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coefficient Higher temperature ranges apparently produce higher 
coefficients 

While wide differences in these coefficients can occur under extreme 
conditions, for the usual conditions to which pavement concrete is 
subjected the thermal coefficient of expansion may be expected to have 
an approximate value of from 0 0000055 to 0.0000060 per degree 
Fahrenheit. 

A temperature differential between the upper and lower surfaces of a 
slab will cause a warping of the surface This may be sufficient to 
actually hft the edges or corners from the subgrade 

TENSILE STRENGTH OF CONCRETE 

There has been comparatively httle research on the resistance of 
concrete to pure tension. Such data as are available indicate this 
property to be influenced by the same factors which affect the compres
sive strength, and further, that the effect of the type of aggregate is 
more marked 

It IS indicated by existmg data that the tensile strength ranges from 
about 8 per cent to about 14 per cent of the compressive strength It 
is beheved that for pavement concrete a fau- assumption for tensile 
strength would be 10 to 12 per cent of the compressive strength. 

COEFFICIENT OF FRICTION 

Tests have shown that the coefficient of friction developed between 
the pavement and the subgrade vanes with the smoothness, type of 
subgrade material and its moisture condition Its value ranges from 
less than 0 5 to 2 5 or more Also because of the nature of the subgrade 
material the coefficient tends to become larger under greater movement. 
Subgrades of the more usual types damp but firm may readily develop 
coefficients of 1 5 or 2.0. 

CONTRACTION AND EXPANSION JOINTS 

A. T . GOLDBECK 

Director, Bureau of Engineering, National Crushed Stone Association 

Cracks m concrete pavements are objectionable and they should be 
avoided to an extent commensurate with economy in construction and 
mamtenance. 

TRANSVERSE JOINTS 

It has been shown m the discussion on Control of Cracking that con
crete vanes m length with changmg moisture and temperature conditions 
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and that in the process of its resulting motion over the subgrade, fnc-
tional forces are set up as shown in Figure 1 which induce either tensile 
or compressive stresses in the slab in a direction parallel with the direc
tion of traffic. If a decrease in temperature is accompamed by drying 
of the concrete, or if either of these phenomena takes place separately, 
tensile stresses are produced which will cause transverse cracks to form 
if the tensile strength of the concrete is exceeded On the other hand, 
during an increase of temperature or dunng a penod of high moisture, 
expansion of the concrete results and the resistance to shding offered by 
the subgrade produces compressive stresses The slab then is sub
jected to direct compression and acts much hke a long column having a 
very large "length ratio " Fmally when the stress becomes high enough 
the slab buckles or "blows up," the same phenomenon which occurs 

L 
Figure 1 

when a long column fails The question of joints must therefore be 
discussed from the standpoint of both contraction and expansion 
conditions 

CONTKACTION JOINTS 

In its simplest form, the theory apphcable for conditions which obtain 
dunng a penod of contraction may be expressed as follows: 

Let L = Length in feet 
S = tensile strength of concrete in pounds per square inch 
/ = coefficient of subgrade friction 
w = weight of slab per square foot 
b = width in feet 
d = depth m inches 
150 lbs = assumed weight of concrete per cubic foot 
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At failure when a transverse cracks forms at A, the total subgrade 
friction over the length L must equal the total tensile resistance of the 
slab Therefore • 

d 
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or 

^ ~ ~j (Approximate but suflSciently exact formula) 

It is seen from the above formula that the greater the tensile strength 
((S) of the concrete when contraction takes place, the greater will be the 
value for L- also the smoother the subgrade and hence the smaller the 
coefficient of friction (J), the greater the value for L that is, the further 
apart will be the transverse cracks Efficient cunng to keep the 
concrete expanded and also to develop high tensile strength in the early 
period of its hardemng are thus seen to be desirable, as is also a smooth 
subgrade rendered as fnctionless as economically possible 

Sometimes the temperature falls considerably within a few hours after 
the concrete is placed At such an early period the tensile strength of 
the concrete is low and the theoretical result is frequent transverse 
cracking 

To arrive at an estimate of the frequency of transverse cracking it is 
essential to have numerical values for S, the tensile strength of the 
concrete, at the particular period when considerable contraction or 
shrinkage is taking place and also the value for the coefficient of friction 
/ Assuming the tensile strength of concrete to be approximately iV 
of its compressive strength, 3000 pound concrete at 28 days would have 
the following tensile values 

7 days 100 pounds 
15 days 194 pounds 
28 days 250 pounds 

3 months 400 pounds 

While the tensde strength of concrete at early periods is problematic 
and no extensive data are available, the above values are in accord with 
such data as do exist. Tests for the coefficient of friction made by the 
Bureau of Pubhc Roads indicate values, depending upon the roughness 
of the subgrade, extending as high as 2 3 with a dry clay subgrade 

Merely for illustrative purposes, let it be assumed that reasonable 
care is taken m the preparation of the subgrade and that the coefficient 
of friction I S 2 0, further, that a sudden decrease in temperature ensues 
immediately after the concrete has hardened, when the tensile strength 
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is only 75 pounds per square inch The distance between the first 
crack and an expansion joint would then be calculated as follows. 

75 
L = — = 37 5 feet 

If it should happen that the temperature is more or less umform during 
the curing period of 15 days and that shrinkage does not begin until the 
expiration of this period, when the concrete has attained a tensile 
strength of 194 pounds per square inch, the distance between cracks will 
be 194 ^ 2 0 = 97 feet 

Should the subgrade be exceptionally smooth with a coefficient of 
fnction of only 1 0 instead of 2 0 the distance between cracks will be 
194 H- 1 0 = 194 feet If contraction joints are to be provided so as to 
prevent transverse cracks forming due to contraction and shrinkage, 
obviously the conditions during the construction will have to be con
sidered Thus, if the road is constructed at a time of the year when 
the night temperatures are considerably lower than the day temperatures, 
a small value of S must be assumed because the tensile strength of 
the concrete may be exceeded during the first mght of hardemng when 
the tensile resistance is very low ^ 

Full data do not exist which will permit of the theoretically correct 
spacing of contraction joints to prevent additional contraction cracks 
from forming but in the absence of such data it is best to assume the 
possibihty of shrinkage and of contraction due to temperature during 
the very early stages of hardemng, for it has often been observed that 
contraction cracks do form during the 24-hour period following the 
placing of the concrete A tensile strength of 75 pounds per square 
mch for the concrete during this penod is not unreasonably low and a 
coefficient of friction of 2 0 may be quite usual A mimmum spacing 
of cracks, and therefore of contraction joints to prevent such cracks 
from forming, may therefore be placed at 75 — 2 0 or 37 5 feet The 
uncertainty of the tensile stress of concrete during the early period of 
hardemng coupled with the uncertainty of the fnctional resistance and < 
combined also with the effect of bending stresses due to settlement of 
the subgrade and warping of the slab due to temperature change may 
also create additional stress which will still further reduce the spacing 
of cracks Even though contraction cracks are prevented dunng the 
imtial stages of hardening by the spacing of contraction joints at 
intervals of 30 to 40 feet it is not unhkely that the action of traffic, by 
the creation of high bendmg stresses will produce intermediate cracks, 
thus further dividing these 30 to 40 feet intervals 

1 See "Public Roads" July, 1924, p 19, "Friction Tests of Concrete on Various 
Sub-bases," by A T Goldbeck 



166 HIGHWAY RESEARCH BOARD 

THE INTER-RELATION OF TRANSVERSE JOINT SPACpfG AND LONGITUDINAL 
STEEL 

If all transverse cracking is to be prevented, unquestionably the 
transverse joints would have to be very closely spaced when adverse 
subgrade and climatic conditions obtain. And it is here that longitudi
nal reinforcing steel plays an important r61e in preventing these inter
mediate cracks from spreading There is a distinct relationship between 
the amount of longitudinal steel to be used and the spacing of transverse 

3r lOffG/wu/rML srffL 

/^ma J/ee/ 
5- ryidf/7 of Rii^e/nen/ 
5- Wo/yat)/e Tensiam /n Co/xvefe, 5, in Steel 
f - Coef^aenf of/ricf/on t7f SuAgnndt 
11= fye/g/7/cf Co/Kre^ per Sqtxrre fvof 
f = T/)tcJl:/)e35 ofPaye/nenf 
£j= r?ot/i//i/^ of f/asf/a/^ of 3fee/ ^ or Co/rcrefe 

rifyd-'os, 

L<v2ff//t/d/na/ •5/ee/ 

Required Spacing of 
Transi^ense iJo/nfs 

L<v2ff//t/d/na/ •5/ee/ 
mec/ialBOzKk 

/xir no fYnde 

P/q//7 Co/7cre/e 

/Z-l'-SZd" 

2SS 
£92 
296 
30 0 

266 
32 6 
6S2 
976 

/vrCM^/fm <^i» /Xak Oachiig 
fieso/ti •shayn in 7ab/e are 
obfairTa^ O-om odoiv 
fbrmi/hs, assuming 
3'30*''"'a//a-/5c/e7yj 

r'2a f-is" 

s,'2sm 
Figure 2 

joints, for steel of a given cross-sectional area is capable of dragging only 
a given length of slab over the subgrade before its tensile resistance is 
exceeded. It becomes necessary, therefore, to space the joints in a 
reinforced concrete road in such a manner that the allowable tensile 
stress in the steel is not exceeded 

Two conditions of cracking must be considered when longitudinal 
steel I S used. 
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(1) The condition of no cracking because of the use of large amount 
of steel-and a given joint spacing 

(2) The condition of no wide cracking (See Figure 2) 
In Figure 2 the value S = 30 pounds at 10 to 15 days has been 

assumed as a safe umt stress at this period. This value gives the con
crete a factor of safety of approximately 6 or 7 against direct tension 
The values above are used only for illustrative purposes and are not 
necessarily figures which should be used in design They are very 
interesting however in showing a number of points In the first place, 
it is evident that the use of a large amount of steel is not warranted if 
its purpose is to extend the possible distance between j'oints, for as will 
be seen from the above table there is an increase of only 1 2 feet between 
the joint spacing when no steel is used as compared with the use of 12 
three-quarter-inch longitudinal bars. In this case the joint spacing 
has been extended from 28 8 up to only 30 feet. On the other hand, 
it is seen that the larger the amount of steel the greater can be the 
distance between joints without danger of intermediate wide cracks 
forming The above relation as expressed in formula No 1, Figure 2, 
IS a very useful relation for arriving at the proper spacing of joints 
when given amounts of steel are used The proper value for the coeffi
cient of friction (/) should however, be obtained for the particular 
conditions of subgrade known to exist There is no reason why this 
determination should not be made for the proper design of a concrete 
highway just as a determination for bearing value should be made 
for the proper design of a footing m building construction The spacing 
of concealed joints or so-called planes of weakness may be obtained in 
a manner identical with the above , 

EFFECT OF SUBGRADE SETTLEMENT 

The above theory and calculations neglect bending effects due to 
subgrade settlement and also the stress effects from traffic. Both of 
these effects may be so severe that cracks may form between the joints 
wtere spacing is calculated as above To provide against cracking 
under the most severe action of bending would be very uneconomical 

A very simple case of this sort may exist when there is excessive 
settlement m spots due to no subgrade support. One such case is 
illustrated in Figure 3. 

M = S-
c 
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If there is a soft spot 5 feet long the thickness of the pavement required 
, to prevent cracking due to bending would be. 

PL ^6 X 20,000 X 5 X 12 
300 X 10 X 12 

= 14 3in 

Obviously, concrete pavements cannot economically be made thick 
enough to avoid cracking due to bending stresses when conditions 
permitting such stresses exist It appears that very frequent joint 
spacing would be necessary to eliminate all cracking and the economy 
of such a procedure is at least open to question 

/ s 

t 

Figure 3 

THICKNESS OF EXPANSIOI^ JOINTS 

The thickness of expansion joint's is dependent upon. 
(1) Amount of temperature expansion to be expected 
(2) Amount of moisture expansion to be expected 
(3) Compressive deformation created in the concrete due to 

the frictional resistance 
The coefficient of expansion of concrete is approximately 0 0000055 

The expansion of concrete above its 24 hour length due to moisture is 
0 0001 inch per inch of length The expansion of concrete from a 
thoroughly dry condition to a saturated condition is approximately 
0 0006 inch per inch of length The maximum temperature to be 
expected in a concrete pavement is approximately 135°F If the 
pavement is constructed in warm weather at a temperature of 90°F , 
the expansion to be allowed for is that due to 135° — 90°F = 45°F 
On the other hand, if constructed in cold weather at 50°F , the increase 
in temperature to be allowed for is 135° — 50° = 85°F Obviously, 
one condition will require a greater thickness of expansion joints for 
a given spacing of joints than another The foliowmg method of 
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calculating the necessary thickness of expansion joints for a given 
spacing is proposed 

Let L = spacing of joints 
J = thickness of joint 
t = increased temperature of concrete to be expected 
/ = coefficient of subgrade friction 
iS = compressive stress m concrete 
E = modulus of elasticity of concrete 
W = weight of concrete per square foot of surface 
d = depth of slab 

Total free expansion due to temperature = L X < X 
0 0000055 

Total free expansion due to moisture = L X 0 0005 (from 
dry to wet condition) Combined free expansion = L 
(0 0005 -I- < X 0 0000055) equals decrease in thickness 
of joints if there were no subgrade fnctional resistance 

Subgrade resistance for each half slab 

i f ~-^)f--J'Thickness\ofjoin^ 

II ^ 
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Figure 4 

Compressive stress produced at any section A by this fnctional 

resistance = 
d X 12' 

Average stress produced over the length - = 2 
2 

U X 12J 

Deformation produced in concrete over the length g ~ ^ 

Vd X 12. 

- E 

Deformation produced in concrete over the length 2 
_ 1 

~ E L24 d. 
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w = — X 150 = 1225 d 
1^ 

E 

If L = 100 feet 
t = maximum temperature of 135° — minimum temperature of 

35° = 100° 
Combined free expansion due to temperature and moisture = 

100 X 12 (0 0005 + 100 X 0 0000055) = 1200 X 0 00105 = 1 26 inches 

Deformation in concrete = ^ / L X 0 51 

If / = 2 0 and 
E = 4,000,000 

inches. 

Joint spacing 
feet 

100 
75 
50 
40 
30 
20 

E' 
1 

4,000,000 
X 2 X 1200" X 0 51 = 0 0003 

T A B L E I 

J O I N T T H I C K N E S S 
Free expansion ol concrete 

inchea 

1 25 
0 94 
0 62 
0 50 
0 37 
0 25 ' 

Joint thickness 
inches 

1 87 
1 40 
0 94 

, 0 75 
0 56 
0 37 

Numerical values assumed in calculating above table 

The decreased movement of the free ends of the slab due to subgrade 
friction I S seen to be neghgible and the thickness of the joint should 
therefore be made sufficient to provide for the free expansion of the 
concrete with some additional thickness to allow for the material not 
squeezed out by the pressure. 

Assuming that the joint material should not be squeezed to less than 
one-half of its original thickness and that a maximum expansion under 
extreme conditions of 11 inches per 100 feet may be obtained, the joint 
thicknesses shown in Table I are necessary 

When expansion joints are installed at long intervals contraction 
joints or planes of weakness should be installed between them to control 
the position of transverse cracking The location of such planes of 
weakness may be determmed in the manner previously explained in 
connection with contraction joints 


