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Load-transfer systems are desirable in transverse joints of con­
crete pavements to control edge stresses, to reduce slab deflec­
tions under load, and to maintain surface alinement of the two 
slab ends. 

Many forms of testing techniques have been devised to judge 
the performance of load-transfer systems. In most cases the 
tests have been performed in the laboratory and, as usually made, 
provide data on the shear resistance of the load-transfer unit un­
der a single or, at most, a few static loads. Such tests, however, 
are rather limited in scope. 

In order to develop information on the structural action of 
load-transfer systems under repetitive loading, the Bureau of 
Public Roads devised a laboratory procedure quite different from 
the shear test. The principle of the test is very simple. The 
specimen, a concrete slab divided transversely at mldlength by 
the joint under test, is supported in a machine that applies a 
known load alternately on either side of the joint for any desired 
number of cycles. The design of the machine and the dimensions 
of the specimen made i t possible to study, under forces and mo­
tions which simulate closely those of actual service, the effects 
of several variables influencing the structural performance of 
dowel bars. 

An analysis of the data developed in the tests revealed that a 
definite exponential relation exists between dowel diameter and 
load-transfer capacity, other conditions being constant. 

A relation was also evident between slab depth and the dowel 
diameter required to transfer a given percentage of the applied 
load. This relation indicated that, for minimum dowel size, the 
diameter in eighths of an inch should approximately equal the slab 
depth in inches. 

For %-in . diameter dowels, an embedded length of 8-dowel 
diameters is required for maximum load transfer. Larger dowels, 
such as the 1-in. and 1%-ia. diameters now in common use, re­
quire for full-load transfer a length of embedment of about six 
diameters, both initially and after many hundreds of thousands 
of cycles of repetitive loading. 

For a given load-transfer system, the tests indicated that 
much better structural performance could be e jected in a con­
traction joint than in an expansion joint. 

# THE USE of smooth, round steel bars for the purpose of transferring load across 
transverse joints in concrete pavements seems to have been f i r s t reported in connec­
tion with a pavement built in the winter of 1917-18 between two army camps near 
Newport News, Va. In this installation four %-in . diameter bars were used in the 20-
f t pavement width. 

In the years that followed World War I , the use of steel dowels, as they came to be 
called, spread quite rapidly. During this period, the detailed requirements as to 
diameter, length, and spacing varied widely. For a joint across the f u l l width of the 
pavement, one state in 1926 required two y 2 - i n . diameter bars 4 f t long; another, four 
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%- in . diameter bars 4 f t long; and stil l another, eight %- in . diameter bars 2 f t long. 
Long bars of small diameter spaced about 30 in. apart were the general rule. By 1930 
nearly half of the states required the use of dowels in transverse joints. 

In 1928 Westergaard (1) published the f i r s t analysis of dowel reactions. It was 
based on certain assumed ideal conditions including equal deflection on both sides of 
the joint. He concluded that dowels 2 f t apart would bring about a material reduction 
in critical stress in the concrete of the pavement, but at a spacing of 3 f t they would 
not. No study of dowel length was made. 

When the designs for the pavement sections used in the Arlington tests (2) were 
being developed in 1929, i t was decided to include a study of doweled joints; dowel 
spacings of 18, 27, or 36 in. were selected for the various transverse joints. The 
dowels were % in. in diameter and 3 f t long in all cases. These dimensions and spac­
ings were representative of state practices at that time. 

As a result of the load tests on the doweled joints in the Arlington investigation, i t 
was concluded that none of the dowel systems tested was particularly effective in con-
t r o l l i i ^ critical edge stress and that dowels would have to be stiff er and much more 
closely spaced to be effective structurally. 

The Bureau's researches into the structural action of concrete pavements stimu­
lated a considerable amount of interest in the subject on the part of others. One re­
sult was an increased effort to develop a better understanding of the structural action 
of doweled joints and to rationalize their design. 

In 1932, Bradbury (3) attempted to determine analytically the required diameter, 
length, and spacing of dowels. His studies indicated the need for larger diameter 
dowels at close spacii^; and, through the application of the Timoshenko equations for 
the bending of bars on elastic foimdations, he developed a formula for estimating the 
required length of dowels. In 1938, Friberg (4) analyzed the dowel reactions by means 
of the same equations and reported an experimental study of the support afforded 
dowels by the surroundii^ concrete. Friberg also emphasized the advantages to be 
gained from increasii^ dowel diameter and decreasing dowel spacing. He concluded 
that the length of dowels could be materially reduced below the 24 in. then in common 
use. 

Westergaard U), in his analytical studies of dowel reactions, had concluded that 
the major part of the load transfer which takes place when a wheel load approaches a 
transverse joint is accomplished by the 2 or, at most, 4 dowels nearest the wheel load. 
In 1940, Kushing and Fremont (5) published a theoretical analysis of the distribution of 
reactions among the several imits of a doweling system, assuming elastic deflection of 
the dowels. As would be ejected, this analysis indicated a wider distribution of reac­
tions than was indicated by Westergaard's earlier study in which the dowels were as­
sumed to be infinitely stiff. In discussing the Kushing and Fremont paper, Sutherland 
presented data from load tests on certain large slabs in the Arlington investigation. 
These data indicated, for the conditions of the tests with %- in . diameter dowels at 18-
in. spacing, the relative deflection of the two abutting slabs was largely controlled by 
the four units immediately adjacent to the load. 

This brief review of research activity prior to about 1940 shows much progress in 
the effort to rationalize the structural design of doweled joints. The increased use and 
the cost of load-transfer systems made the problem of proper design an important one. 
The researches indicated the need for strong imits closely spaced. It was also indi­
cated that the long dowel bars used earlier were not necessary, and there was some 
optimum length for maximum effectiveness. The inherent structural deficiencies of 
the round steel dowel bar as a load-transfer mechanism had long been recognized and 
many alternate designs, frequently proprietary, were offered during this period. 
Some of these designs were simple structural shapes of greater stiffness; others were 
quite elaborate. 

EARLY TEST PROCEDURES INADEQUATE 
State highway departments and other agencies responsible for the selection or ap­

proval of competitive des^ns sought comparative data on which to base decisions. 
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The need for test procedures to develop such data became pressing, and many forms 
of testing techniques were devised to meet the need. In nearly all cases the tests were 
performed in the laboratory by applying a load to a relatively small specimen in such 
a way as to develop a shearing force, usually on one but sometimes on two or more 
dowels or other types of load-transfer units embedded in concrete. The load-deflec­
tion data obtained in the tests were used in various ways for judging the relative abili­
ties of dowels and other devices in transferring load across joint openings. A typical 
test procedure of this type, as performed in Illinois, is described in the report of that 
state's investigation of joint performance (6). 

Finney and Fremont (7) used a modification of this test procedure to study the effect 
on dowel deflection of the variables of dowel diameter, dowel length, and width of joint 
opening. 

The laboratory shear test, as usually made, develops data on the relative shear re­
sistance of load-transfer units under a single or, at most, a few essentially static 
loads. It does not, however, provide other information of equal or greater significance. 

If there is any play or looseness of the dowel in its socket or, in the case of some 
proprietary load-transfer imits, play within the unit itself, this looseness wil l not be 
revealed in the shear test even though i t would have an important bearing on the struc­
tural effectiveness of the unit when the load is reversed as i t is in service. 

Furthermore a dowel or other load-transfer unit in the pavement is placed in action 
every time an axle load crosses the transverse joint—thousands, even millions of times. 
Each time this happens there is a complete stress reversal in the load-transfer mech­
anism as the load passes f rom one abutting slab to the other. It is well recognized 
that performance imder a single loadii^ is no measure of performance under repeated 
loadii^, yet as late as 1947 there existed no published data on the effects of repetitive 
loading and stress reversal on the structural action of dowels or other load-transfer 
units. 

These considerations led the Bureau of Public Roads in 1947 to devise a test pro­
cedure of quite a different type, one which would provide information on the structural 
action of load-transfer units under repetitive loading. It was desired particularly to 
determine (a) the initial efficiency of such vmits in transferring load; (b) the degree to 
which this efficiency might be expected to be retained as the load cycle is repeated 
many thousands of times; and (c) the effect on load-transfer efficiency of such major 
design variables as dowel diameter, dowel length, and width of joint opening. 

It is the purpose of this report to describe the test and to discuss the information 
that i t has so far provided. 

TESTING MACHINE AND SPECIMEN DESCRIBED 
The principle of the test is very simple. The specimen, a concrete slab divided 

transversely at midlength by the joint under test, is supported in a machine that ap­
plies a known load alternately on either side of the joint for any desired number of cy­
cles. 

By means of strain and deflection measurements, made periodically, data are ob­
tained which show the initial effectiveness of the load-transfer system and the deteri­
oration in effectiveness which develops f rom repetitive application of the test load. 

Testing Machine 

The machine, shown in Figure 1, consists essentially of a concrete base which pro­
vides support for the specimen, a structural steel frame which furnishes a reaction 
for a pair of loadii^ levers that apply the load through 10-in. diameter loading pads 
alternately on either side of the joint under test, dead weights at the ends of the load­
ing levers to create the desired load, and an electrically driven cam and l i f t - rod 
mechanism which alternately raises and lowers the loacUng levers. The machine re­
quires very little attention- and can operate continuously. 

The specimen, a concrete slab 10 f t long and 4 f t wide, is supported at its ends by 
fixed bearings on short pedestals that are a part of the machine base. On either side 
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Figure 1 . Testing machine ( A , reinforced concrete base; B, test specimen; C, structur­
a l steel frame; D, loading lever; E, loading pad; F, adjustable load of lead, weights; 
G, cam and l i f t - r o d mechanism; H, specimen support beam; I , micrometer dials; J , SR-h 

strain gages; and K, oscillograph recording equipment). 

of the test joint each half-slab bears on a steel support beam. The deflection of the 
beam simulates the yielding of the subgrade when a load is applied to a pavement slab. 
As the load is applied on one side of the test joint by the lowering of one loading lever, 
the load is automatically removed from the opposite side of the joint by the lifting of 
the other loading lever. As this action takes place, the support beam under the loaded 
side deflects from the load while the support beam under the unloaded side is deflected 
solely by the shearing forces in the doweling system just as in the case of a pavement 
on the subgrade. 

Two span lengths were provided for the support beams, the relation between them 
being such that use of the greater span length would result in deflections twice as great 
as would be obtained with the lesser span length, other test conditions remaining un­
changed. 

The dimensions of the machine are such that the deflections and the angular motion 
at the joint can be made to simulate closely the movements that have been measured 
in the load testing of full-size pavement slabs on a weak subgrade. By adjusting the 
length of bearing between the specimen and the support beam directly under the load, 
the degree of transverse curvature of the specimen and hence the stress in the con­
crete along the joint edge can be controlled. For the tests reported, a bearing pad 
having a length of 15 in. was used. With a constant load value this gives a flexural 
stress in the concrete along the joint edge which varies with the depth of slab being 
tested. 

The machine is designed to apply loads rather slowly so as to avoid shock, the fre­
quency being taut 10 cycles per minute. At this rate about one week is required to ob­
tain 100, 000 complete cycles of load application and stress reversal. After the first 
machine was placed in operation it became apparent that even a limited program would 
extend over an excessively long period of time and since the test appeared to be pro­
mising three additional machines were built. Two of the four have a load capacity of 
10, 000 lb; the other two have a capacity of 15,000 lb. Any desired test load, up to the 
capacity of the machine, may be obtained by changing the number of lead weights on 
the platforms at the end of the loading levers. 

The loading system is calibrated by placing a load-measuring device between the 
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pad on the loading lever and the corresponding support beam before the specimen is 
placed in the machine. The load-strain rate of each support beam is then developed 
f r o m loads applied by the calibrated loading system and f r o m strains as measured in 
the lower flanges of the beams. These rates provide a means of determining the 
amount of load being transferred f o r any given applied load. Since the unit of strain 
measurement is equivalent to a load increment of about 30 lb and since periodic c a l i ­
brations showed negligible changes, i t was concluded that determinations of the amount 
of load transferred were accurate within 60 lb . 

In Figure 1, a pair of tubular columns supported in steel sleeves in the base and 
extending upward above the machine f rame may be seen. They support a cross mem­
ber or bridge which serves as a datum f o r deflection measurements. These measure­
ments were made with micrometer dials reading directly to thousandths of an inch 
f r o m which i t was practicable to estimate ten-thousandths. 

Test Specimen 

As stated previously, the test specimen is a concrete slab 4 f t wide by 10 f t l o i ^ 
divided transversely at midlength by the joint in which the load-transfer system is i n ­
stalled. So fa r , the slabs have been either 6, 8, or 10 in . i n depth. 

Since the quality of the concrete has not been a variable in the test program b e i i ^ 
reported, every ef for t has been made to have the strength and other properties of the 
concrete uniform in the specimens that have been tested. The same aggregates, 
grading, and proportions were used throughout. The concrete was mixed under care­
f u l control in the laboratories of the Bureau. The following summary shows average 
strengths and other properties of the concrete as determined by standard tests at the 
age of 28 days: compressive strength 5,610 psi , standard deviation 280 psi, f l exura l 
strength 770 psi, standard deviation 35 psi; and modulus of elasticity (sonic) 7,120,000 
psi . 

I t was par t icular ly important that the slab specimens be precision cast and sd handled 
that the joint installation could not be damaged before the test started. To accomplish 
this a concrete casting base was built . In the surface of this base were steel plate i n ­
serts to create smooth, plane, parallel surfaces on the lower surface of the specimen 
f o r the points of bearing in the testing machine. On this base the side f o r m f o r the 
specimen was placed. This was a rectangular f rame of structural steel channel of the 
required depth, across the center of which was fastened the steel plate parti t ion that 
created the joint opening and held the load-transfer units in position and alinement. 
The concrete was consolidated by vibration. Af te r the surface had been finished the 
specimen was covered with burlap, kept wet f o r 7 days, and then allowed to dry in the 
air of the laboratory. In general, the specimen was more than 28 days old before 
being subjected to load. 

The dowels of the load-transfer systems were made f r o m conventional hot-rolled, 
carbon steel bar stock. Tests of the material showed i t to have average mechanical 
properties, as fol lows: 

Tensile strength (psi) 66,533 
Yield point (psi) 44,327 
Percent elongation (2-in. gage length) 40. 5 
Modulus of elasticity (psi) 30,094,000 

A l l dowels were so installed that their f i n a l position did not vary f r o m true aline­
ment by more than Via in . per foot of length. Just p r io r to concreting, the f ree or 
sliding half of each dowel was coated with heavy o i l to prevent bonding of the concrete. 

Care Exercised in Handling Specimen 

Following the completion of the curing, the specimen was moved f r o m the casting 
base to the testing machine in the channel f r ame . To hold the slab securely in the 
f rame during this operation, short steel dowels were cast in the concrete around the 
perimeter of the specimen. These extended through close-fi t t ing holes d r i l l ed i n the 
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web of the channel and supported the weight of the specimen in the frame when the lat­
ter was lifted. Figure 2 shows these details as one looks down into the casting form. 
Figure 3 shows a partially filled form before the vibrating of the concrete had been 

Figure 2. Looking down on the mold i n which the specimens were c a s t . 

r . i . 

I 

F i g u r e 3. Appearance of concrete during f a b r i c a t i o n of a specimen; f l u i d i t y was ob­
t a i n e d w i t h i n t e r n a l v i b r a t o r s . 
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started, and is included to give an idea of the character of the concrete mixture. Fig­
ure 4 shows a specimen in the frame being lowered into position in the testing machine. 
Once the specimen was properly placed, the form was disassembled and removed to­
gether with the steel partition used to create the joint opening. By this procedure all 
of the specimens were successfully handled and placed in the testing machines without 
damage to the joint system. 

As stated earlier, the test was designed so as to make it possible to subject the 
load-transfer units under test to forces and motions that would simulate closely those 
which would be encountered in service. These requirements determined the general 
size of the specimens and the machine for testing them. 

The earlier tests of full-size slabs at Arlington, Va. (2), had supplied data on the 
load-deflection relation of doweled joints in pavement slabs of several thicknesses. 
Data were obtained also on the angular motion that occurs when a slab end is deflected 
by load. This information was used to determine the dimensions of the support beams 
and, in turn, the length of the test specimen. Because of the indications of various 
analyses of dowel reactions and of the experiments referred to by Sutherland (5), it 
was decided to make the concrete specimen wide enough to permit the installation of 
four load-transfer units 12 in. apart. This led to the selection of the 48-in. width 
mentioned earlier. Since the experiments were expected to include load-transfer units 
of various sizes and strengths, the design of the machines provided for a range of 
loads and specimen depths. Vary few concrete highway pavements have been built with 
thicknesses of less than 6 in. or more than 10 in. For this reason, slab depths of 6, 
8, or 10 in. were selected for study as stated previously. 

From this description it is apparent that the test lends itself to studies of the struc­
tural behavior of load-transfer systems under conditions that approach those of actual 
service and provides a means for obtaining new and useful information on the effects 
of repetitive loading. 

F i g u r e k. Lowering a cured specimen i n t o the t e s t i n g machine i n the channel frame i n 
which i t was c a s t ; the loading l e v e r s ha,ve been removed f o r t h i s operation. 
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Impact conditions of load application have been purposely avoided: f i r s t , because a 
joint that causes appreciable impact is usually either a poorly constructed or a fa i led 
joint and, second, because impact is a complicated phenomenon d i f f icu l t to control and 
to evaluate. 

With the machine described i t is possible to study any one of a number of variables 
that influence the structural performance of load-transfer systems. The work that has 
been done thus f a r has been largely confined to studies of the effects of the three v a r i ­
ables of dowel diameter, dowel length, and width of joint opening. Certain collateral 
studies that were made f o r various reasons are described later. 

TEST PROCEDURE BASED UPON PRELIMINARY STUDIES 

Af te r the completion of the f i r s t machine, i t was necessary to make a number of 
prel iminary studies to determine what the details of the test procedure should be to 
yield the most pertinent information in the least t ime. Some of the questions that 
needed to be answered were as fol lows: 

1. How many cycles of loading would be required to produce significant compari­
sons and what additional information would be obtained by continuing the test beyond 
this point? 

2. What strain and deflection data should be obtained and at what intervals should 
each measurement be made? 

3. With two joint deflection values available, as the result of providing two span 
lengths f o r the support beams, what would be the relative effect of each on the test 
results? 

The determination of the number of cycles of loading needed to develop significant 
data is an important matter. An ef for t was made to ascertain f r o m t ra f f i c survey data 
how many wheel loads of approximately 10,000 lb might be applied at a given point on 
a transverse joint of a pavement on a heavily traveled route in the course of a year. 
I t was foimd, however, that data on the transverse placement of wheel loads of this 
magnitude were not available, and the e f for t to relate the test duration to periods of 
pavement service was abandoned, at least f o r the early program. I t was then decided 
to study the structural behavior of a few specimens under repeated loading; and, on 
the basis of these observations, make a decision on the question of test duration and 
others related to the test procedure. 

As an important part of the pre l iminary studies, a representative specimen was 
subjected to a test in which a 10,000-lb load was applied alternately on either side of 
the joint 2 mi l l ion times. 

The specimen in this case was a slab 6 in . i n depth; the joint opening was in . ; 
the four dowels were y4-in. diameter; and the length of their embedment in the con­
crete on either side of the joint opening was 8-dowel diameters. The lesser span 
length of the support beams was used which resulted in a midspan deflection rate of 
0.01 i n . per 1,000 lb of applied load, assuming no load transfer across the joint . 

The purpose of the test was p r imar i l y to develop general information required f o r 
the detailed p lanni i^ of the testing procedure and the test program. As the loading 
cycle was repeated on this specimen, the program was interrupted at frequent inter­
vals in order that measurements might be made of strains in the lower f l a i^es of the 
support beams and deflections of the slab surfaces on either side of the joint opening. 
These measurements were made under a sequence of statically applied loads, the mag­
nitude of which was varied f r o m 2,000 to 10,000 lb by 1,000-lb increments. 

F rom the differences in strain and the differences in deflection measured on the 
loaded and unloaded sides of the joint openii^, values of relative strain and relative 
deflection were obtained. These terms appear frequently in the remainder of the r e ­
port. 

In this report, unless otherwise noted, a l l data pertaining to relative strains and 
relative deflections are based on the average of two sets of measurements, one set 
taken with the static test loads applied to one joint edge and the other taken wi th the 
same loads applied to the adjacent joint edge. 
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The data obtained in the testing of the 
specimen are shown in various ways in 
Figures 5-9, inclusive. These figures 
i l lustrate certain characteristics of be­
havior which were found to be common in 
a l l of the subsequent tests. 

The relation between the statically ap­
plied loads and the corresponding relative 
deflections of the two slab surfaces, as 
determined after various numbers of load­
ing cycles, i s shown in Figure 5. Values 
of relative deflection were obtained f r o m 
measurements made with micrometer 
dials directly above one of the dowels 
nearest the applied load. 

From these data i t is apparent that 
successive increments of load caused 
progressively smaller increments of r e l ­
ative deflection unti l the applied load was 
approximately 5,000 lb . From 5,000 to 
10,000 lb the load-deflection relation is 
linear. This indicates that during the ap­

plication of the f i r s t 5,000 lb of load the dowels were in a state of adjustment in which 
existing play or looseness was being taken up, and a condition of f u l l bearing was being 
established. Once this condition had been attained the relation between increments of 
load and increments of relative deflection became constant. Thus, through the inter­
cept values of the individual slopes on the Y-axis, the graph offers a means f o r esti­
mating the amount of dowel looseness or play that was present at the beginning of the 
test, as well as the amount that resulted f r o m repetitive loading. 

NUI IIBER OF-
D CYCLES 
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6-INCH SLAB 
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DOWELS 
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STATIC TEST LOAD - THOUSANDS OF POUNDS 

Figure 5- Relation between applied load 
and relative deflection, after various 

numbers of load cycles. 

Causes of Dowel Looseness 

The term dowel looseness as used in this report includes a l l conditions that tend to 
prevent the dowel f r o m o f f e r i i ^ f u l l resistance to load. Conditions which may cont r i ­
bute to dowel looseness are coatings applied to prevent bond, water or a i r voids in the 
concrete, part icularly under the dowel, shrinkage of the concrete during hardenir^, 
and wear of the dowel socket f r o m repeated loading. The magnitude of the in i t i a l dowel 
looseness indicated in Figure 5 is 0.0035 in . 

The high-bearing pressures between the dowel and the concrete, part icularly in the 
region above and below the dowel near the face of the joint, tend to break down or wear 
the concrete during repetitive loading and thus increase whatever looseness may have 
existed in i t i a l ly . The data in Figure 5 indicate that in this test the 2 mi l l ion cycles of 
load repetition and stress reversal caused the in i t i a l looseness to be increased by an 
additional 0.003 in . 

The manner in which this looseness 
increased as the number of load repeti­
tions increased, although evident i n F i g ­
ure 5, is shown in more detail in Figure 
6. In the latter f igure the increase in 
dowel looseness resulting f r o m the r e ­
peated application of the 10,000-lb load is 
traced throughout the 2 mi l l ion cycles of 
load application. The individual values 
were determined by the intercepts on the 
Y-axis of such curves as are shown in 
Figure 5. It is interesting to note in F i g ­
ure 6 that the increase in looseness, de­
veloped during the f i r s t 40,000 cycles. 

4 
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12 16 20 
HUNDREDS OF THOUSANDS 

Figure 6. Effect of repetitive loading on 
the development of dowel looseness. 
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Figure 7. Relation 'between applied load 
and percentage of load transferred, after 

various numbers of load cycles. 

equals that developed by the subsequent 
1,960,000 cycles. 

As stated before, strain values meas­
ured in the lower flanges of the two sup­
port beams at midspan provide a direct 
measure of the amount of load being trans­
f e r r ed across the joint opening by the 
load-transfer system. In the case of the 
representative specimen used in the pre­
l iminary studies, Figure 7 shows the r e ­
lation between the statically applied load 
and the percentage of load transferred 
after various numbers of application of 
the 10,000-lb load, as determined f r o m 
the strain data. In this graph the effect 
of the gradually increasing dowel loose­
ness, under the repetitive loading, on the 
percentage of load transferred is quite 
evident. 

This effect is brought out more clearly 
however, in Figure 8 in which the loss in 
effectiveness of the load-transfer system 
is expressed as a percentage of its in i t i a l performance and traced throughout the 2 
mil l ion cycles of load application. In this f igure the loss in effectiveness f o r applied 
static loads of 10,000, 5,000, and 2,000 lb is shown. I t is apparent that the load-trans­
f e r system i s much more effective when the slab-end deflection i s relatively large as 
is the case with the larger loads. The relatively rapid increase i n dowel looseness 
during the early part of the test as indicated in Figure 6 is reflected in the strain data 
of Figure 8 also. 

The data shown in Figure 5 indicated that the dowels in the joint of the representa­
tive specimen used in the prel iminary tests became f u l l y seated under an applied load 
of approximately 5,000 lb, and f r o m that load to one of 10,000 lb the relation between 
load increments and increments of relative deflection was constant. The same is true 
fo r the relation between applied load and load transferred as measured by the strain 
data. This is brought out in Figure 9. I t i s of interest that once the play and loose­
ness of the system is taken up the effectiveness of the system is relatively high, and 

even after 2 mi l l ion repetitions of the ap­
plication of the 10,000-lb load this effec­
tiveness has remained practically un­
changed. 

PROGRAM OF LOADING AND 
OBSERVATIONS ADOPTED 

From a study of the data obtained in the 
prel iminary studies, a loading and obser­
vation schedule was adopted which was 
followed in testing a l l specimens covered 
by this report, with the exception of a few 
special cases. 

As in the case of the prel iminary tests 
with the representative specimen, the 

, program of repetitive applications of the 
10,000-lb (or 15,000-lb) load was inter-

0 4 B 12 16 2 0 \ J • • J. \ J. T 
NUMBER OF LOAD CYCLES - HUNDREDS OF THOUSANDS Tupted at mtervals to per imt the applica-

Figure 8. Loss i n i n i t i a l capacity to tion of a series of Static test loads f o r 
transfer load resulting from repetitive which measurements of relative deflection 

loading. and strain were made. The static test 

111 I 6 
2 , 0 0 0 - P O U N D 

STATIC TEST LOAD 

6- INCH SLAB DEPTH 
I - INCH DIAM DOWELS 
B - DIAM.EMBEDMENT 
I -INCH JOINT WIDTH 

O 
5 ,000 - POUND 

STATIC TEST LOAD 

10,000 - POUND 
STATIC TEST LOAD 
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loads ranged f r o m about 2,000 to 10,000 lb by 1,000-Ib increments. In general, no at­
tempt was made to obtain data under the dynamic load cycle, although in a few tests, 
oscillograms of the strain data were obtained as w i l l be discussed later. In making 
the measurements with the various static test loads, the load of a given magnitude was 
removed before the application of the load of the next higher magnitude. 

For each load increment, measurements were made with micrometer dials to de­
termine the relative deflection of the slab surfaces at the joint . With four equally 
spaced dowels in the system, the loading pad was located midway between the two cen­
t r a l dowels. The measurements of relative deflection were made close to the joint 
edge and directly over one of the two central dowels. 

* Also f o r each load increment, strains were measured at several points. The re la­
tive strains in the lower flanges of the two support beams provided information as to 
the amount of load being transferred by the dowels. Strain in the upper surface of the 
concrete specimen in the direction of the joint edge and at mldlength of the joint gave 
information on the transverse bending stress in the concrete. In addition, bending 
stresses in individual dowels were determined by means of strain gages at static test 
loads of approximately 2,000, 5,000, and 10,000 lb . 

The measurements just described were made before the beginning of the application 
of repetitive loads and after 5,000, 15,000, 40,000, 100,000, 200,000, 300,000, 
400,000, 500,000, and 600,000 load cycles. This frequency was adequate to establish 
the behavior pattern of the various specimens without being unduly time consuming. 

On the basis of the prel iminary studies i t was decided to terminate the repetitive 
loading test on a given specimen after 600,000 cycles. The data showed that s ign i f i ­
cant changes developed before this number of cycles had been applied, and that changes 
between this number and 2 mi l l ion cycles were very small . What this represents in 
terms of t ra f f ic i s not known, as was stated earl ier . However, 600,000 applications 
of a 10,000-lb load at a given spot on the joint edge of a pavement under t ra f f ic must 
be representative of a considerable period of service on many highways. F rom the 
standpoint of the test program, the application of 600,000 cycles of loading required 
six weeks as a minimum, and this seemed to be about a l l the time that should be de­
voted to one test specimen. 

Af te r pre l iminary tests and consideration of the data, i t was decided to use span 
lengths f o r the support beams that would cause a mldspan deflection of 0.01 in . f o r an 
applied load of 1,000 lb , assuming no load transfer across the joint . With an applied 
load of 10,000 lb, as in a test, the midspan deflection would then be approximately 
0.10 in . wi th no load transfer or 0. 05 i n . wi th the assumed ideal condition of complete 
load transfer. This deflection rate is somewhat greater than that which usually pre­
vails at a transverse joint edge of a f u l l y supported concrete pavement slab. Many 
slab ends are not f u l l y supported, however, and deflection rates of the magnitude just 
mentioned have been measured. From the testing standpoint i t was believed that data 
developed at the rate selected would be more sensitive to structural deterioration in 
the load-transfer system than those which were developed at a lesser rate. 

Twenty-nine specimens were tested i n the studies of the three variables of dowel 
diameter, length of dowel embedment, and width of joint openii^. One specimen (the 
f i r s t ) was carr ied through only 57,000 loading cycles and the data are not included; 
two were used in special tests outside the program. Thus, 32 specimens in a l l were 
constructed. 

Of the 29 specimens in the studies of the three major variables, eight were used in 
studies of the effects of dowel diameter, 20 in the studies of length of dowel embed­
ment, and eight in the studies of the effect of width of joint opening. The data f r o m 
certain specimens could be used f o r more than one comparison which accounts f o r the 
apparent discrepancy in numbers of specimens. 

The dowel diameters used in the tests were % i n . , % i n . , Va i n . , 1 i n . , i f s i n . , 
and lYt i n . In the studies of the effect of length of dowel embedment, a constant width 
of joint was used throughout; and the lengths of embedment, expressed in dowel diam­
eters, ranged f r o m 2 to 12. The actual dowel lengths are shown in Table 1. The 
widths of joint opening used in the tests were Via i n . , % i n . , % i n . , and 1 in . 
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The amount of load that can be trans- TABLE 1 
f erred by a dowel or dowel system de- ACTUAL DOWEL LENGTHS INCLUDED 
pends upon (a) the load carrying capacity LENGTH OF 
of the dowel under the most favorable EMBEDMENT 

Diameters 
of Dowels 

(in.) 

Lengths of Dowels 
(in.) 

% 3.75 6.75 12.75 18.75 
1 4.75 8.75 16.75 24.75 
1% 5.75 10. 75 20. 75 

conditions, (b) the amount by which this 
optimum capacity is reduced by what has 
been termed in i t i a l dowel looseness in 
this report, and (c) the amount by which 
in i t i a l capacity to transfer load has been 
reduced by subsequent repetitive loading. 
Accordingly, the data obtained in the ma­
jor part of the test program being report­
ed are presented and discussed in the 
order mentioned. 

LOAD TRANSFER UNDER IDEAL CONDITIONS 

In the discussion of Figure 5 earlier in the report, i t was noted that the relation be­
tween increments of applied load and increments of relative deflection of the abutting 
slab edges did not become constant unti l a static test load value of about 5,000 lb was 
reached. I t was concluded that at this point a condition of f u l l b e a r i i ^ of the dowel i n 
the concrete socket had been established. The linear portion of the relation which was 
found f o r the higher loadings thus may be taken as representative of true elastic de­
formation of the dowel and the concrete, and hence a means by which the capacity of 
the system to transfer load under the most favorable conditions can be determined. 

I t was decided that fo r studying the effects of varying dowel diameter, length of 
dowel embedment, and width d[ joint openii^ a useful index would be the amoimt of 
dowel deflection resulting f r o m a shear load of 1,000 lb—the term dowel deflection 
representing relative deflection with the dowel in f u l l bearing on the concrete. Such 
an index could be obtained f r o m the linear portion of the load-relative deflection re la­
tions, such as those shown in Figure 5, by any one of the three methods described 
br ief ly in the foUowi i^ paragraphs. 

Method 1. Loads ranging f r o m 5,000 to 10,000 lb by 1,000-Ib increments were ap­
plied. Relative deflections were measured over each of the four dowels. Average 
shear in the load-transfer system was determined f r o m strain values in support beams 
and related to average relative deflection values. This method was used in 19 tests. 

Method 2. Applied loads were the same as in Method 1. Relative deflections were 
measured over one dowel adjacent to the load only. Shear value f o r this particular 
dowel was ar r ived at by distributing total shear among the four dowels according to 
value of bending strains in each one. Each point de f in i i ^ the relation is an average of 
10 test values. This method was used in 18 tests. 

Method 3. Af te r completion of the regularly scheduled test on a 4-dowel system, 
the two outer dowels were cut through so that only the two central dowels remained 
active. Average shear and relative deflection values were obtained as in Method 1. 
This procedure was used in 12 tests. 

In four tests a l l three methods were used and in the major i ty of the remainder two 
methods were used. Typical data f r o m the three methods on a s i i ^ l e specimen are 
shown in Figure 10. For convenience in presentation the straight lines were drawn to 
pass through the or igin (although the origin f o r Method 3 is off the graph). I t was con­
cluded that essentially the same index value was obtained by each method. Where two 
or three methods were used on a s i i ^ l e specimen, the values obtained were averaged. 

EFFECT OF DESIGN FEATURES ON LOAD TRANSFER 

In Figures 11-14 the dowel-deflection index values just described have been uti l ized 
to study the effects of varying the principal design features of dowel diameter, length 
of dowel embedment, and width of joint opening. The index values provide a measure 
of the relative load-transfer capacity f o r the particular conditions involved. The larger 
the index value, the less effective is the system. 
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Relation between applied load and amount of load transferred, after various 
numbers of load cycles. 

Dowel Diameter 

In Figure 11, the dowel-deflection index data are ut i l ized to show the effect of v a r i ­
ations in dowel diameter. These data are f r o m tests in which the width of joint open­
ing was % in . As indicated, four of the values were f o r a 6-in. slab depth, two f o r an 
8-in. slab depth, and one f o r a 10-in. slab depth. Thus some information is provided 
on the influence on dowel deflection of the depth of concrete above and below the dowel. 

If one considers a dowel as a cantilever being deflected by a ver t ical force equal to 
the shear on the dowel, i t i s apparent that the deflection at the point of load application 
w i l l be the result of (a) the deformation of the concrete under the bearing load exerted 
by the dowel, (b) the angular change in direction of the dowel axis resulting f r o m the 
deformation of the concrete, and (c) the elastic bending of the dowel itself. 

In his analysis of dowel design, Fr iberg (4) considered each of these factors and 
combined them in a single formula f o r the deflection of a dowel crossing a joint . I t i s 
of interest to compare the values of dowel deflection observed in the e^er iments being 
reported with corresponding values computed by Fr iberg ' s formula (see appendix), 
ut i l iz ing the elastic properties which existed in the present tests. This comparison is 
made in Figure 12 in which the deflection values determined experimentally f o r the 
four dowel sizes in the specimens of 6- in. depth are shown as plotted points, while the 
relation obtained with the formula is shown as the solid l ine. I t i s apparent that the 
relation between dowel diameter and dowel deflection i s an e^qranential one in each case, 
although the value of the exponent found in these e3q)eriments is somewhat different than 
that in the theoretical formula . For the dowel diameters greater than % i n . , i t is ap-
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Figure 10. Typical relations between 
dowel shear and dowel deflection. 

eter dowel and a y4-in. joint opening, 
ment of about 6 diameters, whereas f o r a iVt 
about 4 diameters develops maximum re ­
sistance. I t should be borne in mind that 
these embedment lengths are f o r concrete 
of relatively high strength and f o r dowels 
that are embedded with unusual care. 
Whether the same relations would hold 
f o r concrete of lesser strength can only 
be determined by fur ther tests. Such 
tests should be made, as the present data 
point to the possibility of a considerable 
savings in steel requirements f o r dowels, 
par t icular ly with the larger diameter 
dowels now coming into use. 

parent also that the deflection values found 
in the present experiments are quantita­
tively not greatly different f r o m those 
computed by the formula . 

Length of Dowel Embedment 

The deflection index data may be used 
also to study the effect of v a r y i i ^ the 
length of embedment (or bearing on the 
concrete) on the abil i ty of the dowel to r e ­
sist loads. In Figure 13, dowel-deflection 
index values are shown f o r three dowel 
diameters {% i n . , 1 i n . , and 1% in.) and 
for a range of lengths of embedment f r o m 
2 to 12 diameters. The width of joint 
opening was i n . in a l l cases. I t w i l l be 
observed that the greater the stiffness of 
the dowel i tself , the less the length of i ts 
embedment, in terms of dowel diameter, 
influences the deflection. 

The relation shown f o r the y4-in. diam­
eter dowel indicates that f o r a width of 
joint openii^ of % i n . an embedment of 
about 8 diameters i s required to develop 
maximum resistance. For a 1-in. diam-

maximum resistance is obtained with an embed-
i n . diameter dowel an embedment of 

l - I N C H JOINT WIDTH 
8-OlflM DOWEL EMBEDMENT 

INCHES;. 
I I 

SLAB DEPTH 

.001 

Width of Joint Opening 

In Figure 14 the dowel-deflection index 
values are arranged to show the effect of 
increasing the width of joint opening. The 
data are f o r a dowel embedment of 8 diam­
eters in a l l cases. The dowel diameters 
are i n . , 1 i n . , and 1% i n . and the 
depth of the slab varies with dowel diam­
eter in the manner indicated. As would 
be e3q)ected, there is a marked increase 
in dowel deflection as the width of joint 
opening i s increased, the deflection of a 
given dowel size being approximately 
doubled as the width of opening is i n ­
creased f r o m ViB to I i n . This indicates 
that a given dowel size provides appre-

Figure 
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11. Relations between dowel diam­
eter and dowel deflection. 

" 1 

s : 
I 3 • S 1 1 i 1-

DOWEL DIAMETER - INCHES 
O-OBSERVED VALUES THEORETICAL RELATION 

Figure 12. Comparison of theoretical and 
observed relations between dowel diameter 

and dowel deflection. 
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ciably more load transfer in a contraction 
joint than in an expansion joint , other con­
ditions being the same. The influences of 
dowel diameter and the depth of the con­
crete above and below the dowel that were 
noted earl ier are apparent in this graph 
also. 

SIGNIFICANCE OF 
DOWEL DEFLECTIONS 

o - I - INCH DIflM DOWELS, 6 - INCH SLAB DEPTH 
X -1-INCH DIAM DOWELS, 8-INCH SLAB DEPTH 
a - l i - m C H DIAM DOWELS, lO-INCH SLAB DEPTH 

Figure 13. Relations between length of 
dowel embedment and dowel deflection. 

The effectiveness of a load-transfer 
system can be measured by the amount i t 
reduces free-edge load stress or by the 
amount i t reduces iree-edge load deflec­
tion. The two c r i t e r i a are related but are 
not necessarily the same, and their re la ­
tive importance depends upon the over-a l l 

structural design of the pavement. In the tests being reported, the effects of repetitive 
loading on slab deflections rather than on slab stresses are being studied. 

One measure of the extent of load being transferred across a pavement joint by a 
dowel or other load-transfer imit is the amount by which the magnitude of the free-edge 
deflection of the pavement, under a given applied load, is reduced by the presence of 
the load-transfer unit. This relation was discussed in the report of the Arlington tests 
(2) (see Public Roads, Vol . 17, No. 7). Subsequently i t was expressed f o r the case of 
a single dowel in a formula by Fr iberg in his ASCE paper (4) and by Richart and Brad­
bury in discussions of Friberg 's Highway Research Board paper (4). While the f o r m 
of the expression used by the three authors differed somewhat, the relation expressed 
was basically the same. The derivation i s based on the premise that the deflection of 
the pavement edge on which the load is applied must equal the deflection of the dowel 
plus the deflection of the adjacent slab edge. Thus the load applied to the latter through 
load transfer i s equal to the dowel shear. For the relation to hold, i t i s impl ic i t that 
either there be no looseness of the dowel in i ts socket or any existing looseness be 
eliminated. 

The proportionate part of the ^ p l i e d load that i s t ransferred to the adjacent slab by 
the dowel may be obtained f r o m the following expression: 

yd 
yp 

100 (1) 

in which: 

P proportion of load transferred, 
in percent; 

yd = dowel deflection caused by unit 
shear, in inches; and 

yp = free-edge deflection of the pave­
ment caused by unit load, in inches. 

The expression indicates that under the 
ideal conditions assumed and within the 
elastic range of the materials involved 
the percentage of load transferred is i n ­
dependent of the load magnitude. I t shows 
also that the percentage depends upon the 
relative stiffnesses of the dowel and of 
the pavement and, in turn, those factors 
which affect the stiffness of either. 

In Figures 15-17, e}q)erimental dowel 
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Figure ik. Relations between width of 
joint opening and dowel deflection. 
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Figure 16. Effect of width of Joint open­
ing on load transfer In the case of a 

single dowel. 

Stiffness (deflection) data taken f r o m Figures 11 and 14 have been combined with pave­
ment stiffness (deflection) values computed with Westergaard's equations (see appendix) 
in the expression given as Eq. 1 to bring out the inter-relationships that exist between 
dowel size, width of joint opening, slab depth, and modulus of subgrade reaction. 
These comparisons apply to a single dowel. 

Figure 15 shows, f o r the two cases of joint-edge and corner loading, the relations 
between dowel diameter and percentage of load transferred, as the modulus of sub-
grade reaction, k, i s varied f r o m 50 to 300 pci . I t is indicated f o r the conditions 
stated that an appreciable increase in the percentage of load transferred is obtained by 
increasing the diameter of the dowel, the rate of the increase becoming greater as the 
supporting power of the subgrade becomes greater. For example, as the sul^rade 
modulus, k, is changed f r o m 50 to 300 pci , the rate, as expressed by the increase in 
percentage of load transferred per %-in. increase in dowel diameter, increases f r o m 
1.90 to 2. 77 f o r edge loading and f r o m 1. 23 to 2. 57 f o r corner loading. 

Two important structural benefits are obtained as the diameter of the dowel is i n ­
creased: increased dowel r ig id i ty with better load-transfer ability and greater bearing 
area on the concrete with reduced bearing pressures immediately above and below the 
dowel. 

The effect of changing the width of the joint opening on the percentage of load trans­
f e r r ed by a s i i ^ l e dowel is shown in Figure 16 f o r the two cases of loading with the 
same pavement depth and range of values of the sut^rade modulus, k , mentioned in the 
discussion of Figure 15. I t is indicated by these relations that as the stiffness of the 
subgrade becomes greater the effect of joint width on load transfer becomes greater 
also. 

In Figure 17, the theoretical relation between the percentage of load transferred 
and the dowel stiffness is shown in a somewhat different manner. By means of the 
Westergaard equations and f o r the conditions stated, the relation between load and de­

flect ion was established f o r the f ree edge 
and f ree corner of pavement slabs of 6-, 
8-, and 10-in. depths. These deflection 
values were used in Eq. 1 to obtain the 
percentage of load transferred by a single 
dowel as the stiffness of the dowel was 
varied f o r each of the three slab depths just 
mentioned. The resulting relations are 
shown in Figure 17 as a fami ly of three 
f u l l - l i n e curves. In this group of theo­
ret ical relations, the observed ejq)eri-
mental dowel deflection values have been 
shown as plotted points. 

Figure 17 is of particular interest be­
cause any horizontal line, such as the 

JOINT-EDGE 
LOADING 

JOINT-CORNER 
LOADING 

DOWEL DIAM-IN 

I 40 

SLAB DEPTH INCHES 
I-INCH JOINT WIDTH 

* = ZOO LB IN •• 
001 002 003 004 001 002 003 004 

DOWEL DEFLECTION (IN ) FOR 1,000-POUND DOWEL SHEAR 
o - OBSERVED VALUES • THEORETICAL RELATION 

Figure I7. Effect of dowel deflection 
(dowel stiffness) and slab depth (pave­
ment stiffness) on load transfer in the 

case of a single dowel. 
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Figure l 8 . Observed percentages of load 
transfer of it-dowel system compared with 
computed values of a single dowel for a 

range in dowel diameters. 

dashed-line shown, indicates a relation 
between slab depth and the size of dowel 
necessary to accomplish a given percen­
tage of load transfer. For example, i t 
indicates that f o r pavements of 6-, 8-, 
and 10-in. depths, dowels of ' A - , I V B - , 
and lys- in . diameters, respectively, 
might be expected to effect the same per­
centage of load transfer f o r the joint-edge 
loading; and that dowels of ' A - , 1- , and 
i y 4 - i n . diameters would do the same f o r 
the joint-corner load i i^ . 

I t i s realized that the e}q>erimental 
data on which this relation is based are 
somewhat meager, part icularly f o r the 
8- and 10-in. slab depths. However, i t 
is believed that the analysis i s a val id one, 
and i t is to be noted that the relation ind i ­
cated is concordant with the recommenda­
tions of the American Concrete Institute 
(8). I t might be stated as an approximate 
rule, as fol lows: For round steel dowels 
at 12-in. spacing with a joint openii^ of 
% i n . or less, the diameter of the dowel 

in eighths of an inch should equal the pavement depth in inches. 

LOAD-TRANSFER CAPACITIES OF SINGLE AND MULTIPLE 
DOWELS COMPARED 

The discussion of load transfer up to this point has been confined to that provided 
by a single dowel functioning under ideal conditions. In the investigation being r e ­
ported f o r reasons stated earlier, a system of four dowels was used in each specimen 
and the deflections of the joint edge imder the loads used were relatively large as pave­
ment deflections go. The tests do provide some comparative data, however, and i t is 
of interest to examine the comparison between the single dowel and the 4-dowel system 
f o r the three major variables of dowel 48 
diameter, length of dowel embedment, 
and width of joint opening as shown in i -
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Figure 19. Observed percentages of load 
transfer of ̂ t-dowel system compared with 
ccmiputed values of a single dowel for a 

range in lengths of dowel embedment. 

Figure 20. Observed percentages of load 
transfer of It-dowel system conrpared with 
ccoiputed values of a single dowel for a 

range i n widths of Joint opening. 
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Figure 21. Load-transfer percentages com­
puted for single and multiple dowels for 

a range in subgrade support values. 

Figures 18, 19, and 20, respectively. 
In preparing these figures the load-

transfer capacity values f o r the 4-dowel 
system were obtained in the manner des­
cribed in connection with Figure 9, each 
value being based on ten individual tests 
with a given dowel system. The compar­
ative values f o r the single dowel were 
computed by Eq. 1 using dowel stiffness 
data given in Figures 11, 13, and 14, and 
a f ree joint-edge deflection rate of 0. 01 
i n . per 1,000 lb of applied load. I t is i m ­
portant to keep in mind that the relations 
shown in these graphs represent pe r fo rm­
ance under the most favorable or optimum 
conditions. This and the relatively high 
deflection rate which applies to these test 
values explain the high percentages of 
load transfer shown in the graphs. 

Stated in another way, the percentages shown would be found only where the dowel 
functioning was perfect and where there was relatively weak sut^rade support on both 
sides of the joint. Had the deflection rate been smaller, as would be the case with a 
stronger subgrade, or had the dowel action been less than perfect, or both, the general 
level of load transfer would have been lower. Regardless of the magnitude of the load-
transfer percentages, the comparison between the performance of the 4-dowel system 
as observed in the tests and that of the single dowel as computed by the formula is be­
lieved to be val id and of interest in the analysis of the data. 

As w i l l be observed in Figures 18-20, the trends f o r the three major variables of 
dowel diameter, length of dowel embedment, and width of joint opening are essentially 
the same f o r the 4-dowel system and the single dowel. I t is evident that a good corre­
lation exists throughout; and, fo r a given percentage of load transferred by the single 
dowel, an essentially constant numerical difference exists between the load-transfer 
capacity of the 4-dowel system and the single dowel, irrespective of relations f o r 
dowel diameter, length of embedment, or width of joint opening. 

Whether or not this generalization would hold f o r other rates of joint-edge deflec­
tion was not established definitely by these tests. However, an analysis of the data 
f r o m six tests in which the free-edge deflection rate was double that shown in Figures 
18-20 indicates that i t might apply; and, on the assumption that i t does. Figure 21 was 
prepared to show the general effect of the stiffness of the support afforded by the sub-
grade on the load-transfer capacity of a dowel or dowel system. 

The computed values shown as plotted points were obtained with Eq. 1, using dowel de­
flection rates f r o m the tests being reported, slab-edge deflection rates computedby means 
of the Westergaard equations f o r the values of the subgrade modulus, k, and the relation 
between single and multiple dowel load-transfer characteristics established by the data 
shown in the preceding graphs. The observed dowel deflection rates f o r the ' A - i n . diameter 
dowel in a 6-in. depth slab, the 1-in. diameter dowel in an 8-in. depth slab and the 1/^4-in. 
diameter dowel in a 10-in. depth slab were uti l ized in the computations. 

Of the several comparisons available f o r ideal conditions represented in Figure 21, 
probably the most significant i s one which shows how the stiffness of the subgrade sup­
port influences the load transfer that can be obtained with a given system. As has 
been stated, i t was f o r this reason that Figure 21 was prepared. 

EFFECT OF INITIAL DOWEL LOOSENESS ON LOAD TRANSFER 

The discussion thus f a r has been concerned principally with dowel performance with 
looseness eliminated. Early in the report, dowel looseness was defined as including 
a l l conditions that tend to prevent the dowel f r o m offering f u l l resistance to load. 
Among the conditions which contribute to dowel looseness were mentioned coatings 
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used to prevent bond, a i r or water voids 
in the concrete, shrinkage of the concrete 
during hardening, and wear of the dowel 
socket during repetitive loading. 

It may safely be assumed that some 
in i t i a l looseness w i l l always exist in 
doweled jomts as they are built in prac­
tice, and the effect of such looseness on 
load transfer is a matter of considerable 
interest. 

It is obvious that a dowel or dowel sys­
tem does not begin to function at maxi­
mum efficiency unti l a l l in i t i a l looseness 
is taken up by deflecting the pavement on 
the loaded side of the joint far ther than 
would be necessary if in i t i a l looseness 
were not present. Thus the effect of 
looseness is to reduce the potential use­
fulness of the load-transfer system by an 
amount that depends upon the degree of 
dowel looseness that exists. 

If i t is assumed that slab deflection is 
proportional to applied load and, in gen­
eral, this is a valid assumption (see Pub­
lic Roads, Vol . 23, No. 8) (2), Uie loss in 
potential load-transfer capacity resulting 
f r o m in i t i a l looseness in the load-transfer 
system can be expressed f o r a given load as follows 

DOWEL DIAMETER 

7 r 

-li-

LENGTH OF DOWEL EMBEDMENT 

DIAMETERS 

W I D T H of^ J 6 I N T (J (>ENINIS 

l~~l — 6-INCH SLAB DEPTH 
gg — B-INOH SLAB DEPTH 
• — I-INCH DIAMETER DOWELS IN 6 - INCH SLAB 
0 — 1-INCH DIAMETER DOWELS IN 8-INCH SLAB 
mm — ll-INOH DIAMETER DOWELS IN 10-INCH SLAB 

Figure 22. Data on I n i t i a l dowel loose­
ness. 

A p 100 (2) 

in which: 

Ap = loss in potential load-transfer capacity, i n percent; 
l i = in i t ia l looseness in load transfer system, in inches; and 
y = free-edge deflection of the pavement caused by the load in question, 

inches. 
in 

The expression indicates that the loss in potential load carrying capacity, while i n ­
dependent of the capacity of the system, increases directly with the magnitude of the 
in i t i a l looseness and decreases as the magnitude of the free-edge deflection increases. 

In Figure 22 are shown data on the in i t i a l looseness f o r the dowel systems of v a r i ­
ous specimens tested in the investigation b e i i ^ reported. The values were determined 
in the manner shown in Figure 5, that i s , by extending the linear part of the relation 
shown before repetitive loading was started to i ts intercept with the Y-axis . In Figure 
22 the values are grouped according to the design variables of dowel diameter, length 
of dowel embedment, and width of joint opening. 

It is apparent that the values shown tend to be erratic amoi^ the various specimens. 
The magnitudes are a l l relatively small, ranging f r o m 0.0015 to 0. 0045 in . There is 
no apparent trend with either length of dowel embedment or with width of joint opening. 
There does appear to be a rather systematic decrease in in i t i a l looseness as the diam­
eter of the dowels is increased, however. 

The effect of in i t i a l looseness of a dowel system in reducing i ts potential capacity 
to transfer load is shown f o r stated conditions in Figure 23. The loss values in this 
f igure are differences between load transfer f o r the ideal condition of no in i t i a l loose­
ness and that observed f o r the f i r s t load cycle when only in i t i a l looseness was present. 
The theoretical or computed relation was established with Eq. 2, using a free-edge 
pavement deflection of 0.1 i n . and assumed values of in i t i a l dowel looseness. Figure 
23 shows good agreement of observed data with the relation as computed. 
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Figure 23. Relation between I n i t i a l dowel looseness and loss In potential a b i l i t y to 
transfer load. 

The plotted point on the right-hand side of Figure 23 at an in i t ia l looseness value of 
0. 0085 in . is of interest. I t represents a condition encountered in one of the f i r s t 
specimens to be constructed. The dowels were held in a parti t ion f o r m of dry wood. 
The swelling of the wood as i t absorbed moisture f r o m the concrete i s believed to have 
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Figure 2h. Effect of I n i t i a l dowel looseness on loss in potential a b i l i t y to transfer 
load for certain combinations of dowel diameter and slab depth. 
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caused enough vert ical movement of the 
dowels to develop the unusual looseness 
observed in this specimen. Subsequently, 
the wood parti t ion was submerged in 
water f o r at least 24 hr, and this r e ­
sulted in a marked improvement. How­
ever, after a few specimens had been 
made, the use of wood was abandoned and 
a removable steel part i t ion was built and 
used in the construction of a major i ty of 
the specimens. This eliminated the pos­
sibi l i ty of any water absorption. 

Figure 24 shows certain derived rela­
tions, based on observed data and theory, 
designed to bring out the practical signi­
ficance of in i t i a l looseness in a doweling 
system. The test specimens selected f o r 
analysis were as fol lows: 

2-DIAMETER EMBEDMENT 

0 , 0 0 0 - POUND 
REPEATED LOAD 

DIAMETER EMBEDMENT 

INCH DIAM DOWELS 

0 I 2 
NUMBER OF LOAD CYCLES 

3 4 5 
- HUNDREDS OF THOUSANDS 

Figure 25. Effect of length of dowel 
embedment on the development of dowel 

looseness under repetitive loading. 

Ini t ia l Looseness, 
Dowel Diameter, Slab Depth, Average A l l Sipecimens 

in inches in inches, in inches 

% 6 0. 0032 
1 8 0. 0026 

10 0.0024 

The relations shown in Figure 24 were obtained f o r these three cases by means of 
Eq. 2, ut i l iz ing the Westergaard formulas f o r computing values of free-edge deflection 
f o r a 10,000-lb load and selected values of the modulus of subgrade reaction. These 
relations are useful in making evident the important losses in load-transfer capacity 
that can be caused by relatively small degrees of in i t i a l looseness in the doweling sys­
tem, part icularly f o r f i r m e r sul^rades and thicker pavements where load-deflection 
magnitudes are small . 
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Figure 26. Effect of increasing the magnitude of the repeated load on the development 
of dowel looseness. 
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Figure 27. Relations 'between dowel diam­
eter and dowel looseness resulting from 
600,000 cycles O f a 10,000-11D load (tase 
measurements obtained at f i r s t cycle). 

EFFECT OF REPETITIVE LOADING 
ON LOAD TRANSFER 

The load repetitions and load reversals, 
as applied in these tests, caused a pro­
gressive increase in the looseness of the 
dowels as i t existed in i t i a l ly . The increase 
in looseness was accompanied by a pro­
gressive loss in load-transfer capacity, 
as would be expected. This change under 
repetitive loading is attributed to a break­
down or wear in the concrete of the dowel 
socket above and below the dowel, par t ic­
u lar ly in the region near the joint face, 
caused by the repeated application of i n ­
tense bea r i i ^ pressure. 

I t is of interest to note that after as 
many as 2 mi l l ion cycles of the application 
of a 10,000-lb load at a joint containing 
four %-m. diameter dowels, the wear or 
"funneling," as i t is sometimes called, was 

so small as to be undetectable by visual examination. The change was readily meas­
urable with the instrumentation used in the tests, however. Typical test data are 
shown in Figures 25 and 26. 

In Figure 25, the effect of embedment length is shown to be an important variable 
affecting both the magnitude and the rate of development of the looseness caused by 
repetitive loading. 

The load magnitude is shown in Figure 26 to be an important variable. Af ter the 
rate of increase of looseness had reached a very small value following the application 
of 600,000 cycles with the 10,000-lb load, an increase of load to 15,000 lb broi^ht 
about an immediate increase in the rate of development of fur ther looseness, a change 
which had not completely stabilized after an additional 500,000 cycles of this loading. 

These figures are of interest because they show the manner in which looseness of 
the dowel develops under repetitive loading and indicate some of the variables involved. 

In these tests, measurements of the relative deflection of the joint edges provide i n ­
formation concerning the in i t i a l looseness in the load-transfer system and the manner 
in which this in i t i a l looseness increases as the dowels are subjected to repetitive load­
ing. Measurements of relative strain provide information on the changes in the load 
transferring abil i ty of the dowel system 
as the repetitive loading proceeds. From 
the data obtained, i t i s possible to relate 
the data f r o m the two types of measure­
ment. 

Considering f i r s t the changing magni­
tude of dowel looseness as the dowel sys­
tem is subjected to load repetition and 
complete stress reversal, the data have 
been examined f r o m the standpoint of the 
three design variables—dowel diameter, 
length of dowel embedment, and width of 
joint opening. The effects of each of these 
variables on the development of dowel 
looseness under repetitive loading are 
shown in Figures 27, 28, and 29. In each 
of these graphs, the magnitude of the 
looseness resulting f r o m the application 
of 600,000 cycles of a 10,000-lb load 
fo rms the basis of comparison and is 

o 0 0 6 

i - l N O H JOINT WIDTH 
RATE OF FREE-EDGE DEFL = 
0 01 INCH PER 1,000 - LB LOAD 

- — 

2 4 6 S 
LENGTH OF DOWEL EMBEDMENT 
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« - l - I N O H DIAM DOWELS, 8 - INGH SLAB DEPTH 
4 - l i - I N C H DIAM DOWELS, 10-INCH SLAB DEPTH 

Figure 28. Relations between length of 
dowel embedment and dowel looseness re­
sulting from 600,000 cycles of a 10,000-
lb load (base measurements obtained at 

f i r s t cycle). 
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related to the several design variables 
f o r the Other test conditions stated. 

It is apparent f r o m the relations shown 
in these graphs that the dowel looseness 
caused by the application of 600,000 cycles 
of repetitive loading is , in general, rather 
small—its magnitude being no greater than 
that which existed before the application of 
the loads, as shown in Figure 22. 

The values of dowel looseness shown in 
Figures 27-29 were obtained in tests with 
a free-edge deflection rate of 0.01 i n . per 
1,000 lb of load. A l imi ted amount of com­
parable data were obtained in tests in 
which a free-edge deflection rate of 0. 02 
in . was used. The comparison shown in 
Figure 30 related l e i ^ th of dowel embed­
ment to the dowel looseness, developed 
by 600,000 cycles of repetitive loading, 
f o r each of the free-edge deflection rates 
mentioned. I t is indicated that the deflec­
tion rate has l i t t l e effect on the relation 
between length of dowel embedment and 

dowel looseness. The actual magnitude of the looseness is affected, however, since 
the greater the free-edge deflection rate the greater the looseness, other conditions 
being constant. 

The rate of development of dowel looseness under repetitive loading would be ex­
pected to depend p r imar i ly upon three factors: intensity of the bearing pressure be­
tween the dowel and its concrete encasement, the number of load applications, and the 
s t re i^ th of the concrete. The present tests have thrown considerable light on the ef­
fects of both pressure intensity and the number of load applications, but not on the ef­
fects of variations in the strength of the 
concrete because, as was stated earlier, 
every effor t was made to have the con­
crete uniform and of high quality. 

Since the development of dowel loose­
ness under repetitive loading leads direct­
ly to a reduction in the load transferring 

O - I - I N C H DIAM. D O W E L S , 6 - INCH S L A B DEPTH 

X - I - I N C H DIAM D O W E L S , 8 - I N C H S L A B D E P T H 

A - l i - I N C H DIAM D O W E L S , 1 0 - I N C H S L A B DEPTH 

Figure 29. Relations "between width of 
joint opening and dowel looseness result­
ing from 600,000 cycles of a 10,000-lb 
load (base measurements obtained at f i r s t 

c ycle). 
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Figure 30. CoBtparlson of dowel looseness 
developed at 0.01-in. and 0.02-in. free 
Joint-edge deflection rates after 600,000 

cycles of a 10,000-lb load. 

DOWEL DIAMETER - INCHES 
l i 

Figure 31. Relations between dowel diam­
eter and loss i n i n i t i a l capacity to 
transfer load resulting from 600,000 cy­
cles of a 10,000-lb load (base measure­

ments obtained at f i r s t cycle). 
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abil i ty of a dowel system, i t is of interest 
to examine the data on loss in load trans­
fer f r o m such loading as determined f r o m 
the strain measurements. 

Figures 31-33 show the extent to which 
the in i t i a l load-transfer capacity of typical 
load-transfer systems deteriorated under 
600,000 cycles of repetitive loading in 
which a 10,000-lb load was applied alter­
nately on either side of the joint in each 
cycle. 

The data in these graphs, expressed 
as percentages of the in i t ia l capacity of 
the particular joint system to transfer 
load, were taken f r o m relations such as 
those in Figure 8. They have been ar­
ranged in the three graphs to show how 
the three design variables of dowel diam­
eter, ler^th of dowel embedment, and 
width of joint opening affect the loss in 
load-transfer capacity caused by repeti­
tive loading. In each case, observed 
values are fo r static test loads of 2,000, 
5,000, and 10,000 lb . The effect of any 
structural deterioration that develops is 
always most readily apparent imder the 
2,000-lb static test load. 

Referring to Figure 31, the data indi ­
cate that as the diameter and correspond-

—fl 1 __ 
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A - l i - I N C H DIAM DOWELS, l O - I N C H S L A B DEPTH 

Figure 33. Relations between width of 
joint opening and loss in i n i t i a l capa­
ci t y to transfer load resulting from 
600,000 cycles of a 10,000-113 load (base 
measurements obtained at f i r s t cycle). 
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x - l - I N C H DIAM D O W E L S , 8 - I N C H S L A B DEPTH 

1 - l i - I N C H DIAM D O W E L S , 1 0 - I N O H S L A B DEPTH 

Figure 32. Relations between length of 
dowel embedment and loss i n i n i t i a l capa'-
c i t y to transfer load resulting from 
600,000 cycles of a 10,000-lb load (base 
measurements obtained at f i r s t cycle). 

ing bearing area of the dowel is increased, 
there is a marked improvement in the de­
gree to which the in i t i a l capacity to trans­
f e r load is preserved during repetitive 
loading. The important influence of unit 
pressure in the dowel seat is emphasized 
by the data relating to dowel diameter. 

In Figure 32 the effects of varying the 
length of dowel embedment are shown. 
Although the point at which curvature be­
gins in these relations is not precisely es­
tablished by the data, i t is indicated that 
where the embedment length is 8-dowel 
diameters or more there is no effect on 
the loss of in i t i a l load-transfer capacity. 
Where the embedment length is 4-dowel 
diameters, there is l i t t l e effect f o r the 
1-in. and lY^-in. diameter dowels; while 
f o r an embedment length of 2-dowel diam­
eters, there is a marked effect with a l l 
three dowel diameters. Thus, so fa r as 
losses of load-transfer capacity under re ­
petitive loading are concerned, i t is ind i ­
cated that other design considerations w i l l 
probably determine the length of dowel 
embedment. 
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In Figure 33, the data are arranged to show the effect of varying the width of joint 
opening on the losses of the in i t i a l load-transfer capacity which were caused by the 
600,000 cycles of repetitive loading. I t is indicated that as the width of opening is i n ­
creased f r o m to 1 in . there is an increase in the magnitude of the loss. It is i nd i ­
cated also that the rate diminishes rapidly with increase in width of joint opening. The 
data show one of the reasons why repeated loading would tend to cause less impairment 
of in i t ia l load-transfer efficiency in a contraction joint than would the same loading 
applied to a s imi la r ly doweled expansion joint . 

As mentioned earlier in this discussion of the effects of repetitive loading on load 
transfer, i t is possible to relate data f r o m the deflection measurements with those ob­
tained f r o m the strain measurements. In Figure 34 the data f r o m each type of meas­
urement after 600,000 cycles with a 10,000-lb test load are compared. The increases 
in dowel looseness caused by the repetitive loading were determined f r o m the relative 
deflection data, whereas the losses in in i t ia l load-transfer values were obtained f r o m 
strain measurements. The computed relation was developed with Eq. 2 as described 
in the discussion of Figure 23, the dowel looseness caused by the repetitive loading 
being substituted f o r in i t i a l looseness. 

It may be concluded f r o m Figure 34 that there is an excellent correlation between 
the indications of the deflection data and those based on strain measurements on this 
important subject of the effects of repetitive loading on load transfer. 

SOME DOWEL-STRESS DATA OBTAINED 

Bradbury (3) and later Fr iberg (4) analyzed on the basis of theory the pressure, 
shear, and bending moment distributions developed in a steel dowel bar embedded in 
concrete, crossing an open joint, and acted upon by a load applied on one side of the 
joint . Recent experimental studies (9) have tended to ve r i fy the general validity of the 
earlier analyses. 

When the present investigation was planned, no scheduled measurements of strains 
in the dowels or in the surrounding concrete were included. The measurement of 
strain either in the dowel or in the concrete, by the means presently available, usually 
involves the introduction of some disturbing modification in the materials or in the 
bearing of the dowels on the concrete that alters to some degree the basic condition 
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Figure 35. Example of relations between 
load applied at indicated joint edges and 
stress i n dowels at indicated gage point 
before the application of repetitive 

loading. 

being tested. I t was f o r this reason that 
strain measurements at c r i t i ca l locations 
i n the dowels or in the surrounding con­
crete were omitted f r o m the scheduled 
measurements. However, a l imi ted 
amoimt of strain data were obtained in 
specimens having a width of joint opening 
of 'A in . or greater by means of resis­
tance type gages cemented to the dowel 
in the joint opening where no bearing con­
tact was involved. I t is recognized that 
these gages did not measure strains at the 
points of maximum bending moment. 
The data are of interest and some value, 
however, and are included in this report. 

The strain gages used were SR-4, type 
A-7 , with an effective gage length of 
in . They were bonded to the dowels along 
the upper element of the cylindrical dowel 
surface after the specimens were in place 
in the testing machine. The gages were 
used on each of the four dowels of a given 
specimen. In most cases the gage was 
so positioned that the center of i ts gage 
length was %a i n . f r o m the vert ical face of the concrete in which the dowel was em­
bedded. A gage in this position provides two strain values during a given loading 
cycle: one value as the load is applied on that half of the specimen nearest the gage 
position, and a second value as the load is applied on the opposite half of the specimen. 

Theory indicates that with a dowel installation of usual dimensions a vert ical force 
applied outside of the encasing concrete should develop the maximum bendii^ moment 
in the dowel at a point within the concrete a short distance back f r o m the joint face. 
As mentioned earl ier i t would have been desirable to have had a strain gage at this 
point, but i ts presence would have affected other conditions more important in the cur­
rent investigation. In the graphs and discussion which fol low, measured strains have 
been converted to stress values using modulus of elasticity values determined by tests. 

Figure 35 shows load-stress data obtained with a specimen having y4-in. diameter 
dowels and a ' / i - i n . width of joint opening, when tested with a free-edge deflection rate 
of 0.01 i n . per 1,000 lb of applied load and before there had been any repetitive loading. 
The diagram shows also the details of the loading and strain gage positions with r e ­
spect to the dowels. 

The data in Figure 35 are typical of those obtained in a l l of the dowel systems tested 
in a number of respects, as follows: 

1. The load-dowel stress relations are essentially linear within the load range of 
2,000 to 10,000 lb . Departures f r o m l ineari ty at the lesser loads are believed to be 
due to in i t i a l adjustments in the seating of the dowels in their sockets. 

2. The stresses in the two dowels nearest the loaded area are greater than those 
in the dowels far ther f r o m the load, indicating greater load transfer by these units as 
would be expected. 

3. Within the joint opening the maximum stress in the dowel is found at the face of 
the loaded joint edge. 

4. The point on the dowel within the joint opening at which the bending moment 
changes f r o m positive to negative—the point of inflection of the elastic curve—was not 
found at the center of the joint width under the conditions of these tests. I t w i l l be 
shown later that the location of this point of inflection was found to vary with the physi­
cal dimensions of the dowels, the width of the joint opening, and with other conditions. 

Although the stress values as determined f r o m measured strains were not the max­
imum or c r i t i ca l values, they have been used in comparative studies of possible trends 
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that might apply to the design variables 
of dowel diameter, length of dowel em­
bedment, and width of joint opening. 

A procedure was adopted which is be­
lieved to provide the best comparative 
data f o r the purpose. Essentially i t con­
sists of relating average values of dowel 
stress to average values of dowel shear 
in the manner shown in Figure 36. In the 
example, the relation between the average 
shearing force per dowel and the average 
compressive stress in the dowel is shown 
f o r loads applied on either side of the 
joint opening. The relations are linear, 
so f o r each the slope is constant. The 
stress value per 1,000 lb of shear force 
is shown as 14,700 psi with the load at 
point A, and 5,100 psi fo r the load at 
point B. 

In Figure 37 are diagrams represent­
ing joint widths of ^/z, %, and 1 i n . , the 
diagram on the right being really a com­
posite of three cases, one f o r each joint 
width. Average stress values, deter­
mined in Figure 36, have been plotted in 
Figure 37 as ordinates at distances f r o m 
the joint faces corresponding to the re­
spective points of strain measurement. 
The two points representing a given test 
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Figure 37. Examples of distribution of 
dowel stresses within the width of joint 

opening. 
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Figure 36. Example of relations between 
average shear per dowel and average 
stress per dowel at gage point indicated 

in Figure 35. 

specimen have been connected with a 
straight line which has been extended to 
meet the vert ical lines representing the 
respective joint faces. These two points 
of intersection then indicate an estimated 
dowel-stress value at each joint face f o r 
a shear of 1,000 lb. The values f o r the 
specimen used in Figure 36 are shown as 
solid circles, whereas the open circles 
are values obtained in the same manner 
f o r other specimens. The values of es t i ­
mated stress in the dowels at the face of 
the joint on the side bearing the load are 
those used in the following comparisons of 
the various dowel systems. 

The diagrams of Figure 37 show that 
within the joint opening the greatest stress 
occurs in the dowel at i ts point of entry 
into the concrete on the loaded side of the 
joint . This would be expected. Theory 
indicates that the stress should continue 
to increase in magnitude, r is ing to a max­
imum at some point a short distance f r o m 
the joint face within the concrete. 

Within the joint opening, the diagrams 
show that the stress—compression in the 
top and tension in the bottom of the dowel— 
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decreases f r o m i ts maximum value at the 
face of the loaded slab, the rate of decrease 
varying with the diameter of the dowel and 
the width of joint opening. In only two 
cases does the sense of the stress change 
( f rom compression to tension in the top of 
the dowel) within the joint opening. These 
cases are the V s - i n . diameter dowels in 
the y4-in. joint width and the y4-in. diam­
eter dowels in the 1-in. joint width. In 
each of these cases, a tensile stress of 
small magnitude is indicated at the face 
of the unloaded slab. 

I t is evident that the point of inflection 
in the elastic curve of the dowel depends 
upon the f l ex ib i l i t y of the joint system; 
and, f o r the conditions of these tests, only 
in the case of the two most f lexible sys­
tems was the point of inflection within the 
joint opening. Some additional information 
on this point i s given later in the discus­
sion of collateral tests. 

COMPARISONS OF DOWEL STRESSES 

LENGTH OF DOWEL EMBEDMENT - DIAMETER 

0 - i - INCH DIAM DOWELS, 6 - INCH SLAB DEPTH 

X - I - I N C H DIAM D O W E L S , 8 - I N C H S L A B DEPTH 

A - l i - I N C H DIAM D O W E L S , 1 0 - INCH S L A B DEPTH 

Figure 39- Relations between dowel embed­
ment and stress i n dowel at face of loaded 

joint edge. 

In Figures 38-40 dowel-stress values 
at the face of the slab end on the loaded 
side of the joint, determined in the manner 
just described, are used to show the i n -
fluencf on dowel stress of the three design 
variables: dowel diameter, length of dowel 
embedment, and width of joint opening. 

With a % - i n . joint opening, an 8-diam-
eter length of dowel embedment, and a 
dowel shear of 1,000 lb, dowel stresses 

are compared in Figure 38 f o r dowel diameters ranging f r o m in . to lYt i n . It is 
apparent that the relation expresses some inverse function of the dowel diameter. An 
empirical determination of the e^qionent required to produce a matching curve indicated 
its value to be 1.12. For the conditions of this test, i t appears that increasing the 
diameter of the dowel f r o m % i n . to 1% i n . decreases the dowel stress at the joint face 
by about 50 percent. Had i t been possible to compare values at the points of maximum 
stress, a somewhat greater reduction might have been shown. 

The relations shown in Figure 39 ind i ­
cate that dowels having an embedded 
l e i ^ t h of 2 diameters are stressed appre­
ciably less than those with greater em­
bedded lengths. The 2-diameter length of 
embedment is apparently insufficient to 
develop the f u l l bending resistance of the 
dowels. I t w i l l be observed that beyond 
a certain length of embedment there is no 
fur ther increase in dowel stress, and f r o m 
the data available these lengths seem to 
be in accord with the maximum useful 
lengths described earlier in the report. 

As would be e3q)ected, the width of 
joint opening exerts an important influence 
on dowel stress, other conditions remain­
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Figure kO. Relation between width of Joint 
opening and stress i n dowel at face of 

loaded Joint edge. 
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i r ^ constant. In Figure 40 this effect is shown f o r a y^-in. diameter dowel with an 8-
diameter length of embedment. For these conditions a reduction in the width of joint 
opening f r o m 1 in . to % in . reduced the dowel stresses more than 30 percent. These 
data emphasize the difference in severity of loading conditions imposed on dowels i n ­
stalled in expansion joints, as contrasted with s imilar units i n contraction joints, and 
explain the generally better service performance of the latter. 

I t would be useful to know the magnitude of the maximum stresses which existed in 
the dowels during the repetitive loading program. For the reasons stated earlier these 
maximum values were not obtained. The estimated values at the joint face on the load­
ed side, while less than the true maxima, are of interest however. The highest i nd i ­
vidual values observed during the repetitive loading program f o r the several dowel 
diameters were as fol lows: 

Dowel Diameter, i n . 

I 
Dowel Stress, psi 

27,200 
24,100 
20,400 
15,500 
13,700 

Each value shown is the average of ten measurements made during the application 
of 600,000 cycles of the 10,000-lb load. 

During the repetitive loading program, the four ' A - i n . diameter dowels in the pilot-
specimen were subjected to 2 mi l l ion cycles d u r i i ^ which the average maximum stress 
within the joint opening on the most highly stressed dowel was 21,600 psi . 

In another case, a specimen containing four iy4- in . diameter dowels was subjected 
to 600,000 repetitions of the 10,000-lb load cycle during which the average maximum 
stress on the most highly stressed dowel was 13,700 psi . This was followed by 500,000 
cycles with a 15,000-lb load which developed a dowel stress of 18,600 psi . 

There was no apparent damage to the dowels as a result of the preceding tests. In 
only one special test did a dowel fa i lure occur. This case is described later. 

Figure 41 shows the oscillograph traces f r o m strain gages mounted %2 i n . f r o m the 
joint face on each of the four dowels in tests of two specimens. In the record pertain­
ing to the y4-in. diameter dowels and the 1-in. width of joint opening, i t is evident that 
in one case there was an actual stress reversal at the gage position as the load was 
changed f r o m one side of the joint to the other. This i s indicated in the upper trace by 
the fact that i t crosses the horizontal base line f r o m a high compressive strain (move­
ment above the base line) to a small tensile strain (movement below the base line). 
Two of the other gages showed no strain, while the fourth gage showed a slight com­
pressive strain during this half of the cycle. 

In the case of the l y t - i n . diameter dowels and the y4-in. width of joint opening, the 
indicated compressive strains are of less­
er magnitudes than those of the y i - i n . 
dowels; unlike the latter, they are of very 
nearly equal magnitudes during both halves 
of the load i i^ cycle. 

The small vibrations indicated by that 
part of the trace which represents the f u l l 
application of the load are caused by a 
slight elastic vibration set up in the load­
ing lever-dead-weight system as the l i f t -
rod mechanism releases the load. Had 
the test been made at a higher frequency 
of load application, this effect would have 
become more pronounced unless some pro­
vision f o r damping were added to the sys­
tem. 

LOAD C 

INCH SLAB OCPTH 
}~INCH OIAM DOWELS 
S-OIAM EMBEDMENT 
I-INCH JOINT WIDTH 

iO-INCH SLAB DEPTH 
i^-INCH DIAM DOWELS 
S-DIAM EMBEDMENT 
3-rNCH JOINT WIDTH 

Figure lH. Oscillograms of strain in i n ­
dividual dowels for a 10,000-lb load. 
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Figure 42. Effect of deflection rate on 
dowel stress. 

COLLATERAL STUDIES 

In conjimction with the research pro­
gram that has been described, a consider­
able amount of data of interest and value 
was obtained during the course of a num­
ber of collateral studies that were made. 
These data w i l l be discussed under appro­
priate headings in the paragraphs which 
fol low. 

Dowel Performance Related to 
Pavement Deflection 

A t several places in the report, men­
tion has been made that six of the dowel 
systems were tested at a f ree joint-ecfee 
deflection rate of 0.02 in . per 1,000 lb of 
applied load (or twice the deflection rate 
adopted f o r the pr imary program). This 
study was made on systems of 'A- in . diam­
eter dowels embedded in slabs of 6-in. 
depth with a y4-in. width of joint opening 
and various lengths of embedment. From 
the comparisons afforded by these data, i t 

was found that the following conditions prevailed: 

1. The percentage of load transferred was higher at the greater of the two deflec­
tion rates. 

2. Values of the dowel deflection index (the deflection per 1,000 lb of dowel shear) 
were in most cases slightly but only slightly higher f o r the greater of the two deflection 
rates. 

3. Tests at both deflection rates indicated the same maximum useful lengths of 
dowel embedment. 

4. For the same repetitive load conditions, tests at the greater rate of joint-edge 
deflection developed greater dowel looseness. 

5. As shown in Figure 42, values of dowel stress per 1,000 lb of dowel shear at 
the face of the loaded slab end averaged 21. 5 percent higher f o r specimens tested at 
the greater of the two deflection rates. I t is also indicated by this graph that as the 
deflection rate i s decreased, the point of inflection on the dowel-stress distribution 
curve tends to move toward the center of the joint opening. 

Comparison of Two and Four 
Active Dowels 

In about one-haU of the specimens 
tested, the outer dowels, or the dowels 
nearest the two sides of the specimens, 
were sawed through after completion of 
the scheduled test to provide some com­
parative data on the performance of 2-
and 4-dowel systems. 

It was found that among the systems 
tested the amount of load transferred by 
the two central dowels ranged f r o m 97 to 
99 percent of that transferred by four 
dowels. Thus i t seems reasonable to i n ­
fe r that, other conditions being equal, the 
4-dowel systems used in this investigation 
w i l l transfer about the same proportion 
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Figure kk. l a i c a l relations between ap­
plied load and stress i n concrete along 
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of the applied load as would the m u l t i -
dowel systems employed in the transverse 
joints of pavements in service. 

The data afford two other interestir^ 
comparisons: F i r s t , with only two dowels 
active, the dowel-deflection index values 
tended in most cases to be slightly smaller 
than with four dowels active; and, second, 
as shown in Figure 43, values of dowel 
stress per 1,000 lb of dowel shear were 
appreciably reduced by severing the two 
outer dowels. 

Flexural Stresses in Concrete 

In the early plannir^ of the tests i t was 
considered desirable to develop some 
bending in the concrete along the joint edge 
to simulate more closely the conditions 
that would be found in the f i e l d . The early 
tests were made with a 6-in. depth of speci­
men, and by t r i a l the l e i ^ t h of bearing be­
tween the slab and the support beam was 
adjusted to develop a bending stress of 

about 300 psi with the 10,000-lb test load. Later when slabs of 8- and 10-in. depth 
were tested, i t was decided to maintain the same length of bearing throi^hout. 

For the constant test load and rate of free-edge deflection, the effect was to reduce 
the bending stress in the concrete as the slab depth was increased approximately as 
the reciprocal of the depth squared. Figure 44 shows the position of the strain gage 
with respect to the area of load application as wel l as typical data obtained with speci­
mens of the three thicknesses. The gage, 
cemented to the concrete, was the SR-4, 
type A-9 , with an effective length of 6 i n . 
I t i s apparent f o r the conditions of the 
test that the behavior of the concrete was 
elastic. 

Concrete Bearing Stresses 

Compressive stresses in the concrete 
in the vicini ty of the dowels exert an i m ­
portant influence on the structural per­
formance of load-transfer systems. In 
the case of the conventional roimd steel 
dowel, i t has long been recognized that 
the compressive stresses above and below 
the dowel may be c r i t i ca l ly high. Marcus 
(10) has published e:q)erimental data which 
indicate bearing stresses under dowels, 
the m^ni tude of which was more than 
twice the compressive strength of the 
concrete. 

These stresses are a maximum at the 
face of the slab end and are concentrated 
immediately above or below the dowel, 
depending upon the side of the joint on 
which the load is acting. 

This investigation included no provision 
f o r a study of this important sul^ect. 
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Figure k^. Dowel shear-concrete strain re­
lations for the indicated points ( A , B, C) 
at the face of the loaded joint edge. 
(Each value i s the average of ten observa­

tions .) 
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However, on one specimen of 8-in. depth, 
an installation of three resistance strain 
gages with an effective length of i n . 
was made in the manner shown in Figure 
45. The load-strain relations obtained 
are those shown in the diagram. These 
are linear within the range of the test. 

Values of concrete strain measured 
over so short a gage length may be af­
fected to some extent by non-homogeneity 
of the concrete in the immediate vicini ty 
of the gages. For this reason the data 
are e^ressed as measured strains. They 
are of considerable interest, however, as 
they indicate clearly the high intensity 
and localized effect of the pressure ex­
erted by the dowel. 

From the slopes of the load-strain r e ­
lations of the three strain gages, values 
of concrete strain f o r 1,000 lb of dowel shear were obtained and shown in relation to 
the distance f r o m the top of the dowel in Figure 46. This diagram indicates the highly 
localized nature of the deformation that occurs in the concrete and is in general accord 
with previously reported data. 
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Figure 46. Variation in bearing strains 
In the concrete directly above the dowel, 
as measured at the face of the loaded 

Joint edge. 

Distribution of Dowel Stress 

In the tests of the regular program only one strain gage was attached to a dowel be­
cause of the l imi ted space within the joint openings. As explained earlier this led to 
an interpretation of a linear distribution of dowel stress between the joint faces. To 
obtain some data that would show whether or not this was a valid interpretation, the 
joint of one of the specimens was opened to a 3ya-in. width after the completion of the 
prescribed tests. This gave sufficient space to permit the installation of f ive strain 
g^es along the dowel. The specimen selected was 10 i n . in depth and the dowels were 
iy4 i n . in diameter. 

The location of the gages and the data obtained in this test are shown in Figure 47. 
The two curves show load-stress relations within the joint opening f o r loadings at 
points A and B on either side of the joint opening. F r o m this diagram i t may be con­
cluded tliat within the l imi t s of the test program the dowel-stress distribution across 
the joint opening is linear. I t is of interest also that by opening the joint to SVa i n . , 
the f l ex ib i l i ty of the system was increased to such an extent that the point of inflection 
or zero stress of these 1/^4-in. diameter dowels appeared within the joint openii^. 
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the width of a 32-ln» Joint opening. 

Modulus of Dowel Reaction 

Extrapolating the dowel deflection data 
obtained with the various widths of joint 
opening (Fig. 14) beyond the yis-in. width 
to an assumed zero width, and using the 
mechanical properties of the steel and 
concrete as determined by test, values of 
the so-called modulus of dowel reaction 
were computed f o r the 6-in. slab depth 
and y4-in. diameter dowel, the 8-in. slab 
depth and 1-in. diameter dowel, and the 
10-in. slab depth and iy4- in . diameter 
dowel. The values obtained were 3,026,000, 
2,608,000, and 2,675,000 pc i , respectively. 

The modulus of dowel reaction or mod-
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ulus of support is a measure of the support offered a dowel by the surrounding concrete 
as the dowel is deflected. It is analogous to the subgrade modulus used to express the 
support afforded the pavement slab by the subgrade, and like the latter it is expressed 
in pounds-per-cubic-inch units. It is usually denoted by K or G in the literature. 

Fatigue Failure of Steel Dowels 
It was stated earlier that in none of the tests of the regular program was there a 

failure of any of the steel dowels, in spite of the relatively high flexural stresses and 
the relatively large number of stress reversals in some of the tests. In one special 
test a fatigue failure of the dowels was produced, and both the procedure followed and 
the character of the failure are of some interest. 

A specimen containing four y4-in. diameter dowels which had undergone 600,000 
cycles with a 10,000-lb load was selected for further testing. During the regular test­
ing, with four dowels active, the bending stresses at the joint face of the two central 
dowels averaged 18,800 and 22,800 psi, respectively. 

The two outer dowels were severed and repetitive loading was resumed still using 
the 10,000-lb load. With but two dowels active the indicated stresses in the dowels in- • 
creased to 24,300 and 28,200 psi, respectively. After 892,000 additional cycles of 
loading, failure occurred in both dowels. This happened outside of regular working 
hours and the sequence of events can only be surmised. The breaks were brittle frac­
tures typical of fatigue failures. The dowel that was being stressed most highly failed 
on both sides of the joint opening; the other dowel failed on one side only. 

Figure 48 is a photograph of the central piece of the dowel that broke on both sides 
of the joint. The two end views show the character of the fractures; the side view 
shows the location of the breaks with respect to the joint opening. The location of the 
breaks undoubtedly indicates the point of maximum moment in the dowel. In this case 
the fractures appear to be about ^-dowel diameter back from the joint face, within the 
concrete, on one side of the joint and approximately 1-dowel diameter on the other side 
of the joint. The location of break in the dowel which failed on one side of the joint 
opening only was within the concrete about yz-dowel diameter from the joint face. 

From these failures it is apparent that the estimated dowel-stress values at the 
face of the joint (or slab end), arrived at by measurements of dowel strains within the 
joint opening, are probably appreciably less than the corresponding values at the point 
of maximum bending moment somewhere along the embedded length. In the case of 
the y4-in. diameter dowels, this point would appear to be not less than Va-dowel diam­

eter from the beginning of the embedment. 

AREA OF FURTHER RESEARCH 

The present test program has developed 
much important information on the per­
formance of conventional round steel dowels 
under repetitional loading conditions which 
simulate closely those of actual service. 
This initial program could not include all 
of the variable factors involved in such 
service, however, and there are impor­
tant questions that can be answered only 
by further tests. For example, the tests 
to date have all been made with high 
strength concrete in a dry condition. A 
limited program of additional tests is 
needed to relate the present data to those 
obtained with concrete of somewhat lower 

Figure 1̂ 8. Fatigue f a i l u r e of a s A-in. Strength and containing entrained air. 
diameter dowel. The c r o s s - s e c t i o n views Also some tests should be made with con-
a t the top correspond to the l e f t and C r e t e in a moist condition such as that 

r i g h t ends of the f r a c t u r e d dowel. foimd in most field service. 

JOINT OPENING 
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It would appear tliat this test procedure might be used effectively to develop much 
needed information on the perplexing question of load transfer by the f ractured sur­
faces of plane of weakness joints in which there is no provision f o r mechanical load 
transfer. 

In the program of tests just completed, tests were made with joint deflections which 
were representative of weak sul^rade support. A l imi ted series of additional testg 
should be made to relate the present data to other conditions of subgrade support, 
part icularly those of a f i r m subgrade support. 

Because of the high intensity of bearing pressure that is known to develop between 
the conventional dowel and the concrete, various expedients have been proposed f o r 
reducing this pressure. For example, the use of tubular dowels i s a suggestion that 
has been made f r o m time to t ime. The repetitive loading test procedure offers a 
means f o r evaluating this and other proposals of a generally s imilar nature. 

Some load-transfer devices are made of malleable cast i ron , a material that is sus­
ceptible to permanent deformation under repeated stressing. Some study of the beha­
vior of malleable cast i ron, when subjected to repetitive loading under conditions com­
parable to highway pavement service, should provide valuable information. 

The method of test that has been developed and the machines f o r making the test 
provide a valuable fac i l i ty f o r studying a number of other problems relating to the 
structural performance of joints. 

SUMMARY 

A new machine and method of test have been developed which provide a satisfactory 
means f o r studyii^, under repetitive loading, the effects of the several variables 
which influence the structural performance of dowel bars or other load-transfer de­
vices used in the joints of concrete pavements. The conditions of the test approach 
closely those which are found when a heavy wheel load crosses a transverse joint of a 
pavement in service. 

The test procedure makes possible a determination of the in i t i a l effectiveness of a 
load-transfer system as wel l as any loss in in i t i a l effectiveness which may develop as 
the result of a large number of applications of the loading cycle. 

With this test procedure the principal e f for t thus f a r has been to determine the i n ­
fluence on the structural performance of round steel dowels of three important v a r i ­
ables: dowel diameter, l e i ^ th of dowel embedment, and width of joint opening. For 
each of these variables an orderly relation has been established. 

The following conclusions are based on an analysis of the data presented in this r e ­
port. 

1. A definite exponential relation exists between dowel diameter and load-transfer 
capacity, other conditions being constant. 

2. A relation exists between slab depth and the dowel diameter required to transfer 
a given percentage of the applied load. This relation may be expressed as an approx­
imate rule f o r minimum dowel size, as follows: For round steel dowels at a 12-in. 
spacing in joint openings of y4-in. width or less, the dowel diameter in eighths of an 
inch should equal the slab depth in inches. 

3. The length of dowel embedment necessary to develop maximum load transfer i s 
not a constant function of dowel diameter as has sometimes been assumed. With a 'A-
i n . dowel diameter, maximum load transfer requires an embedded length of about 8-
dowel diameters. With larger dowels, such as the 1-in. and iy4- in . diameters now in 
common use, fu l l - load transfer is obtained with a length of embedment of about 6 diam­
eters, both in i t ia l ly and after many hundreds of thousands of cycles of repetitive load­
ing. The use of shorter dowels in these larger diameters would, in many cases, re ­
sult in an appreciable savings in the amount of steel required f o r dowels. 

4. For a given dowel diameter and condition of loading, decreasing the width of 
joint opening decreases the bending stress in the dowel. I t decreases also the dowel 
deflection and hence increases the percentage of load transferred, both in i t ia l ly and 
after extended repetitive loading. I t is evident that a given load-transfer system may 
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be expected to give a much better structural performance in a contraction joint than in 
an expansion joint of % - i n . width or greater. 

5. The condition of dowel looseness has an important effect on the structural per­
formance of the dowel, since i t can function at f u l l efficiency only after this looseness 
is taken up by load deflection. This is true f o r both in i t i a l looseness and that which 
develops during the course of repetitive loading. Tests which do not include repetitive 
loading and complete stress reversal provide no information on this important condition 
and no measure of i ts effects. 

6. The application of extended repetitive loading decreases the in i t i a l abil i ty of a 
given system to transfer load. Under equal conditions, the amount of this loss varies 
considerably as dowel diameter, length of dowel embedment, and width of joint opening 
are varied. 

In the tests of the authorized program as described in this report, much important 
information was obtained on the structural performance of round steel dowels under 
repetitive loading. To complete the research, additional tests are needed. Recom­
mendations as to the nature and extent of these tests are included in the report. 
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Appendix 
Friberg Equations 

Modulus of Dowel Reaction. From measurements of the deformation of the con­
crete, yo, at the face of the joint, under the bearing load, P, exerted by the dowel, a 
constant term, p , is obtained by uti l izing the e}q>ression: 

2p»EsI 
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In which: 

Mo = the moment in the dowel at the face of the joint caused by the load, P, 
acting at a distance equal to half the width of the joint opening or a/2 (in. -
lb); 

Es = the modulus of elasticity of the dowel steel (psi); and 
I = moment of inert ia of the dowel section (in.*) . 

Having the value of p, the modulus of dowel reaction, K, may be obtained f r o m the 
expression given by Friberg f o r the relative stiffness of the structure (dowel) and the 
mass (concrete), as follows: 

Kb 
4EsI 

The letter b represents the diameter of the dowel (in inches) and the other terms 
are as previously defined. The modulus of dowel reaction is expressed in pounds-per-
cubic-inch units. 

Dowel Deflection. The deflection of a dowel crossing a joint may be determined 
f r o m the following equation: 

^ 2EsI \ ^ & J 

In which: 
A = the difference in deflection of the loaded and unloaded sides of the joint with 

the dowel in f u l l bearing on the concrete (in inches). The other terms are 
as previously defined. 

Westergaard Equations 

Slab Deflection. The deflection of a f ree slab edge and corner may be determined 
f r o m the following equations: 

0.433 P 
z e = ^ g p -

zc = ( l . l - 0.88 ^ ) P 

In which: 
Z g and Z ( . = maximum deflection fo r edge and corner loadings, respectively (in 

inches); 
P = applied load (pounds); 
k = modulus of subgrade reaction (pci); and 
a i = a dimension, measured along the bisector of the corner angle in the 

case of corner loading and equal to the diameter of the loaded area, 
a, multiplied by x/I. 

The dimension, 1, termed the radius of relative stiffness, measured in inches, may 
be determined f r o m the following expression: 

In which: 

Ec = modulus of elasticity of the concrete (psi), 
h = depth of the slab (inches), and 
| i = Poisson's ratio f o r concrete. 
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Discussion 
BENGT F . F R I B E R G , Consulting Engineer, St. Louis, Missouri—The report, cover­
ing extensive and painstaking tests on doweled joints, f i l ls a gap in joint design which 
has existed for many years. Thanks to the careful and comprehensive research, 
doweled joints can be designed with much greater assurance of continued performance 
than has been possible heretofore. The researchers deserve high compliment for the 
ingenious testing arrangement which permitted tests made in the laboratory to simu­
late closely conditions observed in the field. 

No previous information has been available, either on magnitude of voids around 
dowels resulting from dowel coatings and construction conditions, or on the effects of 
repeated loading of dowels. As illustrated in Figure 5, the effect of repeated loadings 
is entirely analogous to dowel looseness; for the range from 5,000- to 10,000-lb wheel 
load the rate of dowel deflection remains linear and, surprisingly, in that range of 
loading, the rate of deflection even after 2,000,000 loadings was the same as for initial 
loading. This means that once the looseness has been taken up during the early stage 
of each loading the effective dowel bearing and bending in the later state occur in sub­
stantially unchanged manner even after very many load repetitions. This would indi­
cate slow frictional wear (or polishing), rather than funneling, around the dowel. 
Smooth dowel surfaces appear to be desirable. 

In earlier theoretical and experimental dowel investigations, the reactive vertical 
pressure against the dowel has been assumed to be proportionate to the deflection of 
the dowel at any point in the embedment, without regard to dowel looseness. A com­
parison between the experimental data and theoretical analyses is given below for 'A-, 
1-, and iy4-in. dowels crossing a 'A-in. joint under initial application and after 600,000 
cycles of a 10,000-lb wheel on a pavement edge at 0.01 in. per kip deflection rate. 
Pavement depths from 6 to 10 in. appear to be a substantial influence, especially with 
respect to looseness developed by repeated loads as shown in Figure 27, and rate of 
deflection vmder load as shown in Figure 11, the thinner slabs showing lower values in 
each case; this is believed due to experimental conditions of support and deflection ob­
servations, which might favor thin slabs. Trends indicated for thicker slabs, with 
values for 'A-in. dowels in 6-in. slabs increased correspondingly, are possibly more 
representative for field conditions. Initial looseness values were observed with good 
correlations according to Figure 22. 

The rates of dowel deflection (after take up of looseness) are obtained from Figure 
11. Adjusted for possible experimental influence of slab depth, the approximate rates 
of dowel deflection probably would not exceed 0.004, 0. 0025, and 0. 0017 in. per 1,000-
Ib dowel shear for the 'A-, 1-, and iy4-in. single dowels. The following looseness 
dimensions and dowel deflection rates, in inches, are indicated to be representative: 

Dowel Size 

% in. lin. IYA in. 

Initial looseness, Figure 22 0.0035 0.0025 0.0025 
Additional looseness for 600,000 cycles, 

Figure 27 0.0035 0.0025 0.0020 
Rate of deflection per 1,000-lb shear, 

Figure 11 0.004 0.0025 0.0017 

Based on the above dowel deflection values, Figure 49 has been drawn to show the 
approximate e}Q>erimental relationships between dowel shear and total dowel deflection 
across a %-in. joint for y*-, 1-, and 1%-in. dowels. In the three graphs of Figure 49 
comparative lines of dowel deflection have been drawn, as computed by the formula 
for relative deflection in the appendix without consideration of looseness for different 
assumed values of modulus of dowel reaction K. 

The theoretical deflection line which is parallel with the experimental deflection 
rate line indicates the applicable modulus of dowel reaction representing dowel action 
within the concrete. As shown in the graphs, the approximate K values are from 2. 2 
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Figure l)-9. Representative relation of dowel shear and deflection from the tests of 
3/5-, 1-, and 1-^-in. dowels, for 10,000-lb load and 0.01 i n . per kip pavement deflec­

tion rate. Modulus of dowel reaction shown for rates of deflection as computed. 

to 3. 0 million pci for 1% to % in. dowels; those compare with values of 2.6 to 3.0 
million pci given in the paper. The relative deflection consists of deflections at the 
two faces of the concrete, dowel slope deflection across the joint, and a minor incre­
ment of dowel cantilever deflection within the joint space. The relative magnitudes of 
the major increments of deflection, and corresponding dowel bearing pressures, are: 

Dowel size, in. 
K-value, 10* pci 

Distribution of cross joint deflection 

Each of two faces, percent 
Slope across joint, percent 
Dowel cantilever, percent 

Rate of cross joint deflection, 
per 1,000 lb 

Dowel face deflection, per 1,000 lb 

Bearing pressure of dowel shear, 
per 1,000 lb 

% 
3.0 

32.5 
33 

2 

1 
2.3 

36.5 
26 

1.0 

1% 
2.2 

38.5 
28.5 
0.5 

0. 004 in. 

0.0013 in. 

0. 0025 in. 0.0017 in. 

0.00091 in. 0.00066 in. 

3,900 psi 2,100 psi 1,450 psi 

For the 10,000-lb wheel load the shear on the inside dowels would approximate 1,200 
lb. Apparently the concrete around %-in. dowels sustained high local bearing pres­
sures for at least 2,000,000 cycles without failure. The maximum moment in the %-in. 
dowels due to shear, computed per ref. (4), would occur 0. 5 in. from the face of the 
concrete and equal 700 in. lb for 1,200 lb. shear. An additional dowel moment due to 
"tilt," as e}q)lained later in this discussion, approximating 300 in, lb could occur coin­
cident with the maximum moment due to shear. Even though load deflections between 
the dowel and the concrete are small in comparison with the looseness dimensions, 
the theoretical moments and stresses appear to be compatible with the experimental 
evidence. 
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Crossjoint deflections at maximum wheel load determine the load transfer efficiency 
of a dowel system. With 1,200 to 1,300-lb shear on the inside dowel for a 10,000-lb 
wheel load, the corresponding theoretical deflection computed in accordance with for­
mula in the appendix, as drawn in Figure 49, should be based on K-values of about 
0. 7, 0,5, and 0.4 million pci for %-, 1-, and l ^ - i n . dowels. However, with data on 
looseness available from this research, adjustment of the formula shown in the appen­
dix by introducing a deflection term for looseness is warranted, as follows: 

A - d . + P / l + i l + J a ) l ^ a» \ 

in which do is the looseness, independent of load and joint width in the form shown, 
with different values for various dowel sizes and pavement ages. Dowel looseness is 
not entirely independent of either joint width as shown in Figure 29, or pavement load-
deflection as shown in Figure 30, but the observed values appear to be well correlated 
with dowel size for wide joints. 

Without looseness the percentage of load transfer is e:q)ressed by £q . 1 of the paper. 
With dowel looseness do existing, the loaded pavement must deflect an equivalent 
amount before load transfer becomes proportionate to the remaining wheel load at a 
linear rate of dowel deflection, as illustrated by the tests above 5,000-lb load. The 
percentage of load transfer of the wheel load W is e^ressed by the following equa­
tion: 

1 _ do 

Pd= ^ 100 (3) 
2+ yd 

yp 
in which yd is the rate of deflection of the doweling system (having the same relation 
to single dowel deflection as the load on the most heavily loaded dowel, at the load, 
has to the total load transferred). In relation to ideal (no play) load transfer Px, Eq. 1, 
£q . 3 takes the form 

^ d = P - v ^ P ^ (4) 

The loss in load transfer due to looseness, plotted in Figures 23 and 34, accordingly 
applies as percent of the ideal load transfer (not as percent of wheel load). 

For a 10,000-lb wheel load after 600,000 cycles, and deflection characteristics as 
shown in Figure 49, the load transfer by the four-dowel system computed by Eq. 3 un­
der assumption of 30, 29 and 28 percent of the shear on the most heavily loaded dowel, 
would give 43.9 percent, 45.9percent, and 46. 5 percent load transfer for the %-, 1-, 
and iy4-in. dowel system, respectively. Comparative experimental values were: for 
'A-in. dowels per Figure 7, 44.6 percent; and for 1- and l ^ - i n . dowels per Figures 
18 and 34 using Eq. 4, 45. 5 percent and 46.3 percent, respectively. The high retained 
load transfer capacity after repeated loading is noteworthy. 

The writer's dowel investigations (4) did not give attention to pavement deflection at 
the joint, that is , tilt of both slabs toward the joint, as a source of dowel stress. The 
effect of tilt, as illustrated in Figure 50, for load centered over the joint, i s bending 
in the dowel equally on both sides of the joint with compression in the top of the dowel, 
and pressure between the dowel and the concrete above. Superimposed on these 
stresses are those due to shear in the dowel, additive compression in the dowel and 
gainst the concrete on the loaded side of the joint, but covuiteracting, or reversing 
the stresses due to tilt, on the side of the joint away from the load. For low rates of 
pavement deflection the stresses due to tilt would be small, but for high rates of pave­
ment deflections, as used in the tests, the tilt stresses are of the same order of mag­
nitude as stresses due to dowel shear. 

Theoretical stresses due to tilt are easily ascertained in accordance with general 
formuli given in ref. (4). For an angular change on each side of a joint, a moments 
arise in the dowel, symmetrical with respect to the joint and largest at the joint Mt, 
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million pounds per cubic inch. 

and diminishing on each side. The dowel deflections at any point in the concrete due 
to the tilt moment (Eq. 2 of Ref 4) would be: 

(5) 

The angular change at the face of the concrete is obtained from Eq. 3 of ref. (4), and is: 

dx.. 

The angular chaise in the dowel portion from the face of the concrete to the center of 
^ the joint is 

Mt . a 
2 E s • I 

The total angular chaise on each side, a , i s accordingly: 

- _ Mt 
-I (rt) 

from which 

(6) 

(7) 
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The corresponding deflection of the dowel in the concrete at the face of the joint, yt, 
is obtained from Eq. 5: 

yt 
2a 

"PT2T- (8) 

The maximum concrete bearing stress is K • yt. 
Figure 50 shows, for %-, 1-, and l ^ - i n . dowels across joints up to 1-in. wide, the 

tilt moment and bending stress for angular change of 0. 001 radianoneachsideof a joint 
and for modulus of dowel reaction 1.0, 2.0, 3.0, and 4.0 million pci and without con­
sideration of dowel looseness. The angular change shown in Figure 50 is about equal 
to the maximum a v e r s e tilt in the tests. The dowel stress for 0.001 radian tilt at 
the "A-in. joint, in the A - , 1-, and iy4-in. dowel in order, would be: for 2.0 million 
modulus, 7,900, 9,000, and 10,000 psi; for 3.0 milUon modulus, 8,500, 9,880, and 
10,700 psi. The corresponding concrete bearing stresses would be: 780, 1,020, and 
1,240 psi; 1,020, 1,350, and 1,650 psi. Dowel looseness affects tilt moments and 
stresses especially for short dowels, as indicated in Figure 39; however, for normal 
dowel lengths tilt would be less influenced by looseness than shear deflections and 
stresses. For tilt in the experimental y4-in. dowels an effective modulus of dowel re ­
action, looseness considered, of 2.0 million lb per in. is assumed. 

Figure 51 shows how shear stresses combine with the tilt stresses in a %-in. dowel 
across a %-in. wide joint between slabs, tilted 0. 001 radian on each side coincident 
with the assumed dowel shear is 1,000 lb and the modulus of dowel reaction 2,000,000 
pci. The top graph shows stress due to tilt, the center graph stress due to shear, and 
the bottom graph the combined dowel stress. The shear in the dowel portion in the 
joint opening is constant; the change in observed dowel stress across the joint multi­
plied by the section modulus and divided by the joint width, gives directly the experi­
mental shear in the dowel. In the bottom graph have been drawn also the stresses 
from strain gage readings in the joint according to Figures 34 and 42. The coincidence 
in slope between the theoretical and observed stresses in the joint is a measure of how 

close the dowel test shear was to 1,000 lb. 

Z>/s/or7ce firom 

— — -— -— 

M 1 

OO/maf. 

Figure 51. Combined stresses i n a 3A-ln. 
dowel across a 3A-la> joint 'because of 
pavement t i l t and dowel shear, computed 
for 0.001 radian t i l t , 1,000 lb dowel 
shear, and modulus of dowel reaction of 
two mm ion pel. Comparative observed 

stresses shown. 

The observed stresses are slightly higher 
than the computed stresses; that is a 
measure of modulus of dowel reaction 
somewhat higher than assumed in Figure 
51, and of the slight error in assumii^ an 
inflection point for shear in the dowel at 
the middle of the joint opening, or, in 
other words, symmetrical tilt. As indi­
cated by a dotted line in the center graph 
only a very small deviation in inflection 
point away from mid-joint would give ex­
cellent coincidence between theoretical 
and observed dowel stress. The agree­
ment between theory and tests is very 
close. 

The need for taking stresses due to tilt 
moment into account is easily seen in 
Figure 51. On the loaded side the %-in. 
dowel stress is increased 45 percent 
above the bending stress due to shear 
alone; the concrete bearing stress is in­
creased 780 psi above the 3,900 psi due to 
shear. On stiffer subgrade and in thick 
slabs tilting at a lesser rate than that 
used experimentally (which was the same 
for all slab thicknesses), the influence of 
tilt would be less; however, the experi­
mentally used pavement deflection rate 
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would not be too different from some corner deflections observed in the field. Un­
loaded joints in the field are frequently warped up; tilt stresses will be relieved by 
wheel loads near such joint. But if subgrade support is lacking under level joints tilt 
stresses of the magnitude in the tests may well occur and should be considered in 
joint design. 

The observed stresses in Figure 35, as well as other illustrations, are rationally 
explained when tilt stresses are considered. The observed stress change across the 
joint width are for most observations in close agreement with the theoretical dowel 
shear. The increase in dowel stress, Figure 42, i s entirely due to the greater slab 
tilt'and tilt stress in the dowel for increased rate of pavement deflection. With refer­
ence to' Figure 43, the decrease in dowel stress per 1,000 lb of dowel shear for two 
dowels as compared to four dowel system is also explained by tilt stress change; for 
four dowels active a wheel load approaching 10,000 lb with about 0.001 radian pavement 
tilt was necessary to produce 1,000 lb dowel shear, corresponding to tilt stress in %-
to 1%-in. dowels from 8,000 to 11,000 psi in a %-in. joint opening; for two dowels ac­
tive a wheel load of about 5,000 lb i s sufficient to give a dowel shear of 1,000 lb, and 
the pavement deflection at the joint, the tilt, and the tilt stress would be proportionally 
decreased. As seen in Figure 43, and represented by dowel stress at mid-joint, the 
tilt stress corresponding to two dowel shears of 1,000 lb each is one-half of that for 
four active dowels. 

The research and report have added very greatly to the store of knowledge con­
cerning the structural performance of pavement joint doweling. The research work 
could profitably be continued, to determine effects of joint movement and faulty dowel 
alignment as well as loading, to obtain data on variables of dowel looseness as related 
to construction practices, and to learn about mechanics of material failures at dowels 
for different concrete strengths, and at joints with other types of interlocks and dowels. 

Raveling and spalling along joint edges are pertinent factors in long-time deteriora­
tion of concrete pavements. Tests of various joint designs and joint interlocks on the 
ingenious testing equipment for controlled laboratory conditions, under variously im­
posed conditions of dimensional variations, tieing, restraints, sealing, infiltration, 
freezing, etc., could well be expected to clarify performance factors of vital impor­
tance to pavement durability, through longer lasting and maintenance free joints. 

Noticeable economies could be possible by use of the results of the research in the 
large highway construction program immediately ahead. Shorter dowels than used 
heretofore are shown to be permissible, and would be particularly desirable for stain­
less surfaced dowels which may be specified increasii^ly, and with a high premium 
on weight saving. The research has given evidence of continued high efficiency of load 
transfer, much higher than that commonly considered in pavement design applied to 
corner loads on pavements with imperfect subgrade support, for which 20 percent load 
transfer and stress relief is assumed generally. Actual sustained load transfer of 40 
percent could be assumed with four active dowels which may be representative for 
normal pavement corner construction. Insofar as pavement design is governed by 
corner stresses, corresponding design economies appear to be feasible. 
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