values computed with the equations of the original
analysis. In order to compute the corrections 1t is
necessary to determine experimentally certain quan-
tities that appear in the correction equations. A
serious effort was made to determine the quantities
and the corrections in connection witl the investiga-
tion being described but for various reasons it was not

TaBLE 7.—Comparison of theoretical corner siresses with mazimum
observed siresses for three conditions of warping

Observed atregses ex}mssnd 13 percentages
of theoretical values
Slab thickness c o
Orner orner
No warp-
warped warped
downvrard Ing upward
Percent Pereent Pereent
1 144
116 141 149
105 132 138
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Stresses With Trose ComrurEn By Taree Sriness BEqua-
TIONS FOR FoUR SLaB THICKNEBSES.

posgible to do so in a satisfactory manner. As 2 general
statement it may be said that the corrections obtained
in the manner suggested were too small, at least for the
conditions of this investigation.

OBSERVED STRESSES COMPARED WITH VALUES COMPUTED BY
VARIOUS STRESS EQUATIONS

In figures 38 and 39 comparisons are made between
observed maximum corner stresses and those computed
with three different equations which will be described
presently. The comparison in figure 38 is for four slab
thicknesses, the load and size of %oaded ares being con-
stant while those for figure 39 are for different sizes of
loaded area, with 2 constant load and stab thickness.
As in most of the tests, each observed stress value is the
result of eight individual strain measurements. The
stress values in figure 38 were either for the condition of
upward warping (crosses) or for a very soft subgrade
condition (circles) hence are representative of a low
corner support condition. Those in figure 39 are for the
upward warped condition only. The values of E and
I used were selected as representative for the conditions
that obtained at the time of the tests.

‘
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The three equations referred to above for computing
the maximum corner stress values shown in figures 38
and 39 are

P
S S an
__3_)_151 12(1 — kN0 __o
A e M0 N I O
3P 12(1 — NS 14
= 1-(HH ) @ | a

Equation 17 was suggested by Goldbeck (4) in 1919 as
an approximate formula for computing the stress in
concrete slabs. In various forms it came to be known
as the ‘“corner formula.”” It assumes that the slab
corner receives no support from the subgrade and that
the load is applied at a point at the extreme corner of
the slab. In general, stress values computed with
this equation are very much higher than those observed
in this investigation. In figure 38 the difference will
be observed to vary with the pavement thickness,
the computed stress being 38, 30, 22, and 24 percent
greater respectively than the average observed maxi-
mum stress for the corners of the 6-, 7-, 8-, and 8-inch
test sections. Since in equation 17 the load is assumed
to be concentrated at & point it is obvious that the
computed stresses would not be affected by the size of
the loaded area. This is apparent in the comparisons
of figure 39. For the 6-inch section the computed
stresses are greater than those observed for the bearin
aress with radii of 4, 6, and 10 inches by 21, 43, an
97 percent respectively. For the 8-inch section the
pereentages are 4, 23, and 79 respectively for the same
three sizes of bearing area.

Equation 7 is the original Westergaard equation for
maximum stress for a %os.d applied on the pavement
corner over a cireular ares of radius, e, with full sub-
grade support measured by the reaction modulus k.
(Nore.—It is apparent that equation 17 is a special

- agreement,

case of equabion 7 for the condition of k=0 with a
infinitely small).

The d}zrxta presented in figures 38 and 39 support those
shown previously in demonstrating that the maximum
stresses for corner loading observed in this investiga-
tion are considerably greater than the theoretical max-
ima. If the comparative data from these three figures
are averaged it is found that the theoretical values are
about one-third less than the observed values and as
evidenced by the graphs the difference is fairly constant
for various pavement thicknesses and sizes of bearing.
area.

Equation 18 is an empirical equation developed by
modification of the exponents in the Westergaard
equation in such & manner as to cause the computed
values to coincide more nearly with the observed data
for the ease of the incompletely supported slab corners
shown in figures 38 and 39. The equation thus has no
theoretical foundation. It was published earlier in
slightly different form (7} but the comparisons with
observed dats were not presented at that time. The
date in figure 38 show that for the poorly supported
corners to which the observed stress values apply, stress
values computed by the empirical equation are in good
The data shown in this fizure were ob-
tained in tests using a 12-inch diameter bearing
plate. Comparisons with test data obtained with
bearing plates of other sizes are shown in figure 39 and
the agreement between the observed and computed
stress values is generally good.

In addition to the comparisons just shown, it is of
interest to note that in a recent report of a laboratory
investigation of stress conditions in the corner region
of conerete slabs at the Iowa Engineering Experiment
Station (18) it is stated that the critical corner stresses
determined experimentelly in that investigation ave
general agreement with values calculated by the em-
pirical stress equation developed from the date obtained
at Arlington (equation 18).

To summarize, it has been shown that for the corner
loading (case I} the econditions of soil support for which
the Westergaard equation for maximum stress was
developed existed only for short periods of extreme
downward warping and that for these periods only was
there agreement between the observed siresses and
those computed by the Westergaard equation. For
the rest of the time the corners were not fully supported
and the computed stresses were much lower than the
observed stresses,

An empirical equation has been developed that seems
to fit the observed data reasonably well and, for condi-
tions of poor corner support, its use is suggested, at
least unti{) more comprehensive information is available.
1t is emphasized, however, that the equation is without
theoretical foundation and may not be applicable to all
conditions.

LOAD-STRESS RELATION FOR INTERIOR LOADING

A direct comparison between observed and computed
stresses for mmterior loading (case II) is shown in
figure 40. The values of observed stress shown in this
graph are the critical values for each size of loaded ares
28 determined from strain measurements in the manner
previously described and each is the average of eight
mdividual observations, The theoretical stress values
in this fizure were computed with the equation of the
original ‘%’estergaurd analysis, as restated in generalized
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form (equation 8), the coefficients being determined
from deflection measurements of the pavement slab
made at the time the strains were measured.

In this comparison the theoretical values are appre-

ciably higher than the observed stresses. The opinion
has been expressed by Westergaard that for interior
loading the subgrade reactions may be more closely
concentrated around the load than are the deflections
and that for a given subgrade this redistribution of
subgrade reactions resulis in more support than was
contemplated in the original analysis, Based on this
conception his “‘supplementary theory” for interior
loading (25) was developed. In this supplementary
analysis the equation for maximum load stress was
modified to the form shown as equation 10 earlier in
this discussion. Two new quantities, Z and L, ap-
peared in this equation. Values for these must be
determined from experimental data. Westergaard sug-
gests that these constants be established by adjusting
their values until fair agreement exists between ob-
served and computed deflection and stresses.
In the present investigation for the subgrade as
originelly constructed this procedure resulted in the
following values: Z=0.05 and L==1.75[, for the four
sections of uniform thickmess.

The values of the various ecoeflicients determined
from deflections using a value of Z==0.05 are shown
in table 8. These were developed from the same de-
. flection data as were used for those of table 4 but
differ slighitly because of the influence of the quantity Z.
The values of the modulus of elasticity I, shown in
table 8, are in good agreement with those determined
by other methods. The values of I, shown in table 8
for the late fall and winter conditions, sre in good
agreement with the values determined by the besring
tests with rigid plates. For the summer condition the
agreement is not as good and & possible explanation
for'this was offered earlier in the report.

A direet comparison hetween observed maxzimum
stresses for the interior loading and maximum stress
values computed by the Westergaard equation based
on a redistribution of subgrade reactions is given in
ﬁ%ure 41. Except for the value of L, which as stated
above was found to be equal to 1.75(, the coefficients
used in the computation were those given in table 8.
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Fieure 41.—Couparison oF OsBSERVED AND THEORETICAL
STrEssEs For INTERIOR CAsE oF Loapivag % == 0.05 anp L =
1,751

TasLe 8—Cogfficients delermined from the deflections for the
wnterior case of loading 2==0.05

Slab
Time of {esting thicle- 1 E K D E
ness
Tnches | Tnehes |Lbs in-3 | Lba.in -2 Lbe. in~Y Lhs.in~3
Latesummer_ ... .......- 6 25 185 4,640 | 116,000 | 3,930,000
Winte T 220 6, 650 , 000 | &, 460,000
7 23 21 5,820 ] 165, 700 § 4,430, 000
8 a1 M7 7,640 | 237,000 | 5,230,000
] 36 103 , 040 | 250, 000 | 5, 220, 000
] 33 210 , 020 | 228, 50O | 4, 000, 000

In general, there is good agreement between the
observed and the computed values for all sizes of
bearing areas und for all thicknesses of pavement even
though only one value of Z and one of L were used
in the computation.

So far there has been little or no opportunity to study
experimentally the range of variation of these constants
to be expected with various concretes and subgrade
conditions. Also while the range in size of loaded
areas for which date are shown are probably adequate
for the usual conditions of highway loading the areas
of contact of some airplane fires are quite outside the
range. In this connection one of the supplementary
studies which is described ot the end of this report was
made to determine the effect of large bearing areas and
of bearing areas of other than circular shape on the
load-stress relation and experimental data obiained
with larger areas for interior loading are presented in
connection with the deseription of that werk,

LOAD-STRESS RELATION FOR EDRGE LOADING

A direet comparison between observed stresses and
computed stresses for the edge loading 3s shown in
figure 42. The observed stresses are based on measured
eritical strains while the computed values were obtained
with the Westergaard equation for maximuim stress
for the edge loading, case III, given earlier in this
report as equation 9. The coefficients used in the
computations were those obteined from deflections made
ot the time of the strain measurements and are shown
in table 4.
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1t is apparent from these data that theoretically the
effect of size of bearing aren is somewhat more pro-
nounced than that observed in these tests although for
the 7-ineh and 8-inch sections the difference is quite
small and the general agreement between the observed
and the computed values is quite good. In the case
of the 6-inch and 9-inch sections, the agreement is
good for the 12-inch and 20-inch dismeter bearin
areas but for the 8-inch dismeter plate the observeg
stress iz definitely lower for both t.st sections than
theory indicates it should be. It will be recalled that
this same anomaly wes apparent in the strain data
shown in figure 33. Just why the stress values for the
8-inch semicircular plate should be low on these sec-
tions is not clear. The tests made on the several
quadrants of the test sections show no more than the
usual spread between individual values so that the
average value is not adversely affected by erratic data.
TFurthermore, repeat tests made 2 years later on the
same sections showed essentially the same load-strain
values. Kven with these values included the general
agreement between the observed and computed values
may be considered good and it seems reascnable to
conclude that the Westergaard equation for maximum
stress for edge loading gives an accurate indication when
the asstmed condition for the loaded area exists and the
slab iz in an unwarped condition.

Some additional study of the case of an edge load
was made to determine the effect of upward warping
on the load-stress relation. Some of the tests were
made during the late fall with the soil of the subgrade
in a moderately wet condition while others were made
when the subgrade was soft from thawing after having
heen frozen to o depth of several inches. The observed
stress values from these tests are shown in figures 43
and 44 together with relations computed %)y two
equations for edge stress. The first is the theorefical
equation developed by Westergaard for edge loading
(ease IIT) the generalized form of which has bheen
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given as equation 9. The second equation is as follows

3
o‘,=0.529(1+0.54p)%[10gm % + .
logso (1t )—1.0792 | . (19)

and is an empirical equation developed to fit the ob-
served stress values obtained in load tests on the upward
warped slab edges for conditions of subgrade support
such as prevailed when these particular tests were
made. The same empirical equation, in slightly dif-
ferent form, has been published previously (7) but the
data from which it swas developed were not presented
at that time,

Figure 43 shows the effect of slab thickness on the
maximum stress from edge loading while in fipure 44
the effect on stress magnitude of the size of the loaded
aren is brought out. Asin the graphs shown previously
each observed stress value is an aversge derived from
eight individual strain measurements, two on each of
the four quadrants of the test section. From the dats
in this figure it is apparent that the observed stresses,
for the conditions of the test, exceed the values com-
puted by the Westergaard equation for maximum edge
stress by about 10 percent. In making this compari-
son it is well to keep in mind that upward warping of
slab edges develops only when the bottom surface of
the slab is warmer than the upper surface. Appreciable
upward warping occurs relatively infrequently in the
region where these tests were made. The tests for
which the data are shown in figure 43 were made before

gunrise on winter mornings when the cycle of tempera-

ture changes happened to be favorable, At the time
of year during which the observed data were obtained the
supporting value of the subgrade is apt to be lessened
by a high moisture content. In view of the critical
conditions represented it is rather surprising that the
observed stress values do mot exceed those computed
by equation 9 by s greater percentage.

The observed stress values are In good agreement
with the values computed by the empirical equation
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for maximum edge stress, equation 19, for all four pave-
ment thicknesses represented in the investigation.

In figure 44 the observed data indicate that, when
the slab edge is warped up the effect of the size of loaded
ares, as mea,sured?y the radius, g, is slightly less pro-
nounced than theory indicates. The values are higher
than those computed by the theoreticgl equation
(equation 9) also, as would be expected in the hght of
the preceding discussion. Stress values computed by
the empirical equation (equation 19) agree closely with
the observed stresses for the 12-inch and 20-inch
dismeter bearing sress but are somewhat higher than
the stresses observed in the tesis with the 8-inch
diameter ares, the average difference being of the order
of 10 percent.

The empirical equation was derived by adjusting the
theoretica{) relation expressed by the Westergaard
eciuation for maximum edge stress until the empirical
relation fitted the observed data as closely as possible.
The empirical equation is, therefore, speeific rather than
general in its application. However, it yields stress
values that are somewhat higher, for given conditions,
than those computed with tie theoretical equation, a
difference that would be expected to exist genernflly
when the edge of the slab is warped upward, There-
fore, if this extreme condition is being considered, the
use of the empirical equation is suggested, at least until
such time as more comprehensive date are available.

RESULTS OF INVESTIGATION REVIEWED

Before presenting the discussion of certain supple-
mentary studies of pavement stresses that were made
as a part of this investigation it is desirable to review
briefly and to discuss the general aspects of the material
which has been presented up to this point.

The Westergaard analyses of the load-deflection and
load-stress relations in concrete pavement slabs of
uniform thickness, resting on an elastic subgrade, have
been studied experimenially. Comparisons have been
made between computed and observed deflections and
between computed and observed stresses on full-size
pavement sections of 6-,7-, 8- and 9-inch uniform thick-
nesses. Studies have been made of methods for deter-
mining the various coeflicients and other quantities that
appear in the Westergaard equations.

As a result of this study the general conclusion is
drawn that the Westergaard analysis expresses quite
sceurately the relations between load and deflection
and between load and critical stress for various thick-
nesses of pavement and for various sizes of bearing area

rovided the slab is in full contact with the subgrade.

he subgrade stiffiness coefficient and other quantities
must of course be determined for the particular condi-
tions that exist.

It has been found possible to determine usable values
of the modulus of subgrade reaction, %, by means of
load-displacement tests with rigid bearing plates. In
making such tests it is necessary to use plates of ade-
quate size and fo Hmit the displacement to & value that
approximates the pavement deflection under load.

The experimental determination of the other quanti-
{ies that appear in the equations has been found to be
feasible although the facility with which the determina-
tions may be made and the precision of the values ob-
tained is not the same for a]lpquﬁ.ntities. An uncertain
factor is the effect of moisture variation in the eoncrete
of the pavement. Moisture variation affects the stiff-
ness of the concrete and if a moisture differential exists
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it may affect the state of stress through restrained
warping. The influence of variation in concrete stiffness
is relatively unimportant so far as the use of the theo-
retical equations 1s concerned butb has a direct effect
when measured strains are being converted into stresses.
No satisfactory means has yet been found for indicating
the moisture conditions that exist in a concrete pave-
ment slab in place on the subgrade.

Unless the values for the quantities that appesar in
the stress equations have been determined with great
care too grent reliance should not be placed on the
absolute value of compuied deflections or stresses.

For conditions where the slab corners or edges are not
in full contact with the subgrade because of temperature
warping or other cause, empirical equations have been
developed that fit the data obtsined in tests reported
herein. These equations are not offered as a replace-
ment for the theoreticel equations of Westergaard
but it is thought they may prove useful in cerfain
studies where incomplete subgrade support exists or is
pssumed.

USE OF THE EQUATIONS

In the second report of this series(19)it was shown that
the stresses caused by restrained temperature warping
can be large and that the magnitude of these stresses
depends not only on the tempersture differential be-
tween the upper and lower surfaces of the pavement but
also on the length and thickuess of the pavement unit or
slab. The greatest temperature differentisls develop
during the afternoon of clear days in late spring and
early summer, the femperature of the upper surface
being as much as 20° to 30° Fahrenheit or more above
that of the lower surface at such times (for the vicinity
of Washington, D. C.). This condition causes the
edges of the slab to tend to warp downward and, as
this tendeney is restrained, a tensile stress is developed
in the bottom of the slab. When the upper surface of
the pavement is at a temperature lower ’519,11 that of the
bottom the tendency for an upward warping of the
slab edges is ereated. This condition may develop
during the night and early morning hours from time to
time throughout the year. The magnitude of the maxi-
mum temperature differential developed at night usually
does not exceed about one-third of that whieh may
develop during the day. 'The restraint to the upward



144

PUBLIC ROADS

Vol. 23, No. 8

warping of the slab edges caused by the weight of the
slab or by the joint construction produces tensile stress
in the upper surface of the slab.

These stresses which develop as a result of restraint
to warping combine with the maximum stresses devel-
oped by wheelloads. An adequateslab design, therefore,
is one which will satisfactorily withstand the most
ceritical combination of load and warping stresses. It
has been shown (19) that the most effective means for
controlling the magnitude of the temperature warping
stresses in concrete pavements is by limiting the length
and width of the panels or slab units and maximum
values of the order of 10 to 15 feet were suggested.
Even with slab units limited to dimensions of 10 or 15
feet, however, the stresses from restrained temperature
warping are not eliminated. Their magnitude is simply
controlled to a reasonable maximum.

This brief discussion of temperature warping has been
included because it is believed that it is a subject which
must be considered in most computations of pavement
slab stresses. For a more thorough discussion the reader
is referred to published reports (24, 19, 7).

For computing the maximum stress for the corner
loading Westergaard developed the generalized theo-
retical equation given earlier in the report and for
convenience repeated here.

Theoretical Equations (Case I)

'This can be restated in terms of [ as follows:

()]

These equations give the most accurate indication of
maximum load stress when the pavement corner is in
full contact with the subgrade. In this investigation
the condition was attained only when the corner was
warped downward. Jf these equations are used for
computing load stress the condition of corner warping
due to temperature would be such as o create a
moderate compressive stress in the upper surface of the
slab in the region where the load would create the
maeximum tensile stress, Thus the combined stress
“Iould tend to be slightly lower than the load stress
alone.

When the slab corner is not in complete bearing on
the subgrade, due to upward warping, the theoretical
equation will pive load-stress values somewhat lower
than those that will be developed. For this condition
the Arlington experiments indicate the empirical
equation, repeated below, will give computed values
that are more nearly in accord with those observed.

Empirical Equations (Case I)

(U o] ..o

or expressed in terms of [

()]

As a general rule the most critical condition for the
corner loading is at night when the corner tends to
warp upward. The subgrade support is least effective
at that time and any warping stress presentin the corner
is additive tothe load stress.

The case of interior loading is covered by the original
Westergaard stress equation in generalized form, given
a8 equation 8 earlier in the paper, or by the equaiion
which was developed for the modified condition of
subgrade support in the supplementary paper (25)
and given in this report as equation 10,

Theoretical Equations (Case IT)

EW? I
W)—M.M(z) z]_ _(10)
H #=0.15 and Z=0 this equation can be simply
expressed in terms of I, as follows:

crf=0.316§|:4 logm(%)—i-l.OSQ:I

The load stresses at the interior of a slab are not
ap l'ecia.blg affected by the condition of warping of the
slab and the same equation may be used for either up-
ward or downward warping. Temperature warping
stresses are highest in the interior region of the slab,
however, and the combined stress value may wvary
widely from night to day.

There is little information at the present time to
indicate what values of Z and L should be used in the
general equation for various conditions of pavement
and subgrade stiffness. It will be recalled that the
data presented in figure 41 showed good agreement
between observed and computed stress values when
Z=0.05 and L=1.75]. These values were deter-
mined from the defleetions and stresses observed on
all of the four different thicknesses of pavement and
there was no apparent difference in the value of either
coeflicient for the various thicknesses of slab. As
stated previously, however, there is no information to
indicate what values of the coefficients should be applied
to other concretes and other subgrades. When dealin
with conditions that are not known the values assigne
to the coeficients Z and L should be such as to result in
conservative load stresses. ITor such use the values
Z=0.2 and L=5] have been suggested (7} pending
the development of more comprehensive data.

The stresses resulting from edge loading, like those
from corner loading are affected by the degree of
warping present at the time the load is applied. The
theoretical equation for edge stress as given in
generalized form by Westergaard appeared as equation
9 earlier in the report, as follows:

P
0'{” =0.275 (1 + ;L)Fl:lﬁgm

Theoretical Egquations (Case I1T)
,, ER
7. =0.529(1 +0'54“)ﬂ" log T —0.71 |..__(9)
If p=0.15 it can be expressed simply in terms of I:

l
o',,=0.572§[4 logm(z)-}— 0.360]

In the Arlington tests it was found that under critical
conditions of subgrade support and upward warping of
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the slab edges, the values computed by this equation
were somewhat low and an empirical equation was
:lleve%.oped which fitted the observed stress values more
slosely.

Empirical Equailions (Case 111
)
bt

b
+log mi)— 1 .079]_ (19

7e=0.529(140.544) %;I:logm

This equation also can be expressed in terms of [,

when p=0.15, as follows:

Te=— 0 .572;’:‘:;[4 logm(zl) —|—10gwb]

The critical stress from edge Joading is o tension in
the bottom edge of the pavement directly under the
loaded area in & direction parallel to the pavement
edge. Temperature warping stress in this direction
can ab fimes be high in the region of the slab edge and
rather wide variations in combined stress from night
to day may oceur. The most critieal condition for
edge loading is that which occurs when the siress
created during downward warping of the pavement edge
(during the day) is combined with load stress. For
this case the load stress would be computed with the
theoretical equation (equation 9).

TABLE 9.—Sliresses compuled by the Westergoard equation for the case of a corner loading and full subgrade suppori

ﬂr_gﬁg;[ — (12(5;"&) 213 @ 1’,2_)0.41]

............................................................... [¢4]
[P=10,000 pounds. p=0.15]
Maximum load stress
Mod}ﬂns
ol
E=3,000,000 Fo=4,000,000 155,000,000 Ji== 3,000,000
‘Fhickness of slab, & f,gz?‘_\%gg“ ¢ in [nches — ain inches — a in incheés — e in inclies —
Hot,
2 4 ] 8 10 2 4 ] 8 10 2 4 6 8 10 2 4 4] 8 1t
Inches Lig. in.-3( Lby. | Lhs. | Lbs. | Lbs. ¢ Lbs. | Lbs, | Lbe, | Lbs, | Lbe, | Lbs, | Lbs, | Lbs, | Lbs, | Lbs, | Lbe, § Ly, | Lbs. | Lbs, | Lbs. | Lbs.
w1 | in,- | ety ingt ] inat fin? [ iR | et ] dn-T L in Y | dngod | dngt | incT | B i int | inct | et | a8 | dncd

B mmimm s mems s m s . SO Gl | S4B 401 | 3007 327 1 G40 | 568 | 476 ( 400 48 055 | BO3 | 488 | 423 | 3o ) 060 | S70 | 407 | 4M bk
100 | GL9 | 5001 420 8420 &n1 ! o623 423 437 362 | 2057 G35 £33 450 | 38| 3137 G4l | 540 461 | 390 azar

20| 505 | 474} 375 | 288 | 210 606 | 480 ( 3041 311 236: 613 500 408 328 | 2671 010 | &08 ) 420 | 342 271

300 | 581 461 | 3406 | 264 171 502 | 467 | 366§ 278 190 ) GO0Y 479 382 | 266 210 | 600 | 489} 304 | 3I1 216

T e 507 480 | 412 357 300 265 | 480610 420 367! 320 280 | 4001 427 376 331 | 200 403 432 382 | 330 200
100 ] 466 300 | 320 | 275 | 227 | 472| 300 341 | 280 243 | 476! 400 350 300 ] 265 470 412} 357 309 265

2001 4501 260 208 238 185 | 456 { 3761 311 254 ¢ 203 | 4027 3841 4211 206 ] 210 | 465 300 | 320 275 228

00 4301 350 | 278 5| 158 | 447 361 200 232 17| 4020 369 203 : M4 101 | 4631 3701 311 | 254 204

- RPN L0 3933 320 | 285 280 2181 Y7} 330 202 259 | 220 3807 3367 208 266 | 237 3831 B304 303 271 243
W0 363 : 309§ 265 | 226 161 3071 3151 2713 236 ( 203 | 371 3201 279 : 244} 211 373 324t 285 260 218

200 | 362 ] 2000 242 169 ) 61 386 208] 5P Iy 174 | 360 304 250 219 183 | 363 300 | 204, 22 191

300 344 280 228 182 141 340 288 238 104 165 363 204 245 | 203 165 366 208 252 211 174

O e 50| 200 262! 233 200 183 302 267 8§ 213 101 304 | 270 242 218 197 | 305 | 273 46 1 223 201
190 | 20 | 250 ¢ 27| 188 | 162 | 24| 255 224 1961 1yl | 207 | 250 228 202 175 208 | 202 ( 232 206 183

200 | 282 237 201 | 168 | 130 | 28G | 243 | 208) 177 149 280 | 247 | 213 | 183 166 200 ( 200 | 2073 188 162

3300 217 | 2201 190 156 125 | 281 235 197 | 165 135 284 | 230 | 203 172 | 143 2q5 | 243 | 2083 177 149

.

TaBLe 10.—Siresses computed by a modified equation for the case of corner loading and deficient subgrade support

{NotE: This is a purely empirical modification of the Westergnard corner equation, developed on the basis of experimental stress determinations, for the ease of & slab corner
which dees not receive full subgrade support.]

n"%:[l— (12(1-,;:).!; .n(a"ﬁﬁm]

T ) OV ) e (18)
[P=10,000 pounds. p=0.15] *
Maximum load siress
Mod;ﬂus
0
T8 3,000,000 P 4,600,000 IE=5,000,000 T2 =, ({30,000
ThlEkDEFS of slab, b i‘égmﬁe @ in inches—- @ in ineheg-— a in inches— a in inchpe—
I
2 1 [i] 8 10 2 4 6 8 10 2 4 6 8 10 2 4 L] 8 10
Tneh Lbs.ind | Lbe, | Lbe. | L. | Lbs. | Lbs, | Lbs. | Lbs. | Lhe. | Lbs. | Lbs, | Lbs. | Lhs. | Lbs, | Lbs, | Lbs, | Lba. | Lbs, | Ls, | Lbs. | Lbs.
neies in-t | st e e et Lin=t e it L ines Vins e [ [ | it [ e Din2 [ in2 b inee | it

B e H | 780 W) 6OF G 508 | s23 1 V923 YOI 68D G617 551 TO5| 745 | 680 | 63r | 509 | 797 | 750 | 608 % 642 583
G0 | 7784 707 | 628 % o431 4541 783 | 7184 G451 567 480 f VBG | v2b | GO7 | 685 BOS | VBO | V31| 6OY | 598 525

200 | 766 ) GI8 | 581 476G 1 367 771 691 601 506 | 405 7751 700, BIG ¢ 527 ) 433 | 78| 707! 628 | 543 454

300 | 77| GSB ] 4B ¢ 4307 306 Vo3 | 672 L7l ) 463 | 350 | TGS i G683 1 588 i 487 | 38l | 771 | 6D1| €01 | 506 405

U 50| o84 | B47 1 500 | 462 415 | 586 | o552 | HHd | 474 | 432 L8R} GGG 521 p 483 | 443 | G680 | 660 1 620 | 400 452
100 | 57| 52 481 427 370 | 580 | 538 | 402 | 442 | 300 | 582 ) 543 S00 | 453 | 404 584 | 547 { 500 | 462 416

00| 509 5137 451 | 384 | 314 513 | 421 404 | 493 | 330 | 575 | S27 ) 474} 416 | 366 &7 632 : 481 | 427 370

300 | 863 | GO0} 430 | 3564 275 567 | 500 | £46 | 376 303 5¥0 | 5160 486 301 323 | 673 421 4G4 | 403 338

- S, R 50| 449 | 424} 306 | 367 335 | 451 428 | 402 | 375 | 346 | 452 | 43 407 | 381 354 | 4531 433 410 386 360
100 | 445 414} 380 | 343 304 | 447 | 419 387 | 353 | 318 448 422 | 302 | 301 328 | 449 | 424 | 306 | 307 335

200 | 430 | 40E | 350 | 314 | 260 | 442 | 407 | 368 | 327 283 444 | 411 | 37| 36| 05| 445 414 | 3801 343 304

360 | 436 | 3031 345 | 2H 240 | 438 | 300 | 356! 3081 250 | 440 403 | 362 319 272 442 | 407 | 308} 327 283

2 P, 60| 357 | 339} 316 | 208 | 2¥5 | 38| 34r | 323 S04 ) 2831 IO | 343 | 326 3081 28D 359 | 345 | 320 311 203
160 ] 353 ) 33E ¢ 07| 23 253 | 855 335 ] 312 288 | 2631 360 3| o) 204 ¢ 200§ 36V | 35| 0| M8 275

260 | 380 3221 202 200 225 | 361 320 250 240 281 353 320 303 | 276 247} 3531 3aun 307 | 231 253

300} 347 316] 282 246 | 208 | 349 | 321 20| 256 221 380 324 205¢ 204 231 ) 3611 320 | 200 200 218

534302 0 - 43 - 10
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TABLES OF COMPUTED STRESSES PREPARED TO SHOW EFFECT OF
VARIABLES IN EQUATIONS

In order to show the manner in which the various
quantities that appear in the equations for maximum
gtress affect the computed values tables 9 to 16 have
been prepared. Tables 9 and 10 apply to corner
loading, case I, and show stress values for full and par-
tial subgrade support respectively. Tables 11 and 12
show stress values for the interior loading, case II, for
two sssumptions regarding the distribution of the sub-
grade reactions within the defleeted area. The stress
values of table 11 are based on the original Westergaard
assumptions (Z being 0} while those of table 12 were
computed for values of Z and I determined experi-
mentally in this investigation. Tables 13 and 14 give

computed stress values for edge loading, case III, for a
fully supported edge and for one that has warped
upward and has only partial subimde support. The
eqi)xations used for computing the stress values in
tables 10 and 14 are empirical, developed to fit the
experimental dats of this investigation. The stress
values of table 12 although computed with & theoretical
equation are based on constants determined experi-
mentally for the conditions that existed at Arlington,
The stress values of these three tables (10, 12, and 14)
may be limited in their application, therefore.

Tables 15 and 16, computed by equations 8 and 9
respectively, show the effect of varying the value of
several of the coefficients on the computed stress mag-
nitudIeI ]1:501' interior loading, case II, and edge loading,
case ITL

Tanne 11.—Siresses compuled by the Weslergaard equation for the case of interior loading for the case Z=0

ay=0.375( ) g[logm

) ]

..................................................................... (&
[P=10,000 pounds. p=0.15]
Maximum load siress
Mod;ﬂus
o
. Fowe 3,000,000 Fu=4,000,000 E=5,000,000 E={,000,000
Thiekness of slab, k ig;’c%ge % in inchies — ¢ in inches — a in inches — a in inehes —
k
2 4 G 8 10 2 4 1] 8 16 2 4 6 8 10 2 4 ] 8 i0
Inches Lbe, in.-3} Lbs. | Lbs, | Lbe, | Lbs. | Lbs. { Lba, | Lbs. | Loz, | Lbs. | Lds, | Lby, | Lbs. | L¥a, | Lbs. | Lbe. | Lbs. | Lbs. | Lbs, | Lbs. | Lbs,
in~f intjinot | im it ot iR | i it | it | et D int | i iR | inat | et | in? | fnd | inct | ina2
1 S I 5001 487 421§ 361 313 | 274 498 | 432 | 372 324 | 285 | 507 | 441 381 | 333 204 | 5144 448 | 588 | 340 amn
100 | 461 | 3906 | 335 487 | 2484 472 | 406 | 346 | 208 | 259 | 480 | 414 | 364 | 3061 267 | 4871 4211 361 ; 3IB Zid
200 | 435! 268 | 302 | 2060 | 2213 446 379 39| 201 232 | 454! 388 323 | 280 | 241! 4015 306 3351 287 43
300 ( 410 | 3563 | 203 | 245 | 206 | 430 ( 3064 [ 304 | 265G | 247 | 439 | 872 812 | 264 | 225 446 370 | 310¢ 271 232
U 50 300 | 310 270 | 245 | 217 | 368 | 327 | 287 268 225 374 | 333 | 203 250 23t} 370 ) 339 ) 208} %64 236
100 | 341 300 260 226( 107 ; 3401 308 | 2084 234 | 206 355 ( 314 | 274 | 240 | 2121 360 | 310] 2703 245 217
2007 321 280 ) 240 206 1783 320 283 248} 2141 186 336 | 206 | 264 220 | 192 341 | 300 | 200 226 168
300 { 310 | 260 | 200 196 167 3i8 % 277 | 237! 2081 175 324 | 283 | 243 | 200 | 181 | 320 | 285 | 248 | 2id 186
- SRR PN 60| 26| 280 2024 10V 17 1 282¢ 256 228 | 2083 : 182 D87 | 201 233, 208 187 200 | 266 237 282 161
00 268 | 2351 207 182 161 | 207 241+ 213 | 1887 168% 272 | 2461 2187 103 | 172§ 2786 | 260 | 222! 197 176
200) 246 220¢ 102 167 [ 146 | 25623 2261 398 174 | 1531 257 | 2911 2081 I7B| 157 | 261 ) 235 2073 182 10F
300 28 | 211 183 169 | 138 | 244 217 180 | 165 | 144 | 249 222 194 170 | 149 252 220 108: 1M 153
B iruicvrmnn e S0 208 200 180} 162 346 | 223 ) 205 : 185 167 | 51| 227 | 200} IB0: 171 | 155 | 230 | 242 ) 102§ 174 158
160 206 1884 16D ISO| I34| 24| 193% 178 1565 ( 139 | 216 1971 1774 18| 143 | 218 | 200 | 1801 142 6
200 194 77 157 IS 123 | 180 18271 162 143 | 127 | 203 1861 166 147 1317 206 | 188 169: 150 134
300 183 170 150} 82| IRG| 102 | 175 | IS5 137 | 1% | 186{ 170 160 | 140| 124 160 IB2 | 162 143 127
TanLE 12.—8tresses compuled by the Westergaard cquation for the case of tnlerior lpading
. P Eh¥ 1\?
o' =025+ tomo (F ) =454 (4 ) 2 oo o
[P=10,000 pounds., p=0.15 2Z=0.05, L==1.75}
Maximuom lood stress
Modfulus
a
" 5= 3,000,000 T2=4,000,000 Lo 5,000,000 L= 6,000,000
Thickness of slab, A ?:g}l)t%%dnc a in inches~ @ in inches— ¢ in inehes— a in fnehes—
k r
2 4 1) 8 10 2 4 ] 8 10 2 4 i 8 10 2 4 L] 8 10
Inches Lbs. in~3| Lhs. |Lbs. | Lbs, jLbe. {Lbs. [Lbs. |Lbs, |Lbs, |Lbz |Lhs. Lbs. | Lbs. | Lbs. |Lbs, Lbe |Lbse. |Lbs. | Lbe. |Lbs, | Lbs.
in~? pin,? [In-2 finc? jinst Lin? Uin? i, ine-? | inloT | ins? L in® | iecd | insd [ in2 L ins? | dnd | dna-d | inged | dn-
B e e GO 409 | 843 | 2833 235 | 100 | 420 [ 364 | 204 | 246 | 207 | 420 ) 302 | 303 7 264 | 216 ) 436 | 369 | 310 [ 261 222
00| 383 | 317 | 257 ¢ 209 | 170 ¢ 304 § 327 ¢ 208 | 210 181 | 4027 326 | 276 | 228 | 189} 400 | 243 | 283 | 238 106
200 ( 357 | 260 | 230 | 182 | 143 367 | 301 § 241 | 103 ( 164 | 376 | 310 | 250 | 201 ( 163 b 383 | 81Y | 257 | 208 170
300 | 341 | 276 | 2151 166 | 1283 362 | 2803 226 | 177 | 39| 60| 204 | 234 | 186 | 147 | 367 | s01 | 241 | 103 154
SO 50| 303 | 282 | 222 188 601 311 270 220 | 106 | IGR | 31T | 270 | 236 | 202 ( 174 ¢ 322 | 281 | 241 | 207 79
00| 284 | 243 203 | 160 | 10| 200 | 2501 210 | 176 | 148 | 207 | 257 | 216 | 182 154 | 303 | 202 201 | 188 159
200 264 | 223 | 183 | MO 121 ) 2721 231 191 | 157 | 120 | 278 | a7 | 3197 | 163 | 1350 283 | 2s2 | 202 148 140
360 252 | 211 171 137 | 00 ] 2607 2203 179 | 145 | 117 | 2671 206 | 186 | 152 | 124 | 2v2 | 231 i1 167 120
Bl S0 | 232 | 2006 | 178 153 | 192 238 212% 184 | 150 | 138 | 243 | 17| 180 | 164 M3 247 | 221 103 | 188 147
100 217 101 | 163 | 138 | 117§ 223 ] 197 : 160 | 144 | 124 | 228 | 202 | 3174 | 140§ 1281 232 | 200 | 178 | 153 132
260( 202 | 176 | 148 | 123 102§ 208 ; 182 154 130 | 10D | 213 187 | 158 | 134 113 | 217 91 163 138 117
/0 104 | 167 | 138 | 115 04 F 20007 173 | 45| 21| 160 | 205 178 | 1601 X260 05| 208 18231 154 | 130 169
U U U 50 183 1G5 | 145 | 427 | 111t 183 : 17O 150 | 132 | 116 162 174 1 154 30| 1207 105 177 571 130 123
100 171 153 1 134 116 0 176 | 159 139 120 104 | 180 162 M2: 124 108 | IB3 § 105 ; 146 | 127 11k
200] 169 142 122 ] 103 88 [ 165 | 147 127§ 100 937 108 1519 X313 K12 98| 17E ] 154 % 134 | 115 Jiit]
3001 163 136 115 o7 81] 158 | 140 120 12 86| 161 144 124 105 i) 165 147§ 127 | 10D 83
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TapLE 13.—Stresses computed by the Westergaard equation For ihe case of edge loading and full subgrade support

Th
a’.==0.529(1+0.54;&)§[103 1 %) —0.71] ............................................................... )]
[P=10,000 pounds. u={.15]
Maximure load stress
Mod}ﬂus
0
. I5=3,000,000 Bi==4,000,000 ==5,000,000 E=6,000,000
Thickness of siah, b ’;g;’(ﬁligge 2 in inghes— @ in inches— @ in inches— a in inches—
i
k
2 4 6 8 10 2 4 6 8 10 2 4 [ 8 10 2 4 i3 3 19
Tnches Lbs. in.-#| Lbs, | Lbs. 1 Lbs. | Lba | Lbs. | Lbs, | Lbs. | Lbs. | Lhe. | Lbs. | Lbs. | Lbs, | Lba. | Lbs. [ Lbs. | Lbs. | Lbs | Lbs. | Lbs. | Lbx.
iR~ | incEiins | et iR [t Rt | et it | it [ dps? b int et | e | et | iR | inc? [ Tie? | et ina?

L RPN S| 760 | 64D { 541 | 453 ) 383 | 780 | G6D | 581 | 473 { 403 | 804! 084 | BTG | 480 | 4190 | 817 | 097 | 4550 | &0l 431
00) 720 ) 601F 403 ) 406; 335| 741 GRh | BI3 | 426| 365 | 750} G637 | 623 ;: 441 ) 371 F V0D ! 040 ¢ 541 | 454 383

0| 673 | 553 | 445 | 358 287 683 | 573 | 405 378 307 | 708 | 580 | 480 % 3931 323 T2 G601 ; 483 | 408 336

00| G645 | 525 | 417 | 330 260 | Qo4 | B45 | 437 | 80| 279 080} S0L | 452 % 3651 206 | €931 573 | 405 378 307

T e — e m G0 | 5081 494 | 422 | 360, 300 | £83 | BHOO | 436 | 375 | 824 504 1 520 448 | 386 ; 335 603 B0 | 457 | 295 345
160 | 533 450 | 386 ; 325 | 274 | 648 | 474 | 401 | 340 | 280 | 550 | 485 | 412 351 300 | 568 | 404 | 422 260 310

200 | 498 ¢ 424 | 3511 200 | 230 | o513 | 439 366G | 305 | 24| nhod | 450 | 377 6| 265 83| 459 | 386 | 225 274

300 | 477 | 404 | 331 260 | 219 492 | 418 | 845 284 233 | 503 | 420 | 357 | 295 245 | 13| 439 | 3606 | 305 251

- J 50| 435 388 | 23377 203 | 255 447 309 | 340 | 304 | 266 450 | 4081 357 | 313 275 | 403 | 415§ 365 | 320 282
160 | 40D+ 361 | 311 : 2 2B 420 372 ] 322 | vy | WO} 420 3B 3| 28G | 248 | 436 | 388 338§ 203 255

200 | 382 | 234 230 | 201 | 303 345 205 | 250 213 | 402 | 8564 : 304 259 221 | 4090} 361 3111 2 228

300 | 366 | 319 268 223 | 1BG | 377 | 330 { 279 235 | 107 {1 380G | 333 288 | 243 | 205 | 303§ 345 | 205 | 240 213

e ——— 0| 344 | 312 : 276 | 243 | 214 | 363 | 321 2851 252 | 213 380 | 328 2069 | 259 | 230 305 333 | 207 264 235
100 | 323 ( 201§ 265 | 222 ) 103 | 332 | 300 2064 230 202 | 338 | 300 270 | 237 | 208] 344 | 312 | 276 | 243 214

260 | 301 | 260 233 200 17r 310 278 242 203 180 | 317! 286 | 249 ) 206G ) 187 | 3| 201 255 222 13

360 | 280 | 257 | 221 188 150 | 208 | 266 | 230 167 1 188 | 306 ¢ 273 | 27| 204 175 | 310 | 278 ) 242 | 209 180

Tasur 14.—Stresses computed by a modified equealion for the case of edge loading and deficient subgrade support

[NoTE: This is a purely empiriesl modi fication of the Westergnard edge equation, developed on the basis of experimental stress determinations, for the case of a slab edge
which does not receive full subgrade support.]

P ER? b
a;n0.529(}.+0.ﬁdy)ﬁ[legm T ) “logo (‘1_—‘1,) —1.0792] ..................................................... 19}
| P=10,000 pounds, u=0.15]
Maximum load stress
Mod}:]us
al
. nfa FE=3,000,000 Fo e 4 00,0090 T 15,000,000 E=8,000,000
Thickness of sish, b f_g;’cﬁ‘;gg" @ in inches— a in inchos— g in inches— a in incheg.—
d il
k
2 4 G 8 10 2 4 6 8 1] 2 4 6 ] 10 2 4 [ 8 i0
Tneh Lbs. in~3) Lbs. | Lbs. | Lbs. |Lbs. | Lbs. | Lbs, | Lbs. | Lbe. | Lbs. | Lbs. | Lbe. 3 Lbs. | Lbs, | Lbe. | Lbs. | Lbs. | Lbs. | Lbs. | Lbs. | Lbs,
neAss o | it | inct it et | inct it |incst ine | it | nsd et lint | it | et | s | int o ind | et | int

TR 80 774 084 403 537 480 703 704 0622 557 50% 809 719 438 572 520 82 732 G660 585 b3z
100 726 | 636 655 | 480 | 437 | 746 656 87h 500 457 761 671 ) 500 | 525 | 472 | M 684 603 | 537 485

200 68| 683 | 507 442 380 | 608 | 0GOS | 627 i 461 | 400 ¢ 7i3 | G23 | 542 477 | 42¢ | 7267 626 | bo5 | 480 437

00 | 650 | BOGO | 470 | 414 [ 381 670 1 880 | 499 : 433 | 381 ; G685 | 605 | Ola | 440 | 3061 0P8 | ©0B | 527 | 461 409

NN 50 &77 521 467 | 421 | 383 501 536 | 481} 435 | 397 ] 603 547§ 403 | 447 | 460 612 | 55G | 502 | 456 418
100 542 486 432 386 | 248 o661 501 440 | 400} 362 GGV | 512 ] 458 | 412 | 34| 577 | 5 467 | 421 383

2001 506 451 ) 307 | 3BE | 313 | 521 | 466 | 411 ) 365} 827 | 532 | 477 | 422 | 36§ 338 | 543 | 486 ¢ 432 | 386 38

300 485 431 376 330 262% 500 | 445 | 0L | 345 307 | 512 456 | 402 356 1 318 | 521 4G5 411 | 365 327

B e e ——————— 5y 1 446 | 410 | 372 J39 ¢ 311 457 | 421 384 | 360 322 | 4066 | 430 7 392 350 1 330 | 473 | 437 | 309 ) 366 338
106§ 419 383 346 12 ond | 430 305| a6y | 3231 2085 | 439 | 403 ] acs | 332 | 304 | 446 | 410 372 | 830 311

0 : 02| 350 ; 31| 285 2657 403 | 268 | 330 | 206 208 | 412 | %6 j 338 ] 365 277 ) 410 | 383 | 346§ 312 284

3007 376 | 341 f 303 | 260) 241 | 388 | 362 | 314 | 2B1 | 262 | 396 | 3613 303 ) 2801 208 | 403 | 363 | a0 2006 208

[ &0 356 331 304 | 270 257 | 364 | 340 | 313 | 288 | 266 | 371 347 1 320 206 | 2yx | 376 | 352 325 { 300 279
100 334 | 310 283 | 258§ 236 | 342 | 318 | 202 | 267 | 246 | 340 | 325 208 ) 2v3 | 252 366} 331 | 864 | 270 257

20| 312 288 201 271 215 | 321 207 70 | 245 224 | 328 304 | &7 252 1 231 334 3190 283 | 258 26

300 | 300 | 270 249 | 224 | 202 | 300 | 285 258 | 233 211 | 316 202 2051 240 218 | 321 297 270 | 245 224

As will be noted the computed stress values in table
11 are for a value of Z=0 {and L=0). The values
may be corrected for other values of Z and I, rather
simply, by adding a stress correction, ¢;/, computed
with the following eguation:

. 15(1—|—u)ZP(l)3
ETTTE O\L

The stress values in tables 9 to 14, inclusive, were

computed for a value of p=0.15. The maximum stress
for corner loading is affected very little by changes in
g within the normal range of variation of this ratio.
The effect of changes in the value of u for the interior
and edge cases of loading is shown in tables 15 and 16
respectively. The effect is not large and if it is desired
to obtain computed stress values for intermediate values
of the ratio, direct interpolation is sufficiently accurate
for all practieal purposes. '
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TaBLE 15.—Stresses computed for the cage of interior loading lo
show the gffects of variations in the values of I, k, a, E and p

TanLe 16.—Stresses compuied for the case of edge loading fo
show the ejfects of variniions in the values of b, &, a, E and p

[P=10,000 pounds, Z=0] [P=10,000 pounds]
p=0.05 p=0.05
) Maximoem tead steess Maximum load stress
Modulus L’g?glﬂ‘j“‘
Thickness of | of sub- J5=3,000,000 Toux 5,000,000 E=6,000,000 Thickness of prads I2==3,000,000 B5=5,000,000 BE=1,000,060
slab, & grade « in inches— a in in¢cheg— a in inches— slab, ronction a In incheg~ @ in inehes— ¢ in {ncheg~~
reaciion '
P k
2 6 |10 2 G 10 2 13 10 2 ¢ |10 2 6 19 2 [ 10
Inches Lbs. in~3| Lbs. | Lba. | Lbs. | Lbs, | Lba, | Lbs. | Lbs. | Lbs. | Lbs. Inches Lbs.in.-3| Lbs. | Lbs. | Lbs. | Lbs. | Lbs. | Lba. | Lbs. | Lbs. | Lbs.
in-pin? |jno? Linct | inct | in3 D inc? | int | ino? in-2lint | ins? | insd | inc? it it (e | dnd
[ 100 | 421 300 430 ( 3824 | 244 | 445 | 330 250 | Geececniriinann 001 6867 488 | 319 | 719 | G602 | 352 | 730 | 514 364
o00 | 30T 283 | 202: 415 200[ 2205 421 3 226 840§ 423 | 273 | G673 | 486 307 | 685 468 319
0| 3831 268 | 188 7 400 | 285 ;: 2061 407 | 202 212 360 | 6131 390 | 247 | 646 | 430 058 | 442 202
T 00 | 238§ 180 M7 245 | 10D 157 | 262 | 202 6L | Boacooeiooiio 00| 3807 205 | 2E7 1 407 | 314 | 236 | 414 | 221 242

p=0.15 0,15
Bomeereeoen 1o 401 | 335 298] 480 | s5¢| 2av ] asv | 360 | ere | 6. 100 721| 493 | 335 oo | s2s| sra] 7eo | 41| 2ea
200 £35 | 308 | 221 464 | 328 241 401 335 248 673 445 | 287 | T08 | 480 | 323 721 493 336
300 | 410 | 203 | 206| 429 312 | 225 | 446 | 310 | 232 300 | 646 | 417 | 200 | os0| 462 | 205] b3 | 486 | 307
B oaaamnn 00| 261 | 207| 16t | 72| 218 | 12| 276 | 223 | w8 | e ... 100f 400 | 311 208 | 420 | 331 | 298] 46| = 255
200 | 246 | 192 148 257 203 167 | 201 207 161 200 | 382 | 284 201 402 | 304 | 22| 409 | 311
o0 | 238 | 183 | 138 | 240 o4 | wap | 23| 08| 1 300 366 | 28| 156 | 285 | 288 | 205| 03| =06 | 23
Lt SRR 160 205 169 134 25 177 3 218 180 146 || pli] 333 266 163 338 270 208 344 278 214

3 188 ) 180 NG| 190 | 159 [ 124 | 200 162 127

=02 2=0.25
T 100 1| se4{ 200 ) o2 385 | oo ss0 | S08 208 | 6. 100 | 57| 518 362 | 704 | 65| aso| sor 402
200 | 472 | 335 | 281 4 356 | 202 | boi | 364 | 2a0 200 | 707 | 407 | 202 | 744 | 204 | 339 | 7oy | Gis| 352
300 | 465 | 318 | 224 | 477 240 | 245 | 484 | 347 300 | 77| 408 | 273} 74| 75| sl0| 78| 488 3%
B eaen 100 | 284 | 25| 17| 2064 237| 187 o0 | 24| 190 | s 100 3 200 { 40| 247 oo1| 458 | 364
200 | 263 200 10| 2;s0] 22| 170 i | fm| 17 200 [ 401 208 | 211} 422t 310| 23| 420 3| 240
g0 | 286 | 100 | 160 | 270) 211 | 162 o | ;| 166 200 | 96| 281 | 1051 405 aez| 26| 413! 30 om
S 100 | 224 183 | 146 | 234 103 | 155 71 196 | 150 | 9ueeiooooin 100 | 339 202 | 356 219 | anl 225

200 ¢ 204 | 232| 167 | 32071 2407 383§ 320 | 234 189

SUPPLEMENTARY STUDIES

Mention was made esrly in this report of eertain
supplementary studies that were not a part of the
originally scheduled program but which, because of
circumsfances, it seemed desirable t0 make and to
report in conjunciion with the work already described
in this report. The supplementary studies comprise
two distinet investigations; one, of the deflection and
stress conditions in the vieinity of loaded slab corners
and, two, of the stress reductions effected when the
area over which the load is applied is considerably
larger than any used in the tests described previously.

‘fHE EFFECT OF LOAD3 ON SLAB CORNERS STUDIED

In the original manuseript of his paper ‘“Theory of
Stregses in Conerete Roads” Westergaard lists certain
questions relating to the structural action of slab corners
suggesting them as desirable subjects for further in-
vesligation. Among these were the following:

1. The influence of some nonyniformity in the distribution of
the bending moment over the section of width 2z; this influence
may be expected to have the greater relative importance, the
larger the value of the distance g, from the corner to the load.

2. The influence of twisting due to an eccentric position of
the load, with the load cloger to one edge than to the other.

3. The influence of an uneven thickness of slab, especially in
the case of a thickened edge.

A fourth question, concerning impact loads, was
mentioned but will not be discussed here. Certain
date obtained in this investigation have a bearing on
the three items that are listed, however.

The shape assumed by a slab corner when deflected
by a load applied at or near the corner was determined
by messuring the vertical displacements along the two
edges of the slab corner and along the bisector of the
corner angle,

In figure 45 deflection contours are shown for the
1st and the 60th application of a test load of 9,000
pounds on the corner of a slab of 7-inch uniform
thickness, the loaded area being 8 inches in diameter
and so placed that the slab edges were tangent to it.
These data indicate that, while repeated loading caused
a glight inerease In the magnitude of the deflection at a
given point, it produced no important change in the
shape of the deflected corner area.?

Deflection contours for g similoer symmetrical corner
loading but of somewhat lesser magnitude are shown,
for the 7-ineh uniform-thickness and the 9-7-9-inch
sections, in figure 46. It will be observed that within
o distance of about 80 inches from the slab corner the

2 In this end in subsequent similgr grapis the doflection contours are the resulf of
averaging the measurements on the four frec corners of the test section,
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T16URE 46.~-DErLEcTioN CoNToURs ¥OR SYmMETRICAL CORNER
LoAbping,

deflections appear to be symmetrical on either side of
the corner bisector for both the uniform-thickness and
the thickened-edge cross sections. Beyond this distance
the deflection of the slab end is slightly less than that
of the side edge. The difference is small but appears in
the data for both sections. It is believed to be due to
the difference in the panel dimensions. Along the side
edge there is o continuous structure 240 inches in length
while along the end edge are two uniis each 120 inches
in length hinged together at the lengitudinal joint, It
was stated earlier in the report that when the free corner
is loaded there is a slight rotation about the longitudinal
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Freors 47.--DorueerioNn CoNTours ror Fecinrnic CoRrxer
Loapmxa.

joint. Obviously there is no corresponding movement
along the side edge of the slab,

In figure 47 are deflection contours for the same two
corners under the action of & load of the same magnitude
but displaced 18 inches toward the center line of the
pavement. Such an eccentricity of load would tend to
create a twisting moment in the slab corner. It is
apparent from the date that with this loading the
deflection, at =« Eiven distance from the corner, is
greater at the end than at the side of the slab. A
comparison of the data in figure 46 with those for the
same test section in figure 47 shows that the maximum
deflection for the given load is greater when that load
is applied on the slab corner, which is as would be
expected.

In order to determine both the direction snd magni-
tude of the stresses at variocus locations in the eorner
region, measurements of strain were made in either
three or four directions at each location. From these
“rogette” strain measurements the direction and
magnitude of the principal strains may be obtained by a
method described by Osgood and Strum (11).

The location of the various gage lines used in this
study were shown in figure 13 (quadrant 3). Where
strains are measured in four directions instead of three,
the fourth strain value serves as o useful check.

The installation of each strain rosetie necessitated
the drilling of eight small holes into which the gage
points were cemented. BSince these were insta]le% m
the tension face of the slab the tendency would be to
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wealten somewhat the flexural resistance of thé corner
and o cause some variastion in relative strength at
different distances from the corner. Because of this
possibility certain of the tests were made with fewer
installations than are shown in figure 13.

MAXIMUM STRAIN UNDER ECCENTRIC LOADING LOCATED

It will be noted that the strains were measured along
the two slab edges and/or along three rays 22%° apart
which quadrisect the corner angle, the center ray being
the bisector of that angle. These rays will be spoken
of as the corner bisector and the 22%° rays in the
subsequent discussion. The positions of the loaded
ares in these special corner tests were described in
.connection with the deflection data just presented.

For the symmetrically placed corner loading on the
7-<inch and 9-inch uniform-thickness sections, sirains
were measured with rosette installations along the 22}4°
rays and in two directions at intervals along the corner
bisector. No strains were measured along the slab
edges. For the same position of loading in testing the
8-inch uniform-thickness and 9~6-9-inch thickened-edge
sections, strains were measured with rosette installa-
tions along both slab edges and the two 22%° rays and
in two directions at intervals along the corner bisector.
For this position of load, the direction of the principal
strain in the region near the bisector of the corner angle
was known to be parallel to that bisector.

For the eccentric corner loading, in which the position
of the loaded areca was moved along the end edge of the
slab toward the pavement center line, for a distance of
18 inches, rosette installations were used along the two
edges, the two 22)4° rays and along the corner bisector
as well,

The data obtained in these load-strain studies are
shown in figpres 48 to 66 inclusive.

TFour of the test sections had loads applied symmet-
rically with respect to the slab corner, two had the load
applied eccentrically. This made six combinations of
load position and test section. For each of these six
combinations there are three graphs.® The first graph
in each group shows the direction of maximum strain
for each of the 15 or more locations at which strains
were measured. The second graph in each group shows
the magnitudes of both the maximwm strain and the
minimum strain at each of these gage loeations. The
third graph of each group shows how the magnitude of
the maximum strain varies with distance from the slab
corner. along the various rays on which gages were
installed.

The slab corners used for the symmetrical loading
were those of the 7-, 8-, and 9-inch uniform-thickness
and the 9-6-9-inch thickened-edge sections. Those
used for the eccentrie loading were of the 8-inch uniform-
thickness and the 9-6-9-inch thickened-edge sections,

The six graphs showing the direction of the maximum

_strains for the six slab-load combinstions are figures 48,
51, 54, 57, 60, and 63, respectively.

The six graphs that show the magnitude of the max-
imum strains and the magnitude of the minimum strains
(or those in the perpendicular direction at each gage
location) are figures 49, 52, 55, 58, 61, and 64, respec-
tively.

4 In these figures and the attendant disenssion maximum strain denotes the maxi-
mum strai for the givon gage location and minimum strain is the stroin measured
ot the same lecation in a divection perpendicular fo that of the maximum strain.
The maximnm strains are approximately radisl and the minimum strains approxi-
mately tangential in direction with respeet to the conter of load application.
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The six graphs showing the strain variation for various
points along the rays on which the gages were installed
are figures 50, 53, 56, 59, 62, and 65, respectively.

All of these figures are largely self-explanatory.

Referrinfg to figures 48, 51, and 54 which show the
direction of maximum strains for the symmetrical corner?
loading on the three sections of uniform thickness, it is
apparent that while the maximum strain is along the
central ray (the corner bisector) the maximum strains
along the two 22}4° rays are not parallel to the respective
rays but have a direction which makes an angle of
agproximately 15° with these rays. The strains along
the edges of the slab corner were not measured in the
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Frgure 51.—DirecTioNn oF Maximom Strains—9-Incm Uwi-
ForM-THICENESS BEcrioN—SYMMETRICAL CoRner LoAning—
AvBRAGE oF STRAING ON THEHREE QUapmANTS ONLY.

cases of the 7-inch and 9-inch sections, figures 48 and 51-
These strains were measured, however, in testing the
corner of the 8-inch uniform-thickness section and, from
figure 54, it is evident that the maximum strain makes
an angle of approximately 28° with the slab edge.

For the symmmetricsl loading the directions of the maxi-
mum sfrains in the corner area of the 9-6—9-inch thick-
ened-edge section were found to be essentially the same
as for the uniform-thickness section (see figure 57).
Apparently the thickening of the edge of this section
was so distributed that it did not appreciably affect the
stress trajectories.

The direction of the maximum strains changed ap-
preciably, however, when the eccentric load, previously
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F1GURE 53.~~VARIATION IN MAGNITUDE 0F MAXIMUM STRAING—
9-IncH UNirORM-THICKNESS SroTioN—S¥YMMETRICAL CORNDR
LoapiNG—AVERAGE oF Srrains oN Torer QUADRANTS
ONLY.

deseribed, was used. The effect of this eccenfricity can
be seen by comparing figure 54 with figure 60 and figure
57 with figure 63. Because of the variation in the angle
along some of the rays the range in the angle between
the direction of the maximum stress and the ray is indi~
cated by the small figures beside the rays in figures 57,
60, and 63.

SECTION OF MAXIMUM MOMENT NOT A STRAIGHT LINE

It was stated earlier that strains were not measured
along the two slab edges in the cases of the 7-inch and
9-inch test seetions and there was reason to believe that
the installation of a large number of gage points in the
tension face of the slab might affect the test data,
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There is evidence to this effect in the set of graphs show-
ing the strain variations along the several rays. The
data for the 7-inch and 9-inch corners, figures 49, 50,
52, and 53, indicate the maximum messured strain to
be on the corner bisector and at a distance of about 40
inches from the corner, for the conditions of the tests,
while the maximum strain values on the two 2214° rays
were of slightly lesser magnitude and at approximately
the same distance from the slab corner. hen, how-
ever, the strain gage points were installed along the two

EDGE OF SLAB

z.00006
< 00004
& 00002
0.

22 40 48 56 wete
DISTANCE FROM CORNER -INCHES Y

END OF SLABR
TF1aURE 56.—VARIATION IN MAGNITUDE OoF MAXIMDM STRAING—
&Inca Uwmirorm-THICRNESS SEcTION—SYMMETRICAL COR-
gmn LoApING—AVERAGE OF STRAING 0x THREE QUADRANTS
NLY.

SR

LA

<36

y
2 / %
=
e
L o \9
23
o P o L
% <. &
a / < ]
&
& g
]
/’
/ %/
pd s - //ll '
. T - 22"'«!'\
ft— | O ——] \;

END OF SLAB

Traure 57.—Dmuction oF Maximom StrANs—G-6-0-Ince
TaicreNep-Ipee SeEcrion—SyuueETRIcAL CoORNER LoOAD-
ING—AVERAGE OF STrRAINS ON TRz QUuibnants OnNLY.

glab edges as well as on the rays mentioned it was found
that the entire section of maximum strain was appreei-
ably nearer the slab corner and the maximum strain no
longer appeared on the corner bisector.

It is coneluded, therefore, that the strain date for the
7-inch and 9-inch sections give a somewhat more re-
liable indication of the strain distribution in the corner
of a section of uniform thickness than those obfained
with the 8-inch-seetion and shown in figures 55 and 56.

Similar ddate for the eceentrie loading applied to the
8-inch uniform-thickness and the 9-6-9-inch thickened-
edge sections are shown in figures 61 and 62 and in fig-
ures G4 and 65, respectively,
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Tror o given test section there is a striking difference
in the stress magnitudes resulting from the symmetrical
and eccentric load positions used in this investigation.
The maximum fensile strain caused by the symmetrical
loading was approximately 50 percent greater than that
caused by the eccentric loading and this applies to both
the 8-inch uniform and the 9-6-9-inch test sections.
Compressive strains, on the other hand, were higher for
the eccentric loading.

It ia agp&rent from the strein dats which have been
presented that there is a relatively large area across
the slab corner within which the magnitude of the maxi-
mum stress, as previously defined, does not vary ap-
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preciably. This is in concordence with data cbtained
by Spangler and Lightburn (74) in carefully ecntrolled
laboratory studies of the strain distribution in the
corner of a conerete slab.

In his original enalysis of pavement slab stresses
Westergaard states that in the case of corner loadin
when the distance 2, (from the corner to the section o
maximum moment) is not too large, the bendjng
moment will be approximately uniformly distribute
over the width, 2=, of the cross section.
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Figone 63.—DIRECTION OF MAXiMuM STRAING—0-6-9-Inca
TrICKENED-EDGE SEcTION—ECcCcENTRIC ConNEn Lospine—
AVERAGE OF STRAINS ON THREE QUabEANTS ONLY.

Both observation of cormer failures in the field and
failures deliberately produced by corner loading during
tests (15, 82, 14) have shown o tendency for the line of
fracture resulting from & corner loading to be curved
rather than straight although the curvature usually is
not, pronounced. The strain dasta that have been
presented indicate that for the conditions of these tests
the seetion of maximum moment is not a siraight line
normal to the bisector of the corner angle but follows
a curved path similar to the deflection contours. In
figure 66 are shown data ohtained from the tests of the
8-mch uniformi-thickness section. In this figure maxi-
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mum strain values, as determined from strains measured
in four directions, have been resolved to show the com-
ponent in the direction parallel to the corner bisector.
These are the strain values on the straight line section
across the corner perpendicular to the corner bisector,
In the figure the section shown is at a caleulated dis-
rance,s;=232.2 inches, from the corner. Inaddition tothe
plotted values of the strains obzerved on the five lines
radiating from the slab corner the value of the average
normal strain is shown by the horizontal dash line. 1%
is apparent that in this fest the component of the
maximuom strain observed op one of the 22)4° rays was
approximately 10 percent greater than the average
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strain normal to the section. The variation in strain
across the assumed plane section is evident.

Since strains were not measured along the slab edges
at the corners of the 7-inch and 9-inch seciions it is not
possible to analyze the data from those sections in the
manner shown in figure 66.

LOAD TESTS MADE WITH LARGE CONTACT AREAS

Originally the Westergaard analysis of the stresses
in concrete pavement slabs (23, 25) was a discussion
of the effects of such loadings ns were being encountered
in highway practice and, for purposes of simplicity, it
was assumed that the load was applied to the pavement
over areas that were either circular or semicircular in
shape.

In planning the program of tests previously discussed
in this report, provision was made for a range ofcircular
and semicircular areas of contact sufficient to repre-
sent the tire contact areas normally met with in high-
Way service.

gubsequentiy Westergaard supplemented his original
analysis with two papers which discussed respectively
the effect of (1) larger wheel loads on correspondingly
larger loaded areas (27) and (2) loaded areas that are
of other than circular shape (28).

In the first paper (27) the analysis for the case of
interior loading iz reexamined to determine its suit-
ability for determining stresses when the areas of
contact are much larger than those found in highway
service. It was concluded by the author that the
analysis is applicable to the conditions of loading found
in airport runway service except that under some con-
ditions certain small corrections are desirable. The
means for making these corrections are given in the
paper. Only the interior case of loading is discussed.

In the second paper (258) the effect of shape of loaded
ares is one of the subjects discussed., This is a valuable
addition to the analysis since it furnishes for the firsi
time the mmeans for estimating the importance of
variations in shape of loaded area which are known to
exist. Both of these subjects are of great current
interest because of their direct bearing on the design of
concrete pavement slabs for airport service,

The original program of the investigation being
reported contained no provision for tests with very large
areas of contact since it was intended to cover the
conditions of highway service. However, before it
became necessary to vacate the fest site there was an
opportunity to make s limited number of tests that

ielded data which afford significant comparisons

etween theory and observed performance for concrete
pavements loaded over relatively large areas of both
circular and elliptical shape.

The conerete pavement available for the load tests
with the large contact areas was one which had been
constructed in 1940 for use in another investigation.
It was 20 feet wide divided at the center by a tongue
and groove joint with %-inch diameter tie-bars at 60-
inch intervals. The sections were 30 feet in length
between transverse expansion joints and were divided
into 15-foot slab lengths with contraction joints of the
plane of weakness type. The slab units were thus 10
by 15 feet. The pavement was of 8-inch uniform
depth.

The concrete used in the pavement was mixed in the
following proportions {dry weight):

Pounds
Cement_ o meeca e G4
Fine aggregate (sand)_.__._... e m 200
Coarse aggregate (siliceous gravel} . . _.__._ a30

The concrete had a 2}-inch slump at the time of placing.
At 28 days the average crushing strength was 4,600
pounds per square inch and the average modulus of
rupture was 580 pounds per square inch, The average
modulus of elasticity at the time of the actual load
testing on the pavement was 4,800,000 pounds per
square inch,

These test sections had been laid on the site of some
of the sections of the original investization (I18).
However, the grade had been changed slightly and the
character of the subgrade immediately under the new
sections had been altered by mixing sand with the
original silty. loam to a depth of several inches and
recompacting at optimum moisture to maximum
density. This resulted in an average dry density of 136G
pounds per cubic foot within the treated depth. The
effect of this treatment will be discussed later.

The equipment used for applying the leads was
essentially the same as that described in the first report
of this series except that for the larger loads a hydraulic
jack and test %age were substituted for the mechanical
jack and steel beam dynamometer. The hydraulic jack
and test gage were calibrated prior to use in the tesis.

Loads were applied to the pavement through rigid
bearing plates that were either circular or elliptical in
shape. The elliptical plates were of the proportions
shown in figure 67. This is a conventionalized average
obtained from actual tire impressions which seem to
conform reasonably well to the contact areas of large-
size, low-pressure phneumatic tires at recommen(ﬁed
inflation pressure and capacity load. Dimensional data
for both the circular and the elliptical areas of contact
are given in table 17.

TapLue 17.—Dimensions of contact areas

Cireular contact Elliptical contact areas
areas
5 Length of | Length of
Dismeter| Ares | ;o0 axis | minor axls|  ATe8
Tnclies 8g. ins. Inches Inches $g. ins
3 50 12 6.86 7a
12 113 24 13.71 289
. 20 314 ki 20. 57 640
25 401 48 27.43 1,155
30 {47 (RPN IR SR,
30 LR 1T 2 I B R

Considerable care was taken in seating the bearing
plates to insure umniform distribution of the load over
the area of contact. A thin layer of plaster of Paris
was first placed on the concrete test slab and formed to

w
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I'raure 67.—PROPORTIONS ?g,F IrnirTicALLY SHAPED BEARING
REAB.

T16oRE 68.-~~CincuLAR PLYwoop BEARING PLATE SEATED OX
THE PAVEMENT,

o smooth plane surface. When this had hardened, a
sponge rubber mat ¥ inch in thickness was placed on
tﬂe pPlaster surface. A plate of plywood, 1 inch in
thickness, cut to the exaci shape of the desired ares of
contact was then laid on the rubber mai and on this
plywood plate an assembly of stiff plates was built up
in such a manner as to insure rigidity. These back-up

lates were of steel and of concrete and were bedded
mdividually in plaster of Paris. Typicel cireular and
elliptical plywood plates are shown in figures 68 and 69
respectivﬁ , while the complete assembly for g test with
a8 circular ares is shown on the cover page.

TEST PROGRAM PLANNED TO YIELD DATA FOR AIRPORT DESIGN

Strains were messured with the recording type of
strain gage used throughout the investigation except
that for these tests the glass slide on which the move-
ment, of the stylus is traced was fitted into a small car-
riage 80 arranged that it could slide longitudinally on
the gage body. This carriage was moved by means of
o fine wire attached to it and exiending from the gage
position to the edge of the loaded aree i a groove pro-
vided in the plywood plate. The strain gage, groove,
and wire can be seen in figures 68 and 69. %‘his arrange-
ment permitted a series of strain measurements to be
made without disturbing the bearing plate assembly.

Figoure 69.—ELuirmioAl Prywoop BoArmNGg PLATE SEATED ON
THE PAVEMENT.

10
NN RN,
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WEAKENED-PLANE CONTRACTION
JOINT, ND LOAD-TRANSFER .4
DEVICES. Jana

THE DISTANCE, C, RANGED BETWEEN 6 INCHES FOR THE
8-INCH DIAMETER BEARING AREA AND 40-INCHES FOR THE
36 INCH DIAMETER BEARING AREA.

Fraoan 70.—LocaTions AT Woion Loiaps WERB APPLIED AND
TEE Positrons AT WEHIcE Gaces WeRE PLACED To MEABURE
e CRITICAL BTRAINS,

Beeause of o limit on the time during which the pave-
ment sections were available it was necessary to restrict
the study to a comparatively small number of tests,
It was decided, therefore, to apply loads at the locations
that seemed most importent from the standpoint of
airport pavement service. The locations selected were:

1, An interior corner, i. e., one formed by the inter-
section of a fransverse contraction joint and the longi-
tudinal joint.

d2. An interior point, as far as possible from slab
edges.

%. A {ranasverse contraction joint edge at some dis-
tance from a slab corner,



.

April-May~June 1043

PUBLIC RGADS

157

These locations together with the strain gage posi-
tions used with each are shown in figure 70.

No tests were made at free edges or free corners and
no tests were made along the longitudinal joint edge
because it had been found in earlier tests (21) that the
type of joint in these slabs.is highly effective in con-
trolling the critical stress caused by a load acting in the
region along the joint,

A study was made of the strain distribution within
these large bearing areas for the interior and edge load-
ings and it was found that strains messured at the
positions shown would be as high a3 any within the
area. In the case of the corner loading where straing
were being measured ouiside the bearing area it was
necessary to make preliminary tests to locate the posi-
tion at which the strain along the bisector of the corner
angle would be & maximum for esch of the several
bearing plate sizes. In this connection it may be
recalled that the studies of joint behavior described in
the fourth report of this series (27) showed that ab
interior slab corners, where corner support is obtained
from adjoining panels, the critical stress may develop
directly under the loaded area or at some point along
the edges of the loaded panel rather than along the
bisector of the corner angle as is the case with a free
corner.

The protection given the test section asnd other
details of procedure were the same 8s those already
described for the main part of the investigation.

SUBGRADE TESTS GIVE SURPRISING RESULTS)

Since the character of the subgrade inmediately
teneath the pavement of the test section had been
altered in the manper previously described it was
necessary to determine a value for the effective modulus
of subgrade reaction before any comparisons could be
made between theoretical and ogserve£ stresses. These
subgrade tests developed data that are of considerable
interest,

It was found in the determination of values for %
on the original subgrade that & rigid cireular plate 30
inches or more in dizsmeter was of sufficient size to
eliminate the effect of plate size. DBecause of this
finding the first tests on the modified subgrade were
made with a rigid eireular plate of 368-inch diameter
in the manner described in the first section of this
report. The date obteined indicated a value of
approximately 400 lbs. in.”® for the modulus of sub-
grade reaction and, contrary to the data from the
earlier tests (see fig. 12), showed about the same values
for plate displacements of 0.01, 0.02, and 0.05 inch.
‘While it appeared reasonable to expect that the treat-
ment given the subgrade soil would cause an inerease
in its resistance to deformation under load, it had not
been anticipated that the rather marked effect of the
magnitude of the plate displacement on the modulus of
subgrade reaction which had been evident in the bearing
tests on the original subgrade would be so greally
reduced in the tests on the modified subgrade.

The value of the modulus, £, ag determined from load
deflection tests on the pavement on one guadrant of
the test section was found to be 285 lbs. in. =3, con-
siderably lower than that indicated by the bearing
tests with the 36-inch diameter rigid plate butessen-
tially the same as that found for the original unmodi-
fied subgrade under similar summer conditions.

This rather surprising result has several interesting
implications, It is indicated that in modifying the

chargcter of the upper layer of the subgrade, in the
manner previously deseribed, its load supporting ability
within a given deformation limit was considerably in-
creased so long as the given unit load was applied over
a relatively small area. When the loaded area was
relatively large, as with the slab deflection test, on the
other hand, the influence of the strengthened upper
layer on the load support offered by the subgrade 2s a
Wgole tended to disappear. ‘This suggests that there is
& relation between the size of a loaded area on a pave-
ment and the strenggshening effect to be expected from
a given hase course beneath that pavement.

%nfortunatel there was ne opportunity to study this
matter thoroug{ly in comneetion with the present in-
vestigation. It was possible, however, to make deter-
minations of the value of k from slab deflection tests on
other quadrants of the test section and also to make one
determination with a rigid bearing plate of greater size.
This lntter test was made with a 54-inch diameter plate
on the subgrade in an opening cut through the pavement
in one quadrant of the test seetion. This is shown in
figzure 71. The data obtained from the bearing test
indicated a value of k = 315 lbs. in.—® at a displacement
of 0.02 inch, about 10 percent greater than the value
obtained from the slab deflection in this particular
gquadrant. Thig difference in the values of the modulus
of subgrade reaction would have a negligible effect on
the magnitude of compuied stresses for the conditions
that obtained ip this study.

s —

Ficure 71.—DETERMINING TEE MODULUS OF SUBGRADE
Rescrion WiteE A Laree Bearing Puare PLaocep oN Tap
SuserADE TrEroUGH AN OrENING Cur IN THE PAVEMENT,

It was not possible to make bearing tests with the
54-inch diameter rigid plate through the pavement on
each quadrant of the test section. An average value for
I determined in this manner is, therefore, not available.

The average value obtained from the data obtained
in the load-deflection tests on the pavement in three
of the four quadrants of the test section was 250 lbs.
in.—%. This value was used in computing certain of the
stress values that will be shown in one of the subsequent
graphs.

In order to obtain date that would permit sirpin data
to be handled more flexibly in the analysis, & study was
made of the linearity of the load-strain relation for a
range of areas of contact which included both those
used in the general investigation and the larger areas
used in this supplementary study. These tests were
made for interior loading only, Date obtained with
cireular contact areas with diameters ranging from 8 to
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36 inches are shown in figure 72. The maximum load
magnitude was sufficient in each case to produce a
stress of at least 800 pounds per square inch. Xach
value shown in this figure is the average of eight observa-
tions, two In each of the four quadrants of the Lest
section.

From these data it can be concluded that the load-
stress relation is linear within the stress range shown for
all the contact areas used.

UNCERTAIN NATURE OF EDGE SUPPORT AT FRACTURED FACES
DEMONSTRATED

In figure 73 there is shown a comparison of stress
values computed by means of the Westergaard equation
with stress values derived from the strains observed in
the loading tests, for ench of the six sizes of circular
contact area included in the tests.

For concrete slabs lying on & subgrade and acted upon
by vertical static loads applied in the interior region,
both theory and test show that the maximum fHexural
stress is closely proportional to the applied load. This
fact makes it possible to extend load-stress data beyond
the range of observed values without the risk of appreci-
able error. In deriving the observed stress values of
figure 73 the data were extended somewhat beyond the
observed range in the cases of the two smaller bearing
areas in order fo obtain stress values corresponding to
the assumed load of 20,000 pounds. While these two
stress values may be slightly above the usual working
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stress range for concrete in flexure the proeedure is
sound and the comparison between the theoretical and
observed values valid throughout the stress range
shown,

It will be noted in the legend that, for calculating the
theoretical stresses, it was assumed the quantity Z
{termed the ratio of reduction) equals 0. When this
value is assumed the general agreement between the
theoretical stress values and those obtained from the
measured strains is remarkably close and it is evident
that the observed effect of size of loaded area on the
stress. developed by a given load is essentially the same
as the theorctical relation. The one exeeption is the
value obtained with the 8-inch diamefer area where
the observed value exceeds the theoretical by approxi-
mately 19 percent. The reason for this difference is
not known. Referring hack to similar data from the
tests on the original pavement sections, shown in
figure 40, it will be observed that the same tendency
is evident where the 8-inch diameter ares was used on
the 8-inch and 9-inch sections of uniform thickness.
In this connection it is pointed out that & contact area
of this size is usually associated with a wheel load of
about 3,500 pounds which, with pavement slabs of
usual thrcknesses, would cause a stress of less than 100
pounds per square inch. Thus the disparity occurs
under conditions that are relatively unimportant.

In the computations for the theoretical stress values
of figure 73 a value of £=250 Ibs. in.”® was used since
this represented an average from tests on three quad-
rants., While this value may appear somewhat low in
view of the data from fthe bearing tesis, it is worth
noting that the use of a value of =300 1bs. in.~® would
cguse a decrease in the computed stress values of only
about 3 percent.

From, these data it may be concluded that for the
conditions of these tests there is good agreement
between the observed stresses and those computed by
means of the Westergasrd equation for bearing areas
of circular shape over a range of diameters from 8 to
36 inches.

Tests were made also with loaded areas of elliptiesl
shape. On the basis of stragin distribution studies the
gages were located at the center of both the major and
minor axes of the area as shown in figure 69. In figure
74 the stress values derived from the strains measured
along each axis are shown forall of the elliptical areas
listed in table 17, i. e., for a range of areasfrom 72 to
1,155 square inches. The observed maximum stresses
for corresponding circular areas are shown on the same

rgph. The graph affords several useful comparisons,
%n the first place it is apparent that the stress along the
major axis of the elliptical area is less than that along
the minor axis, the difference being as much as 20
percent for the largest area. The maximum stress
observed under each corresponding circular area was
somewhat greater than that found along the major
axis and slightly less than that found along the minor
axis of the elliptical aren.

In the past, for purposes of stress computation for
highway loadings, it has often been assumed that the
actual tire contact area could be represented by the
circle of equivalent area. It is interesting to note that
for arens such as are found in highway service, the data
indicate the error resulting from this assumption would
be small, probably 5 percent or less. For the larger
aress the pereentage would be slightly more.



April-May-June 1043

PUBLIC R0OADS

159

500

& t
(=] =
=] =3

\ ELLIPTICAL AREA -MINOR AXIS
N -

"’?n—-—kﬁl

\{.LIPT|CAL AREA- MAJOR AXIS

[
<
<

STRESS ~POUNDS PER SQUARE INCH
w
=
=

=3
=3

P=20,000-POUNDS
, o

0 00 400 600 80O D00 1200 1400 150D [R00
LOADED AREA - SQUARE INCHES

Figuse 74—CoumranisoNn BrrweEN MaxmvoM Stressss
OunsErveEp Unper CincorLar aND BrLiipTical BEeARING
Prares oF Lquan Arma—InTERICR CASE OF LOADING.

It was mentioned earlier that Westergaard hag, in a
recent paper, extended his analysis to include loaded
areas of other than circular shape (28). In a discus-
sion of a part of this paper by the authors (25) compari-
sons were made between observed stresses and those
comlﬁuted by the equations developed by Westergaard
for elliptically shaped loaded areas. It was shown that
there was good agreement between the observed dats
and the theoretical relations.

Figure 75 shows observed stress values for a load of
20,000 pounds applied on circular contact areas ranging
from 8 to 36 inches in diameter placed at cach of three
lond positions shown in figure 70. When the load was
applied at the mid-point of the slab end, i. e., along the
weskened plane contraction joint midway between the
slab edge and the longitudinal joint, tests were made
with the contraction joint open and with it closed by a
horizontal force of 60,000 pounds (over the 10-foot
lane width) applied at the ends of the test section,
When the load was applied at the interior corner the
contraction joint was open.

The strain gages for the interior corner loading were
located along the bisector of the corner anjle at the
position to measure the maximum strain developed in
this direction, It is evident from the relatively low
stress values that the slab cormer is being strongly
supported along the longitudinal joint and does not
act ag a free corner. Rather it approaches the condi-
tion of a free edge and the maximum stress for this case
would be within the loaded ares and more nearly equal
in magnitude to that found in the test at the mid-point
of the slab end, with the joint open.

The stress values for the interior loading serve as a
reference in analyzing the other stress values.

The stresses observed for the load applied at the
mid-point of the slab end bear a normaf relation to
those for the interior loading so long as the contraction
joint is open. When, however, the joint is closed by
pressure applied at the opposite ends of the test section,
1t is observed that the stresses for this edge loading are
reduced appreciably for all sizes of bearing ares and
that for the larger areas the stresses become essentially
equal to those found in the tests at the interior of the
slab, Tor convenience the atresses, expressed as the

ercentages by which they exceed the stress for interior
oading, are shown at three points along the graph.
This comparison shows very clearly the uncertain
nature of the edge support furnished by the fractured
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faces alone in & joint of the plane of weakness type, and
indieates the need for edge strengthening if a balanced
design is to be obtained.

CONCLUSION

In the %uesentution and dizcussion of the data ob-
tained in this rather extended study, an effort has been
made to simplify the presentation by dividing the
material into sections, each more or less complete in
itself, with occasional summeary statements in which
the significant developments are pointed out and such
conclusions as seem warranted are given. These de-
tailed statements need not be repeated here.

The broad purpose of all of the studies described in
this report has been to compare the observed structural
behavior of pavement slabs of uniform thickness sup-
ported by a subgrade and subjected to vertically
applied static loads with the behavior indicated by the
Westergaard analysis (23, 25, 27, 28). On this point
it is concluded that, within the limits of the investiga-
tion and so long as the basie conditions assumed for the
analysis are approximsated, the Westergaard theory
describes quite accurately the action of t%e pavement,

There is need for further experimental study of some
of the quantities that appear in the analysis, however.
It is particularly desirable that informsation be de-
veloped which will permit the equations to be applied
more readily and with greater certainty to problems
that require the computation of values of absolute
stress.
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