i e S S 2 e

8 2 :
At " LI 1 g aiay
]

V¥2..77290/6 “ W SEp 11 1939

MIRTIC DOART
JUBLIC ROADS
e MIN IIIIiIIl“llm b mmmmnl I “lml“w.nﬂ" IIIII.. llln.“Um ,,L ’llllllllillh. lmlmmﬂ" ..!"yml ‘,.nl
i é A JOURNAL OF HIGHWAY RESEARCH
R FEDERAL WORKS AGENCY
PUBLIC ROADS ADMINISTRATION

l 32,716,026 l297

181,790

«Uc,U1IV
394,352
33,586,289

=+ R
o
| LY
-l =
o
e
wlino o
.gim.“; 3
e d o
1?'_\5’\25 o
n
=
~
=
DAl
R
n
£ 3
-E <
ER
3 2
o
I
25| B3
2B | AZA
—
:1939
2 For sale by the Super

of D.C. = o - - - - = - - See page 2 of cover for prices




UBLIC ROADS Fiiheay revan
Highway Research
Issued by the
FEDERAL WORKS AGENCY

PUBLIC ROADS ADMINISTRATION

D. M. BEACH, Editor
August 1939

Volume 20, No. 6

The reports of research published in this magazine are necessarily qualified by the conditions of the tests from which the data are obtained.
Whenever it is deemed possible to do so, generalizations are drawn from the resulls of the tests; and, unless this is done, the conclusions
formulated must be considered as specifically pertinent only to described conditions.

In This Issue
Page
Application of the Results of Research to the Structural Design of Concrete Pavements—

Concluded . S L e e e e e e 07
Disposition of State Motor-Fuel Tax Receipts, 1938 . . . . . . . . . . . . 127
Disposition of State Motor-Vehicle Receipts, 1938 128
Disposition of State Motor-Carrier Tax Receipts, 1938 129
Disposition of Receipts from State Imposts on Highway Users, 1938 130

THE. PUBLIC ROADS ADMINISTRATION - - - - - - - - Willard Building, Washington, D. C,
REGIONAL HEADQUARTERS - - - - - - - - . - - - Federal Building, Civic Center, San Francisco, Calif.

v

DISTRICT OFFICES

DISTRICT No. 8. Alabama, Georgia, Florida, Mississippi, and Tennessee.
Post Office Building, Montgomery, Ala;

DISTRICT No. 1. Oregon, Washington, and Montana.
Post Office Building, Portland, Oreg.

DISTRICT No. 2. California, Arizona, and Nevada. DISTRICT No. 9. Connecticut, Maine, Massachusetts, New Hampshire, New
Federal Building, Civic Center, San Francisco, Calif Jersey' New York, Rhode Island, and Vermont.
505 Post Office Building, Albany, N. Y.

DISTRICT No. 3. Colorado, New Mexico, and Wyoming.

254 New Customhouse, Denver, Colo. DISTRICT No. 10. Delaware, Maryland. Ohio, Pennsylvania, and District
DISTRICT No. 4. Minnesota, North Da\ko;,7 ioit}(;;)al;ot'l:,v emgt lelisﬁo:ﬂsin. of Columbia. Willard Building, Washington, D.G
Bt DISTRIGIENoATIT sk

DISTRICT No. 5. Iowa, Kansas, Missouri, and Nebraska. Room 419, Federal and Territorial Building, Juneau, Alaska
Masonic Temple Building, Nineteenth and Douglas Sts., Omaha, Nebr. DISTRICT No. 12. Idah d Utah
S o. 12. ldaho and Utah.
DISTRICT No. 6. Arkansas, Louisiana, Oklahoma, and Texas. Federal Building, Ogden, Utah.

Room 502, United States Courthouse, Fort Worth, Tex. ¢ : e
DISTRICT No. 14. North Carolina, South Carolina, Virginia, and West

DISTRICT No. 7. Illinois, Indiana, Kentucky, and Michigan. Virginia.

South Chicago Post Office Building, Chicago, Ill. Montgomery Building, Spartanburg, S.C:

Because of the necessarily limited edition of this publication it is impossible to distribute it free to any person or institution other

than State and county officials actually engaged in planning or constructing public highways, instructors in highway engineering

and periodicals upon an exchange basis. At the present time additions to the free mailing list can be made only as vacancies occur

Those desiring to obtain PUBLIC ROADS can do so by sending $1 per year (foreign subscription $1.50), or 10 cents per single copy;
to the Superintendent of Documents, United States Government Printing Office, Washington, D. C.

CERTIFICATE: By direction of the Commissioner of Public Roads, the matter contained herein is published as acministrative information
and is required for the proper transaction of the public business. .

sta;

1
ext
yea
141
edg
thi
3 ir
thic
unij
was
of S
of t
st
sim
payv
(86)

T
buil
begt
1922
sect




al of

earch

gust 1939

e obtained.
onclusions

Page

27
28
29

ton, D. C.

cisco, Calif.

1 Tennessee.
Vontgomery, Ala.

ampshire, Nev
rmont.

ng, Albany, N. Y.
y, and District

Washington, D.C.
g, Juneau, Alaska
ding, Ogden, Utah

nia, and West

Spartanburg, 5.C:

itution other

engineering
ancies occul
r single copyi

APPLICATION

OF BHE. RESULITS OF RE.

SEARCH TO THE STRUCTURAL DESIGN
OF CONCRETE PAVEMENTS®

Reported by E. F. KELLEY, Chief, Division of Tests, Public Roads Administration

Shape of cross section of slab—Two types of cross
section of the pavement slab are in general use; the
cross section of uniform thickness, and the cross
section in which the edges of the slab are thicker than
the central portion. An appreciable number of State
highway departments use slabs of uniform thickness
but the majority use the thickened-edge design.

Since the thickened-edge pavement design is used
so extensively at the present time, the history of its
development is of interest.

So far as is known, the thickened-edge section in
essentially its present form was first utilized by the
California Hichway Commission, as an alternate to a
section of uniform thickness, in the construction of
concrete bases. In this design the edge depth of the
slab was 2 inches greater than the interior depth, the
slab thickness being reduced from the edge depth to
the interior depth at a uniform rate in the outer 18
inches of pavement width. This alternate design is
shown in the May 1, 1913, issue of the California
Highway Bulletin and it is shown subsequently in the
first and second biennial reports of the California High-
way Commission (Dee. 31, 1918, and Dec. 31, 1920).
In the biennial report for 1921-22 (Nov. 1, 1922) the
thickened-edge cross section appears as a standard
rather than an alternate design.

According to T. E. Stanton * the alternate thickened-
edge section was officially adopted in November 1912,
for base construction and was used for this purpose
from time to time until 1921 after which it was made
standard for all concrete pavement construction.

In 1920 Maricopa County, Ariz., undertook a very
extensive paving program and on November 12 of that
year construction was started on a contract involving
141 miles of concrete pavement, all with thickened
edges (35).° The design provided for a uniform interior
thickness of either 5 or 6 inches and an edge thickness
3 inches greater than the interior thickness. The edge
thickness was reduced to the interior thickness at a
uniform rate in a distance of 2 feet. Thus the section
was identical with that which is used today by a number
of States and was similar to that now used by a majority
of the States. The stated purpose of the design was to
“strengthen the edge and at the same time permit
simple construction of the subgrade” and to secure “‘a
I();gnng slab with a more uniform resisting strength”
The Pittsburg Test Road at Pittsburg, Calif., was
built during the summer of 1921. Traffic tests were
begun that year and were finally discontinued in July
1922, The test road contained one thickened-edge
section, similar to the 9-6-9-inch section used pre-

¢ Materials and Research Engineer, Division of Highways, California Department
of Public Works. ) SRR o
'I‘I; Because of its length, this report is presented in two issues of PUBLIC ROADS.
he ﬁrst installment appeared in the July issue. 3
issuletahc figures in parenthesis refer to the bibliography, p. 102, of the preceding

168494—389——1

viously in Maricopa County, and in the final report
(87), 1ssued January 1, 1923, this section was given the
highest rating of any of the sections included in the
investigation.

The sections of the Bates Road (21) that were built
in 1920 and 1921 did not include any thickened-edge
design. However, sections of this design were built in
the fall of 1922 and were subjected to traffic tests dur-
ing 1923. The results corroborated the earlier findings
of the Pittsburg tests that thickening the edges of a
relatively thin pavement slab greatly increases its re-
sistance to concentrations of heavy wheel loads.

In general, two types of thickened-edge cross sections
are used. In one, the upper and lower boundaries of
the section are parabolic curves so arranged that the
thickness gradually increases from a minimum at the
center to a maximum at the edge, the edge thickness
being from 2 to 3 inches greater than the center thick-
ness. The second type, which is used by a majority of
the State hichway departments, is the same as that
used originally by the California Highway Commission.
The central portion of the slab is of uniform thickness
and the edge thickness exceeds this by 2 to 3 inches.
The edge section is a trapezoid, the edge thickening
taking place at a uniform rate over the outer 2 to 4 feet
of slab width. In the Arlington tests (17) it has been
found that with this type of cross section the greatest
uniformity of load stresses throughout the section may
be obtained.

Another type of thickened-edge section that is used
to a considerable extent is the lip-curb design. In this
design a low curb of approximately wedge shapeis formed
along the edge of the slab. The base of the curb is
generally about 12 inches wide and the height is about
3 inches. When such a curb is superimposed on a slab
of uniform thickness the stress diagram for loads is very
similar to that for slabs of the conventional thickened-
edge type in which the edge thickening is on the under-
side of the slab (17). However, the lip-curb design is
not used primarily to strengthen the slab edge but
rather as a drainage measure to prevent erosion of the
road shoulders by storm water.

EFFECT OF LOAD STRESSES ON SLAB DESIGN DISCUSSED

Use of stress analysis in design.—In introducing the
discussion of the application of stress analysis to the
design of pavement slabs it is well to emphasize that
one of the basic assumptions of the Westergaard anal-
yses, both for load stresses and temperature warping
stresses, is that the thickness of the slab is uniform.
The equations for edge stress and corner stress are not
directly applicable to slabs of thickened-edge design.

With respect to interior stresses the situation is some-
what different. In the Arlington tests (17) it was found
that in slabs of uniform thickness the critical stress
under a load in the interior of the slab was practically
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the same from the center of the slab to a point about
21 feet from the edge. A similar condition was found
to exist, over an evgﬁ greater portion of the slab width,
in thickened-edge slabs in which the edge thickness was
reduced to a uniform interior thickness in a short
distance and at a uniform rate. Therefore, it appears
appropriate to use the equation for interior load stress
both for slabs of uniform thickness and for those with
thickened edges since, in the latter case, the maximum
interior stresses are not affected appreciably by the edge
thickening. Although test data are not available,
considerations of similar character lead to the con-
clusion that it will be approximately correct to con-
sider interior warping stresses in a slab of uniform thick-
ness to be the same as in a thickened-edge slab in which
the interior portion is of equal uniform thickness.

In applying stress analysis to the design of slabs of
uniform thickness, curves similar to those of figure 9
may be used to determine the thickness required to
resist load stresses. For example, assume that it is
desired to determine the required thickness of a slab
having a modulus of rupture of 700 pounds per square
inch for load A, an 8,000-pound wheel equipped with
high-pressure pneumatic tires. If the conservative
working unit stress of 350 pounds per square inch is
used, figure 9 shows that the required thicknesses for the
interior, corner and edge are approximately 6.2 inches,
9 inches, and 8.6 inches, respectively. These figures
indicate that if the allowable unit stress is to be limited
to 350 pounds per square inch the slab should have a
uniform thickness of 9 inches. However, the load
stresses will not be equal in the several portions of the
slab. The indicated stresses at the interior, corner, and
edge of this 9-inch slab are approximately 190, 350, and
330 pounds per square inch, respectively. On the other
hand, if a less conservative unit stress is used, say 400
pounds per square inch, then the required thickness of
slab, as determined by the corner stress, is approxi-
mately 8.3 inches. In this case the computed load
stresses at the interior, corner, and edge of the slab are
approximately 220, 400, and 370 pounds per square
inch, respectively.

In the Arlington tests (17) it has been found that the
thickened-edge cross section gives the nearest approach
to a design that is balanced for load stresses; that is,
one in which the stresses in a cross section of the slab
are approximately equal for all positions of the load.
It has also been found that the section which most
nearly accomplishes this is of uniform thickness in the
interior and has an edge thickness about 1.67 times
the interior thickness, the edge thickness being reduced
to the interior thickness at a uniform rate over a dis-
tance of 2 to 2% feet.

At present, the only means of applying stress analysis
to the design of thickened-edge slabs is to determine
the interior thickness in the same manner as for slabs
of uniform depth and to determine the edge thickness
by the empirical relation between edge and center
thickness that has been indicated by the Arlington
tests.

On the basis of the same assumptions that have been
made for the slabs of uniform thickness, the interior
thickness required to resist load A in a thickened-edge
olab is indicated to be approximately 6.2 inches if the
allowable unit stress is 350 pounds per square inch
and 5.7 inches if the allowable unit stress is 400 pounds
per square inch. Since these dimensions are based on
Westergaard's original analysis rather than on the

modified analysis of interior stresses, it will be suffi-
ciently accurate to use interior thicknesses of 6 inches
and 5.5 inches, respectively.

Multiplying these figures by 1.67 gives an edge
thickness of 10 inches for the first design and 9.2 inches
for the second. The data obtained in the Arlington
tests indicate that the load stresses in the edge an(
interior of the 10-6-10-inch cross section will be ap-
proximately balanced and equal to about 350 pounds
per square inch and that the edge and interior load
stresses in the 9.2-5.5-9.2-inch cross section will be
approximately balanced and equal to about 400 pounds
per square inch.

Permissible unit stresses.—Before discussing the de-
sien of pavement slabs to resist the combined stresses
due to load and temperature warping it is desirable to
consider the factors that should influence the selection
of permissible maximum unit stresses. Most of these
factors have been mentioned in the previous discussion.

As has been stated, consideration of the available
data concerning the fatigue limit of concrete has led
to the rather general practice of assuming about 50
percent of the ultimate flexural strength as a safe value
of the unit stress to be used in designing pavements to
resist wheel loads. In general the probable strength
of paving concrete at ages greater than 28 days is not
definitely known and therefore the design stress has
usually been based on the 28-day strength. Since con-
crete of the character used in pavements may be ex-
pected to have a flexural strength at 28 days of from
600 to 700 pounds per square inch, the customary
design stress has been of the order of 300 to 350 pounds
per square inch.

FOR COMBINED STRESSES, ALLOWABLE STRESS MAY EXCEED 400
POUNDS PER SQUARE INCH

As applied to load stresses this practice is a con-
servative one and the considerations that lead to this
conclusion are:

1. The possibility that the fatigue limit of concrete,
for the loading conditions that obtain in pavements, is
greater than 50 percent of the ultimate strength.

2. The possibility that the stresses in pavement
slabs caused by impact forces are less than those
caused by static loads of the same magnitude.

3. The fact that concrete increases in strength with
age and the probability that by the time the pavement
has been subjected to enough repetitions of stress due
to maximum wheel loads to require consideration of
the fatigue limit, the concrete will have attained a
s]trength appreciably in excess of its strength at 28
days.

The numerous investigations that have been made
indicate that the rate at which concrete increases in
strength after the age of 28 days is a variable that
depends on several factors. The averages of the results
obtained in a number of these investigations give
- values of the moduli of rupture at the age of 1 year
that exceed the average moduli at the age of 28 days
by amounts ranging from about 20 to 45 percent.
Since these are average figures it is apparent that
under some conditions the l-year strength will exceed
the 28-day strength by less than 20 percent.

Tt must be recognized that, for a given concrete, the
1-year strength cannot be predicted with any certainty
from test results obtained at 28 days. However,
when all the factors are considered, it does not seem

unreasonable to believe that in general there may be
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expected a minimum increase in strength between the
ages of 28 days and 1 year of the general order of 20
ercent. A ST

If the practice of limiting load stresses to about 50
percent of the 28-day strength of the concrete is a
conservative one, then the same practice would cer-
tainly be unduly conservative if applied to the design
of slabs proportioned to resist the combined stresses
due to load and temperature warping. The additional
considerations that lead to this conclusion have been
discussed previously and are: ; :

4. The fact that vehicles having maximum wheel
loads constitute a small percentage of the traffic on
most roads. The occurrence of maximum stress due
to load is therefore relatively infrequent and the
occurrence of maximum load stress in combination
with maximum warping stress is much less frequent.
This is particularly true in those localities where the
movement of heavy trucks is principally at night when
the warping stresses that are of consequence are gen-
erally such that the combined stresses are less than
the load stresses.

5. The fact that the unknown stresses due to moisture
warping appear to reduce, rather than to increase, the
maximum stresses due to temperature warping.

On the basis of present knowledge the five factors
that have been mentioned cannot be definitely evalu-
ated. However, when all of them are considered, it
does not appear unreasonable to conclude that, when
the design is based on combined stresses due to load
and temperature, the safe allowable unit stress is in
excess of 400 pounds per square inch and may be
as high as 500 pounds per square inch.

Design of cross section for combined load and tem-
perature-warping stresses—A consideration of slab
design on the basis of combined load and warping
stresses leads to the conclusion that there must be
either an increase in permissible unit stresses even
beyond the limits that have been suggested or an
acknowledgment that current practice with respect to
joint spacing in nonreinforced conerete slabs is incorrect.

In the previous discussion it has been shown that,
for the assumed conditions, a slab of 9-inch uniform
thickness is required if the unit load stress is limited
to 350 pounds per square inch and that the thickness
should be about 8.3 inches if the unit load stress is
limited to 400 pounds per square inch. The combined
nterior and edge stresses (from figures 15 and 16)
in these same slabs are shown in table 14. It will be
observed that the edge stresses are always greater
than the interior stresses; that in a 30-foot slab the
edge stresses are equal to or greater than 600 pounds
per square inch; that in a 15-foot slab they exceed
500 pounds per square inch except when the slab

TaBLE 14.—Combined edge and interior stresses in slabs 10 feel
wide and of uniform thickness !

Length ¢f sl.b
Depth of sl onie T o
([incﬁeg b Position 30 feet 15 feet 10 feet

k=100 | k=300 | k=100 | k=300 | k=100 | k=300
Lb. per | Lb. per | Lb. per | Lb. per | Lb. per | Lb. per
i £¢.in. | sq.in. | sq.in. | sq.in. | g.in. | $q. in.
9. S e {Intermr. 570 550 380 480 50 320
“[LEd 650 600 460 530 330 370
8.35 ey { 570 550 420 500 290 350
E 660 600 510 560 380 410

! From figs. 15 and 16.
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Figure 18.—Maximum STREsS DiaGrRaMs FOR COMBINED
Loap aAnp WAaRrpPING STREssEs FOrR Two Typican Cross
Secrions; SraB LeEngTtE 20 FEET; BAsED oN Data From
THE ARLINGTON TEsts. DouBLE HarcHED AREA SHOWS
THE SMALL REDUCTION APPLIED TO THE OBSERVED Lo0OAD
StrESs VALUES To CORRECT FOR THE ErFrECcT OF WARPING.

thickness is 9 inches and £=100; and that it is not
until the slab length is reduced to 10 feet that the
edge stresses are reduced to values equal to or less than
about 400 pounds per square inch.

Since, as has been stated, only the interior stresses
can be computed in a thickened-edge slab, it is neces-
sary to depend on the data from the Arlington tests
for information concerning balanced design of cross
section for slabs with thickened edges. Figure 18
shows such data for a 6-inch uniform section and a
9-6-9-inch section, the load stresses in both being the
stresses observed under a load of 8,000 pounds and the
slab length being 20 feet.

ASSUMPTIONS NECESSARY IN APPLYING WESTERG AARD ANALYSIS
TO THICKENED-EDGE SLABS

In the 6-inch uniform-thickness slab the observed
load stresses of figure 18 are somewhat less than the
computed stresses shown in figures 15 and 16. This is
to be expected since the loads are not the same. How-
ever, the observed warping stresses of figure 18 are
greater than the computed warping stresses of figures
15 and 16 even for a slab length of 30 feet. The net
result is that the observed combined stresses in the
6-inch slab, 20 feet long, of figure 18 are of about the
same order of magnitude as the average values, for k=
100 and k=300, of the computed combined stresses in
the 6-inch slab, 30 feet long, of figures 15 and 16. This
is merely a demonstration of the fact that observed
stresses are of the same order of magnitude as the
maximum stresses obtained by theoretical analysis.

The real importance of figure 18 lies in the fact that,

from the standpoint both of maximum stress and of
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uniformity of stress, there is no significant difference
between the thickened-edge section and the section of
uniform thickness. The maximum combined stresses
are approximately the same for both slabs and the stress
diagrams are of approximately the same shape. There-
fore, it may be concluded that for long slabs (20 feet or
more) there is no particular advantage, from the stand-
point of combined stresses at the edge and interior, of
thickening the slab edges. This conclusion does not
apply to the slab corners where the load stresses are
greatly reduced by edge thickening and where the
combined stresses do not exceed the load stresses by
any great amount. With respect to short slabs (length
about 10 feet) a further analysis is necessary before a
conclusion can be reached.

As has already been pointed out, the Westergaard
analyses for load and warping stresses do not apply to
dlabs with thickened edges. Therefore there is no
exact analytical method available on which to base a
comparison of maximum combined stresses in short
slabs of uniform thickness with those in slabs with
thickened edges. However, by making certain assump-
tions, which the data from the Arlington tests appear
to justify, it is possible to make an approximate com-
putation of stresses in thickened-edge slabs for com-
parison with stresses, computed by the Westergaard
analyses, in slabs of uniform thickness. These assump-
tions are as follows:

1. That the Westergaard analyses for load and warp-
ing stresses are applicable to the interior of thickened-
edge slabs in which the interior portion of the slab is of
uniform thickness.

9. That when the edge thickness of-a thickened-edge
dlab is 1.67 times the interior thickness the maximum
load stress at the edge is approximately the same as
the maximum interior load stress.

These two assumptions have been discussed pre-
viously.

3. That the edge-warping stress in a thickened-edge
glab is approximately the same as the edge-warping
stress in a slab having a uniform thickness equal to the
edge thickness of the thickened-edge slab.

In the Arlington tests ((16), table 4) it was found
that the average observed warping stresses in the edges
of slabs 20 feet long and of uniform thickness were not
much greater in a 9-inch slab than in a 6-inch slab.
This result is not in accord with theory and cannot be
fully explained. However, the average edge-warping
stresses in a 9-6-9-inch section exceeded the average
edge stresses in a slab of 6-inch uniform thickness by
about 30 percent. 7

By using the same assumptions that have been used
previously in the computation of warping stresses, it
may be shown that in a slab 20 feet long the edge-
warping stresses in a 6-inch slab of uniform thickness
are approximately 240 pounds per square inch both
for k=100 and #=—300 and that the edge stresses in a
g-inch slab of uniform thickness are approximately
290 pounds per square inch for =100 and 360 pounds
per square inch for —300. The average value of
325 pounds per square inch for the 9-inch slab exceeds
the average value of 240 pounds per square inch for
the 6-inch slab by about 35 percent.

The average computed stress and the average ob-
served stress in the 6-inch slab of uniform thickness are
of about the same order of magnitude. The same is
true of the computed stress in the 9-inch slab of uniform
thickness as compared with the average observed stress

in the 9—6-9-inch section. Also the ratio of the com-
puted edge stress in a 9-inch slab to that in a 6-inch
slab is approximately the same as the ratio of the ob-
served stress in the edge of the 9-6-9-inch section g
that in the edge of the 6-inch section. Therefore, it
appears that it is a reasonable approximation to assume
that in a thickened-edge slab the edge warping stress is
of the same order of magnitude as in a uniform-thick-
ness slab having the same edge depth.

Approximate interior and edge stresses, computed on
the basis of these three assumptions, are shown in
table 15 for three thickened-edge sections. Also shown
in this table are the stresses in slabs of uniform thick-
ness that are approximately comparable, with respect
to maximum stress, with the thickened-edge designs,
The three pairs of cross sections are designed for maxi-
mum combined stresses of approximately 500, 425, and
350 pounds per square inch.

TaBLE 15.—Combined stresses in thickened-edge slabs and slabs
of uniform thickness; for slabs 10 feet wide and 10 feet long "
1

7.1-inch uniform section

e ———

Edge Interior Edge

T

| : 2

l 9-6-9-inch section
| Interior

|

| T |
1k=10(>“k=3(!() kﬂlUO\kZSOO k=100 k=3001k=1m}k=3cn
] :

'\Ltu per| Lb. per|Lb. per|Lb. pcr‘Lb. per|Lb. per|Lb. pcriLb.pu

| 8g.in. | 8q. in. | 8g.in. | sq.in. | $g.in. | 8q. in. | sq.in. | sq.in.
Load stress.._....--- | 370 320 430 ‘ 370 “ 280 250 410 | 30
‘Warping stress__. 110 200 50 | 130 90 180 70 180
Combined stress------ | 480 | 520 480 ‘ 500 | 370 430 480 | 50
[ | ‘ L
AVerage. ...--- ] 500 t 490 ‘ 400 [ 490
|

R B e ey

1 10-6.8-10-inch section 8-inch uniform section

Edge Interior Edge

o s e
k=100 | k=300 k=100‘k=300|l:=100ik=300 k=100

\ \
| | |
ij. pcrlLb, per|Lb. per|Lb. per|Lb. perlLb. per|Lb. per"Lb. pr

‘ Interior

k=300

| 8g.in. | 8g.in. | 8g.in. | sg.in. | sq.in. | 8g.in. | 8q. in. | 8q.in.
Load stresS-...-------- | 300 | 260 370 | 320 230 200 340 20
‘Warping stress & 90 | 180 50 110 70 170 60 b (]
Combined stress-- ... | 390 | 440 1 420 [ 430 | 300 370 400 ‘ a0
| | |
| [
Average ... (06 sl | e os 335 415
|

ot st i iy SRR L

g-inch uniform section

Edge

\

l}

!

[ 11.2-7.8-11.2-inch section }
l Interior

T
k=300

| Zb. per|Lb. per‘Lb, per| Lb. per|Lb. per|Lt. per Lb. per|Lb.pt
| 8g.in. | 8g.in. | sgin. |sq. in. |sg.in. | sg.in. | sq. in. | 8¢.10
| 240 | 210 | 310 | 270 190 170 280 24‘:‘
[ies70; 170 60 150 50 \ 18

| | |
k=100 ‘ k=300 | k=100 ( k=300 ‘ k=100 | k=300 l k=100

i Interior . Edge
|

Load stress-
‘Warping str
Combined stre

| 40 90
310 | 380 350 | 360 250 320 330

—

Average ... 345 355 . 285 ‘ 3460

1 Assumptions with respect to load and other variables same as in figs. 15 and 16.

HICKENED-EDGE SLAB HAS NO MARKED SUPERIORITY OVEl
UNIFORM-THICKNESS SLAB

Tt will be observed that in all cases, for slabs of thi
length, the maximum combined stress is less when k=
100 than when k=300. The difference is not greaf I
any case and, since the value of the subgrade modult
cannot be predetermined, it is considered reasonable 0
average the stresses for the two subgrade conditions
On the basis of these average stresses the 9—6-9-nch
thickened-edge section is comparable with the sectior
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480 500
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b. per|Lb. per!Lh.p:v
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60 W

400 LX)
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150 50| M
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of 7.1-inch uniform thickness; the 10-6.8-10-inch sec-
tion may be compared with the 8-inch uniform section;
and the 11.2-7 .8-11.2-inch section may be compared
with the 9-inch uniform section. :

Since these pairs of slabs are comparable with respect
to stress they may also be compared on the basis of

robable cost. In making this comparison the depth of
the thickened-edge slabs will be assumed to be in-
creased at a uniform rate from the interior thickness to
the edge thickness in the outer 2 feet of slab width.
Then in a mile of 20-foot pavement the amount of
concrete required by the slabs of uniform thickness
exceeds that required by the comparable thickened-edge
slabs by approximately 260, 290 and 280 cubic yards,
respectively, for the slabs having }uufor;n thlckllesses
of 7.1, 8, and 9 inches. When consideration is given to
the additional expense involved in the construction of
thickened-edge slabs, such as shaping the subgrade,
shaping joint fillers, the more expensive side forms that
are required, and the expense of strengthening the
edges of transverse joints, 1t appears that there is no

reat difference in cost between the thickened-edge
slab and the slab of uniform thickness.

In the above comparison of thickened-edge and uni-
form-thickness slabs no consideration has been given
to stresses due to corner loading. There are two reasons
for this, the first being the very practical one that there
is no accurate method available for computing either
the load stresses or the warping stresses in the corner
of a thickened-edge slab.

The second reason is that in slabs of uniform thick-
ness the corner stresses will not exceed the edge stresses
except at transverse joints not provided with load-
transfer devices and at transverse cracks in nonrein-
forced pavements. For the uniform-thickness slabs
shown in table 15 the average maximum combined
corner stresses (average for £=100 and k=300) are
530, 445, and 375 pounds per square inch, respectively,
for the 7.1-, 8-, and 9-inch slabs. These corner stresses
exceed the comparable edge stresses by a maximum of
40 pounds per square inch. As will be shown later, any
of the common types of load-transfer devices used in
transverse joints may be expected to reduce corner
stresses by much greater amounts than this and there-
fore the neglect of corner stresses in slabs of uniform
thickness will not result in any overstress at transverse
cracks or joints in properly reinforced slabs in which
the joints are provided with some means for load trans-
fer. The overstresses that may occur at free transverse
joints or at transverse cracks in nonreinforced pave-
ments are so small as to be negligible.

While no figures can be produced to support the argu-
ment, it is believed that the same reasoning is applicable
to thickened-edge slabs and that the designs of table 15
are truly comparable even though they cannot be com-
pared on the basis of corner stresses.

On the basis of the foregoing discussion it is concluded
that, when pavement slabs are designed for wheel loads
such as are commonly permitted by regulatory baws and
when the combined stresses due to load and temperature
warping are kept within safe limits, the thickened-edge
cross section has no marked advantage over the cross
section of uniform thickness.

Edge strengthening at Jree transverse joints.—When a
free transverse joint is introduced in a thickened-edge
slab, or when a transverse crack develops in a thickened-
edge slab that is not reinforced, a condition of relative
weakness is created at the edges of the joint or crack.

This is because the central portion of the joint or crack
has the same thickness as the interior of the slab but is
subjected to the higher stresses which are associated
with edge leading. ]

In table 16 are shown the maximum combined stresses
at the interior, the longitudinal edge and the edge of a
free transverse joint in each of the three thickened-
edge slabs that have already been shown in table 15.
However, in table 16 the slabs are assumed to be 30
feet long instead of 10 feet as in table 15.

In table 15, for slabs 10 feet long, the maximum
stresses were shown to be approximately 500 pounds
per square inch for the 9-6-9-inch section, 425 pounds
per square inch for the 10-6.8-10-inch section and 350
pounds per square inch for the 11.2-7.8-11.2-inch sec-
tion. It will be noted at once, from table 16, that
increasing the slab length from 10:to 30 feet has in-
creased the stresses in the 9-6-9-inch section from a
maximum of 500 pounds per square inch to 600 pounds
per square inch in the interior and 760 pounds per
square inch in the longitudinal edge. Itwill also be noted
that the stresses at the interior and edge of the two
heavier slabs are almost as large as in the 9-6-9-inch
section. Thus, as has already been shown, the magni-
tude of combined interior and edge stresses in slabs as
long as 30 feet is not greatly affected by variations in
the depth of the slab.

TABLE 16.—Combined stresses in thickened-edge slabs having a
width of 10 feet and a length of 30 feet !

9-6-9-inch section
: Edge of free trans-
Interior Edge verse joint
k=100 k=300 k=100 k=300 k=100 k=300
Lb. per | Lb.per | Lb.per | Lb.per | Lb.per | Lb. per
8q. in. 8¢. in. 8q. in. . 8q.1in. 8q. in. 8q. 1n.
Load stress..------- 370 320 430 370 530 440
‘Warping stress 250 260 370 350 90 170
Combined stres: 4._." 620 580 800 720 620 610
|
Average._._.... K‘ 600 760 615
10-6.8-10-inch section
i " Edge of free trans-
Interior Edge Verse joint
k=100 k=300 k=100 k=300 k=100 k=300
Lb. per | Lb.per | Lb.per | Lb.per | Lb.per | Lb. per
8q. in. 8q. in. 8q. in. 8¢, in. 8q. in. 8q. in.
Load stress.-.------ 300 260 370 320 440 370
Warping stress X 290 300 400 400 80 160
Combined stress-.-- 590 560 770 720 520 530
Average...... ‘ 575 745 525
11.2-7.8-11.2-inch section
L5 Edge of free trans-
Interior Edge verse joint
k=100 k=300 k=100 k=300 k=100 k=300
Lb. per | Lb.per | Lb.per | Lb.per | Lb. per Lb. per
8q. in. 84. in. 8q. in. 8q. in. 8q. in. 8q. in.
Load stress...-. 240 210 310 270 360 300
Warping stress. 330 330 440 450 60 140
Combined stress.--- 570 540 750 720 420 440
Average...... 555 735 430

t Assumptions with respect to load and other variables same as in figs. 15, 16 and 17
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EDGES OF TRANSVERSE JOINTS MUST BE STRENGTHENED

Table 16 shows that in these 30-foot slabs the stress
at the edge of a free transverse joint is approximately
equal to or less than the stress in the interior of the
slab. This condition might be considered as evidence
that there is no necessity for strengthening the edges of
transverse joints in thickened-edge pavements. How-
ever, the figures presented indicate that combined edge
stresses of the order of 750 pounds per square inch
may be expected in slabs of this length and it may be
anticipated that stresses of this magnitude will even-
tually result in the formation of transverse cracks.
When these cracks develop, the slab length will be re-
duced and the combined stresses at the interior and edge
will also be reduced but the reduction in slab length will
have no effect on the combined stress at the edge of free
transverse joints. The joint stresses are then likely to
be much higher than the edge and interior stresses and
should be reduced, by edge strengthening, to safe values
and to values which are not excessive as compared with
the stresses in other portions of the slab.

If the initial design of the slab is to be balanced so
that the stresses are approximately the same in all
portions of the slab, then it is necessary to reduce the
slab length to about 10 feet. In order to have a bal-
anced design it will then be necessary to strengthen the
joint edges sufficiently to reduce the joint stresses from
615, 525 and 430 pounds per square inch, as shown in
table 16, to 500, 425 and 350 pounds per square inch,
respectively, the maximum values of the edge and
interior stresses shown in table 15.

Thus far the discussion has been confined to combined
stresses due to load and temperature but the question
of the edge strengthening at joints should also involve a
consideration of load stresses only, since maximum Joad
stresses occur much more frequently than do maximum
combined stresses due to load and temperature. If the
average load stresses at transverse joints of table 16
(average for k=100 and k=300) are compared with the
average interior load stresses in table 15 it is found that
the load stresses at the edges of free transverse joints
exceed the interior load stresses by 105 to 140 pounds
per square inch. Thus edge strengthening at the trans-
verse joints is required if the stresses due to load are
nlotb to be more severe at joints than at the interior of the
slab.

Still another reason for strengthening the edges of
transverse joints is the fact, already pointed out, that
wheel loads may be expected to develop higher impact
reactions in the vicinity of transverse joints than in
other portions of the slab.

The discussion that has been presented indicates
quite definitely that, when the interior of a thickened-
edge slab is designed to resist either load stresses or
combined stresses due to load and temperature, a con-
dition of relative weakness will be created at the trans-
verse joints if the edges of the joints are not
strengthened.

When pavement slabs of uniform thickness are ade-
quately designed to resist edge stresses, no edge strength-
ening at transverse joints or cracks is necessary. When
the thickened-edge design is used the edges of joints
may be strengthened by methods which will be de-
scribed later. But, when a transverse crack develops
in a thickened-edge pavement that is not reinforced
there is developed a condition of weakness for which
there is no remedy and which may eventually lead to
complete failure. This possibility may be avoided by

proper design and there are two methods of design
available. The first, applicable to nonreinforced pave-
ments, requires the use of a joint spacing of the general
order of 10 feet. It is probable that the expense of
edge strengthening for so many joints as would be re-
quired by this design would lead to the abandonment
of the thickened-edge section or the adoption of the
second, or alternate, method.

The second method is to use properly designed steel
reinforcement. Reinforced slabs can safely be made
of any length consistent with the economical use of
reinforcement suitably designed to prevent the forma-
tion of open cracks. If the design of the reinforcement
is such that the stresses to which it is subjected cause
either rupture or excessive elongation at the cracks
which inevitably will develop, then the edge weakness
at cracks will not have been remedied. However, if
the reinforcement is adequate to hold the edges of the
fractured slab in close contact, the crack will tend to
act as a hinged joint thereby relieving the warping
stresses at the edge and interior; and the interlocking
of the irregular surfaces of fracture may be expected to
furnish the required edge strengthening along the
crack.

Longitudinal and lateral expansion and contraction.—
The preceding discussion of stresses due to changes
in temperature and moisture content has dealt entirely
with warping stresses due to a temperature or moisture
gradient between the top and bottom of the slab. It
is now necessary to consider general increases or de-
creases in temperature and moisture that are effective
throughout the depth of the slab and which tend to
cause corresponding changes in its horizontal dimen-
sions.

If the slab were perfectly free to move, changes in
volume would take place without restraint and no
stress would be created. However, the subgrade offers
considerable resistance to the horizontal movement of
the slab. If the slab is attempting to contract as the
result of a drop in temperature or a lowering of the
moisture content, the subgrade resistance creates ten-
sile stress. If the slab is attempting to expand, the
subgrade resistance creates compressive stress. The
magnitude of the tensile stress is dependent on the
length of slab that is free to contraet and the magnitude
of the compressive stress is dependent on the distance
between free expansion joints.

Tt has been amply demonstrated by experience that,
in pavements not provided with transverse joints, both
tensile and compressive failures develop. The tensile
failures are evidenced by transverse cracking and the
compressive failures by ‘“‘blow-ups”.

COMPRESSIVE FAILURES DUE PRIMARILY TO COLUMN ACTION

It is apparent from the discussion of temperature
warping that many of the transverse cracks that develop
in long slabs are due to warping stress but theoretical
analysis indicates definitely that some of them are due
to contraction of the slab as a whole. For example,
assume a pavement slab of such length that the sub-
grade resistance is sufficient to prevent any movement
of the slab in the vicinity of its mid-length. If the
concrete has a modulus of elasticity of 5,000,000 pounds
per square inch and a thermal coefficient of 0.000005 per
degree Fahrenheit, a drop in temperature of only 20° K.
will create a tensile stress of 500 pounds per square
inch, which exceeds by a considerable amount the
probable tensile strength of the concrete.

UNIT CHANGE IN LENGTH - INCHES
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Ficure 19.—ANNUAL VARIATION IN PavEMENT LENGTH CAUsSED BY CHANGES IN MO1STURE CONTENT.

In the same slab a rise in temperature as great as
100° F. would create a compressive stress of only 2,500
pounds per square inch. A direct compressive stress
of this magnitude should cause no distress in concrete
of the quality commonly used in pavements. Also,
such a large change in temperature generally can be
expected to take place only over a relatively long period
of time and therefore it may be expected that the
indicated stress will be reduced somewhat by the plastic
flow of the concrete. However, the slab undoubtedly
acts to some extent as a long column and its ultimate
strength as a column is considerably less than its com-
pressive strength as measured by tests on short speci-
mens. [t is believed that compressive failures are due
primarily to column action rather than to direct com-
pression and observations of pavement failures support
this conclusion. Also, to the compressive stress
caused by a rise in temperature must be added the
unknown stresses caused by the slow “growth’’ of the
slab that takes place over long periods of time. This
growth, and the fact that changes in moisture content
probably do not increase compressive stresses, will be
discussed later.

Neither the magnitude of the compressive stress that
may be developed in a long slab nor the stress to which
1t may safely be subjected are known. It is probable
that both are variables depending on conditions. How-
ever, it is definitely known from experience that com-
pressive failures may be expected in long slabs. The
fact that these usually do not occur until the pave-
ment 1s several years old is an indication that the slow
growth of the concrete with age is a contributing
factor.

All the facts point definitely to the conclusion that, if
failures are to be avoided, joints must be provided in
concrete pavements to reduce to safe values the stresses
due to expansion and contraction.

Spacing and width of expansion joints—Theoretically,
the spacing of expansion joints should be dependent on
the allowable compressive stress in the concrete and on
the maximum compressive stress created by the expan-
sion of the slab. However, in practice the maximum
spacing of joints is influenced primarily by the desira-

ity of using a rather narrow joint opening. The
practice of the various States is not uniform but, in

general, expansion joints are spaced at intervals not
greater than 100 feet and, for this spacing, joint open-
ings are usually either ¥ inch or 1 inch wide.

Open transverse cracks may be expected to develop in
nonreinforced slabs of this length and usually it is not
considered economical to provide sufficient longitudi-
nal reinforcement to prevent the formation of such
cracks. Therefore, it is customary to introduce con-
traction joints at intervals between the expansion joints
and it is convenient to make the spacing of expansion
joints some multiple of the spacing of contraction joints.

In general it may be assumed that concrete pave-
ments will be built during periods when the tempera-
ture is not more than 60° F. below the maximum tem-
perature to be expected. In concrete of the character
that has been assumed, a rise in temperature of 60° F.
will cause an increase of approximately % inch in the
length of a slab 100 feet long. In a slab of this length
the expansion will be restrained to some extent by the
subgrade resistance and cause some reduction, prob-
ably negligible, in this computed movement of the slab
ends. Also after the concrete has been placed there
will be some reduction in slab length as a result of con-
traction due to moisture loss. Thus it might be con-
cluded that a %-inch joint opening would be more than
ample.

However, there are two other factors that have an
influence on the required joint opening. If inter-
mediate contraction joints, or open cracks that may
have developed, are not maintained in such a manner
as to exclude all foreign material, the joints or cracks
will gradually become filled with incompressible soil
material. This action operates to increase the length
of the slab and results in a reduction in the effective
width of the expansion joint.

SUBGRADE RESISTANCE AFFECTS SPACING OF CONTRACTION
JOINTS

Also, in arriving at a decision as to the required width
of joint opening, consideration should be given to the
gradual increase in length, or “growth,” of the slab that
takes place over long periods of time. Figure 19 pre-
sents data obtained in the Arlington tests showing the
annual variations in pavement length caused by changes
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other than temperature. The data cover the period
from September 1930 to February 1938. The graph
indicates that there is an annual cyclic variation in
length caused by variations in moisture content and
that the pavement slabs were longest (for a given tem-
perature) during the winter and shortest during the
summer. This would indicate that, in climates similar
to that of Washington, D. C., the compressive stresses
developed by high summer temperatures may be
relieved somewhat by contraction due to loss of mois-
ture and that the same action may result in some slight
reduction in the width of joint opening theoretically
required to provide for increase in slab length due to
increase in temperature.

However, figure 19 also shows that, since the summer
of 1932, there has been a definite, progressive yearly
increase in the length of the pavement. In the summer
of 1937 the length of the pavement exceeded its length
during the summer of 1931 by approximately 0.0002
inch per inch. It is not known how long this growth
will continue or at what rate. Neither is it known if
the same degree of growth would take place in other
concrete under other climatic conditions. However, it
is known that all concrete has a tendency to increase
permanently in volume in the presence of moisture.

The permanent increase in slab length that has taken
placein the Arlington tests in a period of 6 years amounts
to approximately % inch per 100 feet. The sum of this
increased length and the computed expansion due to a
temperature rise of 60° F. equals approximately % inch.
This indicates rather definitely that a provision for
expansion of % inch per 100 feet is not excessive. It
may even prove to be inadequate, particularly in view
of the fact that a certain portion of the joint width is
frequently occupied by incompressible joint filler.

Subgrade resistance—The required spacing of trans-
verse contraction joints in concrete pavements is de-
pendent on the allowable tensile stress in the pavement
and on the subgrade resistance which prevents its free
contraction.

Tncluded in the investigations by the Bureau of Pub-
lic Roads have been three studies undertaken to deter-
mine the probable magnitude of the resistance offered
by the subgrade to the horizontal movement of a con-
crete slab (16, 38, 39). In all these investigations slabs
of concrete, cast on prepared subgrades of various char-
acteristics, were displaced horizontally over small dis-
tances and the relation between the horizontal force
required to produce movement and the weight of the
slab was determined. This relation is known as the co-
officient of subgrade resistance. Of necessity the slabs
used in all of these tests were of relatively small size as
compared with pavement slabs. These studies have
revealed the following facts:

1. The coefficient of subgrade resistance is not a con-
stant but increases with increasing displacement of the
olab until a maximum value is reached. This maximum
corresponds to the force required to produce free sliding.

2. The resistance to movement on a very wet sub-
grade, which is not frozen, is less than on a dry or damp
subgrade.

3. The resistance is much greater on a frozen sub-
grade than on one which is not frozen. This fact is
probably not of great importance, at least in climates
similar to that of Washington, D. C. The temperature
observations made in connection with the Arlington
tests showed relatively small changes in average con-
crete temperature during periods of cold weather. This
suggests that the movements due to contraction during

cold periods may be so small that the stresses in the
pavement will not be increased to an important degree
by a frozen subgrade.

4. For each of the first few successive applications of
a given horizontal force, in repeated tests on the same
slab, there is a reduction in the coefficient of resistancs
until an approximately constant value is reached. This
indicates that the subgrade resistance may be greater
for the first movement of a newly constructed pavement

than it is at later ages when the concrete has expanded

and contracted a number of times.

5. When a slab is subjected to a horizontal thrust-
ing force a part of the resistance developed is due to the
elastic or semielastic action of the soil. If the thrust
ing force is removed, even after a considerable period
of time, there is a partial return of the slab to its original
position.

6. The thrusting force is not directly proportional to
the weight of the slab and it appears that this is due to
the resistance to deformation of the subgrade. It has
been concluded (16) that the subgrade resistance i
composed of two elements: A resistance caused by the
deformation of the soil; and a resistance that approx
mates that of simple sliding friction. While data are
available only for the one soil involved in the Arlington
tests, it seems probable that the relative magnitude
of the two components of the subgrade resistance will
vary with different subgrade soils.

LIMITED DATA AVAILABLE ON RELATION BETWEEN THRUSTING
FORCE AND SLAB DISPLACEMENT

In tables 17 and 18 are given values of the coefficient
of subgrade resistance obtained in the first investiga-
tion by the Bureau of Public Roads (38) and in the
Arlington tests (16), respectively. Both tables show
the increase in the coefficient of resistance with an
increase in the displacement of the slab. In addition,
table 18 shows that, because of the resistance of the
subgrade to deformation, the coefficient is not directly
proportional to the weight of the slab but increase
as the thickness of slab decreases.

TaBLE 17.—Coefficients of subgrade resistance for concrete slabs
of 6-inch thickness on various kinds of bases in damp but firn
condition !

Coefficients of resistance for displace

ments of—
Kind of hase

0.001 inch % 0.01 inch | 0.05 inch

r 1
Tevel elay - oo 0.55 | 1.30 | 200
Uneven cl Hols 57 | 1.29 | 2.0
Loam..... .34 | 1.18 2.0
Leyel sand.._.. .69 | 1.24 13
34-inch gravel._________ 52 | 1.10 1.8
34-inch crushed stone.. 4 | .92 1.0
3-inch crushed stone- .- 1.84 l 1.78 2.8

{ Data from table 1, p. 20, PUBLIC ROADS, July 1924.

TasLu 18—Coefficients of subgrade resistance for concrete slal
of different thicknesses on a silt loam soil (class A-4) !

Coefficients of resistance for displacements of—
Slab thickness ik i T
(inches)

0.01 inch | 0.02 inch | 0:03 inch | 0.04 inch | 0.07 inch 0.10incl!
0.8 1.2 1.5 1.8 opal 2

.9 1.3 1.6 2.0 24 ‘Z‘

1.1 1.5 1.8 2.2 2.8 3

1.3 1207 2.1 2.5 3.3 3

1 Data from table 3, PUBLIC ROADS, November 1935. S :
2 Displacement of 0.10 inch corresponds to maximum horizontal resisting force ths
could be developed.

COEFFICIENT OF SUBGRADE RESISTANCE
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HORIZONTAL DIS
CURVES FROM TESTS

PLACEMENT = INCHES
————APPROXIMATE CURVES

Fi1GUrE 20.—COMPARISON OF ACTUAL AND APPROXIMATE CURVES SHOWING RELATION BETWEEN COEFFICIENT OF SUBGRADE
RESISTANCE AND HORIZONTAL DISPLACEMENT.

Stresses due to contraction.>—When a pavement slab
contracts, the total forces developed by the resistance
of a uniform subgrade will be equal and opposite in
each half of the slab and theoretically no movement will
take place at the center line. The total displacement
due to contraction then increases at a nearly uniform
rate from zero at the center line to a maximum at the
end of the slab. Since the subgrade resistance varies
with the displacement it is apparent that an accurate
analysis of slab stress should take account of the sub-
grade resistance corresponding to the total displacement
of each increment of slab length.

Utilizing the data obtained in the tests with the
6-inch slab of table 18, such a method of analysis is
illustrated in the report of the Arlington tests (16), the
stresses being those due to an assumed change in tem-
perature of 100° F. As will be shown later this tem-
perature change is excessive when applied to the compu-
tation of stresses in slabs provided with joints at
reasonable intervals but the principles of the analysis
are correct.

An exact analysis of this character requires the use
wta showing the relation between thrusting
coiug‘llstgll‘;gigt‘}vlrﬂltanuscript of this section on stresses due to contraction has been

en as a result of suggestions made by Mr. R. D. Bradbury, to

Whom credit is due for the develo omp
3 pment of the method for computing the average
value of the coefficient of subgrade resistance. ; i
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force and slab displacement and therefore is applicable
only when such data are available. However, if it
may be assumed that the general shape of the force-
displacement curve will be similar under all conditions,
then a simple approximate method of analysis may be
developed for general use. The available data are
limited and it is recognized that the relation between
thrusting force and slab displacement may be different
at different locations, depending largely on the charac-
ter of the subgrade. However, the approximate method
that will be presented gives results that appear to be
reasonable and it is believed that its use will not involve
any serious errors.

The solid curves of figure 20 show the force-displace-
ment relation, as developed in the Arlington tests, for
slabs of four thicknesses. The curves are the same as
those of figure 20, PUBLIC ROADS, November 1935.
The dotted lines represent an approximation of the
actual force-displacement relation. The curved por-
tion of each dotted line is a parabola, with vertex at
the origin, passing through the point having an ordi-
nate equal to the maximum coefficient of subgrade re-
sistance which, in these tests, was developed at a dis-
placement of approximately 0.10 inch, and haying an
abscissa equal to a displacement of 0.06 inch. In com-
parison with these test results the approximate force-
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3 3 Case I, X less than 5
5 - - = Sl
|£ 2 3 2X
2 e 2 | i Cu= 0m<1 —3L ) (23)
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I} i Rt | L
U\\ 5 S °\l . 3 Case II, X greater than 5
CASE L CASEIL —_—
X LESSTHAN % X GREATER THAN % 0a=2§’/'" %Y _______________ (24)
FIGURE 21.—APPROXIMATE VARIATION IN VALUE OF THE | . hicl
COEFFICIENT OF SUBGRADE RESISTANCE FrOM THE CENTER n which 5
70 THE END OF A PAVEMENT SLAB. O, —average value of the coefficient of subgrade

displacement curves are conservative since, in general,
they give values of the subgrade coefficient that are
greater than the test values.

At a given distance from the center of a pavement
slab, a given drop in temperature will result in a cer-
tain movement due to contraction and, theoretically,
the subgrade resistance which is developed should be
that corresponding to this movement. At the center
of the slab the movement and the corresponding resist-
ance are zero. As the distance from the center of the
slab is gradually increased the contraction movement,
due to a given drop in temperature, and the corre-
sponding coefficient of subgrade resistance are also
gradually increased until, if the slab is long enough, a
point is reached at which the subgrade coefficient
reaches a maximum and constant value. An average
value of this variable subgrade coefficient may be
determined and, for the computation of the maximum
contraction stress at the center of the slab, this average
value may be considered as applied over the entire
length of slab.

MAXIMUM CONTRACTION STRESSES OCCUR DURING A PERIOD OF
CONTINUOUSLY FALLING TEMPERATURE

On the assumption that the force-displacement rela-
tion is as shown by the dotted lines of figure 20, figure
21 shows the variation in the value of the coefficient
of subgrade resistance along the length of a pavement
slab. In this figure, X equals the distance from the
center of the slab to the point where the transition
from the parabolic variation to a constant value
occurs. Case I is that in which the distance X is
less than half the slab length and Case II is that in
which X is greater than half the slab length.

The distance X, in feet, is determined by the equation

in which
— assumed minimum displacement, in inches,
at which the maximum value of the
coefficient of subgrade resistance is
developed;
T—the temperature drop, in degrees F.;
e—thermal coefficient of contraction per degree.
D has already been assumed as 0.06 inch and
if, as in previous examples, e is assumed
equal to 0.000005, then

1,000
)

X oot b (22)

resistance;
O, —maximum value of the coefficient of sub-
grade resistance;

L—free length of slab, in feet, for computation
of longitudinal forces and free width of
slab, in feet, for computation of trans-
verse forces.

With respect to the type of resistance to slab move-
ment that is offered by the subgrade, it appears that
subgrades may be divided into two general classes:
those which have some elasticity, such as the subgrades
involved in the Arlington tests, and those which have
no elasticity as, for example, sand.

When a pavement slab on a partially elastic subgrade
contracts as a result of a decrease in temperature, the
tensile stress that is created may be considered as
being developed in three successive increments. The
first increment of stress is due to the resistance of the
subgrade to elastic deformation, the second is due to
the resistance to inelastic deformation, and the third
is due to the resistance developed by sliding friction,
If the slab displacement is small, only the resistance to
clastic deformation may be developed, but large dis-
placements will develop all three increments of stress.
If the subgrade has no elasticity the stress developed is
due only to the resistance to inelastic deformation and
to frictional resistance.

When the temperature has reached a minimum the
slab ceases to shorten and, since the movement ceases,
the stress due to inelastic deformation and frictional
resistance is immediately reduced to zero. In the
case of the semielastic subgrade, that portion of the
stress caused by resistance to elastic deformation
remains in the slab until it is relieved by expansion
due to an increase in temperature. As the temperature
oradually increases from the minimum, the tensile
stress created by the resistance to elastic deformation
is gradually reduced and is completely relieved when
the temperature reaches its initial level.

If the temperature does not return to its initial upper
level, a residual tensile stress remains in the slab.  The
total stress in the slab, after another drop in tempera:
ture equal to that which occurred during the first cycle,
may therefore be somewhat greater than that which
was developed during the first cycle. Also, if the slab
length is such that large changes in temperature pro-

duce small displacements, the resistance .of the sub-
grade to elastic deformation may not be exceeded until
there have occurred several cycles of temperaturt
change during which the level of the minimum tempers-
ture has decreased.

It is apparent from this discussion that the maximum
contraction stress in a pavement slab is not dependent
on the annual change in temperature. Rather it 1

The equations for the average value of the coefficient
of subgrade resistance are as follows:

dependent on the subgrade resistance that can be de
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veloped during a single period of continuously falling
temperature or, at most, during a relatively few cycles
of temperature change in which the general level of
the minimum temperatures is decreasing. Since many
subgrade soils are not elastic and since the degree of
elasticity that has been observed is rather small, it is
believed that the changes in slab temperature that take
place during successive cycles are of considerably less
importance than the drop in slab temperature which
may take place during any one day.

MAXIMUM DAILY RANGE IN AVERAGE SLAB TEMPERATURE

ASSUMED AS 40° F.

The daily change in average slab temperature is
dependent on the daily change in air temperature and
the relation between the two 1s influenced by the season
of the year and by the particular climatic conditions
that happen to obtain when the comparison is made.

In the Arlington tests it was found that, in general,
the maximum daily change in the average temperature
of the slab was considerably less during the cold months
of the year than during the warm months. Howeyer,
there were numerous occasions during the winter when
the daily change in air temperature was as great as
during the summer. Therefore, the lower daily change
in slab temperature during the winter may be attrib-
uted to a lesser absorption of solar heat, since during
this period the rays of the sun strike the pavement at a
relatively low angle of incidence. This is a matter of
importance when the attempt is made, on the basis of
daily changes in air temperature, to establish for design
purposes the maximum daily change in slab tempera-
ture.

Unpublished data obtained in the Arlington tests
during the period from April to September, inclusive.
on a number of selected days when the change in average
slab temperature was relatively high, show that the
daily change in the average temperature of a 6-inch
slab was generally less than the daily change in air
temperature. However, in a number of cases the
difference was so small as to be negligible and in a few
cases the change in slab temperature exceeded the
change in air temperature by -as much as 5° F. The
maximum observed daily change in the average tem-
perature of a 6-inch slab was 32° F. on a day when the
change in air temperature was 47° F. Very little infor-
mation is available concerning the relation between
slab temperature and air temperature in slabs having a
thickness greater than 6 inches. Apparently the daily
change in the average temperature of thick slabs is
always less than in thin ones and the few data that are
available from the Arlington tests indicate that the
daily range in average temperature in a 9-inch slab is
about 80 percent of that in a 6-inch slab.

In table 19 are given the maximum ranges in air tem-
perature that occurred during the years 1936 to 1938,
inclusive, at selected cities in the United States. Ex-
cluding a few extremely high values that were observed
during the winter months, it will be seen that a maxi-
mum daily range in air temperature of the order of 45° F.
18 of rather general occurrence except along the Pacific
Const,' in some of the southern States, and in certain
areas in the northeastern States. In the light of these

data and the preceding discussion it is concluded that it
will be conservative to assume, for general use in the
United States, a maximum daily range in average slab
temperature of 40° F. and that the climatic conditions

g; lcertam areas justify the use of a somewhat lower
ue.

TABLE 19.—Greatest daily range in air temperature for selected
cities, 1936 to 1938, inclusive !

Greatest daily temperature range for year

City
1936 1937 1938

Seattle, Wash____
Portland, Oreg__.
San Francisco, Ca
Los Angeles, Calif__
Reno, Nev..__......____
Phoenix, Ariz. -0 2 2200

Salt Lake City, Utah____
Helena, Mont £l
Bismarck, N. Dak

Denver, Colo.

Rochester, N. Y.
Portland, Maine_
Little Rock, Ark
Atlanta, Ga__._
Houston, Tex__
Mobile, Ala___

MiamijiFlass coasaiaas

Mar.-Nov

1 Data obtained from the U. S. Weather Bureau.

Having established a basis for computing the value of
the average coefficient of subgrade resistance, an anal-
ysis may be made to determine the maximum contraction
stress in a pavement slab.

For a slab without reinforcement the maximum con-
traction stress is given by the equation

__WLC,
Os— CXY Bty e o
in which

o,—tensile stress in concrete in pounds per
square inch;

W=weight of slab in pounds per square foot;

L=Ilength of slab in feet;

h=depth of slab in inches;

C,=average value of the coefficient of subgrade
resistance as determined by equation 23
or equation 24,

For an assumed drop in average slab temperature of
40° F., the distance X as determined by equation 22 is
25 feet. For a value of L=100 feet the calculated value
of C, (equation 23) is 0.83 C,. In table 18 the maxi-
mum observed value of the coefficient of subgrade
resistance, C,, for the 6-inch slab is shown to be 2.5.
Then for a 6-inch slab having a length of 100 feet and
a weight of 75 pounds per square foot,

_ 75%100X0.83X2.5
o 246

=108 pounds per square inch.

CONSTRUCTION PRACTICES TO REDUCE SUBGRADE RESISTANCE
NOT EFFECTIVE IN REDUCING TRANSVERSE CRACKING

One of the more recent investigations of the tensile
strength of concrete (40) indicates that concrete of the
quality used in pavements, if thoroughly cured for a
period of 28 days, may be expected to have a tensile
strength at that age of the order of 200 to 250 pounds
per square inch. When the computed contraction
stress of 108 pounds per square inch in a slab 100 feet
long is compared with a probable 28-day tensile strength
of at least 200 pounds per square inch, it seems very
probable that, in pavements provided with transverse
joints at reasonable intervals, any transverse cracking,
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except that which may occur at very early ages, must
be attributed primarily to the effect of warping stresses.

If this is true, it follows that the difference in degree
of cracking that is observed in pavements constructed
with different aggregates is due not so much to differ-
ences in the strength of the concrete as to differences in
modulus of elasticity, thermal coefficient of expansion
and, possibly, to differences in thermal conductivity
that may affect the magnitude of the temperature
differentials.

Some evidence of this is found in the records of the
old Ohio Post Road which was constructed in 1914 and
1915 (41). In a part of the project the concrete
aggregate was gravel and in the remainder it was
crushed stone. Samples of concrete were taken from
the pavement in 1932 and the compressive and flexural
strengths determined. Both the gravel concrete and
the crushed-stone concrete had compressive strengths
of approximately 6,600 pounds per square inch. The
modulus of rupture of the specimens of gravel concrete
was 1,150 pounds per square inch and that of the
specimens of crushed-stone concrete was 1,030 pounds
per squaré inch. Yet, in a given length of pavement,
the transverse cracks in the gravel concrete were much
more numerous than in the crushed-stone concrete.
Tests made in recent months indicate that the gravel
concrete has a higher modulus of elasticity and higher
thermal coefficient of expansion than the stone con-
crete. On the assumption that the temperature differ-
ential is the same in both kinds of concrete, the differ-
ences in the values of modulus of elasticity and thermal
coefficient are sufficient to account for warping stresses
25 percent higher in the gravel concrete than in the
stone concrete.

In the light of the foregoing discussion it also seems
very probable that any special construction practices
designed to reduce the subgrade resistance, and thereby
reduce or eliminate transverse cracking, will not be
particularly effective for the purpose. Thelimited exper-
imental data that are available support this conclusion.

Some years ago it was observed in western Iowa that
extensive hair cracking developed during the curing
period in concrete pavements constructed on the loess
soils that are prevalent in that area and in other por-
tions of the valleys of the Missouri and Mississippi
Rivers (42). These loess soils, unless saturated, are
highly water absorbent. The hair cracking, which is
caused by contraction, was attributed to the rapid
drying of the concrete owing to excessive water absorp-
tion by the subgrade soil. It was found that a layer
of tar paper, placed on the subgrade before the placing
of the concrete, was quite effective in preventing this
excessive loss of water and in eliminating the formation
of hair cracks.

Since the development of the tar-paper subgrade
treatment in Towa it has been used extensively in other
States. In some cases it has been used rather generally
on all soils without regard to their capacity to absorb
water from the concrete and apparently this practice
has been influenced somewhat by the belief that the
treatment would lower the subgrade resistance suffi-
ciently to have a beneficial effect in the reduction of
transverse cracking.

The effect of the tar-paper treatment was studied to a
very limited extent in one of the investigations by the
Bureau of I"ublic Roads (39). This investigation,
made primarily to study methods of curing concrete,

involved the construction of a number of long concrete

labs. Included in these were two slabs, each 6 inches
deep, 2 feet wide, and 200 feet long, that were cured in
the same manner. The only difference between them
was that one was placed on a dry soil and the othe
was placed on tar paper. The slabs were constructed
during the summer of 1926.

In connection with the same investigation a deter-
mination was made of the effect of the tar-paper treat
ment on subgrade resistance. It was found that for
small displacements of the test slabs the resistance was
about the same for a slab on a dry subgrade as for one
on tar paper. However, for displacements of the order
of 0.05 inch it was found that the resistance developed
by the dry subgade was about twice that which was
developed with the tar-paper treatment.

In spite of this difference in subgrade resistance the
200-foot slab on the dry subgrade contained only 4
transverse cracks at the age of 5 days while at the age
of 2 days the 200-foot slab on tar paper contained §
transverse cracks. A survey made during the summer
of 1938, when the slabs were about 12 years old, showed
11 oracks in the slab built on the dry subgrade and 15
cracks in the slab built on tar paper.

Thus, while the tar-paper treatment of the subgrade
is undoubtedly effective for the purpose for which it
was originally used, both theory and experiment point
to the conclusion that it has no merit as a means for
preventing the transverse cracking of pavements.

STEEL REINFORCEMENT BENEFICIAL IN CONCRETE PAVEMENI
SLABS

Use of steel reinforcement.—It has been pointed out
previously that, if detrimental cracking is to be pre
vented in thickened-edge pavements, the use of steel
reinforcement is an alternate to-the use of very short
slabs with edge strengthening at all transyerse joints,
Tt has also been stated that in slabs of uniform thick-
ness, adequately designed to resist edge stresses, 10
edge strengthening at transverse joints or cracks i
required. While this is true, it should not lead to the
conclusion that it will necessarily be safe to build long
Slabs of uniform thickness with the idea that the forma-
tion of open transverse cracks will not be detrimental.

In New Jersey (43) and elsewhere it has been ob-
served that, even when the edge strength at transverse
joints is adequate, trouble may develop at the joint
from other causes unless the two slab ends are con
nected in such manner that the deflection of each wil
be approximately equal under the action of heavy whed
loads. In the absence of such a connection betweel
the slab ends it has been found that, under certall
conditions of soil and drainage, the end of the slab
which is on the side of the joint opposite the approach:
ing wheel load is gradually forced permanently belov
the level of the adjacent slab. This results in pou
riding quality, increased impact reactions, and tht
eventual development of pavement failure in the viein
ity of the joint. While this experience does not apped
to be universal, it suggests that, at least under some
conditions, the use of steel reinforcement in long slabt
of uniform thickness may be beneficial in preventin
the faulting that might otherwise develop at transvers:
cracks.

Design of reinforcement.—For a reinforced slab tht
same assumptions that are used in the derivation 0
equation 25 leads to the equation

WLC, |
113==‘—?27:“ _______________ (2&
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in which W and C, are the same as in equation 25, and
L=distance in feet between free joints (spacing
of free transverse joints for computing
longitudinal steel, and spacing of free longi-
tudinal joints for computing transverse
steel);
A,=effective cross-sectional area of steel in
square inches per foot of slab width;
f,—allowable unit tensile stress in the reinforce-
ment, in pounds per square inch.

Tf the steel reinforcement is to maintain in a tightly
closed condition the warping cracks that will develop,
it is necessary to limit its elongation at cracks to a
very small amount. The total elongation of steel
subjected to tensile stress is dependent on the length
that is free to elongate. The reinforcement in a con-
crete pavement initially is in bond with the concrete
and, when a crack forms, the bond is destroyed over a
certain length of steel. This length is then free to
elongate under the stress induced by the subgrade re-
sistance. However, the length over which the bond
is destroyed is not known and, therefore, it is impossible
to compute accurately the total elongation correspond-
ing to a given stress. This, in turn, makes it impossible
to determine with accuracy the maximum allowable
stress in the steel that will insure the maintenance of
tightly closed cracks.

It 1s common practice to base the design of steel
members on an allowable unit stress which is consider-
ably less than the yield point of the steel. This is to
minimize the possibility of elastic failure due to the
occurrence of unforeseen stresses greater than those
used in design. The practice is a logical one to follow
but, in the case of slab reinforcement, the maximum
permissible elongation should also be considered.

Slab reinforcement should be designed to limit the
maximum width of cracks that may develop to a small
dimension. But the crack width 1s dependent on the
elongation of a certain length of steel and this elonga-
tion is in turn dependent, not on the strength of the
steel, but on its modulus of elasticity and the unit
stress to which it is subjected. Since all grades of rein-
forcing steel have approximately the same modulus of
elasticity, it follows that the elongation in a given length
isindependent of the grade and varies only with the unit
stress. Therefore, in the determination of a safe allow-
able unit stress, consideration should be given both to
the yield point and to the maximum permissible elonga-
tion. However, as has been stated, the elongation cor-
responding to a given unit stress cannot be determined
because the length of reinforcement that is free to elon-
gate is not known. In addition, nothing definite is
known concerning the maximum width of crack that
can be permitted without the development of edge
weakness.

In view of these considerations the best that can be
done, until more information becomes available, is to
select maximum allowable unit stresses that appear to
be reasonably conservative when considered in relation
to the yield point of the steel. Having done this, it is
then possible to compute elongations that may be
developed under certain assumed conditions.

SAMPLE CALCULATION OF AMOUNT OF REINFORCEMENT REQUIRED
IN A PAVEMENT SLAB
The standard specifications of the American Society
for Testing Materials require minimum yield points in
the various grades of reinforcing steel, as follows:

168494—39——3

Pounds per square inch

Structural grade = i w el i iR s S 33, 000
Intermediate gradet st il e i LUE s Nt e 40, 000
Hard grade and rail steel___ __________ - .- _"__ 50, 000
Cold-drawn steel wire_ - _-____o___ i . ________ 56, 000

There is precedent for the use of an allowable working
unit stress in steel equal to 50 percent of its minimum
allowable yield point and the adoption of this value is
suggested, pending the development of the information
that is required for a more logical determination. In
table 20 are shown computed elongations for the differ-
ent grades of reinforcing steel, on the basis of this sug-
gested unit stress, for assumed lengths of free elongation
of 12, 18, and 24 inches.

The figures of table 20 indicate that if the steel is free
to elongate over a length as great as 24 inches, the
stresses permitted in the higher-strength steels are likely
to result in the formation of open cracks having a width
as great as 0.02 inch. On the other hand, the elongation
in this length will not greatly exceed 0.01 inch for a unit
stress of the order of 16,000 pounds per square inch.
The data from the Arlington tests give some indication
that an opening of 0.02 inch may result in some reduc-
tion in edge strength at a crack in a reinforced slab but
the evidence is by no means conclusive.

TaBLE 20.—Elongation of steel reinforcement !

Unit stress Elongation in a length of—
Grade of steel 50 percent of
vield point | 19inches | 18inches | 24inches
Lb. per 8q. in. Inches Inches Inches

Structural 2 16, 500 0.007 0.010 0.013
Intermediate._. 20, 000 .008 .012 .016
Hard and rail sf 25, 000 .010 .015 .020
Cold-drawn wire____ 28, 000 .011 .017 .022

1 Modulus of elasticity of steel=30,000,000 pounds per square inch.

Certainly a crack opening of 0.01 inch is less likely to
create edge weakness than an opening of 0.02 inch, but
the adoption of the lower limitation would require the
use of a low unit stress for all grades of steel. This, in
turn, would require the use of much greater amounts of
steel than are commonly used and, since the necessity
for it is not definitely indicated, the adoption of the low
unit stresses would hardly be justified at the present
time.

It will now be of interest to determine, from the pre-
ceding equations, the amount of reinforcement required
in a pavement slab. The following assumptions will
be made. The pavement is 20 feet wide with a longi-
tudinal joint with bonded tie bars; the transverse
joints are 50 feet apart; the slab is 8 inches thick and
weighs 100 pounds per square foot; the maximum drop
in temperature is 40° F.; the value of C, (table 18) is
2.2; and the reinforcement will be welded wire fabric
with an allowable unit stress of 28,000 pounds per
square inch.

X=25 feet, and for the stress in the longitudinal
direction C,, as determined either by equation 23 or
equation 24, equals 0.67 C,,. By the use of equation 26
it is then found that the required cross-sectional area
of longitudinal steel is 0.132 square inch per foot of
slab width. For stress in the transverse direction
L=20 and C,, as determined by equation 24, equals
0.42 C,. Then the required cross-sectional area of the
transverse steel, as determined by equation 26, equals
0.033 square inch per foot of slab width. These re-
quirements may be met by No. 3-gage longitudinal
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wires on 4-inch centers (A4,=0.140) and No. 5-gage
transverse wires on 12-inch centers (4,=0.034), result-
ing in a fabric weighing about 63 pounds per 100 square
feet.® Similar calculations for a slab 30 feet long indi-
cate that wire fabric weighing about 37 pounds per 100
square feet is required.

In the above examples the transverse steel has been
designed on the assumption that L=20 feet which, in
turn, involves the assumption that the reinforcement
is continuous through the longitudinal joint. This is
not a usual condition since in common practice tie
bars constitute the only reinforcement extending
through the longitudinal joint.

When tie bars are used and the transverse reinforce-
ment is interrupted at the longitudinal joint, the maxi-
mum tensile stress in the transverse steel is developed
at the end of the tie bars and not at the joint. There-
fore the effective value of L is less than the width of
pavement by an amount equal to the length of the tie
bars. Since this is the case, the amount of transverse
steel computed as in the foregoing examples is some-
what excessive.

Also, since longitudinal cracks in slabs 10 feet wide
are the exception rather than the rule, it is believed
to be entirely safe to reduce the transverse reinforce-
ment to the minimum practicable amount. The min-
imum might be established as No. 6-gagewires at 12-inch
centers. The substitution of No. 6-gage wire for the
No. 5-gage wire would reduce the weight of the fabric
by a little less than 2 pounds per 100 square feet.

The above calculations to determine the required
amount of reinforcement are for purposes of illustra-
tion only. The results should not be considered as
necessarily applicable to all conditions.

Since the total cost of transverse joints in a given
length of pavement increases as the required amount
of steel reinforcement decreases, it is evident that the
economical design of reinforced pavements requires
consideration of both factors.

JOINTS NEEDED TO PREVENT CRACKING AND TO PROVIDE FOR
EXPANSION AND CONTRACTION

Longitudinal and transverse joints—The need for
longitudinal and transverse joints in concrete pave-
ments is demonstrated both by theory and by exten-
sive experience. Longitudinal joints which divide the
slab into lanes 10 to 12 feet in width are required to
prevent the unsightly and detrimental longitudinal
cracks that otherwise may be expected to develop.
Transverse expansion joints are required at reasonable
intervals, consistent with a rather narrow joint open-
ing, to prevent compressive failures or blow-ups. In
nonreinforced pavements, intermediate transverse con-
traction or warping joints are required at frequent inter-
vals if cracks due to warping stresses are to be elimi-
nated. In reinforced pavements the need for contrac-
tion joints is dependent on the spacing of expansion
joints. The expansion joints may be placed at the ends
of each reinforced slab, in which case no other trans-
verse joints are required, or the distance between ex-
pansion joints may be made some multiple of the slab
length in which case the intermediate joints are con-
traction joints. i

Joints of numerous types and design are in use but
no attempt will be made to describe all of them here.
The discussion will be confined to the more common

6 Gage numbers are those of the Standard Specifications for Cold-Drawn Steel

Wire for Concrete Reinforcement of the American Society for Testing Materials,
Designation A82-34.

types of joints that were investigated in the Arlington
tests. These are shown in figure 22.

The devices used to connect adjoining slabs either af
transverse or longitudinal joints are required for severa]
purposes. In the case of longitudinal joints in the
interior of thickened-edge slabs the joint edges require
strengthening and the joint designs shown in figure
22—A, B, and C are frequently used for this purpose,
The transverse tie bars are bonded to the concrete and
are required to prevent the separation of the slabs and
the consequent loss of joint efficiency. The butt joint
of figure 22—D and the thickened-edge joint of figure
22—F are suitable only for the so-called lane-at-a-time
construction in which each width of slab is constructed
separately. The butt joint may be used in the interior
of thickened-edge slabs in which case the bonded tie
bars are required to prevent loss of joint efficiency.

The longitudinal butt joint of figure 22—D may also
be used in slabs of uniform thickness. In this case,
and also in the case of the longitudinal thickened-edge
joint of figure 22—E, the tie bars are not required for
the purpose of edge strengthening but they are needed
to prevent the separation of the slabs and the develop-
ment of an unsightly appearance. The tarred felt
shown in the butt and thickened-edge longitudinal
joints is desirable to prevent any bond between the
concrete in adjacent slabs and also to provide the play
in the joint needed to relieve warping stresses.

All of the transverse expansion and contraction joints
of figure 22, with the exception of the thickened-edge
joint (fig. 22-G), when used in thickened-edge slabs
require the use of dowels or other devices for the purpose
of edge strengthening. When these joints are used in
pavements of uniform thickness, or when the thickened-
edge joint is used, the dowels are not needed for edge
strengthening but, as has already 'been indicated, they
may be needed under certain conditions to prevent the
development of faults at the joints.

Provision for slab movement must be made in trans-
verse joints and, in order that the dowels may be free
to move, it is necessary to prevent the formation of a
bond between the dowels and the concrete at least on
one side of the joint. This is usually accomplished by
painting or greasing the dowels, or both. Also, in
expansion joints, caps or sleeves are required on one
end of each dowel in order to provide space for the
movement of the dowel into the slab when the joint
closes. These dowel caps are not required in contraction
joints.

IDEAL LONGITUDINAL JOINT WOULD ACTJAS A HINGE

Design of tie bars.—The purpose of tie bars is to hold
the edges of longitudinal joints in close contact and
they may be designed in the same manner as steel
reinforcement. For example, in a two-lane pavement
the tie bars may be designed by means of equation 26
in which L is taken as the width of pavement.
intermediate grade bars, with an allowable unit stress
of 20,000 pounds per square inch, are used in the center
joint of the 8-inch uniform thickness slab for which the
steel reinforcement has already been designed, the
required area of steel is found to be 0.046 square inch
per foot of joint. This requirement may be met by
%-inch round bars spaced 51 inches apart.

It should be noted that tie bars designed in this man-
ner are intended only to hold the edges of the joint in
close contact and they may not be adequate in all
cases to furnish the edge strengthening that is required
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LONGITUDINAL JOINTS

ALL TIE BARS IN BOND

TRIANGULAR TONGUE
AND GROOVE

TARRED FELTﬁ

RECTANGULAR TONGUE
AND GROOVE

A B

DUMMY JOINT OR
PLANE OF WEAKNESS
(0]

TARRED FELT\

BUTT JOINT
D

THICKENED-EDGE JOINT
E

TRANSVERSE EXPANSION JOINTS

SMOOTH ROUND DOWELS
NOT IN .BOND

EXPANSION
CAP

EXPANSION (CONTINUOUS DOWEL

Y e

DOWELLED EXPANSION JOINT THICKENED-END E
B G

CAP PLATE NOT IN BOND

L J

DOWEL -PLATE EXPANSION JOINT
H

XPANSION JOINT

TRANSVERSE CONTRACTION JOINTS

SMOOTH ROUND DOWELS NOT IN BOND

DUMMY JOINT OR
PLANE OF WEAKNESS

I
Figure 22.—TypPES oF JoINTS

in_the longitudinal joints of thickened-edge slabs. As
will be shown later, the Arlington tests indicate that
longitudinal tongue-and-groove joints, provided with
%-inch round tie bars spaced 60 inches apart, are quite
effective in furnishing the necessary edge strengthening
but that in longitudimal joints of the butt and dummy
types 1t would be desirable to increase the size and
number of the bars.

The depth of embedment of the tie bars in each slab
should be sufficient to develop their strength in bond.
The depth of embedment required to accomplish this
1s dependent on the allowable unit tensile stress in the
steel and the allowable unit bond stress, and may be
expressed by the equation.

Dt

in which

D=depth of embedment in inches;
fi=allowable unit tensile stress in the steel, in
pounds per square inch;
u=allowable unit bond stress in pounds, per
_square inch;
d=diameter of a round bar, or side of a square
bar, in inches.

The 1937 Progress Report of the Joint Committee on
Standard Specifications for Concrete and Reinforced
Concrete recommends for plain bars a unit bond stress
equal to 4 percent of the ultimate compressive strength
of the concrete but not to exceed 160 pounds per square

BUTT JOINT
J
FOR CONCRETE PAVEMENTS.

inch, and for deformed bars a unit bond stress equal to
5 percent of the ultimate compressive strength of the
concrete but not to exceed 200 pounds per square inch.

For intermediate grade steel with an allowable unit
stress of 20,000 pounds per square inch the required
depths of embedment for the maximum bond stresses of
160 and 200 pounds per squareinch are, respectively, 31%
diameters for plain bars and 25 diameters for deformed
bars. If detormed bars are used, the maximum bond
stress of 200 pounds per square inch would require the
total length of a %-inch round tie bar to be 25 inches. A
lower permissible unit bond stress or a higher permis-
sible unit stress in the steel would require the use of
longer bars.

The above method for designing tie bars is predi-
cated on the assumption that the joint is of a type that
will act as a hinge and will be incapable of developing
any appreciable resistance to warping. If the design
is such as to permit resisting moments to develop dur-
ing warping it is not possible to calculate the stresses in
the tie bars and even if it were practicable to do so it
would not be desirable, in a joint offering high restraint
to warping, to introduce sufficient steel to take the
warping stresses since this would invite failure in other
portions of the slab. The ideal longitudinal joint that
acts wholly as a hinge has not yet been developed but
by proper attention to the details of design it is possible
to effect some reduction in the warping stresses that
are caused by restraint in the joint.

In longitudinal joints that contain bonded tie bars
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the use of a design that does not permit the develop-
ment of large resisting moments is desirable not only
to reduce transverse warping stresses in the pavement
as a whole, but also to reduce compressive stresses in the
concrete at the joint and to prevent the tie bars from
being overstressed in tension.

If restraint to warping is to be reduced it is necessary
to prevent the abutting faces of the joint from being
brought into close contact during warping, particu-
larly at the top and bottom of the joint. In the butt
joints of figure 22-D and E this may be accomplished
by the introduction of a compressible layer of filler
material between the slab edges.

The use of filler material throughout the depth of the
joint would not be practicable in the dummy joint of
figure 22-C. In this joint the resistance to downward
warping is reduced by the groove in the top of the slab
and it would appear that the most practical way to
reduce the resistance to upward warping would be to
form a similar groove in the bottom of the slab.

Tn the tongue-and-groove joints of figure 22-A and
B the use of a compressible filler for the full depth of
joint would be undesirable since it would reduce the
ability of the joint to transfer load and to reduce edge
stresses. However, strips of filler fastened to the verti-
cal portions of the steel partition plates should be quite
effective in reducing joint restraint without greatly
reducing joint efficiency.

Even under the most favorable conditions it does not
appear probable that restraint to warping will be com-
pletely eliminated in any of the types of longitudinal
joints now in use and this should be taken into account
in determining the length of tie bars. When warping
takes place in a pavement it causes rotation of the joint
faces, and when the rotation is sufficient to bring the
faces into tight contact it develops compression in the
concrete and causes the slab edges to separate at the
plane of the steel. The tensile stress developed in the
steel for a given separation of the joint faces is entirely
dependent on the length of steel that is free to elongate.

EFFICIENCY OF JOINTS DISCUSSED

When a tie bar is in bond a very small rotational
movement in the joint may create a very high initial
stress in the steel. This may be expected to result in
a necking down of the steel until it is ruptured or until
the bond is destroyed over a suficient length to permit
the bar to elongate the required amount without rup-
ture. It has been observed in pavements that this
destruction of the bond actually takes place for a dis-
tance of several inches on each side of the joint. Asa
result Friberg 7 has suggested that the midsection of tie
bars, for a distance of several inches on each side of the
joint, be coated with bitumen definitely to break the
bond and also to furnish protection against corrosion.

Even if no definite provision is made for breaking
the bond in the midsection of the bar it appears very
probable that the bond will be destroyed over some
unknown length by high stresses produced by warping.
Therefore it appears desirable to make some arbitrary
increase in the theoretical length of tie bars as com-
puted by equation 27. An additional depth of em-
bedment of at least 6 inches on each side of the joint
or an increase of not less than 1 foot in the total length
of the bar, is suggested.

Efficiency of joints—The efficiency of any joint
device used for edge strengthening is dependent on the

7 Bengt F. Friberg, Research Engineer , Laclede Steel Co., St. Louis, Mo.

degree to which it reduces the edge stresses that wouy
otherwise be developed. In the past it has frequently
been assumed that the relation between obserye
maximum deflections of adjacent slab ends under loa(
could be taken as a measure of joint efficiency and tha
when these deflections were equal the joint was 10
percent efficient.

The Arlington tests (18) have shown that this as.
sumption is incorrect. It was found, when a load was
applied on one side of a joint, that the maximum deflec-
tions of the two edges might be identical but that th
maximum stress in the loaded edge might be more thay
twice as great as that in the unloaded edge. Asg
result, the efficiencies of the joints involved in thy
Arlington tests were determined by a more logicl
method of analysis. ,

This analysis is based on the conception that if thy
joint fulfills its function perfectly, that is, with an
efficiency of 100 percent, the stresses at the joint wil
not be greater than if the continuity of the slab wen
not broken. The efficiency of a given joint may the
be expressed by the equation

J:1oo("e—‘ﬂ> ____________ @)
Te— 0
in which
J=joint efficiency in percent;
e 05, and ¢, are the critical stresses due to the
application of a given load at the free edge, the
joint edge, and the interior, respectively, of i
slab of given uniform thickness.

This equation indicates a joint efficiency of zero when
the critical stress at the joint equals the critical edg
stress and an efficiency of 100 percent when the joint
stress equals the interior stress. ;

Design of dowels.—The first theoretical analysis d
the required spacing of dowel bars was that of Wester
gaard (44). This analysis enables one to compute the
offect of dowel spacing on the critical stress in the edgea
a joint, when the load is applied midway between two
dowels, on the assumption that only the four dowels
nearest the load are sufficiently active to require con-
sideration and on the further assumption that the
dowels are sufficiently stiff to cause the two joint edge
to deflect exactly the same amount at all points. Ot
the basis of his analysis Westergaard concluded that
dowel spacing of 3 feet is too great to result in any
significant reduction in the critical edge stress and thaf,
if the dowels are to be effective for the purpose, tht
spacing should not exceed about 2 feet. :

A more detailed study of dowel spacing, on the bast
of the Westergaard analysis, is included in the repor
of the Arlington tests (18). This study indicated thl
if rigid dowels are to effect the same stress reductio
that would be effected by slab continuity, the spacin
must be considerably less than 2 feet.

Tn considering these indications it should be remem
bered that they are based on the assumption that the
dowels are rigid. Therefore they cannot apply to tht
small round dowels commonly used except as the
may indicate general trends. Also it may be notel
that, while increasing the stiffness of dowels wil
increase their efficiency, it will at the same time increas
restraint to longitudinal warping. Dowels that at
too stiff may cause more distress in the pavement slab
than would result from their complete omission.

The analysis and tests by Friberg (49, 46), which hayt
become available only in recent months, make I
possible for the first time to design dowelled joints on?
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The analysis shows that a maximum ot : 490—350
joint efficiency can be obtained withround steel dowels of then the required joint efficiency equals 100 (4—90_290 )
reasonable size only by using much smaller spacings | or 70 percent. This joint efficiency would require a
than those indicated by the Westergaard analysis. A 140
DOWEL LENGTH OF 2 FEET FOUND EXCESSIVE stress reduction of 100X 290’ °F about 29 percent.

The analysis and tests by Friberg show that:

1. The lowest joint efficiency occurs when the load is
between two dowels. j

9. If the dowels are to have their greatest effective-
ness in slabs of normal thickness the dowel spacing
should not exceed about 12 inches.

3 The efficiency of the dowel decreases as the width
of the joint is increased and increases as the diameter
of the dowel is increased. For example, Friberg has
shown that for a dowel directly under a load the per-
centage of load transfer of a Il-inch dowel across a
joint In a 7-inch slab is 29 percent for a J%-inch joint and
95 percent for a 1-inch joint; and that for a %-inch joint
the load transfer of a %-inch dowel is 22 percent as com-
pared with 29 percent for a 1-inch dowel.

On the assumption that the effectiveness of the dowel
is such that it will result in a stress relief of 25 percent
it is of interest to compute the efficiency of a dowelled
joint in a 7-inch slab. For the 8,000-pound wheel on
dual high-pressure tires that has been used in previous
stress computations, the same assumed characteristics

of the concrete and a value of k=100, the interior load -

stress in a 7-inch slab is 290 pounds per square inch and
the edge stress at a transverse joint (equation 15) is
490 pounds per square inch. By means of equation
98 1t is found that the joint efficiency equals
100 (————490498fg;<0490 ; or 61 percent.

4. The length of effective embedment of the dowel in
the concrete of each slab need not be greater than 5
inches for %-inch dowels and not greater than 7 inches
for 1-inch dowels. Thus it is indicated that the dowel
length of 2 feet, that has been customary, is excessive.
It is important to note that when these short lengths of
embedment are used the length of dowel cap and the
width of joint opening should be considered in deter-
mining the required length of dowel.

5. Initial failure at dowels occurs by spalling of the
concrete at the face of the joint under loads that may
be as much as 50 percent less than the ultimate load
sustained by the joint. This initial failure greatly
reduces, if it does not completely destroy, the effective-
ness of the dowels for stress relief.

Required efficiency of joints and load transfer devices.—
Theoretically, even with very stiff dowels, the maximumn:
amount of load transfer at a joint can never equal ex-
actly 50 percent of the load applied on one side of the
joint, on account of the eccentricity of the point of
loaq application with respect to the joint. The un-
avoidable, and also desirable, flexibility of the joint
dev1c_e further reduces the possibility of ever obtaining
at a joint a stress reduction of 50 percent. However,
such a reduction is not necessarily required in order to
obtain a joint efficiency of 100 percent nor is a joint
efficiency of 100 percent always required in order to
limit joint stresses to safe values.

In the preceding example it has been shown that, for
the conditions assumed, a stress reduction of 25 per-
cent results in a joint efficiency of 61 percent. In this
example the interior and edge stresses are, respectively,
290 and 490 pounds per square inch. If it be assumed
that a safe unit stress is 350 pounds per square inch,

The preceding computations of joint efficiency have
involved only stresses due to load. In the following
examples the combined stresses due to load and tem-
perature warping will be considered. It will be as-
sumed that the slab is 10 feet wide and 10 feet long,
that £=100, and that the load, the temperature differ-
ential, and the properties of the concrete are the same
as in preceding stress calculations.

JOINT EFFICIENCY OF 100 PERCENT NOT REQUIRED FOR SAFE
STRESSES

In a thickened-edge slab having an interior thickness
of 7 inches the load stresses at the interior and at the
joint edge (equation 9) are, respectively, 290 and 420
pounds per square inch. The interior and edge warp-
ing stresses are, respectively, 90 and 70 pounds per
square inch. The combined stresses are then 380
pounds per square inch at the interior and 490 pounds
per square inch at the edge. The joint efficiency will
be computed on the assumption that the joint device
used results in a stress reduction at the joint of 25 per-
cent. No joint device can be expected to reduce the
transverse warping stresses and therefore the stress
reduction applies only to load stress. Reducing by
25 percent the load stress of 420 pounds per square inch
and adding to this the warping stress of 70 pounds per
square inch gives a value of the combined stress, oy,
equal to 385 pounds per square inch. The joint ef-

: 490—385
ficiency then equals 100 (m , or about 95
percent.

It has been shown in table 15 that if the slab length
is 10 feet the combined stresses at the edge and interior
of a 10-6.8-10-inch thickened-edge slab are well bal-
anced and are limited to approximately 425 pounds per
square inch. With =100 the combined interior stress
in this slab is 390 pounds per square inch and the
combined stress at the edge of a free transverse joint
(table 16) is 520 pounds per square inch. If it is
desired to limit the combined edge stress to 425
pounds per square inch, the required joint efficiency is

5205120 The load stress at the

100 520—390) T 73 percent.
joint edge is 440 pounds per square inch and therefore

the reduction in load stress equals 100X ﬁ%, or about 22

percent. On the other hand, if it were desired to have
a joint of 100 percent efficiency it would be necessary
to reduce the edge stress from 520 pounds per square
inch to 390 pounds per square inch. In this case the
required reduction in load stress, or transfer of load,

equals IOOXng, or about 30 percent.

Thus it is seen that a load transfer, or stress reduction
of 50 percent is not necessarily required in order to
obtain a joint efficiency of 100 percent and that a joint
efficiency of 100 percent is not necessarily required in
order to limit to safe values the stresses in the joint edge.

Tests of joint efficiency.—In connection with the
Arlington tests (18) a great many tests were made on
the types of joints included in the investigation to de-
termine their effectiveness in reducing edge stresses due
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to load. The results are summarized in tables 21 and
22, the reported efficiencies having been computed by
equation 28.

With respect to the longitudinal joints it may be
noted that the measured efficiencies of the two tongue-
and-groove joints containing bonded tie bars were rela-
tively high even though the tie bars were only one-half
inch in diameter, and were spaced 5 feet apart. It may
also be noted that the omission of tie bars from a
tongue-and-groove joint reduced its efficiency by about
one-third.

TasLe 21.—Observed efficiency of longitudinal joinis (average
values for tests at a number of points) !

i Designation| Spacing of | Diameter | Joint effi-
Type of joint in fig. 22 | tiebars? | of bars ciency

Inches Inches Percent
60 3% 75

Triangular tongue_._ - A 5
Rectangular tongue B 60 1% 78
D OEEE BRI L T S| S e Nonej|=sodies 2ust 50
Butt. .- D 24 % 52
Do. D 36 bA 42
Do.. D 48 A 51
Do. D 60 %A 47
DunmMyeSHsiEieiit S RIRE e C 60 1% 44
DI IR A SRR S R [SOTEeRase INOTIBH| SEEESTESae 39

1 Data from table 11, PUBLIC ROADS, October 1936.
2 All tie bars in bond.

TaBLE 22.—Observed efficiency of transverse joints (average values
for a number of tests) 1

Joint efficiency

Des-

3 igna- | Spac- |Joint Aver-
Type of joint tion | ing of | open-| age B
in_|dowels?!| ing | Win- | Sum- | (var- | Over | e-n
fig. 22 ter mer | dous |dowels | jNeet

sea-
sons)

Inches |Inches| Percent| Percent| Percent| Percent| Percent
36 » 46 8

e

HH

1 Data from table 10, PUBLIC ROADS, October 1936.
2 All dowels 34-inch diameter—not in bond.
3 Dowel plates 4 inches by 24 inch.

The longitudinal butt joints, which were-all in slabs
of the same thickness, had much lower average effi-
ciencies than the tongue-and-groove joints in spite of
the fact that the tie bars were of larger size and in
general were more closely spaced. In the butt joints
there is no consistent relation between average joint
efficiency and tie-bar spacing. This is contrary to
what would be expected and may be at least partially
explained by the fact that the figures given are average
values from tests in which the loads were applied at a
great many different points. It was found.in testing
these butt joints that there was a rather consistent
relation between joint efficiency and the distance from
the center of the load to the center of the nearest tie
bar. The average observed efficiencies for a load
directly over a tie bar and at distances of 18 and 30
inches from it were about 70, 45, and 35 percent, respec-
tively (fig. 35, PUBLIC ROADS, Oct. 1936). This
would indicate that tie-bar spacing has an influence on
the efficiency of longitudinal butt joints in spite of the
lack of evidence in the average values given in table 21.

TESTS INDICATE DOWEL SPACINGS FORMERLY USED ARE
EXCESSIVE

The average efficiency of the longitudinal dumm
joint with tie bars was of about the same order of magn:.
tude as that of the butt joints and the omission of tig
bars reduced the average efficiency by only 5 percent,
Both results may seem somewhat surprising, the firs
because it is so low and the second because it is so high,
but here again average values are being considered,
In testing these longitudinal dummy joints it was found
that for loads at certain positions the indicated efficiency
was very high while at other positions it was practically
zero. It was also noted frequently that the joint was
efficient for a load on one side of it and inefficient when
the load was placed directly opposite on the other side
of the joint. It seems evident that the measured effi
ciency of a dummy joint is largely dependent on the
form of the fracture, particularly the direction of its
slope, directly under the load.

The thickened-edge longitudinal joint shown in
figure 22-F was not investigated in the Arlington tests
but no tests are necessary to establish its efficiency.
This is entirely dependent on the proper proportioning
of the edge section in the manner that has already been
discussed.

The transverse doweled expansion joints were tested
at points directly over the dowels and midway between
them, as indicated in table 22. In general the average
efficiency was very low for a load between the dowels
and, with one exception, was considerably greater fora
load directly over a dowel. This investigation was
planned in 1930 when the knowledge of the action of
joint devices was considerably less than at present.
The tests themselves, now supplemented by the analysis
by Friberg, have shown that the program was quite
inadequate for a thorough investigation of the efficiency
of doweled joints. It is rather definitely indicated that
the dowel spacings were too great for effective dowel
action and analysis of the data is complicated by the
fact that the joints were installed in slabs of different
thickness. Therefore the results obtained should not be
considered as indicative of the best performance of
doweled expansion joints that can be expected.

The transverse dummy contraction joints were
tested both in summer and winter and the joint with
dowels had a high efficiency in both seasons of the year.
The joint without dowels had a fair efficiency during the
summer when the slabs were in an expanded condition
and the width of the crack was small, but the efficiency
was negligible in the winter when contraction had
taken place and the width of crack was as great as
0.03 inch. Therefore, it appears that even in slabs
as short as these (20 feet) the interlocking of the frac-
tured faces in atransverse dummy joint cannot be
depended upon to provide adequate load transfer when
the slabs are in a contracted condition.

The two dowel-plate expansion joints that were
tested had efficiencies comparable with the efficiency
of the dummy contraction joint with dowels. The
figures indicate that a dowel plate of the sizeinvestigated
is an effective means for bridging the openings in ex-
pansion joints but more information is needed regarding
the required depth of embedment of the dowel plate in
the slab and the required thickness of plate.

The butt contraction joint shown in figure 22—/
was not investigated in the Arlington test but its per-
formance should be expected to be much the same as
that of the doweled expansion joints, with probably a
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somewhat greater efficiency on account of the smaller
width of joint opening. ; i
For the thickened-end transverse expansion joint
shown in figure 22-G the efficiency observed in the
Arlington tests was low since the edge thickness was
inadequate. When the edge section is properly de-
signed the edge stress is the same as the interior stress
and no edge strengthening or load transfer is required.
Tn the past the thickened-end type of transverse
joint has been criticised on the ground that it offers
additional resistance to contraction, with the result that
o transverse crack is likely to develop near the junction
of the end section with the interior of the slab. No
action of this kind has been observed in the Arlington
tests. The slabs with thickened ends have expanded
and contracted as freely as any of the other slabs tested
and no transverse cracks have developed in them in
a period of more than 8 years. There is nothing in
the results of these tests to indicate that edge thickening
cannot be applied to transverse expansion joints with
as much success as to the longitudinal edges of the slab.
Very little information of a definite character is
available concerning the reported unsatisfactory per-
formance of thickened-end transverse joints. The only
reference that has been found is in a 1932 report of a
committee of the American Road Builders’ Association
(47). This report merely states that experience with
the thickened-end joint in three States has not been
entirely satisfactory; that transverse cracking usually
develops near the joint, with subsequent buckling of
the slab ends due to expansion and with the further
result, in some cases, of complete breakage under the
action of traffic.
In contrast to this is the experience of Kent County,
Mich. Mr. Otto S. Hess® is authority for the following
report of that experience.

EXPERIENCE SHOWS THICKENED-END SLABS SATISFACTORY

Since 1926 practically all of the concrete pavements
built by the Kent County Road Commission have been
constructed with thickened-end transverse expansion
joints spaced 50 feet apart and with no intermediate
contraction joints. The 50-foot slabs are reinforced
with wire fabric or bar mats. The expansion joints are
% inch wide and a premolded joint filler is used. The
ends of adjacent slabs are not connected in any manner.

_With this design, transverse cracking has been almost
eliminated. Not a single transverse crack has been
observed in the vicinity of the joints where the end-
thickening begins. The contention that contraction in
a thickened-end slab will cause the ends to ride up on
the subgrade and create roughness at joints has not
been supported since no difficulty has developed because
of vertical movement of the slab ends. The experience
of Kent County indicates that if the strength required in
joint edges is obtained by thickening the slab ends it is
not necessary to connect the slabs with dowels or other
devices in order to maintain smooth joints.

The Arlington tests were quite inadequate from the
standpoint of a comprehensive study of joint action
since the variables included in the program were not of
sufficient number or of sufficient range. However, the
results obtained, when viewed in the light of the
Friberg analysis and the discussion of the required
efficiency of joints, indicate that if proper attention is
given to the design of both the slab and the joint a

e
¢ Engineor-Manager, Kent County Road Commission, Grand Rapids, Mich.

number of the types of joints in common use can be
expected to effect the required stress reduction.

Effect of joints on corner stresses—An assumption
similar to that used in deriving equation 28, which
gives a measure of the efficiency of a joint in reducing
edge stress, might be used in developing a measure of
the efficiency of a joint in reducing corner stress. For
example, it might be assumed that with a joint of 100
percent efficiency the corner stress should be no greater
than the stress in the edge of the slab at some distance
from the corner. However, it is not necessary to do
this and, in some cases, such an assumption would
result in an indicated efficiency in excess of 100 percent
in joints having no provision whatever for stress
reduction.

In a slab of uniform thickness, corner load stresses
computed by equation 11 exceed edge load stresses
computed by equation 15, but only by relatively small
amounts. In the case of combined stresses in slabs 15
to 30 feet long and ranging in depth from 7 to 10 inches,
figures 15 and 17 show that the edge stresses are always
greater than the corner stresses. In 10-foot slabs of
these depths the combined corner stresses exceed the
combined edge stresses by 50 to 80 pounds per square
inch when k=100, but when £=300 the edge and corner
stresses are practically the same. Therefore it appears
that in a slab of adequate design there is no great need
for stress reduction at the joint corners and that any
reduction effected by the joint device will be in the
nature of a factor of safety.

In the Arlington tests the difference between the
stress at a free corner and that at a joint corner was
determined and this stress reduction was expressed as
a percentage of the stress at the free corner (table 12,
PUBLIC ROADS, October 1936). It was found that
the transverse joints (table 22) were about equally
effective in reducing corner stress and that the average
reduction was about 40 percent. Of the longitudinal
joints that could be tested, the butt joint with tie bars
spaced 24 inches apart and the dummy joint with tie
bars resulted in an average reduction in corner stress
of about 50 percent and the dummy joint without tie
bars reduced the corner stress by about 40 percent.
Thus all the joints tested were quite effective in reduc-
ing corner stress although some of them were quite
ineffective in reducing edge stress.

CONCLUSIONS

The discussion that has been presented leads inevita-
bly to certain conclusions which, if accepted, require a
rather drastic revision in some of the accepted ideas
concerning the structural design of concrete pavements.
These conclusions are open to attack principally on the
ground that practical experience in certain localities or
under certain conditions does not always support them.
This is recognized but it is believed that, for the country
as a whole, they are supported by observations of the
behavior of pavements in service. The exceptions may
be due to a number of causes, an important one being
that many concrete pavements are not subjected to
loads of the magnitude and frequency for which pre-
sumably they were designed.

In other engineering structures, such as bridges and
buildings, the absence of failure is not necessarily an
evidence of adequate design since structures do not
always fail even when dangerously overstressed. The
same is true of concrete pavements. It is recognized,
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of course, that it would be unreasonable to be as con-
servative in the design of pavements as in the design of
bridges but it should also be recognized that the factor
of safety in many pavement designs in current use is
negligible.

On the basis of the information presented, concrete
pavements may be designed with reasonable assurance
that they will be free from structural defects over a long
period of time. A lowering of the indicated require-
ments of design may result in structural failures of
varying degrees of importance. The extent to which
the possibility of such failures can be tolerated is a
matter to be decided on the basis of engineering judg-
ment.

The more important conclusions that are indicated
are as follows:

1. The critical load stresses developed in a concrete
pavement are primarily dependent on single wheel loads
and not on axle loads, axle spacing or the gross weight of
vehicle. :

2. Impact forces considerably in excess of static
wheel loads should be used in the design of pavements.
The impact factor (ratio of total impact reaction to
static wheel load) is less for balloon tires than for high-
pressure tires and decreases as the wheel load increases.

3. The stresses in a concrete pavement are approxi-
mately the same for an 8,000-pound wheel load on dual
high-pressure tires and for a 9,000-pound wheel load on
dual balloon tires.

4. The stress analyses of Westergaard, with the
modifications suggested by the Arlington tests, are
suitable for use in the design of concrete pavement
dlabs and form the only adequate basis for such design.

5. Since the physical characteristics of the subgrade
and of the concrete can never be foretold with cer-
tainty it is desirable to be conservative in the selection
of values representing these various characteristics for
use in design.

6. Warping stresses due to differentials of tempera-
ture within the slab may be'of the same order of mag-
nitude as the stresses due to heavy wheel loads and
therefore require consideration in pavement design.

7 TReasonable assurance of the absence of transverse
cracking in concrete pavements can be obtained only
by the use of short slabs having lengths not greater
than 10 to 15 feet.

8. Transverse cracks in thickened-edge pavements
without reinforcement create a weakened condition in
the interior of the slab which may be serious. The
introduction of properly designed steel reinforcement
in long slabs will not completely eliminate transyerse
cracking but it will reduce or eliminate the detri-
mental effect of the cracks which may develop.

9. The edges of transverse joints in thickened-edge
slabs require strengthening because the central portion

of the joint has the same thickness as the interior of
the slab but is subjected to the higher stresses that
are associated with edge loading.

10. When the pavement is designed for the com.
bined stresses due to load and temperature it is safy
practice to use an allowable unit stress in excess of §
percent of the 28-day flexural strength of the concrete,

11. When the pavement is designed for maximum
legal wheel loads and in such manner that the com.
bined stresses due to load and temperature are limited
to safe values and are reasonably well balanced, the
thickened-edge section has no great advantage over
the section of uniform thickness from the standpoint
of over-all cost per mile.

12. Transverse joints are required in concrete pave.
ments to relieve warping stresses due to temperatur
and also to provide for longitudinal expansion ang
contraction. Longitudinal joints are required to pre:
vent the longitudinal cracking that usually develops
otherwise.

13. If proper attention is given to the design of both
the slab and joint, the required edge strengthening at
joints in thickened-edge slabs can be obtained with g
number of the types of load-transfer devices in com-
mon use.

14. The thickened-end transverse expansion joint is
indicated, both by tests and experience, to be a highly
effective method of providing the edge strengthening
t{m},;o is required at transverse joints in thickened-edge
slabs.

15. Longitudinal joints of the tongue-and-groove
type appear to be considerably more effective than
other types in common use in providing the strength-
ening that is required in the edges of the longitudinal
joints of thickened-edge slabs.

ACKNOWLEDGMENTS

This paper is essentially a compilation and interpre
tation of published data and, insofar as practicable, the
sources of material are indicated in the bibliography.

The author desires to acknowledge the invaluable
advice and assistance given by his associates in the
Public Roads Administration: Mr. L. W. Teller, M
A. L. Gemeny, Mr. J. A. Buchanan, Mzr. E. C. Suther
land, Mr. W. F. Kellermann, Mr. R. J. Lancaster and
Mr. A. L. Catudal. :

Tle also desires to express his appreciation of the gen-
erous permission granted by Mr. Royall D. Bradbury
to appropriate a number of original ideas from his book
«Reinforced Concrete Pavements”’. Special credit s
due Mr. Bradbury for originating the simplified meth:
ods, used throughout this paper, of computing stresse
due to loads and temperature warping. The use of
these methods changes a very tedious operation to s
very simple one.

August 19:

a
(S
@)

TOR-FUEL TAX RECEIPTS

@)
=
o
=~
<E
P-‘
N
e
@)
Z
Q
=
%)
O
Q
AN
A

BRSO E - 4o A e gt iy

T I NN A R S



§ 03 UOT
o

jo osn

i
v

550198

qJjeur Pe

Q B @
HE':QE'L =8
cnl85 o
e, =
Eoon o
o2 B
=8 B =

YIS

A

TFT R =4 B T Ul B AL T @ < © = w o o
S L.2E T gamcrh =S =) ;:siag, 2888 (ST S a H = Lie
S EEES S 55 yeBEe o508 3 2 g cBoHiSo o oS

SRy Sgg =S 2 B Qi oo ik sl OO EEOR S Ra ERInE Ol B
Eet el ERES 2EB- 350S SEEEZ EISEEES=2E Eo
SEE EZ BEgEgs REEC BEoe=gs 2FBEF Es5aFEsFEsr ==

DISPOSITION OF STATE MOTOR-FUEL TAX RECEIPTS, 1938

[Compiled for calendar year from reports of State authorities]

Ty Ex. For State highway DUrposes [ Forlocal roads and streets ® For For nonhighway purposes
o austs e F e ig other ¥ Y
ol e e POSESS | other |Construc Bevice OfState bRIWIE | - otal 18 ooe pop | Service hiwy | To general fundss | For o
s re | dugto | total | collec- [admin-| tion | gpai for | work | For | of purposes T Gl i
tate ceipts | undis- | funds | 500" | Sigpra | mainte- | i State State State | on | WOrK | local (park | Inspec- | o= For G| FOCS
of i and | tive | nance, igh- | jyiohway | assumed high- |county| OB | high- | Total | ‘and | tion fees, | Motor- TRV educa- | ZHFC | Total
admin-| pur- an “iive | bonds local | Total | way and _t“g{ .| way forest | dealers’ | fuel pés tion | S°
istra- | poses ® | adminis- | P obliga- pur- | local |Streets’| obliga- roads, |licenses, | tax | g0t e
tion tration 4 notes tions & poses | roads 4 tions ete.) ete. tirtion
1,000 1, 1,000 1,000 1,000 1,000 1,00 1, 1,000 1,000 1, 1,000 1,000 1,000 1,000 1,000 1,000 1,000
dotlars | dollars | dollars dollars | dollars | dollars | dollars | doilars | dollars | dollars | dollars | dollars | dollars | dollars | dollars | dollars | dollars | dollars
1 1| .| 3,231 | 6,730 | 6,161 ||| 6,161 | |l | e e

ontana.

evada____

Oregon....
Pennsylvania
Rhode Island 13
South Carolina.
South Dakota.

Wyoming.
District of Columbi

Total ..

771, 764

769, 313

6,673 ' 80,519 '

*6, 550
*6, 460
*4,190

*3,030

11,858

51

12,958

-|10 1,015

27, 682 954 '166, 272 4,007 3,080 ' 45, 045 121, 257

+ Amounts distributed during the calendar year often differ from actual collections because of undistributed
funds and lag between accounts of collecting and expending agencies. s
2 In many States the proceeds of highway user taxes are placed in s common fund from which a distribution

is made. The amounts so disf
See tables, pp. 128 and 129.

tributed have been prorated in proportion to the receipts not otherwise dedicated.

3 Where reported separately from collection expenses, funds allotted for motor-fuel inspection, administra-
tion of Motor Vehicle Department, and regulation of motor vehicles are shown in this column.

4 The following allotments for construction an

d maintenance of county roads under State control are in-

cluded in State highway purposes: Delaware, $205,000; North Carolina, $7,985,000; Virginia, $7,500,000; West

Virginia, $1,882,000.

s Reimbursement to local units of government for amounts spent on roads now on State
¢ In Statesindicated by star (*) law provides that these funds may also be used for service of
“Amounts soused not reported separately.

column shows specific allotments for city streets.

tions.
7

tem.
1highway obliga-

1
In Colorado funds may be used on both State and local roads.
Where reported separately, funds allotted for

urban extensions of State highway system are included in allotments for State highway purposes.

8 To State general funds, except in Wisconsin where amounts went to tow:
personal-property taxes formerly imposed on motor vehicles.
been used in part for highways, but such amounts not reported.

Allocations

ns, cities, an
to local

villages in lieu of
general funds may have

9 For the following purposes: Arizona, irrigation engineering expen:
Florida, aviation; Louisiana, harbor improvement; Montana, labor furnis es; New Jei
of institutional construction bonds, $514,000, and Department of Commerce and Navigation, $134,000; North
Carolina, State Probation Commission; Pennsylvania,aircraft landing fields, $455,000, and cooperative work,
other departments, $44,000; South Dakota, payment on real-estate bonds; Tennessee, debt service on non-
highway bonds, $2,081,000, and aviation, $7,000; Vermont, debt service on nonhighway portion of flood-relief
bonds; Virginia, aviation.

10 Tnceludes debt service charges on emergency relief bond issues prorated in proportion to use of proceeds
for State highway, local road, and nonhighway purposes.

11 Paid out of motor-vehicle revenue, $3,000. See following table.

12 Service of highway relief bonds, a State obligation incurred for imp: of local roads.

13 Appropriations for highwnfl purposes out of State general fund have been credited against payments of
motor-fuel tax and motor-vehicle registration fees to the general fund and prorated in proportion to net receipts
from highway-user taxes not otherwise dedicated.

14 Included in cost of collecting motor-vehicle revenue. See following table.

15 Tax of $633,000 on non-motor-vehicle fuels not included.

1¢ Estimated from fiscal year appropriations.

17 Paid out of general revenue. Amount not reported.

C. C. C. ditehing;
ed counties ey, service

egis

6g61 4530V
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DISPOSITION OF STATE MOTOR-VEHICLE RECEIPTS, 1938

[Compiled for calendar year from reports of State authorities]

Ex- " For State highway purposes For local roads and streets 7 For . For nonhighway purposes
Net st penses — G
fotal | ments | Net of Con- Service of State highway | Total For Service highway For
e rosuibts | dueto | total | collec- struction,| oo obligations for work | For of purposes relief For
R oticals undis- | funds tion mainte- | PR | Btate on work local (park To of un- For other
O e |tributed | distrib- | and o | nance, | W&V | State | State- high- | county | on high- | Total | and | general [employ-| educa- | specific | Total
e | funds, | uted? | admin- | pur- and | RV |highwaylassumed| g0 | way and city way forest | funds? | ment tion pur-
yea ete.l istra- | poses 4 |adminis-| Police |Honde” ocal obli-| TOta pur- local | streetss | obliga- roads, de poses 10
tration & and notes| gations® s | roads® tions tution
1,000 | 1,000 | 1,000 | 1000 | 100 | 1,00 | 1000 | 1000 | 1000 | 100 | 1,000 | 1,00 | 1,000 | 1,000 | L, 1,000 | 1.
dollars | dollars | dollars | dollars | dollars | dollars | dollars | dollars | dollars | dotlars | dotlars | dollars dollurzs dollars | dollars | dollars | dollars
5 1,612 402 1,131 2 5 S| IRT I 723 |- T
797 34 z
108 =
3,000 *3,626
55 1,036

424
11367

New Hampshire.
New Jersey-
New Mexico
New York
North Carolinia
North Dakota

, 683
559
6, 697

21
14,377 3,066

8
2,476
12

1,410

T g
2,145 110 107

District of C 3 G A 1 L
Total - ....'""388,825 " 31,088 ' 2,006 11,224 310 13,362 | 1,367 | 104,780 | 3,898 | 21,600 | 4,474 | 5,743 ' a05 | 32,682

1 Amounts distributed during the calendar year often differ from actual collections because of undistributed extensions of State highway system are included in allotments{ or State highway purposes.
funds and lag between accounts of collecting and expending agencies. o State general funds except in the following States: Alabama, county and municipal general funds; Cali-

2Tn many States the proceeds of highway user taxes are placed in a common fund from which 2 distribution fornia, general funds of counties and cities, $3,933,000; New Mexico, county general funds, $349,000; Wisconsin,
ismade. /The amounts so distributed have been prorated in proportion to the receipts not otherwise dedicated. towns, cities, and villages in lieu of personal property taxes formerly imposed on motor vehicles, $1,407,000.
See tables on pp. 127 and 129. ‘Allocations to local general funds may have been used in part for highways, but such amounts not reported.

3 Collection expenses in many States include service charges deducted by county and local collectors. 10 For the following purposes: Delaware, C. O. C. ditching; Ohio, hospitalization of indigents injured in motor-

i Where reported separately from collection expenses, funds allotted for collection of motor-fuel tax, payments vehicle accidents; Pennsylvania, aircraft landing fields, $140,000, and cooperative work other departments,
to auto-theft fund, and miscellaneous expenses of motor-vehicle regulation are shown in this column. $13,000; Vermont, debt service on nonhighway portion of flood-relief bonds.

s The following allotments for construction and maintenance of county roads under State control are included if Includes debt service on emergency relief bond issues prorated in proportion to use of proceeds for State
in State highway purpo; elaware, $151,000; North Carolina, $2,419,000; West Virginia, $525,000. highway, local road, and nonhighway purposes.

o Reimbursement to local units of government for amounts spent _on roads now on State system. 12 Service of highway reliel bonds, a State obligation incurred for improvement of local roads.

7 In States indicated by asterisk (*)law provides that these funds may also be used for service of local high- 13 Appropriations for highway purposes out of State general fund have been credited against payments of
way igati ‘Amounts so used not reported separately. In Colorado funds may be used on both State motor-fuel tax and motor-vehicle registration fees to the general funds and prorated in proportion to net receipts

and local road rom highway user taxes not otherwise dedicated,
AP RE cotanan shows specifie allotments for city streets. Whe
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in State highway ses: Delaware, s
s Reimbursement to local units of government for amounts spent. on roads now on State
7 In States indicated by asterisk (*)law provides that these funds may also be used for
way obligations. Amounts so used not reported separately. In Colorado funds may be us
and local oads, hows specinic allotments for elty stroots:

DISPOSITION OF STATE. MOTOR-CARRIER TAX RECEIPTS,
1938

[Compiled for calendar year from reports of State authorities]

151,000; North Carolina, $2,419,000; West V.

local road, and nonlignway purposes. . :
n % Servico of highway reliefl bonds, a State obligation incurred for improvement of local roads.
rvice of local high- 15 Appropriations for highway purposes out of State gencral fund have been credited against payments of
d on both State ‘motor-fuel tax and motor-vehicle registration fees to the general funds and prorated in proportion
from highway user taxes not otherwise dedicated,

nia, $525,000. highw
e term

Where reported separately, funds allotted for urban

For State highway purposes Tor local roads and streets 3 For nonhighway purposes
Adjust- T SEEUST R For other
ments Expenses| Construc-| Seryico otStatelighway highway
ue to | Net total | of collec- | tion, OR:rgAvons Totaltor | For ookl Service of| purposes
State undis- dis-| tion and | mainte- | State A oty | For work | loca ity ok i
tributed [tributed ? | adminis- | nance, |highway | State | State-as- highavay | and loeel| on city | highway [ Total ‘;"ge“f" "_'l?‘ U- | motal
unds, | tration | and ad- | police’ | highway | sumed | o, | ERWAY a3 | streetse | obliga: . pnos cation
ete.l | inistra- bonds al ob- L0 pUTDoses |/ 0ads tions
tion s and notes |ligations ¢

1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol- | 1,000 dol-
lars lars lars ars lars lars lars lars lars lars lars

g 189 | e

4 131

1,000 dol- | 1,000 dol- | 1,090 dol- | 1,000 dol- | 1,000 dol-
lars lars lars lars lars

243

2,361 |-

Kansas
Kentucky

Maryland____
Massachuset!
Michigan_

Montana.
Nebraska
y

New Mexico.
New York__
North Carolina
North Dakota. _
gac

Oklahoma
Oregon_
Pennsylvania
Rhode Island
South Carolina_
South Dako
Tennessee
Texas

Wisconsin
Wyoming
District of C

16, 664 3, 441 5,367 122 486 88 574 6, 063 2,482 127 195 2, 804 11 4,339 6 4,345
! Amounts distributed during the calendar year often differ from actual collections because of undistributed
funds and lag between accounts of collecting and expending agen

_ 2 In many States the proceeds of hizhway user taxes are placed in a common fund from whicl
is made. The amounts

Total

8 In States indicated by star (*) law provides that these funds may also be used for service of local highway
P obligations. Amounts so used not reported separately. In Colorado funds may be used on both State and
ch a distribution local roads.
so distributed have been prorated in proportion to the receipts not otherwise dedicated. 6 Thi

s n column shows specific allotments for city streets. Where reported separately, funds allotted for urban

See tables pp. 127 to 128, z L g extensions of State highway system are included in allotments for State highway purposes.

.,> Approximately $84,000 allotted for use on county roads under State control in North Carolina included in 7 No special taxes on motor carriers reported.

State highway purposes. ¥ ¢ Ton-mile and passenger-mile taxes paid by motor carriers in lieu of registration fees included in motor-
4 Reimbursement to local units of government for amounts spent on roads now on State system. vehicle receipts. Table on p. 128.
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DISPOSITION OF RECEIPTS FROM

ON HIGHWAY USERS, 1938

[Compiled for calendar year from reports of State authorities]

STATE IMPOSTS

e S 7 7 g | For State highway purposes — Forlocalroads and stree Fo For nonnighway purposes
+ ce of State highway other To general
Adiste Ex- | con- ‘ obligations i high- funds * o
: penses | struc- e |5 For Service way | Notor- -
r%’feﬁ,‘,iﬁ‘i.‘; due 10 | Net total | ofcol- | ion, | State | State | State- oor, |workon| For |oflocal pur- | “roel | An |reliefof} o
State olondar | tribe |fundsdis-| lection | mainte-| high- | high- | as- hFi‘,E county [work on| high- poses | inspec- | other | OV | 10T S;’,eciﬁc
AT teq | tributed | and ad-| nance, | way | way |sumed igh- | “an city | way | Total | (parl tion | high- | P} educa-
L minis- | and ad-| police | bonds | local Total | Way | jocal [strcets 7| obliga- and | foos, | way (montor| tion | BUL,
ator) tration?| minis- and | obliga- s | roads ¢ tions forest | dealers’| user | {ition DOSES
tration ¢ notes | tions ¢ L roads, |jjcenses, | imposts
cte) | ot
1, 1,000 1,000 o 5 1,0007| 1,0 1,000 1,000 1,000 K 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
Lo | Lo | iews | dbitars | dollars | dollars | dollars | dollars | dollars | dotlurs | dotlars | dallars | dotlars | doliurs | doilars | dollars | doliers dollars | dollars | dollars
18, 094 —507 402 e G 6, 5 -l 6,161 | 38 £ i 723 ga=X
158

, 093
Delaware 504
Florida 9,288

2,606

ichigan.
innesota.

2,808

11,858

10, 466

37, 66

204 8: s
S 4,80 | 217 8 % 016 1
Total._. _!1.177,010 '—1,808 '1,175.202 ' 44,084 '493, 268 = 23, 406 , 091 ° 50, 29 691,063 '227,178 ' 41,171 5,516 3,080 ' 70,944 ' 41,050 3
T Includes receipts from motor-fuel taxes, motor-vehicle fees and fines, and special imposts on motor vehicles ifornia, general funds of counties and Gities, $3,033,000; New Mexico, county general funds, $349,000; ‘Wisconsin,

operated for hire (motor-carrier taxes). _Sec tables on pp. 127 to 120 which give distribution of Teceiptsseparately.
S Amounts distributed during the calendar year often differ from actual collections because of undistributed
funds and lag between accounts of collecting and expending agencies.
s Includes expenses of collection and administration of motor-fuel tax, mvtor-vehicle fees, and motor-carrier
taxes, and mi; expenses of motor-yehicle ri i
4 The following i i
in State highway purposes:
$2,407,000.
5 Reimbursement to local units of government for amounts s
B Binteendicated By star ) o providen that Bhove e

for. and of county roads under State control are included
Delaware, $446,000; North Carolina, $10,488,000; Virginia, $7,500,000; West Virginia,

ent on roads now on State system.
s may also be used for service of loeal highway
raea S Y itnas Tny be used on both State and

5, 538

Total

1,000
dollars
5

19
11,952

Sd
9,344
3,255

towns, cities, and villages in lieu of personal property tax formerly imposed on motor vehicles, §3,704,000. Allo-

cations to local general funds may have been used in part for highways,
% For the following purposes: Arizona, irrigation engineering expenses; Delaware,
Corps ditehing; Florida, aviation; Louisiana, harbor improve
i $514,000, and Department of Gommerc
i ion

Jersey, service of institutional construction bonds,

$134,000; North Carolina, State Probation C:

vehicle accidents; Pennsylvania, aircraft landing fields, $8
$87,000; South Dakota, payment on real estate bonds; Tennessee,

and aviation, $7,000;
ludes debt service charges on emergency relief bon:
‘ond, and nonhighway,

10
sta

i

but such amounts not reported.
Ciyilian Conservation
ment; Montana, labor furnished counties; New
e and Navigation,
A injured in motor-
95,000, and cooperative work other departments,
debt service on nonhighway bonds, $2,081,000,
‘mont, debt service on nonhighway portion of flood relief bonds; Virginia, aviation.
issues prorated in proportion to use of proceeds for

0€T
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4 The following allotments for construction an nce of county roads under State control are included $134,000; North Carolina, State rrobation v, vt aragias e e e .
in State highway purposes: Delaware, $446,000; North Carolina, $10,488,000; Virginia, $7,500,000; West Virginia, vehicle accidents; Pennsylvania, aircraft landing fields, $895,000, and cooperative work other departments, 2
$2,407,000. $87.000; South Dakota, payment on real estate bonds; Tennessee, debt service on nonhighway bonds, $2,081,000, S

3 Reimbursement, to local units of government for amounts spent on roads now on State system. and aviation, $7,000; Vermont, debt service on nonhighway portion of flood relief bonds; Virginia, aviation. £
i Stater Tdtented B stor @ T proyids ihar thewe ety may piio Bo uted L L URIMERNY e i eharj st i) fiet bond 4sues prorated in proportion 0 uso of procceds for ] 2
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STATUS OF FEDERAL-AID HIGHWAY PROJECTS <
‘
AS OF JULY 31,1939
o ‘COMPLETED DURING GURRENT FISCAL YEAR UNDER CONSTRUGTION APPROVED FOR CONSTRUGTION nALANCE oF
FABNETAE
; faresh Federat Ald Mies Fatimated Federa Ald Miles Fatimated remiad | i | GRAMYERFRGS 1
¥ 315,780 157,890 7.8 | ¥8,626,4 $1
Albama . 157, . ,626,458 | %,298,788 |  325.0 [  $300,490 414g, 80 w6 | 3,1 i
e = 1,374.8 1827 62.6 810,226 507,403 3.3 ? 3'}?' i
. - osh’l?? l;:o,?ao 3;; E,s;o,sn 2.527%;% 188.8 196,261 194,176 4.3 1 139'21 b
Galifornia 08, 119 12 1591,890 | 2,536, 2.1 1908 0,071 2s. 4138,
Colorndo” 44, 860 246,057 9.1 3, 36,322 2,087,712 Zz.s .1'}-1’.%!;3 ﬁo,s.‘[s 3.‘;’ 2.'1%?966
. : 12 g"ig 735 g}h 18 % 655 '521 326,776 4,9 2lg, i
Delaware ,076, 1270 2, 899,862 1931 g 1 ]
5‘,‘1,‘::,-‘; 1§t,ooo 60,500 1.4 2,863,020 1,431,510 39.2 \,2?%,5“2 606,2;6 z§§ 5,3%'% |
843,180 | 421,590 50.5 93;9& 2,854,956 288, 4 2,795,862 1,397,931 169,9 5,578,139
1daho 79,91 47,830 E-O 1,984,872 \.1&8.289 50.3 89,438 35,651 5.3 1,315,743
Hiinols 888, 326 441,870 2h.3 8,687,392 %303, 048 181, 2,379, 46 1,599,138 Ze.a 3,168,887 ~
s 981,76 490,783 16.3 2l 2,70%,662 118. 1,638,266 819,058 2.3 2.356.202 |
e 5,182,208 | 2,267,233 | 1g5.7 | 1,111,098 516,975 643 | 1,356,2 S i
R 382,17 191,087 21 g 4,330,532 1,657,561 146, 4,024,231 2,011,236 232.6 3 996' 5 o0 |
153,87 76,938 8.! 162,856 2,05,312 | 840 1,202,551 601,275 65.9 2'.29',325 ~ {
Louisiana ‘2-“9-%;‘ 3,154,050 53.3 1,288,985 607,838 31.3 2,606, 8
Hine " 180,830 90,41k 2.3 ,620,hgh 810,247 37.8 ,000,566 500, 23.2 346, =
30, 15,000 .3 . 72; 1 29'1: g;; Zo.z 1,136,000 £ 16.2 1,812,219 2 ]
Massachusetts 1348, 671, 5.1 1,737,1 865,0 12, 480,
Michigan 567,420 283,710 19.6 1,1 881 2,219,993 128.5 1.%%,53’6 7 ?,73‘1 35.:> § )t;gg ?é; =
2,18 76,090 122 | 6.7gtiy | 3372 375.9 | 1,828 131.5 3',591'.352 S
Yisissooi 344,700 88,820 1.4 7,522,098 2,732,821 308.6 2,335,920 1,032,934 79.5 2,160,470 n L
Missourt 5,490,632 2,724,704 2043 2,164,83 1,010,228 66.3 4,621,710
11 z;g et 6.1 ; sz | sowieni | g o2 16,876 471476, 608 S |
Nebraska " ) . , 470,55 2, 909 2.3 ,111,076 1,555, 22,
Newd 641,752 556,259 26,4 350,219 01,188 18.9 2 .6;6 e 53-1, 3u:;.? ?% 'é??l 4 |
,,,,,,, 367,275 76119 | 20,8 | 313,281 23.0 '3311103 |
New Jersey Wg.ﬁgg 2‘#{:6‘% 6.0 ?'8'7'“-3,3 :.go;ugs 23,9 730.9go 315,485 1.5 2,253 kg7 I
ow York , , 1964, 1202, .2 239, *52a
Hew: York 167,350 233,675 8.9 | 13.183.320 Saner | o205 e | ;'\‘612 2 o I
North Garolina 165,600 82,800 2:2 462,153 3,251 386.7 1,509,850 3 2,098,375 |
Norih Dot 78,830 Y2,219 156 177,260 L870 4 3,289,179 6 3,431,003 |
e Nl L | €nu70 8 0,199,046 6 112 1,123,66: 3 7,314,136
P 22-252 10,037 1,955,411 1,036,437 29 2,992,370 ] 3'332 030
T 98,1 59,730 i 2,897,043 1,755,292 120, 121,321 3 2,191,680 [
656,450 328,225 5 9,768,921 | _ 1,638,808 93.9 2,635,156 o 4, '36& i
Rhode Island 38,190 19,095 1 719 359,471 8. 136,736 7 1'% 1633
South caroina 99,300 145,000 7 2,762.7 1,2&2,’4&7 gl 192,700 2'407.197 |
5 | wplEeo | e I | 2} )| 7.9 | 1o i snshs
s 25,320 12, 5 | W.282,770 2,147,385 120. 321,220 g 1,473, 151
Texas 1,859,403 905,730 101. 11,225,771 5,557,713 5248 1,168,907 4 5'995‘777
ka1.290 353,550 17 1.695.310 1,370,460 81.8 150,195 1 '937,159 i
Yermont . Ei= sl B BotE 291,622 163,610 Bl
i 5 s S Gl 1 |
Washington 143,966 5,800 e 3002.282 | ‘-gﬂ.;{‘ g 1,;32.132 1
ML el 5;3528 o, EiEllat 2 B iE N 0 [ 1,038,953 |
s 202, 3 : 981,670 27, 3 Bi |
Wyoming 137,430 81,930 2.8 =) ? Ht - > aeh 3&‘5’_ »Blsi i ?'gfg 3 R ‘
District of Columbia 35,02 8,012 -8 267,900 1 28 B
Hawail 203595 . E.ESO 1,122,170 538,595 17.3 571,307 ; 1 05215?5
550 101,575 3.5 1,428,248 709,855 | 29.3 22l,982 %3 "N52,
TOTALS 15,297,966 8,220,021 596.1 210,114,320 | 103,976,259 | 6,575.9 6l4,253, 082 32,087,152 | 2,779.3 126,969,925 L
30
=
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STATUS OF FEDERAL-AID SECONDARY OR FEEDER ROAD PROJECTS

AS OF JULY 31,1939

‘COMPLETED DURING CURRENT FISCAL YEAR UNDER CONSTRUCTION APPROVED FOR CONSTRUCTION BALANCE OF
state - - - Tumevas
Eatimated Federal Ald Mites Etimated Federal Al Mites Estimated Federal Aid Mites GRAMMED PROI-
$186,10 %91, 13.7 % 873,345 # 349,000 19.4 %61,700 # 30,850 1.2 # 656
Arioonat 2 2% 2 288395 175,012 23 15902 i Pt
Arkansas e %460, 228 456,775 59.0 220,976 220,857 | .0 332 257
California 89,549 50,796 1.5 1,053,157 542,386 36.8 761,745
Colorado 103,990 58,120 6.2 589,155 305,361 19.5 138,092 77,829 2.9 144,901
Connecticut |2 % s 17D 12,41 2.9 e — _ 286
35,160 17,7 7.8 5,3 22,680 9.7 73,930 196! 7.8 231,2
Delamare 903,022 146,794 32.1 86,200 a;,gog 5.6 3;".9?3
Georgia 116,720 58,360 | 18.5 | 335,989 167,994 36,7 180 g_gqo 20,3 1,084,114
B T 251,098 142,939 1.2 242,537 88,430 29.2 1329
ilinois 267,000 133,500 16.0 1,234,632 563,316 67.9 424,000 212,000 30.0 50,529
Indiana 1,065,070 532,535 89,5 247,860 104,198 13.5 | 51
e 6,ko7 2,950 7.1 109,588 51,154 37.6 1,625,703
47,588 23,794 1.7 461,942 230,271 39.0 1,325,016
Kentucky Sl 47,1 11,28 5.0 1,131,615 j!ﬁ%@ 71.1 839,690 231,118 72.0 229
e 160,157 61.%2 15.1 551,470 2140, 620 42.6 271,384 125,120 23.2 398,713
Maine. 126,024 63,012 6.0 254,556 127,548 15.8 133,060 62.29‘0 7.3 3,807
Maryland 24 25,000 12,500 4.3 670 | 8 A 186,000 63,355 1.7 371,991
Massachusetts Gy e o 375.1‘ 0 18%,000 7.5 hsh.sgﬁ
Minnesota 1322 231161 &2 e R W3 1 ?B%'ﬁ
T 176,500 88,250 | 6.8 6,700 272,5 50.7 *62l,670
Mismmunrg 97,1%0 k8,570 12.5 ?o;s‘.lus 26:.2_2'5 8.0 616,0&5
oni I ,315 0 12. svs,sz
s 76,688 38,34 17.6 .525 £0.2|9 83.9 393,39
Nevada 92,183 79,909 8.3 51,737 4,685 9.5 192,987
New Hampshire 2,3 189,160
New Mexioo agg'gzh ‘2'9[1 'sgg o 2?'??3 1;2'1“;; 12':’1 zlh'sz?sﬁ
New Mexi = " ’ * { . . »
New York 02,200 151,100 18.7 1,609,300 803,350 87.8 701,100 264,500 | 12.5 708,952 |
North Carolina B 23,720 3.6 1,20k, 04 602,000 131 102,590 51,295 0.4 352,195
North Dakota. 80,460 43,092 8.1 34,570 18,514 o 42,770 22,907 8.2 5,2
wo, 73,150 2,903 g ni MR S i s
3 » . y » » 51,19 5 32,095
Oreion 80,550 58.520 7.7 630,555 315,10 64.6 53.35 35,620 3.3 270.110
Pennsylvania 457,286 222,047 28.8 1,664,23 820 87.5 724,700 8,050 25.9 | i |
Rbode Island 6 93: 2.2 12,008 36, .2 98,167
e Carhia 9,340 19,400 8.1 514,567 212.669 4g.8 169,800 66,200 12,4 280,651
South Dakota G 12 1,051,260
P 166,160 59,380 9.k 558, 5.779 22,6 863,178
Texas 380,390 184,736 53.8 1,880,405 894,891 170. 325,509 154,835 k0.5 1,080,139
Utah' 0 10,155 | esoLl: 96,708 25. 57,245 31,000 | 12,2 | 194,199 |
s 25,258 12,203 .8 101,290 go. 3. 65,800 32,900 2.6 80,772
Virginia 251,400 123,937 21.9 gg.m 1ho,798 27, 305,076 130,573 22,3 278,412
Washington 8 3.8 006 337,896 42 110,651 57,000 1.2 7,306
et 133,296 76, 8.3 515,848 |
isconsin 114,273 56,970 1701 843,931 421,267 14.9 180,651 74,028 4, 696,482
'yoming 6,610 18 18,14 1 e 67 qﬁg 3.9 343,427 211,171 33.6 TI’E 604
District of Columbia »19 1 ;820 500 27,250 g 119
22,900 11,450 1.3 170,080 85, 4.6 113,020 6, 2. 167,
Puerto Rico 178,505 2 2! 10.% 5% 188 21 15l‘u07 2 ? sg,@m
TOTALS 4,247,143 2,138,920 376.4 26,64k, 422 13,241,035 | 1,836.0 11,041,189 5,278,667 896.4 27,182,349
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PUBLICATIONS of the PUBLIC ROADS ADMINISTRATION

(Formerly the BUREAU OF PUBLIC ROADS)

Any of the following publications may be purchased from
the Superintendent of Documents, Government Printing Office,
Washington, D. C. As his office is not connected with the
Agency and as the Agency does not sell publications, please
send no remittance to the Federal Works Agency.

ANNUAL REPORTS

Report of the Chief of the Bureau of Public Roads, 1931.
10 cents.
Report of the Chief of the Bureau of Public Roads, 1933.
5 cents.
Report of the Chief of the Bureau of Public Roads, 1934.
10 cents.
Report of the Chief of the Bureau of Public Roads, 1935.
5 cents.
Report of the Chief of the Bureau of Public Roads, 1936.
10 cents.
Report of the Chief of ‘the Bureau of Public Roads, 1937.
10 cents.
Report of the Chief of the Bureau of Public Roads, 1938.
10 cents.
HOUSE -DOCUMENT NO. 462
Part | . . . Nonuniformity of State Motor-Vehicle Traffic
Laws. 15 cents.
Part 2 . . . Skilled Investigation at the Scene of the Acci-
dent Needed to Develop Causes. 10 cents.
Part 3 . . . Inadequacy of State Motor-Vehicle Accident
Reporting. 10 cents.
Part 4 . . . Official Inspection of Vehicles. 10 cents.
Part 5 . . . Case Histories of Fatal Highway Accidents.
10 cents.
Part 6 . . . The Accident-Prone Driver. 10 cents.

MISCELLANEOUS PUBLICATIONS

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

No. 19IMP. . Roadside Improvement. 10 cents.

No.272MP. . Construction of Private Driveways. 10 cents.

No.279MP . . Bibliography on Highway Lighting. 5 cents.

Highway Accidents. 10 cents.
The Taxation of Motor Vehicles in 1932. 35 cents.
Guides to Traffic Safety. 10 cents.

Federal Legislation and Rules and Regulations Relating to
Highway Construction. 15 cents.

An Econonlic and Statistical Analysis of Highway-Construction
Expenditures. 15 cents.

Highway Bond Calculations. 10 cents.
Tr.ansnion Curves for Highways. 60 cents.
Highways of History. 25 cents.

DEPARTMENT BULLETINS

No. 1279D . . Rural Highway Mileage, Income, and Expendi-
tures, 1921 and 1922. 15 cents.

No. 1486D . . Highway Bridge Location. 15 cents.
TECHNICAL BULLETINS

No: 55§ =
No. 265T. .

. Highway Bridge Surveys. 20 cents.

. Electrical Equipment on Movable Bridges.
35 cents.

Single copies of the following publications may be obtained
from the Public Roads Administration upon request. They can-
not be purchased from the Superintendent of Documents.

MISCELLANEOUS PUBLICATIONS

No. 296MP. . Bibliography on Highway Safety.
House Document No. 272 . . . Toll Roads and Free Roads.

SEPARATE REPRINT FROM THE YEARBOOK

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

TRANSPORTATION SURVEY REPORTS

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

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

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

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

Report of a Survey of Transportation on the State Highways
of Pennsylvania (1928).

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

UNIFORM VEHICLE CODE

Act [.—Uniform Motor Vehicle Administration, Registration,

Certificate of Title, and Antitheft Act.

Act II.—Uniform Motor Vehicle Operators’ and Chauffeurs’
License Act.

Act I1I.—Uniform Motor Vehicle Civil Liability Act.

Act IV.—Uniform Motor Vehicle Safety Responsibility Act.
Act V.—Uniform Act Regulating Traffic on Highways.
Model Traffic Ordinances.

A complete list of the publications of the Public Roads Ad-
ministration (formerly the Bureau of Public Roads), classified
according to subject and including the more important articles

in PusLic Roaps, may be obtained upon request addressed to
Public Roads Administration, Willard Bldg., Washington, D