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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. SUTHERLAND, Associate Highway Engineer 

PART 4.—A STUDY OF THE STRUCTURAL ACTION OF SEVERAL TYPES OF TRANSVERSE AND 
LONGITUDINAL JOINT DESIGNS! 

RECEDING REPORTS on parts of this investi- | time it was constructed all traffic was carried on steel- 
leescon 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 
effects of temperature and moisture variations 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 is 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 construction. 
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- 
structed in Inverness, Scotland, as early as 1865, 
while in this country one of the earliest of which there 
is an authentic record is that constructed in Belle- 
fontaine, Ohio, in 1892. So little information is given 
in the accounts 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 
gave the inventor rights 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 BY STEEL-TIRED WHEELS 

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 
is 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 

1 A series of five articles has been planned. Parts 1, 2, and 3 have appeared in 
PuBLIC Roaps, vol. 16, nos. 8, 9, and 10, October, November, and December 1935, 
respectively. Because ‘of its length, Part 4 will be presented in two issues of PUBLIC 
Roaps. The second installment will appear in the October issue. 
bce a. and Concrete—A general refrence book, 1929. Portland Cement Asso- 

, 3 United States Patent no. 120268 granted Oct. 24, 1871, to H. A. Gunther. 
4 Portland Cement Pavement, by G. W. Bartholomew, Jr., Engineering News, 

vol. 33, no. 1, Jan. 3, 1895, p. 5. 

88852—36——1 

tired wheels and much damage was done to the edges 
of the slabs by teamsters who drove so that their wagon 
wheels followed the joints Efforts to protect slab 
edges from the damaging action of steel-tired wheels 
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.6 The object of this design, 
as stated in the patent, was to allow adjacent blocks 
to 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 to permit tamping the concrete around it, 
yet light enough to crush in the event that heaving 
occurred. 

The decade between 1900 and 1910 might well be 
considered as the early formative period in concrete 
pavement history. A new type of pavement was de- 
veloping and the literature of this period contains many 
inquiries as to how concrete roads should be built, 
with little 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 a 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 described 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 
pitch.” 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, althougb it appears that small slabs were used. 
The pavements laid in 1903-4 were in large slabs with 
expansion joints 1 inch wide. It was repor ted that these 
wide joints were troublesome because of chipping at the 
slab edges. Mention of temperature cracking in con- 
nection with this pavement appeared in the ‘early re- 
ports. 

5 The Concrete ee of Bellefontaine, Ohio, by Prof. F. H. Eno, Engineering 
News, vol. 51, no. 1, Jan. 7, 1904, p. 

¢ United States Patent no. 312897 granted Feb. 24, 1885, to C. F. Rapp. 
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PATENT GRANTED 1885 

NO.312,897 —C.F.RAPP 

Figure 1.—Onr or THE First Joint Desians ror CONCRETE 
PAVEMENTS PATENTED IN THE UNITED STATES. 

Washington, D. C., 1906: This pavement was laid 
in slabs 100 feet long separated by 1-inch joints filled 
with a bituminous material. 

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

Because of difficulties with chipping and spalling 
along the joints, commercial companies specializing in 
concrete pavement construction began gradually to 
increase the spacing between joints. This practice 
continued for many years and culminated in the con- 
struction of hundreds of miles of concrete pavements in 
which the only joints constructed were at places where 
the paving operation was stopped for some reason. 

That some engineers at this time appreciated the 
advantages of crack control in concrete pavements is 
evidenced by the following quotation from a patent for 
a joint design granted to Mr. R. Kieserling, a German 
citizen, by the United States Patent Office in 1906: ” 

“As it is well known, irregularly running cracks 
appear after a short time in paving made from concrete 
or other cement mixtures, which lead to the destruc- 
tion of the pavement. * * * JI avoid this irregular 
formation of cracks by providing for the occurrence of 
cracks at definite places and causing them to run in a 
direction previously determined upon.” Mr. Kieser- 
ling’s design for accomplishing this control of cracking 
is shown in figure 2. 

WIDE DIFFERENCES FOUND IN STRUCTURAL DETAILS OF 

EARLY JOINTS 

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

7 United States Patent No. 839600, granted Dec. 25, 1906, to R. Kieserling, Germany. 

A—CONCRETE PAVING B—CURB CS IRON TST Rieko 

O-ELASTIC FILLER) E=SUPPORTING PLATE 

PATENT GRANTED 1906 

NO. 839,600-R.KIESERLING 

Fiaure 2.—An Harty Parentep Joint DESIGN FOR CONCRETE 
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 heterogeneous array of expansion joint 
details, spacings, and arrangements. This is most true of 
transverse joint practice. The plan is general of placing joints 
between pavement edge and curb and, when railway tracks 
occupy the streets, of placing joints on each side of the tracks 
just outside the tie ends. There is no similar uniformity in 
transverse expansion joint practice. They are spaced 25, 30, 
374, 50, 60, and 100 feet apart, and the most common spacings 
are perhaps 25 and 30 feet. Usually they are square across the 
roadway but various diagonal arrangements are employed. 
Structurally the differences are wide. Joints with metal guard 
plates, joints with rounded edges only, joints of all widths from 
¥ to 1 inch, joints with fillers of a dozen characters are employed. 

As mentioned previously, some of the State highway 
departments adopted the practice of laying concrete 
pavements without joints except at points where the 
construction operation was stopped. By 1915 a num- 
ber of States were building their pavements in this 
manner. The reasons prompting this policy were 
described by one State highway engineer,’ who stated 
that the occurrence of transverse cracks had been 
almost as erratic in pavements with the joints spaced 
50 feet apart 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 traffic were also 
important considerations. 

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

In these specifications it was recommended that 
transverse joints should be not less than one-fourth nor 
more than three-eighths inch in width and should be 
placed across the pavement perpendicular to the center 
line, not more than 35 feet apart. It was further rec- 
ommended that a longitudinal joint not less than one- 

8 Engineering and Contracting, vol. 40, no. 2, July 9, 1913. 
‘H. E. Bilger, State road engineer of Illinois, in a paper delivered before the 

Illinois Society of Engineers and Surveyors 1915. Also Engineering and Contracting, 
vol. 43, no. 11, Mar. 17, 1915, pp. 254-5. 
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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 concrete at trans- 
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 concrete. 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 construction, and 
leaving in place the required thickness of joint filler, 
this filler to extend through the entire thickness of the 
pavement. 

IN 1917 LOAD TRANSFER APPEARED AS A FACTOR IN JOINT DESIGN 

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

Load transfer as a factor in joint design was soon to 
appear, however. In the design 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 was recom- 
mended that eight rather than four dowels be used. 
Heavy truck traffic during the World War period ap- 
parently 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-plane contraction joint for crack control 
appears in connection with a pavement laid in West 
Virginia in 1919." It was constructed by grooving the 
bottom of the slab by setting 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. 

Figure 3 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, tied 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 a container for the filler. 

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

1¢ Engineering News-Record, vol. 88, no. 9, Mar. 2, 1922, pp. 357-8. 
11 Engineering News-Record, vol. 85, no. 7, Aug. 12, 1920, p. 305. 

figure 3—E 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 being 
promoted today. Figure 8-F shows a heavily armored 
expansion joint in some respects quite similar to designs 
recently proposed although the idea of load transfer 
does not appear in the claims. 

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

NEED FOR BETTER EXPANSION AND CONTRACTION JOINTS 
RECOGNIZED 

The disappearance of steel-tired vehicles from the 
highway, a change which accelerated rapidly during 
the period following the World War, eliminated what 
had been one of the worst problems in jomt design, 1. e., 
chipping of the slab edges. ‘The result was the general 
omission of the steel, edge- -protection plates from joint 
designs. A new trouble appeared, however, with the 
increased use of concrete pavements. Expansion fail- 
ures known as “blow-ups” began to appear 3 or 4 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 joints.” As 
already noted, the earliest joints of this type were con- 
structed by grooving the bottom of the slab. The 
irregularity 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 
abandonment of this design. Shortly after 1920 a 
weakened-plane joint appeared in which the upper 
surface of the slab was grooved. While more difficult 
to construct, 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 general 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 a “single lane of traffic, the practice of 
buulding 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 ee onrclica such 
as the test road at Pittsburg, Calif., the Bates road 
tests in Illinois, and experiments of the Bureau 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 strengthening 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-slab support as a means 
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NO. 1,017,376 -A, THOMAS 
PATENT GRANTED 1912 

NO. 1,021,082—W.WRIGHT AND H.F.HALL 
PATENT GRANTED 1912 

NO. 1,033,431-M.F.Mc CARTHY 

PATENT GRANTED 1914 
NO. 1,089,943 

S.T.MORSE AND W.D.P.WARREN 

PATENT GRANTED 1917 

PATENT GRANTED 
NO.1,122,866-A.W.CORDES 

1914 PATENT GRANTED 1917 
NO.1,223,240- E.BECKER 
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A. 

PATENT GRANTED 1918 
NO.1,241,405-W.E.LEACH NO.1,279,431-A.E.POUL STON 

Figure 8.—Some Joint Designs TuHat WERE PATENTED IN THE UNITED States BETWEEN 1910 anv 1919. 

for strengthening the edges has long been recognized 
and has led to many proposals for joint designs in 
which varying degrees of interlocking action are devel- 
oped. The use of transverse joint designs in which 
some form of load-transfer mechanism is incorporated 
has become quite general, the round, steel dowel bar 
being the most common. 

Efforts were also made to strengthen structurally, by 
systems of steel reinforcement, certain 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 1929. 
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 idea 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 transverse, steel parting strip so deformed 
as to create corrugations of various shapes to provide 
for an interlocking action of the two slab edges. Figure 
4—B is similar except that complete separation is pro- 
vided without cracking and a single approximately 
rectangular tongue and groove is formed. Figure 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 expanston. In 
figure 4-E are shown several designs incorporating 
various methods of load transfer together with a 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-F. 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 
a concrete 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 
1915 editorial, persisted for many years. In 1931 three 
States used expansion joints only at bridge approaches 
while several others employed them only under special 
conditions (which frequently meant only at bridge 
approaches). ‘The remainder, with the exception of 
one State, installed expansion joints at intervals of 
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PATENT GRANTED 1925 
NO. 1,537,063 —B. BRIODY 

PATENT GRANTED 1923 
NO, 1,460,841—B. BRIODY 

PATENT GRANTED 1925 
NO. 1,538,619 -W.C.BURRELL 

PATENT GRANTED 1925 
NO. 1,545,267 — £. A.MARYE 

PATENT GRANTED 1926 
NO. 1,586,326 -C.OLDER 

PATENT GRANTED 1926 
NO.1,604,990 —R.D.GREGG AND FRANK L.SHIDLER 

approximately 100 feet or less. This one State con- 
structed a 4-inch expansion joint at approximately 
800-foot intervals and used no other transverse joints 
in concrete pavements. 
By 1934 all of the States, with but one exception, 

were installing expansion joints at intervals of 100 feet 
or less (and in this one the interval used was 150 feet). 
Also, the adoption by many States of the policy of 
using contraction joints between the expansion joints 
resulted in a still further reduction of the interval be- 
tween transverse 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 also 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 all transverse joint installations. These re- 

- quirements for Federal-aid construction have probably 
accelerated the trend toward a shorter distance between 
joints, a trend that has been discernible for a number 
of years in spite of the wide variation of opinion which 
has existed. 

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

PATENT GRANTED 1929 

NO. 1,711,934 —A.C.FISCHER 

Figure 4.—Some Joint Desians THat WERE PATENTED IN THE UNITED States BetwrEn 1919 anv 1929. 

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

In 1927 Westergaard published an analytical 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 analysis showed the effect of 
dowel spacing on the stresses directly under a load 
acting at a doweled edge of a 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 that were assumed, must be placed 
very close together if they are to be reasonably effective 
as a means for transferring load. 

Aside from Westergaard’s analysis there has been 
little information available except for occasional re- 
ports of the observed service behavior of certain joint 
installations. 

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

12 Analysis of Stresses in ve ad oa Caused by Variations of Temperature. 
PuBLic ROADS, vol. 8, no. 3, May 19 
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PATENT GRANTED 1932 

NO. 1,884,047 —R.B.GAGE 

NEW YORK STATE STEP PLATE DESIGN 

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. 

Figure 5-A shows a design in which no effort 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 a free hinge. If the load approaches from the 
opposite direction there can be no transfer of load. 

One of the designs, shown in figure 5—-B, shows a 
steel plate running the 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 action to occur. Figure 5-C shows another 
design in which one slab rests on a shelf on a slab 
opposite. The shelf or ledge in this case is of steel and 
is anchored into the concrete of the slab end. In 
order to obtain the same support for each slab, the 
shelf angles are cut into short sections, half of the 
projections extending from each slab and so staggered 
that they intermesh, giving a typical hinge construction. 

PATENT GRANTED 1932 
NO.1,856,722- C. OLDER 

PATENT GRANTED 1934 

NO. 1,956,809 — R.R.ROBERT SON 

NEW JERSEY CHANNEL DOWEL DESIGN 

Figure 5.—Joint Drestens TuHatr Typiry Various Opinions Aas TO WHat Is REQUIRED STRUCTURALLY IN JoINT ACTION. 

Another joint identical in principle but differing in 
the details of its 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 there any attempt to 
develop resistance to bending in the joint structure. 
A design differing radically in principle is that used 

by the State of New Jersey and shown in figure 5—-E. 
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 points 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 a 
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 concrete 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 joints 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 a means of crack control led to a 
reaction that resulted in a 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 slab 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 importance of freely acting joints as a means for 
the relief of stresses developed by restrained tempera- 
ture (and possibly moisture) warping is as yet not 
generally appreciated, although the results obtained 
with the longitudinal center joint have been evident for 
years and both the theoretical and experimental indi- 
cations of the importance of warping stresses were 
pointed out before the Highway Research Board nearly 
a decade ago.}3 14 

As shown in the preceding papers of this series, the 
present investigation has developed a considerable 
amount of information about the magnitude and the 
distribution of warping stresses. This information, 
much of which is new, 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 joints in concrete pavements 
may be classified according to their intended function, 
as follows: | 

" 1. Those designed to provide space in which unre- 
strained expansion can occur. | 

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 controlling 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 a 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 tensile stresses caused by 
contraction. 

It should be kept in mind that joints are needed in 
concrete pavements for the one purpose of reducing as 
much as possible the stresses resulting 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 a point of structural weakness 
and may limit the load-carrying capacity of the entire 
pavement so that it is important to examine joint designs 
from this standpoint as well as for their ability to permit 
unrestrained expansion, contraction, and warping. 

13 Analysis of Stresses in Concrete Pavements Due to Variations of Temperature, 
yo. Westergaard, LE tty a Sixth Annual Meeting, Highway Research 

Board: December 1926, pp. 201-215 
M4 Progress Report on the Pe screne Curing Slabs at Arlington, Virginia, by 

J.T. Pauls, Byoecuings, Sixth Annual Meeting, Highway Research Board, December 
1926, pp. 192-201 
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Fiagure 6.—Dersiegns or TRANSVERSE JOINTS INCLUDED IN 
THE INVESTIGATION. THE Bonp was DESTROYED ON ALL 
DoweEts Across TRANSVERSE 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. Permitting unrestrained expansion and contraction. 
2. Permitting unrestrained warping at the joint. 
3. Reducing the structural weakness created 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 transverse and the 10 longi- 
tudinal joints that were included in the pavement sec- 
tions built for this investigation. Before beginning the 
description of the tests and the discussion of the results, 
it is desirable to refer again to the details of these joints. 

The details of the several types of transverse joints 
studied are shown in figure 6. The joints are all classed 
as expansion and contraction joints with the exception 
of the two transverse 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, 9, 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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effect of these variables on the structural action and 
general efficiency of joints of this type. 

TaBip 1.—Detatls of doweled expansion and contraction joints 

Section no. Joint Dowel 
opening | spacing 

Inch Inches 
6 Wh rates owituthwanacus athe eens bere ah tae Se eee eee een tee 16 27 
se Se 5 ety See ge Aid SR eS I oe) ne ete 16 18 
RE eo en Se ef Riera al Vote ge el te) V6 36 
D Fas SoS be see Dees Cede oe VO) aS ae 34 27 
1K Uaioe FN eee AE NE Aas Se SS Bien Si Se eT et eee Se Be 34 18 

At the time of installation the dowels were carefully 
painted and coated with grease to prevent bonding 
with the concrete, and special pains were taken 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) a 
short cap or sleeve on one end of each dowel permits 
free longitudinal movement of the dowel within the 
concrete. 
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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 is 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 that 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 no inter-support is necessary; hence there 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 the weakened-plane or dummy 
joint found in sections 3 and 4. These transverse 
joints were constructed in the same manner as the 
longitudinal joint of the same type except that bonding 
of the dowels was prevented in one (section 4), while in 
the other (section 3) all dowels were omitted. The 
spacing of the dowels in section 4 is 18 inches. 

INSTALLATION AND DETAILS OF LONGITUDINAL JOINTS DESCRIBED 

Details of the designs of the 10 longitudinal joints 
are shown in figure 7. With the exception 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 joints. 
By definition a dowel may or may not be bonded 

to the two pieces which it joins. In woodworking 
practice, dowels are more often bonded than not. In 
concrete 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 bond when 
they are called upon to withstand shearing 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 included in this 
investigation can also be grouped according to type. 

The first group consists of four sections (sections 5, 
3, 4, and 10) in which a tongue-and-groove construction 
was obtained by casting the concrete around a pre- 
formed, steel joint plate. The rectangular- and tri- 
angular-shaped 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, it 
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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across the joint at 60-inch intervals, while in the other 
(section 7) no dowels were used. 
The third group embraces four sections (sections 1, 

2, 8, and 9) in which the vertical 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 contraction occurred. 
2. To what degree unrestrained warping of the slab 

edges was permitted. 
3. Their relative effectiveness in reducing the natural 

weakness 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 make these determinations. 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 subscript indicates 
the quadrant number. For example, the letter “E” 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 test 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 at the transverse joint in quadrants 2 

and 3. The measurements were made with the spe- 
cially constructed 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 a joint which was known to be free to expand and 
contract 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 cycles of 
changes in slab length. 

The study of the annual variations was made from 
measurements made twice daily over a period of about 
2 years. The measurements were made at about 9 a.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 possible for the particular season of the year. 
From the data obtained it is possible to estimate 

very closely the extent of both of these cycles of change 
in slab length and joint width. ~- 

The relative restraint to free warping developed by 
the various joints was determined by comparing the 
magnitude of the deflection at 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 at 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 
measured with micrometer 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 transverse joint corner (point C). For a 
longitudinal joint the deflections at the free corner 
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(point E) were compared with those at a longitudinal 
joint corner (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 a comparison of 
the curvature along the line E;—A,; with that along 
the line C;—A;. For the same study of the longitudinal 
joint action the curvature along the line E;—I; was 
compared with that along the line F;—I,. 

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

Since 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 a free edge and those at the joint in question. 
The method of arriving at the values of the warping 
stresses from measured strains was described 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 figure 8. In the study 
of the transverse joint the stresses indicated by the 
eroup of gages at I, were compared with those measured 
by corresponding gages at G,. Similarly, for the study 
of the longitudinal joint the stresses indicated by the 
group of gages at A, were compared with those found 
at the corresponding positions at point By. 

As remarked before, every joint is potentially a 
structural weak spot and some means for strengthen- 
ing this part of the slab is usually a part of the joint 
design. The common method is by transferring part 
of the load to the adjoining slab 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 critical strains and de- 
flections caused by a load acting near a joint edge with 
Bie produced by the same load at other points on the 
slab. 

Loads were applied at the four corner points C, D, 
E, and F (fig. 8) to determine how effectively the joint 
functioned in reducing the critical deformations caused 
by a load acting at the corner of the slab. Similarly, 
the effectiveness 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 TEST 
gp emappled at point: Deflection measured along line: 

3 E;—Az3 and E;—F3. 

C3. A;—A, and C;—D3. 

3. E3;—Iy. 

D3. D;—Bs. 

EDGE TEST 

A3. A3—B3. 

B3. A3s—H4. 
oo I;—Hs3. 

G3. ~ H;—H:. 
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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 change in shape being taken 
as the deflection caused by loading. 

CRITERION OF JOINT EFFICIENCY ADOPTED 

A somewhat similar schedule was followed in making 
the strain measurements. For the load applied at the 
slab corners the strains were measured in the upper 
surface of the slab along the bisector of the corner angle. 
For example, with a load applied at point E, the strains 
were measured along the line E,—O, and similarly for 
the other corners of the slab. 

For loads acting at the edge points the strains were 
measured both parallel and perpendicular to the slab 
edge at the point of load application and for a 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 
at point A, the strains were measured in both directions 
directly under the load and along the line A;j—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. Since the critical 
stresses occur directly under the load in the case of a 
load acting in the interior of the slab, only the strains 
developed in the upper surface directly under the load 
were measured. These strains at point H were meas- 
ured in both the longitudinal and transverse directions. 

Before making a comparison of the relative eflective- 
ness of various joints for accomplishing any certain 
purpose, it is necessary to establish some rational basis 
of comparison. If it is desired to compare joints on the 
basis of their ability to reduce the deflection of the slab 
edge at some particular point, then deflection measure- 
ments at that point may be used as a means for estimat- 
ing the effectiveness of the joint. However, if the pur- 
pose of the joint design is to reduce the stresses from 
applied loads so as to, in effect, increase the load-carry- 
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. 

It has been established that if a given load is applied 
at various points on the surface of a concrete pavement 
slab of uniform thickness the critical stress will be 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 at the free edge. 

If a joint operated with a maximum amount of 
structural efficiency, it would reduce the critical load 
stress at the joint edge to a value equal to that found 
in the interior of the slab. If, on the other hand, it 
was 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 therefore, delimit the range of 
joint efficiency so far as the ability to reduce load 
stresses is 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 
thickness, 
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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 a; is the critical stress for the load applied at an 
interior point. 

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

y joa ae oj 

SPE 

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, as a measure of efficiency. 

In making 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 a somewhat different 
location. For example, to establish a stress value for 
the free edge (point A) eight tests were made alto- 
gether, and in no two was the bearing p ate in the 
same spot on the same quadrant of the test section, 
although in all cases it was at the free edge and close 
to the midpoint of the slab length. 

Tests were made also at all of the longitudinal joint 
corners on the four constant-thickness slabs but were 
not made at 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 annual 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 variations in 
the measured joint width when compared to a set of 
initial measurements made in November 1930, shortly 
after the pavement was constructed. The morning 
measurements 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 located. For example, joint 3-3 refers to 
the transverse joint across the center of test section 3. 
The open joint between two adjoining test sections is 
given the numbers of the two sections between which 
it 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 necessity made at the 
level of the upper surface of the pavement. The ob- 
served horizontal movements were therefore the results 
of the direct expansion and contraction of the slab 
combined algebraically with the horizontal component 
(at the plane 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 
contraction of the slab, it is necessary to correct the 
observed changes for the effect of the warping present 
at the time of observation. 
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Figure 9 shows the seasonal variations in observed 
joint width. The correction for warping mentioned in 
the preceding paragraph is considerably more important 
in a consideration of the daily variations than it is 
when seasonal 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. Data were presented in the second report of 
this series to show the relative degrees of the daily and 
seasonal warping found in the test sections at different 
seasons of the year. The data presented in that report 
on the effect of seasonal moisture changes indicated 
that the moisture condition was rather unstable during 
the summer months. This resuited from abnormal 
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- 
ing the summer months. 

It 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- 
vatiuns is approximately equal to the upward warping 
caused by the 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 concrete in the upper part of the pavement 
slab than is present in those near tbe subgrade. This 
assumption seems to be supported by all of the data 
available from these tests. 

It appears therefore that, at the time the measure- 
ments indicating the maximum closing of the joints 
were made, the slabs were probably in nearly a flat 
condition. For 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 sufficient 
accuracy without corrections for the effects of warping. 
The indicated daily variations in joint width are not 
true measures of expansion and contraction and 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 discussion of daily variations in joint width. 

SLABS DID NOT EXPAND AND CONTRACT SYMMETRICALLY 

If a comparison is made between the annual variations 
in width of the several joints, it will be observed that 
the movements 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 transverse test joints and 
that of the open joints between the test sections in- 
dicates that the resistance of the former to expansion 
and contraction movements causes either a deformation 
that alters the length of the slab or a shifting of the 
ae: of the slab panel longitudinally over the sub- 
grade. 

That there is no appreciable stress deformation that 
changes the slab length is shown by the numerous 
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measurements of the variation in slab length with | be concluded, therefore, that the 10- by 20-foot slabs do 
temperature changes that were presented in the second | not expand and contract symmetrically with respect to 
paper of this series. It will be remembered that these | the subgrade at their midpoints. This eccentricity of 
indicated that the deformation or change in slab length | movement is evident in all of the sections, although it 
caused by the subgrade resistance during expansion or | is more noticeable in some than in others. It will be 
contraction is negligible in slabs of this length. It must | discussed in more detail a little farther on in this report. 
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It will be observed further that several of the trans- 
verse joints opened more during the winter of 1932 
than during the winter of 1931 and that consistently 
the adjacent open joints opened less during this same 
period and each by approximately the same amount. 
This condition is most noticeable 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 joints 
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 range of movement for each of the transverse 
joints during this period was determined. In the prep- 
aration 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 amount of movement which occurs at each test 
joint during a given period of time may be assumed to 
be a measure of the relative freedom of action so far 
as expansion and contraction are concerned. 

Joint 1-1 was constructed as a clear opening one- 
half inch wide between two thickened-end slabs. It 
was filled with a bituminous joint filler shortly after 
construction. So far as the joint filler is concerned, 
it should offer relatively little resistance 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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FieurE 11.—-ComparATIVE MOVEMENTS AT THE TRANSVERSE 
JOINT AND AT THE FREE ENDS oF ONE OF THE TeEsT SEC- 
TIONS. PositTivE VALUE INDICATES OPENING OF THE JOINT 
AND NEGATIVE VALUE INDICATES CLOSING OF THE JOINT. 

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 transverse joints tested in this 
investigation. 

Joints 7-7, 10-10, 9-9, 8-8, and 6-6 contain the 
unbonded, round, steel dowel bars. The movements 
at all 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 6-6. 
There is no apparent reason why the seasonal movement 
of this one joint should be appreciably different from 
those of the other joints of the same type. The data 
indicate a high degree of relative freedom for the dowel 
joints with little 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 figure 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- 
rated 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 free 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 compared, hence a basis is furnished 
for estimating the order of Yestraint to expansion and 
contraction offered by each of the joints. 

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

For example, if the maximum movement found 
during the year shown in figure 11, 1. e., November 1931 
to November 1932, for joint 10-10 is expressed as a 
percentage of the movement measured at the com- 
pletely free 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 a movement 
for a completely unrestrained joint would be of the 
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order of 0.065 inch. With this value as a basis, the 
restraining action of each of the 10 joint designs can 
be estimated. 

It is indicated that joint 1-1, constructed as an open 
joint and filled with a poured joint filler, is not com- 
pletely free and it seems likely that during the expansion 
of the concrete the compression of the filler material 
in the joint required an amount of force approximating 
that required to overcome both the resistance of the 
filler and the resistance of the dowels in each of joints 
7-7, 10-10, 9-9, and 8-8. If this is so, then the force 
required to cause the dowels to slide in these joints must 
be very small, because the resistance of the joint filler 
to compression must be about the same in each of the 
joints in this group. 

Joints 5—5 and 2-2 contained the one-fourth by 4-inch 
steel dowel plates. The measurements show that the 
seasonal movement of these two joints was approxi- 
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- 
fore, that the plate-dowel joints offer a greater resist- 
ance to expansion and contraction than do joints con- 
taining properly installed round steel dowel bars which 
are not in bond with the concrete. . 

Joints 3-3 and 4-4 are the two transverse plane-of- 
weakness or dummy-type joints; the latter contain 
three-fourths-inch diameter dowel bars spaced 18 inches 
between centers. The seasonal movements of these 
joints are the smallest for any of the transverse joints. 
That this is caused by the complete closing of these 
joints in the early summer is clearly shown by the data 
already presented in figure 9. In examining this figure, 
attention is called particularly to the large movements 
of joint 3-4 lying between the two dummy joints. The 
closing of the dummy joints throws any subsequent 
expansion into slab displacement or slab deformation 
under stress. In such slabs the short slab length and 
the adjacent open joints provide the necessary relief 
from compression. The plane of weakness joints con- 
tract freely and relieve tension. Also, joints of this 
type undoubtedly reduce greatly the warping stresses. 
They do not appear to relieve slab expansion to any 
great extent, however. 

Figure 12 shows data obtained during a cycle of 
measurements of width made at each of the transverse 
joints at approximately 2-hour intervals over a period 
of 24 hours. As noted in the figure, these particular 
observations were made during the latter part of June 
1931, the time of year when large temperature differ- 
entials are developed in the test slabs. 

On the same day that the daily variations in trans- 
verse joint width shown in figure 12 were obtained, 
the warped shapes of the slabs were measured at inter- 
vals of approximately 2 hours with the clinometer. 
From these clinometer data, curves similar in character 
to those shown in figures 25-28 and 31 of the second 
paper of this series were obtained. These curves were 
plotted to suitable scales and the slope of the upper 
surface at the extreme end of the pavement slab was 
estimated graphically. From this the change in slope 
of the vertical end face of the slab was determined for 
the rather extreme conditions of temperature warping 
which obtained on the particular day that the measure- 
ments were made. From this change in slope the 
effect upon the measurement of joint width was cal- 
culated and applied as a correction to the expansion 
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FIGURE 

and contraction measurements obtained at the trans- 
verse joints on the same day. Both the uncorrected 
and the corrected values are shown in figure 12. 

It 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 to 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 this 
particular June day. 

In general 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 restraint to 
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 causes 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. 

ECCENTRICITY OF SLAB MOVEMENT DURING EXPANSION AND 
CONTRACTION STUDIED 

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

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

It will be noted in this figure that frequently the 
movement at the test jomt is of about the same magni- 
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tude as that at the free end, and yet whenever a marked 
temperature change occurs there is a tendency for the 
movement at the free end greatly to exceed that at 
the test joint. This effect is particularly noticeable 
during a sudden drop in temperature such as that 
which occurred between December 15 and 17, 1930. 
Whenever the observed movement at the free 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 smallest 
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 figure 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 transverse joint in this 
section contained round dowels at 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 variation follows in a general way the annual 
variation in average daily air temperature, definitely 
indicating that the phenomenon 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 at the free end of the slab. As 
already stated, the difference was found to be greatest, 
for any particular season, at times of sudden change 
in temperature. 

The observations were ‘continued over a period of 
nearly 5 years in order to determine whether the move- 
ments tended either to open or to close the transverse 
as or whether they were compensating in their 
effects. 
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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 transverse joint width 1 (November 1930 to 
August 1935) 

Test joints Open joints 

Net Net 
Joint no. changein Joint no. change in 

with width 

Inches Inches 
1 a ae ne +0. 010 —0. 074 
TESDE le een dae 8 a Oo +. 096 —. 089 
a ee eee ee ee +. 093 —.108 
te ee ee eee ee +. 110 —.090 
(Go ap ee ae ee ees eae tO Carne See ee eee eee 2 | See ee 
6-6 +. 039 —. 026 

+. 003 —. 034 
+. 018 —. 023 

1 The values shown are the net changes in joint width after the observed widths 
had been corrected for the estimated effects of pavement temperature difference and 
moisture difference, averaged for the two halves of the pavement (on either side of the 
longitudinal center joint) and expressed in inches per 20 feet of slab length. A posi- 
tive sign indicates an opening and a negative sign 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 (8-3 and 4-4) and the 
two containing the dowel 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 sec- 
tions the opening has been very much less and in sec- 
tion 10 a slight closing has apparently occurred. 
A comparison of the movement at 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. This indicates 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 a slab a 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 abutting slab to be dis- 
placed over the subgrade and then calculating the force 
required to cause this movement. 

LONGITUDINAL JOINTS TENDED TO 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 calculations 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 approximately the same magnitude. 
It is probable that if the slabs had been forced to ex- 
pand and contract against the full resistance of their 
joints, instead of being comparatively free to shift 
their position as they were in these tests, a much more 
serious stress would have resulted. 
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The tendency for the joints to increase in width with 
time is of particular interest in connection with the 
weakened-plane joints when no dowels or other positive 
means for load transfer has been provided. The in- 
crease, though small, is a large percentage of the width 
of the original crack and it makes the load-transfer 
action of such joints problematical. It also creates a 
joint opening that is difficult to seal against moisture 
and solid matter. 

TaBLE 3.—Estimated stresses resulting from joint restraint during 
expansion and contraction 1 

aq 
= _ | Total 
3 Weight] is | com- | AT?) peti. 
26 Type of slab cross | Type of transverse | of slab, a t puted » mated 

A section joint 10-foot a thrust- | SSS | unit 
2 width ing | S°° | stress? 
3 slab force | tion 
& 

Lbs. 
Sq. per 

Pounds| Inches| Pounds| in. | sq. in. 
DN hO= (Oe eras es Dowel plate_-_-_-_- 18, 250 | 0.025 | 25,550] 875 +29 
Lay VD a ate 2 ee we el (Ea done sa eee 16,125 | .022 | 21,350} 774 +28 
3 | 9-6.3-9 (A. A. 8S. | Plane of weakness | 17,775 | .029} 27,100} 853 —32 

EOnys (no dowels). 
4 | 9-6.3-9 (para-| Plane of weakness | 18,000 | .031 | 28,800} 864 —33 

bolic). (doweled). 

1 The period covered is the same as that shown in fig. 10. 
a ee corre sign indicates tensile stress and a negative sign indicates 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 at the same time of 
day as those at the transverse joints, so that this 
graph shows the same relation as was brought out in 
figure 9, i.e., the maximum seasonal movements. In 
studying this graph it is well to bear in mind that the 
effective slab length 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 cracked through at the time of the measure- 
ments but joint C—4 affords a good example of a free 
joint for purposes of comparison. It will be observed 
that the movement of this joint is approximately twice 
as great as that measured at 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 slight closing occurs 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 described 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 extreme 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, however, that the slab is practically 
unwarped from this cause during the winter. 

CERTAIN TYPES OF TRANSVERSE JOINT OFFERED LITTLE OR NO 

RESTRAINT TO SLAB WARPING 

Assuming that as warping occurs, joints containing 
dowel bars in bond either widen or close at the top of the 
slab and that at the plane of the bars the joint width 
remains constant, it is found that the total temperature 
warping would cause an apparent daily change in width 
of the longitudinal joint of a 7-inch slab (with the 
bonded dowel bars at mid-depth) of 0.008 inch. Since 
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Figure 17.—APPARENT CHANGES IN WIDTH OF THE VARIOUS 
LONGITUDICAL JoINTS CauUsED By Daity CHANGES IN TEM- 
PERATURE OF THE PAVEMENT. A NEGATIVE VALUE INDI- 
CATES CLOSING OF 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 width of approxi- 
mately the same magnitude. 

The effect of the daily cycle of temperature changes 
is an apparent closing of the joint during the day and a 
corresponding opening during the night. The seasonal 
cycle of moisture variations should cause an apparent 
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 figures 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 variations 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 one, it is 
believed that these computations show quite definitely 
that a 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 joints 
containing bonded 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 increase in width with time. It is not known 
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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Fiaure 18.—ComPaARISON OF THE CYCLES OF TEMPERATURE 
WarpPina MovEMENTS AT THE TRANSVERSE AND FREE JOINT 
CoRNERS OF TYPICAL SLABS. 

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 vertical 
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 time at which the different 
slabs were of constant temperature throughout their 
depth and hence were in the unwarped condition. 
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 apparent 
in deflection data obtained at the corners. For this 
reason any indications of restraint in this figure 
probably represent approximately maximum conditions. 

Data for two doweled joints, a dummy joint, and 
a dowel plate are included in this figure. Data for 
the doweled joint with the dowels at 27-inch 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 deflection 
at the joint corner than at the free corner. This is 
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rather typical of much of the data obtained during 
these particular measurements. At times the free 
corner would show aslightly 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 transverse 
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 end of the slab. 

The joint types covered by figure 19 are the same 
as in the preceding figure, except that the dummy 
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 deflection data 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 to warping. Final 
judgment as to the efficiency of the various joints in 
permitting warping should be reserved until certain 
stress data to be presented later are examined. 

CERTAIN TYPES OF LONGITUDINAL JOINT OFFERED NOTICEABLE 

RESTRAINT TO SLAB WARPING 

In the case of the longitudinal joints 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 
a direct comparison of deflection data obtained at the 
joint with those obtained at the free edge of the slab. 
Fortunately, the more important types of longitudinal 
joint are represented in these four sections, as shown 
in the following summary: 

Slab thickness 
Types of longitudinal joint: Inches 

Corrugated plate with bars at 60-inch intervals_____-__ 6 
Butt joint (tarred felt) with bars at 24-inch intervals__ % 
Planelof weakness: (yNojparses == sao ee ee 8 
Plane of weakness with bars at 24-inch intervals______ 9 

Figure 20 shows the relative magnitudes of the 
vertical displacements measured at the free and 
longitudinal joint corners of each of these four sections 
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Frere ENp or UNIFORM-THICKNESS SECTIONS. 

over a full daily cycle. The method of measurement 
was the same as that described in connection with the 
discussion of transverse joint action. 

These curves indicate that the weakened-plane type 
of joint, which provides a 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 appear to offer noticeable 
resistance to warping action. 

Restraint to warping in joints that are crossed by 
bonded steel results from a resisting moment which 
develops between the tension of the bonded steel bars 
and the compression in the abutting surfaces of con- 
crete 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 which 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 the 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 and effects a 
corresponding reduction in the restraint. Restraint to 
upward warping would not be relieved by such a groove, 
however. Joints that contain little or no reduction in 
section provide a greater moment arm and, with other 
conditions the same, will develop more restraint to 
warping. — 

Curves showing the change in slope and the extent of 
the warping that occurred across the free end of each 
of the constant-thickness slabs during some particular 
day are shown in figure 21. The data were obtained 
with the clinometer in the manner previously described. 
The evidences of restraint shown by these data are in 
accord with what was shown by figure 20. 

Additional information on the relative restraint to 
warping of the various transverse joints was obtained 
as a result of stress determinations based on strain 
measurements made at 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 
gages 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 obtained in this manner for typical 
cases of warping for certain of the transverse joints are 
given in table 4 and for the longitudinal joints in table 5. 
A comparison between the stresses found at correspond- 
ing points near the joint edge and free edge of a slab 
panel, for a given temperature condition, brings out 
the effect of the joint on the stresses caused by warping. 
For example, the stresses at a point 18 inches from the 
joint edge should be compared with those found at the 
same distance from the free edge. 

TasBLE 4.—Warping stresses caused by the various transverse joints 

Longitudinal Transverse 
stress 1 stress ! 

Au 
3 £ pel || hel |) ehey || 
A é csles|s [sels 

pole 3 aes ° nna | Ba!|A2d| nA] no 
oe 3 S be S$3|85/a29| 83] So 
Be n ‘oD pred OH aie base hese ie Sia | ores 
rs + A 8 Bane | ees a SS 
3 Oo mb a fos] las} fas) 

QA al ca io) oe | Se 1S of | o 

Lbs. | Lbs. | Lbs. | Lbs. | Lbs 
per | per | per | per | per 

Inches $q.in.| sg. in. | sg.in. | sq.in.| sq. in 
uly 19 ae Taleoweled ses 2.— +5 | +32] 0 f___--- OBE tos 
WU 26 222 5— | eee Coss Leal 18 | +20 m=) | eer 
June 28-2 5 4 | Plane of weak- ne 18 | —68 | —25 | —35 | —12| +59 

ness. i? 
Wune/20 == y i ee es d0zeaee rE 18 | —93 | —35 | —30 | —14 +22 
Ae U ee Saleeaee dos arse: ff None | +69 | +80] —10| —5| —65 
ulygase. S22. aha ee dof=== 4. te) +97 |+100 |} +15 | +42 —43 
Sept 20.222. 2 | Dowel plate-.._-| Continuous | —25 | —22 | +32} +56 | +30 
Sopris eeeeas |e doweeee 0 3) 75) |) 25) || aval) aii 
Hept Oss see. Ape Orack@se. eee) None |—140 |—140 | —25 |___-__|_____- 

1 A positive sign indicates tensile stress and a negative sign compressive stress in 
the upper surface of the slab. 

TaBLE 5.—Warping stresses caused by the various longitudinal 
joints 

Transverse stress 1 

a ih Test = 
ate teste sec- a owel 18 
(1934) tion Type of joint spacing preheat ches inches 

no. from 
from from free 
joint joint edge 

Lbs. per| Lbs. per| Lbs. per 
Inches | sq. in. | sq. in. | sq. in. 

60 —53 —23 +40 
60 —15 —10 +68 
60 —6 —57 —40 
60 —38 —60 —18 
24 +6 +28 +48 
24 —20 +8 +38 
48 —68 —80 —18 
48 —59 —90 —27 
60 —41 —65 +2 
60 —7 —42 +55 

None —20 —25 —15 
US Yol (ae cee ie | See GGT SER Seth eee None —17 —32 +10 

1A positive sign indicates tensile stress and a negative sign compressive stress in 
the upper surface of the slab. 

2 Thickened-edge slab. 

DATA SHOW THAT JOINTS SHOULD OFFER A MINIMUM OF 
RESTRAINT TO WARPING 

Since the deformations were all measured in the up- 
per surface of the pavement for a condition in which 
the edges of the slab were warping downward, restraint 
to warping would be expected to cause an increase in 

18 For a discussion of the formulas and methods of computing these stresses the 
reader is referred to the second report of this series published in PUBLIC RoapDs, vol. 
16, no. 9, November 1935. 
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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 a slab has thickened edges should not 
affect the stress comparisons so far as the transverse 
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 
a 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 stresses themselves are small and the effect 
at the thickened edge does not appear to be important. 
In the case of the longitudinal stresses, however, the 
effect is more important and these data have been 
omitted from table 5 for this reason. It is indicated 
by both the deflection and stress data that none of the 
longitudinal joints causes any serious restraint to warp- 
ing in the direction parallel to the joint. 

It will be noted that the stress 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 
a considerable 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 fact that the tests on the 
weakened-plane joints were made during the summer, 
when the joints were closed, a condition 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 
as a joint and, as shown by the data in table 4, appeared 
to 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 a 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. 

For warping to take place it is necessary to displace 
the two slabs abutting the crack longitudinally a slight 
amount. Except for some frictional 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 
small because the slab length was only 10 feet. In 
longer slabs, forces of considerable magnitude might 
easily be created at times when the concrete was in an 
expanded 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 restraint 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 resistant to bending 
to offer serious restraint to warping. The data 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 cause to be developed at 
times when warping of the slab occurs. It is indicated 
that a fundamental structural requirement in joint 
designs should be that the resistance to bending in 
both directions, but particularly in a plane perpendicu- 
lar to the direction of the joint, be a minimum in order 
that the stresses caused by warping restraint will be as 
small as possible. 

STUDY MADE OF THE RELATIVE ABILITY OF VARIOUS JOINTS TO 

STRENGTHEN THE JOINT EDGE OF THE SLAB 

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 a 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 corresponding edge or 
corner under the same load but lacking the support of 
a connecting joint. For example, in figure 22, which 
shows the deflections of the outside edge of the test 
section, a load applied on one side of the transverse 
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 circles. 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 A;—A, for a load at C; while the circles show the 
deflections at 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 
ee eae is applied, certain assumptions have been 
made: 
_ 1. If the joint design has a maximum of effectiveness 
in performing this function, 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. If 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 
opposite side of the joint. 

The first and second assumptions serve as the basis 
for the first method of estimating joint effectiveness 
from the deflection data. The method will be described 
in a succeeding paragraph. 

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

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

4. If the joint design is completely ineffective, a 
given load will cause the same deflection when applied 
at the joint edge and at a corresponding point 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 is believed that all of the assumptions are correct 
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 
indicated by these tests that this condition rarely pre- 
vails and that the extreme edges of the slab are in 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 described 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 isnot linear. <A typical example 
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 succeeding increment causes a somewhat 
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 joints are 
effective in reducing the deflection of the loaded joint 
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 noted previously, the first method makes 
use of the first and second assumptions, while the second 
method makes 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. 

Figure 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 constructions in reducing the deflections caused 
by loads applied at the joint corners. For a load at 
point E; the shape of the deflected slab is shown 
between points E; and A;, while for a load at point C, 
the shape is shown between points A; and Ag. 

Figure 23 shows the extent of the deflections along 
the centerline of a 10- by 20-foot panel caused by loads 
applied either at point I; or G3 and indicates the effect 
of the various transverse joints on the deflection caused 
by a load acting at a 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 
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Figure 23.—ComParRIson oF DrerLEcTIONS ALONG LONGITUDINAL CENTERLINE OF TEST PANELS FOR LOADS Puacep at MipPoint 
or Free END AND AT CORRESPONDING PoINT AT TRANSVERSE JOINT. 
% INcH IN DIAMETER AND 36 INcHES LONG. 

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

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 data 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 one side 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 Fy 
and indicates the effectiveness of the various longi- 
tudinal joints in reducing the deflections caused by 
loads applied at the joint corners of the slab. The 
shape of the slab is shown along the line E;—F; for a 
load applied at E, and, similarly, with a load at F;, the 
deflections between the points E; and I, are shown. 

AutL Dowets UsEep IN TRANSVERSE JoINTS WERE 

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 transverse 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 deflections are 
shown between points A; and Hy. 

In the case of the thickened-edge slabs it is not possi-. 
ble to compare directly the deflections at the free and 
the longitudinal joint edges of the slabs. For this reason 
the comparisons in figures 24 and 25 are restricted 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 to which 
load is transmitted 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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¥% Incu In DiameEtTeEeR Usep 1n Joints C-3, C-5, C-6, anp C-10. Ati Dowets 1n Bonn. 
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NO. 3 RECTANGULAR TONGUE, I/2-INCH DIAM. DOWELS 60INS.C-C. 
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Figure 25.—CoMPARISON OF DEFLECTIONS ALONG TRANSVERSE CENTERLINE OF TEst PANELS FOR LOADS PLAcED AT Mippoint 
oF FrEE EDGE AND AT THE CORRESPONDING Point at LONGITUDINAL JOINT. 
C-1, C-2, C-8, ann 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 a looseness of the 
dowels in the concrete, or from a combination of the 
two. 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 quadrants of 
two of the sections at a joint corner (point C) and at 
several points directly over dowel bars at some distance 
from the corners (near point G). 

For the purpose of these comparisons it is assumed 
that, for a load applied on one side of a 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 a 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. From the corresponding 

Dowe ts % IncH In D1aMETER USED IN Joints C-3, C—5,'C-—6, anp C-10. 
Dowerts % INcH IN DiaAMETER USED IN JOINTS 

Aut Dowets InN Bonn. 

deflection increments ‘“k’’ and “‘p’’, the mean slope 

ratio, a was calculated 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: 

Figure 29 contains data obtained in similar tests 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 G). These are average 
curves from tests made at several points on the same 



September 1936 PORE, ROADS 169 

.060 ae + 

.040 

.020 

TOTAL DEFLECTION AT CORNER ~ INCHES 

0 oe 
(0) mS) 6 9 

LOAD - THOUSANDS OF POUNDS 

Figure 26.—TypicaL Loap-DrruncTion RELATION FOR A 
Loap AcTING AT A FREE CoRNER. 

T] fone oe 
Oo 

ve ahaa 
TONE HALF FREE EDGE 

1 DEFLECTION (£) 

ra eae EDGE 

x-DEFLECTION CURVES OF JOINT EDGES 

O-DEFLECTION CURVE OF FREE EDGE 

I = ay 

ADJACENT EDGE 

MEAN DEFLECTION 
a+b JOINT EDGES (. 3 ) 

1ST.METHOD: (@) COMPARED To (424) 

2ND METHOD: (c -b) compared To (©) 

Figure 27.—Metuops or Estimating THE EFFECTIVENESS OF 
JoINTs FOR REDUCING SLAB DEFLECTION ON THE BASIS OF 
Loap-DEFLECTION Data. 

slab and are plotted in the same 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 a doweled joint at all points a stiffer 
transfer medium is required at points that are away 
from the slab corner than is required in the immediate 
vicinity of the corner. Also a stiffer medium is required 
for thick slabs than for thin slabs. 

It 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 apparent detrimental 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 construction 
considerable care was taken to place the concrete 
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 are 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 these 
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 EDGE 

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 joints. 

In columns 5 and 8 of these tables a comparison is 
made between the sum of the maximum deflections 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 Load Transmission across Joints in Concrete Pavements, by Searcy B. 
Slack, Engineering News-Record, vol. 107, no. 2, July 9, 1931, p. 53. 

17 Tests of Aggregate Interlock at Joints and Cracks, by A. C. Benkelman, Engi- 
neering News-Record, vol. 111, no. 8, Aug. 24, 1933, pp. 227-282. 
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involved in the computation of the values shown in 
columns 5 and 8 is expressed. as a percentage of the free 
edge deflection by the formula 

(a+b)—c 

Cc 

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 are computed by the formula 

(a6) 
Q 

Columns 7 and 10 give similar comparative values 
developed by the second method, the reduction in 
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 

Gap 

(5) 
TasLe 6.—Various relations between the deflections caused by 

loads placed at the free and the transverse joint edges of slabs 
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1 A negative sign indicates that the sum of the deflections of the two edges abutting 
the joint under test is smaller than the deflection of the corresponding point at the 
free edge of the slab. 

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 it does not. 

Harlier in the discussion it was shown that the load- 
deflection relation at a slab corner is not 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 gradually 
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TaBLEe 7.—Various relations between the deflections caused by 
loads placed at the free and longitudinal joint edges of the slabs 
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1 All dowels across longitudinal joint were fully bonded. 
3 A negative sign indicates that the sum of the deflections of the two edges abutting 

the joint under test is smaller than the deflection of the corresponding point at the 
free edge of the slab. 

decrease as the magnitude of the deflection increases. 
It is thought that this is the reason that the combined 
deflections at a transverse joint corner nearly always 
exceed the corresponding deflection at a free corner. 
The free corner, on account of its relatively greater 
deflection, is able to offer more resistance to deflection. 
The values given in 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. 
When the loads are applied at the slab edges at some 

distance from a corner, the deflections are all small, 
relatively. The effect of varying subgrade support is 
therefore much less. 

It 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. For 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 obtained by the 
two methods of comparison is quite irregular. The 
most probable cause for this irregularity has 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 deflection 
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 DEFLECTION 

From table 6 it appears that the transverse joints 
that depend upon round dowels for their connection 
are not as effective in reducing maximum deflections 
as 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 respect to this relation. Why this should be is not 
known, although the fact that this particular trans- 
verse joint was installed in the section having the 
lip-curb cross section may have been at least partly 
responsible. The two halves of this section (longi- 
tudinally) were different, so that there was opportunity 
for 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 
loading conditions were always present in the tests 
on this section. 

So far as the values computed from the deflection 
data 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. 
Neither 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 transverse plane-of-weakness or 
dummy joints were made in November when the slabs 
were contracted and the joints were opened slightly. 
The comparative values for the weakened-plane joints 
containing dowels (particularly those computed by 
the first method) indicate a very effective construction 
so far as ability to reduce 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 this thickness seems to 
be noticeably greater than when used with a three- 
fourths-inch joint opening. 

Table 7 contains similar comparative values for the 
longitudinal joints computed by both methods wherever 
possible. One is struck immediately by the generally 
higher order of values in this table when compared to 
those given in the preceding table for the transverse 
joints. his is a direct reflection of the better struc- 
tural connection obtained in the longitudinal joints 
where little 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 that generally 
shown in table 6 for the transverse joints. 

As stated earlier, it was possible to make compari- 
sons between the deflections of free and longitudinal 
joint edges of slabs only for sections of constant thick- 
ness and even then only two of the four constant- 
thickness sections (sections 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 
a 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 
produce the relation indicated by the values in table 7 
The magnitude of the moment that it is possible to 
develop will depend upon the effective depth of the 
slab at 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 at the 
longitudinal joint exceeds that at a corresponding point 
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-of-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 constant-thickness sec- 
tions under a given load. The greatest deflection 
occurs at a completely free or unattached corner. 
Some reduction in deflection is brought about when the 
corner is attached on one side by a transverse joint. 
A still greater reduction is effected when 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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