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SYNOPSIS 

Investigation of steel reinforcement carried on by the Highway 
Research Board, 1924-1925, disclosed benefits furnished by rein
forcement m concrete pavements not readily explainable by existing 
knowledge on reinforced concrete Subsequent study has indicated 
more and more that some of the benefits furnished by reinforce
ment are due to the influence it exerts upon the internal stresses 
and other factors which affect the strength and durabihty of con
crete In this report, therefore, the more or less mtncate phenomena 
occurrmg, both during and subsequent to the hardening period of 
concrete, are briefly analyzed in an effort to explain these benefits 
When first deposited on the subgrade in the plastic state, the con
crete may shnnk due to loss of moisture and solution of cement con
stituents After hardemng it may swell due to moisture absorption, 
may shimk due to moisture loss, may expand due to rise in tem
perature, may contract due to drop m temperatuie, may warp due to 
temperatures or moisture contents in the tops of the slabs diffeiing 
from those in the bottoms of the slabs, may distort due to non
uniform subgrade support, may deflect due to traffic loads, and 
finally, may be subjected to the disintegrating influence of frost 
or other detnmental physical or chemical action This report attempts 
to explam the functions of steel reinforcement with respect to the 
stresses caused by these phenomena 

F O R E W O R D 

The great magnitude of the compressions produced by the surface 
tension of water plays a very important part in the discussion to 
follow Therefore attention is called to them at this time 

The high stability furnished by coatings of thin water films on 
grama of beach sand is well known The effect produced by the thin 
water films coating the surfaces of colloidal particles is still more 
spectacular. 

' This report is supplementary to " Economic Value of Reinforcement in 
Concrete Roads," Fifth Aimual Proceedings, Part I I , Highway Research Board 
(1), " Steel Remforcement in Concrete Pavements," Eighth Annual Proceedings, 
Highway Research Board (2), " The Phenomenon of Shnnkage and Its Influence 
upon the Integrity and Durabihty of Concrete Pavements," Tenth Annual Pro-
ceedmgs. Highway Research Board (3) 

The numbers in parenthesis refer to the bibliography at the end of the report 
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Thus in the shrmkage of soil the force produced by surface tension 
(4) to consolidate the soil particles may equal that produced by an 
external compression of several thousands of pounds per square inch 

Likewise, the surface tension of the " solidified water " (5) which 
causes dried soil to exist m the form of cakes instead of dust, may be 
equivalent to a very high compression This is demonstrated by the 
work of the soil scientist, Keen, which was called to the attention of 
the Committee on Mateiials by F V Reagel In his book on the 
physical properties of the soil (6), Keen shows that when briquets 
made of clean sand with five per cent of portland cement admixture 
had a crushing strength of 3 kg, similar briquets of sand with an 
equal amount of Susquehanna clay colloids held together by surface 
tension had a crushing strength of 55 kg or 18 times as much, and 
lurthermoie, that when 10 per cent of portland cement in the sand 
furnished a strength of 19 kg, 10 per cent of clay compressed with 
solidified water furnished a ciushing strength of 96 kg 

I N T R O D U C T I O N 

Some of the early concrete pavements constructed to meet the de
mands of increasing motor vehicle trafiic before a knowledge of future 
load requirements was available weie, m the light of present dav 
knowledge, obviously too thin Nevertheless, the exceptionally high 
salvage value of many of the worst of these pavements, which subse
quently became bases for new wearing courses, discloses that even they 
furnished a very satisfactory return on the capital investment Gen
erally, replacements in appreciable amount of even the early pave
ments weie due more to changes of giade or location than to structural 
failures Thus the suitability of concrete for road building purposes 
has been well demonstrated 

The type of cracking which occurs m the thicker present day road 
slabs does not necessaiily indicate either a structuial inability to sup
port wheel loads or that the concrete is deficient m other pioperties 
required for good pavements Fuithermore, whether the condition of 
the pavement becomes undesirable oi not depends, not on the extent to 
which this type of cracking occurs, but on the degTee to which it is 
controlled 

Thus, for instance, a concrete street pavement, with comparatively 
few irregular cracks, may be considered in an undesirable condition, 
at least visually, when at the same time an adjoining sidewalk, with 
many times as much cracking, but controlled, is considered a per
fectly satisfactory structure Therefore, not the elimination of crack
ing, but its control, is the essential requirement in pavement design 
Tn this connection it has been found that 

(a) Steel reinforcement is efiFective for reducing both tiansverse 
and longitudinal cracking (1) 
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(b) Under certain conditions steel reinforcement may also be used 
economically to prevent corner breaks in concrete pave
ment (2) 

(c) Steel reinforcement at cracks tends to hold together fractured 
slabs (1). 

How steel reinforcement serves to hold fractured slabs together is 
readily understood How it serves to reduce the amount of cracking, 
however, is not so readily apparent, especially when one considers that 
rigid concrete stretched to the breaking point brings into play less than 
10 per cent of the strength of the steel And this means that in a 
slab SIX inches thick, with a tensile strength of 200 pounds per square 
inch when stretched to the breaking point, the incorporation of 48 
pounds of steel per 100 square feet (24 pounds each way) would only 
increase the tensile resistance about two pounds per square inch 

This increase of two pounds per square inch does not explain the 
Highway Kesearch Board conclusions that (a) " Mesh reinforcement, 
25 to 56 pounds and bar mat 64 pounds per 100 square feet reduced 
cracks 35 to 70 per cent or more than one inch of additional thickness 
in pavements of like thickness "(1) 

Neither does this increase of two pounds per square inch, nor for 
that matter, any existing theory of reinforced concrete, explain how m 
certain tests (2), 0 2 of one per cent of fabric lemfoicement increased 
the resistance of both four- and six-inch slabs on wot siibgiades (to 
impacts) by as much as 50 per cent 

These phenomena could be readily explained, however, if rein
forced concrete were assumed to have chaiacteiistics as follows-

1 That throughout its life it is acted upon by two distinct sets of 
forces, those productive of volume change and those opposed to vol
ume change 

2 That the volume change of concrete due to those forces is the 
principal cause of much of the cracking whicli occuis in the present 
day pavements 

3 That the strength of a given concrete, instead of being constant 
at any particular age, varies, depending upon the relative extent to 
which these two sets of forces are acting 

The following results furnished by research are of special impor
tance with respect to the foregoing assumptions 

1 Core strengths may vary appreciably in different locations in the 
same concrete pavement slabs. 

2 More cracking may occur with one type of aggregate than with 
another, and furthermore, the concrete m which the greater number of 
cracks occur may be the stronger 
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Figure 1. Cracking on the Sycamore—De Kalb Experimental 
Road. Built by A. N. Johnson in 1912. Surveyed in 1925. Wel l 
Distributed Reinforcement Practically Prevented the Occurrence 
of Transverse Cracks in Slabs 50 Feet Long 

COMPARATIVE REDUCTION OF 
SHRINKAGE BY CHEMICALS AND 

MESH REINFORCEMENT 
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Figure 2. Showing How Calcium Chloride and Steel Reinforce
ment Reduced the Shrinkage of Mortar in the Laboratory and the 
Number of Shrinkage Cracks in Experimental Sections in the Field. 
From the Exhibit of the Bureau of Public Roads at the Road Show 
in 1931 
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3. Mortar cracks occurring during the hardening of hand-finished 
plain concrete may be very appreciably reduced by an admixture of 
calcium chloride, by the incorporation of single layer fabric reinforce-
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Figure 3. Resistance of Test Slabs to Impact. Showing How 
Wire Mesh Increased the Resistance of Slabs Laid on Wet Sub-
grades to Impacts in the Arlington Tests (2) 

SHRINKAGE CRACKS 
FORMED WHERE LARGE 
AGGREGATE IS F R E E 

TO MOVE. 

STONE CHECKS 
FORMED WHERE LARGt 

AGGREGATE IS ReSTRAlNtD 
Ff?OM MOVING 

Figure 4. Illustrating the Change from Shrinkage Cracks to 
Stone Checks with Increased Consolidation of the Large Aggregate 
Particles as Suggested by Observations of Experimental Road 
Sections 

ment and still more by the incorporation of double layer fabric. See 
Figures 1, 2, 3. 

4. Shrinkage may be manifested as either mortar cracks or small 
check cracks between the stone fragments, depending upon the extent 
to which the large aggregate particles are consolidated. See Figure 4. 
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Accordingly, it seems evident that steel reinforcement proves bene
ficial in pavements and pavement bases because of the influence it 
exerts upon certain characteristics of concrete not generally consid
ered m the structural design of concrete slabs 

In order to explain these benefits, therefore, it is necessary to ana
lyze briefly the more or less intricate physical phenomena which con
trol the internal stresses and other factors affecting the strength and 
the durability of concrete 

DISCUSSION 

Decay of wood, rusting of iron and weathering of hard rock (7), 
bear witness that all known materials struggle continually for exis
tence with nature's destructive agencies Materials comprising struc
tures are required to resist the additional forces produced by arti
ficial loading Therefore, in the design of structures, aU of the de
structive agencies, both natural and artificial, must be considered 

When first deposited on the subgrade in a plastic state, the con
crete comprising both pavements and pavement bases may shrink' 
due to loss of moisture, and may lose volume due to solution of cement 
constituents (3) After hardening, it may swell due to moisture ab
sorption, may shiink due to moisture loss, may expand due to rise in 
temperature, may contract due to drop in temperature, may warp 
due to the temperature oi moisture content in the top of the slabs dif
fering fiom that in the bottom of the slabs, may distort due to non
uniform subgrade support, and may deflect due to traffic loads Also, 
under certain conditions, the concrete may be subjected to the disin
tegrating influence of frost moisture, or other detrimental physical oi 
chemical action 

How steel reinforcement increases the life of road slabs, therefore, 
must be explained by its ability to assist the concrete to withstand at 
least some of the destructive effects produced by: 

1 Stresses due to shrinkage of the concrete during the initial 
hardening period (concrete in plastic state). 

2. Stresses due to volume change of the concrete produced by 
change m moisture content (concrete in rigid or elastic state). 

3 Stresses due to volume change in the concrete due to change in 
temperature 

4 Stresses due to differences in temperature and moisture con
tents m the various parts of the slab 

5 Stresses due to non-uniform subgrade support 

' As used in this report the terms " Shrinkage " and " Swell " denote volume 
changes due to variation in moisture content, while the terms " Contraction " and 
" Expansion " sigmfy volume changes due to variation in temperature 
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6 Stresses produced by traffic loads in slabs having unifoim 
support 

7 Crystal pressure due to the growth of frost or other crystals pro
ductive of concrete disintegration 

In order to understand these explanations, therefore, one must 
have some conception of (a) the physical character of shrinkage and 
swell as contrasted with that of contraction and expansion, (b) the 
effect of uniform as contrasted with the effect of non-uniform sub-
grade support on the bending stresses in slabs, and (c) the mechanics 
of disintegration 

V O L U M E C H A N G E S D U E TO M O I S T U R E V A R I A T I O N D I F F E R R A D I C A L L Y 
I N C H A R A C T E R F R O M T H O S E P R O D U C E D B Y 

T E M P E R A T U R E V A R I A T I O N 

The extent of cracking due to volume change of concrete depends 
upon the magnitude of the foices stiessing the fibers and the degree to 
winch the fiber defoimation is restrained 

A—Mortar Newly Mixed 
Water Entirely Surrounds In

ert Particles of Sand and Ce
ment (Circles) and Completely 
Fi l l s the Pores between Them. 
Thus Surface Tension Exerts 
No Consolidating Force 

Figure 5 Shrinkage 

B—After Losing Moisture 
Water Recedes in the Pores 

and Similar to a Taut Skin 
Draws the Inert Particles Closer 
Together and in This Manner 
Reduces the Volume of the 
Mortar 

of Plastic Mortar 

In spite of the fact that both shrinkage and contiaction tend to 
shorten concrete fibers the force productive of shrinkage, as it affects 
the mortar matiix, is opposite m character to that causing contraction 
Likewise, the restiaint of fibei deformation differs in the two cases 

Figure 5 illustrates the shrinkage of plastic mortar 
When fiist mixed, the moitar consists of solid particles of cement 

and sand separated by poies completely filled with moisture, as shown 
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in the left view. As the evaporating moisture recedes m the pores, as 
shown in the right view, surface tension, like a rubber skin that is 
gradually being drawn tighter, continues to force the mortar particles 
closer together m the same manner that evaporating moisture shrinks 
soils, until the increasing resistance of inert particles to further con
solidation combined with the increasing rigidity of the hardening 
cement glue just balance the consolidating force 

The external pressure required to compress a mortar to this extent 
is not knovra Laboratory tests on soils similar in grain size to mor
tars indicate that the minimum pressure necessary to produce con
solidation equivalent to that produced by capillary pressure on drying 
may equal approximately 50 pounds per square inch or.three and one-
half tons per square foot of external suiface ' 

Under extreme test conditions, this piessure, may cause a rich mor
tar to shrink as much as 18 inches per hundred feet, and several inches 
quite readily under ordinary conditions 

The higher the water-cement ratio, the greater the separation of 
the cement colloids; consequently, the less will be the cohesion between 
them and as a result the lower will be the strength 

Figure 6, furnished by the Highway Kesearch Board Proceedings, 
1930 (3), illustrates the relation of the moisture loss (upper curves) 
to the shrinkage of small mortar slabs According to Figure Y, which 
shows the relation between rate of shrinkage and age, the change of 
the mortar beams (Figure 6) from the plastic to the rigid state was 
completed at the age of about 175 mmutes for the reinforced and 
about 200 minutes for the plain concrete, as shown by the sharp break 
in the curves. 

Figure 8 illustrates the shrinkage of rigid mortar 
When wet, rigid mortar, on the right, loses moisture, the water re

cedes m the pores, as m those of the plastic mortar, until there re
mains, as shown on the left, only the " solidified " or " adsorbed " 
water referred to in the beginning of this discussion as that which 
causes dried soil to exist as cakes instead of dust. This type of water 
cannot be evaporated and has surface tension greatly exceeding that 
of normal water. 

" The magnitude of the force productive of shrinkage depends upon the potential 
shrinkage properties of the mortar and the rate of moisture loss from the slab 
The potential shrinkage properties of the mortar depend, in addition to the degree 
of solubility of the cement, upon those charactenstics of the cement and fine 
aggregate which control the moisture content required to produce a workable 
mortar and the porosity of the mortar after hardening The potential shrinkage 
property is just as definite a property of the mortar as the compressive or tensile 
strength and like them can be determined by test in the laboratory A modification 
of the subgrade shrinkage tests may serve this purpose The rate of moisture 
loss depends upon the climatic conditions durmg curing, the method of cunng 
and the absorptive properties of the subgrade 
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Due to this high surface tension, the rigid glue bands are com
pressed and the slab may be shortened as much as one inch per 100 
feet, and the normal modulus of rupture (that of the mortar with 
pores fiUed) may be increased as much as 20 per cent or slightly more 
An external compressive force of 2,500 pounds per square inch 
(j^== 3,000,000), would be required to produce a similar shorten
ing of the slab. 

Filling the pores subsequent to drying reduces the capillary pres
sure to zero and causes the mortar to both sweU and diminish in modu
lus of rupture Thus the shrinkage and the swell of rigid concrete are, 
to a certain extent, reversible phenomena and, consequently, as shown 

Figure 6. Relation of Moisture 
Loss to Shrinkage of Small Mortar 
Slabs 

by Figure 9, produce alternate shortening and lengthening with al
ternate wetting and drying of slabs (8) 

Part of the swell, however, due to reasons at present unknown, may 
become permanent under certain conditions of continued saturation. 
Figure 10, for instance, furnished by W. K . Hatt and R. E Mills 
(14), shows that small beams saturated for 200 days and then dried 
for three years were longer by about 0 37 inch per 100 feet than 
similar beams saturated but seven days before an equally long drying 
period 

Figure 11 illustrates the phenomenon of contraction. 
When lowering temperature of rigid concrete, left view, causes 

molecular consolidation, the inert fragments grow smaller in diameter 
and the glue bands tend to shorten, as shown in right view. This 
causes the linear dimensions of the slab to diminish and the glue bands 
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to become stretched, in effect, and thus be placed in tension. This 
should reduce the modulus of rupture arid, in spite of evidence to 
the contrary. Figure 12, for a particular set of tests, shows such to be 
the case. Here a reduction of modulus of rupture of 17 per cent 
occurred with a temperature drop of 4 0 ° F . Experiments of the Uni-

R E I N F O R C E D H O R 

E OF SHRINKAGE Q: 
a 0.10 r T O f ? T A R CURVE5- FlG.e. 

- 1 

L A I N M O R T a K . ^ . 

150 250 300 350 
AGE OF M O R T A R - n i N U T E S 

Figure 7. Relation between Rate of Shrinkage and Age 

versity of Texas (University of Texas Bulletin 'No. 2825, July, 1928) 
furnished contradictory evidence, and those of the Japanese Investi
gator, TJchida (Rikwagaha Kekyijo Ihio, Vol. 2, p. 285, 1920), fur
nished corroborative evidence of the above. 

With a thermal coefficient of 0.0000055, the corresponding contrac
tion equals the shortening produced by a compression of more than 500 
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A—Wet Rigid Mortar 
Inert Particles (Circles) 

Coated and Connected with Col
loidal Glue Bands Pores E n 
tirely Filled with Moisture, 
Surface Tension Exerts No Con
solidating Force 

Dry Rigid Mortar 
Films of " Sohdified " Moist

ure Cover—and Like Tightly 
Stretched Rubber Coatings— 
Tend to Shorten A l l Exposed 
Glue Band Surfaces Thus Re
ducing the Mortar Volume 

Figure 8 Shrinkage of Rigid Mortar 

AGE AT C H A N G E I N STORAGE CONDITION 
5 0? 581 687 

mA\K m A\K IN mm 

CONCRETE 

AGE - D A Y S 

Figure 9 Shrinkage and Swell of Rigid Beams 4 by 7 by 48 Inches 
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A—Before Temperature Drop 
Inert Sand and Cement Parti

cles Held Rigidly in Position by 
Cement Glue Bands. Stress in 
Glue Bands Assumed to Equal 
Zero 

B—After Temperature Drop 
Consolidation of Molecules 

Causes Inert Particles to Be
come Smaller and the Glue 
Bands to Tend to Shorten This 
in Effect Stretches the Connect
ing Bands. Draws the Inert 
Particles Closer and Reduces 
the Mortar Volume 

Figure 11. Contraction of Rigid Mortar 
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pounds per square inch, as compared with the minimum of 50 pounds 
per square inch in the plastic state and the 2,500 pounds per square 
inch due to surface tension in the rigid mortar 

Thus it can be seen that under extreme conditions a rigid slab 
may shorten very appreciably due to either shrinkage or contraction. 
An increase m the modulus of rupture would be expected, however, 
if the shortening were due to shrinkage and a reduction m at least 
some instances if the shortening were due to contraction Thus the 
terms " shrinkage " and " contraction " serve to identify two radi
cally different phenomena and therefore should not be used synony
mously 

S T R E N G T H E S T I M A T E D F O R UNIfORn 
L / t B O R A T O R V S T O R A G E 

BEAn3>-6-»€>-»36 
MIX- I 2 A 

S T R E N G T H - A C T U A L TOR 
F I E L D S T O R A G E 

AYCKAGC TtnPEK-
ATUKC AT TIME OF T E S T 

AGE IN DAYS 
2 3 4 5 67 

Figure 12 Strength as Influenced by the Condition of the Concrete 
When Tested 

The maximum of about one-fourth inch to which the corners of 
slabs 18 to 20 feet wide may curl upwards, due to the drop m tem
perature from day to night is reduced to about one-sixteenth inch by 
the installation of a longitudinal center joint * 

'Stress produced by differential temperatures m slabs is disclosed by the 
formula (10) 

5o=Tensile stress m the top of the slab 
e t = Coefficient of contraction and expansion 
E = 0 0000055 per degree F 
T = Temperature difference between top and bottom of slab (20° to 40° F ) 
14 = Poisson's ratio for concrete = 015 



284 HIGHWAY RESEARCH BOARD 

A third type of warping, shown in Figure 13, not reversible in char
acter, curls slab ends and edges upward permanently as much as one 
to two inches and thus produces serious traffic hazards and the exces
sive stresses leading to slab destruction (9, 10). This type, in so far 

A—Badly Warped Pavement in Mississippi. Both Ends 
and Sides Curled Upward Permanently 

B—Faulting at Joint Caused by Unequal Warping of Pavement 
Slabs—Texas 

Figure 13. Examples of Detrimental Pavement Warping 

as has been observed, is confined to slabs laid on soils of particular 
character and the reasons for its occurrence have not been completely 
explained. 

So much for the causes of volume change. Let us now consider the 
effects of restraining volume change. 
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S H R I N K A G E OF P L A S T I C C O N C R E T E 

Restraint of slab shortening is twofold in effect. First, i t causes 
a crack to occur wherever the cumulative tension exceeds the resis
tance of the slab and thus distributes the shortening in a number of 
cracks throughout the length instead of allowing its accumulation at 
the ends of the slab. Second, i t reduces the extent to which the parts 
of the slab between cracks shorten and thus causes the summation of 
crack width and end movement of the restrained to be less than that 
of unrestrained slabs. 

Let L = Spacing of transverse joints in feet 
B = Width of concrete slab in feet 

Then / ^ BW = Force required to slide a slab of 2" length and 

12 BtS =: Tensile strength of slab—provided 
S = Allowable tension in concrete—lbs. per sq inch 
/ . -- Coefficient of subgrade friction 
f = Thickness of slab in inches 

W = Weight of concrete—pounds per square foot 
Cracking occurs when increasing length of slab causes the accumu
lating restraint of movement (f BW) to just equal the tensile 
strength of the slab (12 BtS). At this time the length of slab is dis
closed by the formula L = 

Figure 14. Effect of Subgrade Restraint upon Slab Length 

Theory published in Public Roads (11) and shown in Figures 14 
and 15 amply demonstrates how spacing of cracks depends upon the 
degree of restraint. Thus according to Figure 15 cracks which form 
when the tensile strength of the concrete equals but 20 pounds per 
square inch may be spaced 80 feet apart i f the subgrade has a low 
coefiicient of friction ( / = 2.0). The effect of restraint for reducing 
the amount of slab shortening between cracks wi l l be disclosed as 
the discussion proceeds. 

I n order to demonstrate the effect of restraining early shrinkage, 
let Figure 16-A represent a slab of plastic mortar, 100 feet long, six 
inches thick, without weight, not restrained in movement, and ca-
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pable of losing moistuie from all locations at equal late Furthermore, 
let it be assumed that no shrinkage will occur when moisture loss is 
prevented and that the slab when cured m the air will shrink m ac
cordance with the plain mortar curve. Figure 6 Accordingly, the 
shrinkage will amount to 4.5 inches at the age of 50 minutes and this 
will be localized at the ends of the slab as shown m Figure 16-B be
cause of the absence of subgrade friction and other restraining in
fluences When, however, no water escapes from the bottom of the 
slab and the rate of escape from any other location varies as its dis-
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Figure 15 Stress as Related to Slab Length and Subgrade Friction 

tance from the top, a curved slab such as shown m Figure 16-C is pro
duced with ends elevated due to the assumed absence of weight 

Due to its weight, however, the slab cannot curl as shown m Fig
ure 16-C, and consequently stress is produced m the top of the plastic 
slab which causes it to become map-cracked m a manner similar to 
that illustrated m Figure 17 According to measurements it is inter
esting to note that the cracks m this particular case have a width 
which m 100 feet of slab would amount to 11 8 inches Furthermore, 
an upward curling of thq edges of 0 72 inch would be required to 
prevent the formation of the cracks m this slab, which is four inche? 
thick and four feet long 
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When, in addition to the weight of the slab, subgrade friction is 
introduced, the effect is to influence the occurrence of cracking in the 
following manner: 

The lower the coefficient of friction, the longer will be the indivi
dual slabs, the gxeater will be the shrinkage m each slab, the wider 
will be the cracks and the closer will the summation of crack widths 
approach the 4 5 inches shown m Figure 16-B As the coefficient of 

A - C O N C R E T E S L A B 
B E - F O R E : SHRINKING 

B - S L A B SHORTENS 4 / 2 " DUE 
TO EftUAL 5HRJNK.A&E TOP/MID BOTTOM 

C - ENDS OF SLAB C U R L UPWARD 
DUE TO SHORTENmG O N L Y O F 
T H E T O P O F T H E S L A B 

Figure 16. Effect of Shrinkage upon the Shortening and Warping 
of Road Slabs 

friction increases, however, the cracks increase m number, their width 
decreases, there is less shortening of slabs between cracks, and the 
sum of crack widths becomes much smaller than the 4^ inches shown m 
Figure 16-B The effect of different degrees of form roughness on the 
shrinkage of plastic material is disclosed by Figure 18. Here the 
lineal shrinkage of the clay slab in the form with the rough sanded 
bottom was but 62 per cent of that of the slab m the form with the 
smooth and greased bottom 
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The effects of large aggregates of two types for restraining the 
shrinkage of concrete slabs are illustrated in Figure 19. Let that 
shown in Case 1 be either loosely arranged or of such shape and of such 
surface texture as to furnish but little resistance to further consolida
tion. Let that shown in Case 2 be either compactly arranged or of 
such shape and surface texture as to resist further consolidation. 

F i g u r e 17. Map C r a c k i n g 

JJuring shrinkage the particles of loosely arranged material move 
closer with appreciable shortening of the slab as shown in Case 1. The 
particles, Case 2, in contrast, cannot move closer together and con
sequently this slab does not shorten appreciably. 

I n practice i t has been observed that under apparently equal con
ditions of design, construction, and environment, concrete containing 
one type of aggregate may crack appreciably more than concrete con
taining a difFerent aggregate (13). And this, according to what pre
cedes, indicates that character of aggregate may exert an important in
fluence upon the shrinkage of concretes and mortars. 
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The influence of reinforcement on the shrinkage of plastic ma
terials (in thif case clay) is shown in Figures 20 and 21. Slabs I^os. 

F R O M T H E T O P O F T H E S 1 . / \ B 

1 
AGtAB HOURS-All SLABS, ^KCZPT It,!! AND 12 mie,L\ CROCKED 

WARP- INCHLS 
1 1 • • -—1 1 

1 1 — 1 -T 1 J 

F i g u r e 20. E f f e c t of the W e i g h t and Spacing of the R e i n f o r c i n g . 
Members on the Shrinkage and C r a c k i n g of P l a s t i c M a t e r i a l s 

wmm 
\iAr€H-yt€' FRon T H E T O R O F T H E s l a b 

I LArCR- 3 / / *" F R o n T H E B O T T O M O F T H E S L A B 

AGE Za H O U R S - N05. Z, 4 AHO 7 C R A C K E D 

A G E 4 8 H O U R S - A L L S L A B S E X C E P T N O 6 V I S / B L T C R A C K E D 

L I N E A L S H R I N K A G E - P E R C E N T 
A G E - 4 8 H O U R S 

F i g u r e 21. Double L a y e r R e i n f o r c e m e n t : I t s E f f e c t on the Shrinkage 
and C r a c k i n g of P l a s t i c M a t e r i a l s 

1 to 6, inclusive, show that as the number of wires were increased from 
2 to 17 in each direction without much change in cross-sectional area 
of metal (see Table I ) , the lineal shrinkage of the reinforced slabs 
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consistently diminished from 58 to 26 per cent of that of the plain 
slab (No. 1). Also, it will be noted that slabs Nos. 10 and 11, with the 
same number of wires, were restrained equally in spite of the fact 
that slab No 10 contained more than five times as much weight of 
reinforcement as slab No 11 

While the 17 wires m slab No 6 furnished the greatest reduction 
m shrinkage, they at the same time accomplished this benefit without 
causing cracking such as developed m slabs Nos 2 to 5, inclusive 

BEAns «va-*4o 
n / x I 4 

PLAIN 
R-RflNFOKCED 0786% 

m m m 

RELATIVE SHRINKAGE AND SWELL OF WAIN AND REINFORCED , 
BEAflS STOKED IN-AIR AND WATER . 

Figure 22 

The downward curling of the edges shown in Figure 20, due to the 
fact that only the top fibers were restrained from shortening, is m ac
cordance with the foregoing discussion 

By placing the reinforcement m both top and bottom as in the slabs 
Nos 2 to 6, inclusive. Figure 21, the warping is completely eliminated 
and the shrinkage further reduced 

Likewise, cracking m slab No 6, with the wires spaced closest to
gether, is again absent Thus the importance of distribution instead 
of the weight of wires m the restraint of plastic materials is disclosed. 

S H R I N K A G E A N D S W E L L O F R I G I D C O N C R E T E 

Figures 22, 23, and 24 illustrate how steel reinforcement reduces 
the movement of slabs due to shrinkage and swell Figure 22, fur
nished by W K Hatt and K E Mills (14), shows a relative expan
sion m water and a relative shrinkage m air of concrete beams 8 by 8 
by 40 inches, both plain and reinforced In each case the change m 
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Figure 24 Effects of Storing Alternately in Air and Water for 

Short Periods, on the Lengths of Both Plain and Reinforced Mortar 
Beams 
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length of the rcinfoiced beams, jt wdl be noted, was but about 40 per 
cent of that of the plain beams Figuie 23, furnished by A T Qold-
beck and F H Jackson (15), also shows that icinforcoment icduces 
the amount of movement and, m addition, shows that incieasing the 
weight of the reinforcing increases the benefit in this respect 

Consequently, in the shrinkage of rigid concicte as contrasted with 
the shrinkage of plastic concrete, weight oi cross-scctional area of the 
leinforcement becomes an important factoi 

As would be expected from Figuies 22 and 23, lengthening and 
shortening of slabs due to alternate wetting and drying would also 
be reduced by steel reinforcement, and this is shown in Figure 24, 
suggested by the 1930 Highway Research Board Report 

T A B L E I 

E F F E C T OP T H E D I S T R I B U T I O N OF R E I N F O B C E M E N T O N T H E S H R I N K A G E OF C L A Y 

S L A B S , F I G U R E S 17 A N D 18 

Slab No 
Number of 
Wires Each 
Direction 

Area of Metal— 
Per Cent Each 

Direction 

Lineal Shrinkage in Per Cent of That 
of the Non-reinforced Slab 

Slab No 
Number of 
Wires Each 
Direction 

Area of Metal— 
Per Cent Each 

Direction Wires % inch 
from the Top of 

Slabs 
Figure 17 

Wires Jifl inch 
from both top and 

Bottom of Slab 
Figure 18 

Per Cent Per Cent 
1 None None 100 100 
2 2 0 22 58 50 
3 3 0 14 37 15 
4 5 0 11 30 19 
5 9 0 13 30 17 
6 17 0 16 26 15 

10 9 1 01 22 
11 9 0 19 22 
12 9 0 08 33 

Restraint of either expansion or swell may be due to insufficient 
jomt space or to fiictional restraint of subgrade or to reinforcement 
The first sets up fiexural or column, as well as compressive stresses in 
the slab, whereas the latter two produce only the compressive stresses 
Compiession of the first type is illustrated m Figure 25, suggested by 
H F Clemmer (12) Heie the pavement constructed at a tempera
ture of 40°F without expansion joints was compressed by expansion 
as much as 3G1 pounds per square inch when the temperature equaled 
100°F. 

Figure 20, furnished by A T Goldbeck and F H Jackson (15), 
shows the difference m shrinkage on the plain and reinforced sides 
of a beam Where at the age of about 100 days the movement on the 
plain side of the beam was about 0 9-inch per 100 feet, that on the 
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Figure 26. Relative Shrinkage of the Plain and Reinforced Sides of 
the Same Concrete Beam 
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lemforced side was but 0'3 per 100 feet This shows how reinforce
ment may serve to reduce warp m slabs When, for instance, the top 
dries out and the bottom remains wet, the shortening m the top ex
ceeds very appreciably that m the bottom and consequently there is 
a tendency for the slab edges to curl upward If this difference m 
fiber shortening were as much as 0 6-inch per 100 feet, then, ac
cording to Figure 26, steel in sufficient amount placed in the top 
.surface could entirely prevent the warp 

The coefficient of contraction and expansion of steel differs but 
little from that of concrete, therefore short concrete slabs are re-
strhmed by reinforcement but little when contracting and expanding. 

jUnder these conditions the steel assists instead of retards the move-
njents and may thus be utilized to so bind fragments of slabs as to 
ptrevent visible cracking For this purpose the steel is assumed to 
ffurnish all of the tension necessary for moving the slabs. 

! The following formula (11) serves to disclose the amount of steel 
/ required for this purpose 

A = in which 

A = Area of steel m square inches per foot of slab width. 
/ = Coefficient of subgrade friction. 

L= Spacing of transverse ]oints m feet for longitudinal steel and 
width of slab for transverse steel 

W = Weight of concrete m pounds per square foot 
Si = Allowable tension m steel m pounds per square inch. 

When the transverse steel docs not extend through the longitudinal 
joints, L equals the width of the individual slabs When the transverse 
steel extends through the longitudinal joints L equals the width of 
the pavement 

In contrast to the lack of restraint due to reinforcement in short 
slabs, continuous steel used in very long slabs restrains the contrac
tion of concrete m amounts increasing with the weight of the rein
forcement This IS illustrated m Figure 27, which shows the rela
tion between drop m temperature, summation of crack width, and 
amount of reinforcement, as suggested by the performance of long 
ijeinforced slabs at the Arlington Experiment Farm (16). 

According to available theory, the restraint of neither the shrink
age nor the contraction of slabs by subgrade friction is of much prac
tical significance after the concrete attains appreciable strength. 

Thus according to Figure 15, a pavement having a tensile strength 
of 100 pounds per square inch at the time of breaking may have a 
crack spacing of either 100 or 400 feet, depending on whether the 
coefficient of subgrade friction is very high ( / = 2 0), or very low 
( f = 0 6) In either case, the spacing far exceeds any deemed detri
mental in pavements 
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F i g u r e 27. P e r f o r m a n c e of L o n g Concrete Slabs 

SLAB S T R E S S E S A F F E C T E D D I F F E R E N T L Y B Y NON-UNIFORM AND 
U N I F O R M S U B G R A D E SUPPORT 

The extent of cracking produced by non-uniform support is differ
ent from that produced by load in uniformly supported slabs. Like
wise, the correct preventive measure is different in each case. This is 
very clearly illustrated by a theoretical analysis furnished by Dr. H . 
M. Westergaard (17). According to this analysis, for instance, a 
wheel load which causes a uniformly supported slab of any appreciable 
length (30, 40, 100 feet, etc.) and thickness to crack wil l continue to 
produce cracking in such slabs until the resulting fragments become 
very small—say three to five feet in length. 

Cracking in rigid slabs caused by their attempts to adjust them
selves to variations in the subgrade support, in contrast to the cracking 
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which occurs m uniformly supported slabs, divides the slabs into 
lengths depending upon the supporting conditions 

Thus, when the numbei of transverse cracks increase with the 
pavement age in such a manner as to suggest that the resulting slab 
fragments will be but 3 to 6 feet long, a deficiency of slab strength 
IS indicated. 

Generally, thin road slabs (4 and 5 inches thick) constructed dur
ing the early stages of highway development, when not supported by 
sa.nd and gravel and similarly stable subgrades, cracked m this man-
nei;. It IS obvious that increasing either the slab thickness or the 
stal̂ iility of the subgrade should serve to reduce occurrence of this 
tyjie of cracking, which may be caused by the slab's inability to dis-

bute the wheel loads over sufficiently large aieas of the subgrade. 
When m contiast to the cracking m the 4 and 5 inch slabs the 

'lumber of cracks as found m slabs G mclies or moie thick, increases 
th the pavement age at a late suggesting that the ultimate slab 

length will be from 15 to 20 feet, the cause cannot be attributed to 
deficiency of slab strength Theiefoic^ mcicasc in slab thickness is not 
the proper remedy for this type of cracking, which among other things 
may be due to non-uniform suppoi t Furthermore, Dr. Westergaard's 
theory shows that under certain conditions increasing both the slab 
thickness and the stability of the subgrade may actually increase in
stead of dimmish the tendency to crack due to non-uniform subgrade 
support The preventive measures under these conditions, therefore, 
are crack control and reinforcement instead of increased pavement 
thickness 

Figure 28 illustrates the conditions under which increase in both 
slab thickness and subgrade support may serve to either increase or 
dimmish slab stress 

When a slab, placed on a perfectly uniform subgrade, Figure 28-A, 
IS loaded, the deflection and consequently the stress diminishes as 
either or both the thickness of the pavement and the stiffness of the 
subgrade increases When, however, a slab placed on a subgrade fui-
nishing non-imiform support. Figure 28-B, is loaded, increased sub-
grade stiffness and increased thickness may cause increased stresses 

In Figure 28-B a load will cause the soil at X to compress and the 
pavement to deflect until it receives support from the subgrade at Y 
An increase m the stiffness of the subgrade will cause a decrease m 
the amount of compression at X and consequently an increased de
flection of the pavement over Y, resulting in increased stresses Fur
thermore, for equal deflections, stress increases with increase m slab 
thickness in spans of the same length Therefore, both a thin and a 
thick pavement wiU be deflected an equal amount before receiving 
support from the subgrade at Y, but for this equal deflection the thick 
slab will have to be stressed the greater amount. 
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Reinforcement may serve to reduce the number of cracks due to 
bending stress m several ways It may increase the modulus of rup
ture as much as ten per cent when slabs are cured dry (14) and very 
much moie when it serves'to restrain the swell of slabs due to wetting 
(2) , it increases by as much as ten per cent (8) the amount which 
slabs may stretch before showing visible cracks and by preventing the 
separation of visibly cracked slabs diminishes the faulting of slabs 
productive of high impacts Thus its benefit is twofold, to increas*;) 
the load carrying capacity of slabs and to reduce the loads which t-hG 
slabs must accommodate ( 

PAVEMENT 

A Uniform Subgrade Support 
1. The firmer the subgrade, the smaller becomes the slab deflec

tion for constant load and slab thickness 
2 The thicker the slab the smaller becomes its deflection for con

stant load and degree of subgrade firmness 

PAVEMENT 

SUBeRADE 

B Non-Uniform Subgrade Support 
1 The softer the subgrade the more it compresses at " X ", 

therefore the less the slab deflects in order to touch the subgrade 
at " Y , " with constant slab thickness and load 
Figure 28 Effects of Subgrade Support and Slab Thickness upon 

Slab Stress 

It IS during the bending of rigid concrete that the significance of 
the difference between shrinkage and contraction is important with 
respect to the use of reinforcement. If , for instance, shrinkage placed 
the slab fibeis m tension instead of compression, restraint of the 
movement due to shrinkage would very appreciably increase this 
initial tension and thus cause the modulus of rupture of dried rein
forced samples to be appreciably less than that of dried plain con
crete samples 

According to the Arlington tests (2) however, thoroughly dried 
slabs of appreciable age, both plain and reinforced, were approxi
mately equally resistant to impacts (2) And, as noted above, the 
reinforced beams m the Purdue tests (14) even when cured under dry 
conditions, were stronger, by as much as ten per cent, than plain con
crete beams. This benefit was especially noticed in the early ages and 
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diminished gradually to practically negligible amounts as the con
crete became older. 

It is possible that, as the beams shrank with age, those without re
inforcement shrank m greater amount and consequently became rela
tively stronger than those restrained fiom shrinkage by the rein
forcement This relative increase in the strength of the plain beams 
apparently just about equalled the ten per cent higher strength of the 
lemforced concrete beams initiallj' Consequently the compression 
furnished by shrinkage prevents the restraint of the steel from pena
lizing the dried reinforced slabs 

T H E O R E T I C A I , C O N C E P T I O N O F D I S I N T E G R A T I O N 

There are, apparently, three different types of concrete disintegra
tion , chemical, part chemical and* part physical, and physical The 
purely chemical type, which involves base exchange, can be expected to 
begin where the concrete is m contact with the detrimental chemical 
and progresses from this location into the slab Thus softening of the 
concrete due to sulphate action would be expected to begin at the 
bottom of road slabs and progress upward 

In the physico-chemical type, the active chemical is either carried 
into the slab m solution by capillarity, or dissolved by contained mois
ture from some location withm the slab It is then deposited at some 
location on the interior of the slab or where evaporation occurs at the 
surface 

The purely physical type of disintegration may be of two kinds— 
the crystallization of water due to frost and that of dissolved chemi
cals due to the evaporation of the liquid carrier 

Thus the purely physical disintegration of the second type, m con
trast with the chemical action which progresses upward, can be ex
pected to begin at the top of the slab and progress downward as shown 
in Figure 29 

All types of disintegration which depend upon the movement of 
capillary moisture through the slab, its evaporation from the surface, 
or its crystallization by frost m the interior of the slab are influenced 
largely by the permeability and this is controlled, not by the percent
age, but by the character and distribution of the pores in the slab. 
Especially detrimental m this respect are certain types of fissures. 

The growth of crystals (Figure 29) m these fissures causes the 
slab to expand and the concrete to weaken When this expansion ex
ceeds the allowable joint space provided for this phenomena compres
sion m the slab gradually increases until it ultimately causes failure 
due to crushing of the concrete fibers 

It must be remembered, also, that particles of water smaller than 
a certain size fail to freeze even at very low temperatures, whereas, 
particles larger than this amount freeze at normal freezing tempera-
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ture. Thus i t can be seen i f the pores of the concrete are so small 
that the contained water is unfreezable, expansion due to frost action 
is eliminated. I f , in contrast, water particles in fissures, fine cracks, 
and large pores exist in freezable size, they tend to expand nine per 

W a t e r evaporates f r o m top of slab causing chemica l to crys ta l l i ze 
w i t h i n or on top of the slab 

R a t e of evaporation may equal 0.00012 gms. per min . per sq. cm. 

W a t e r c a r r y i n g chemica l in solution enters bottom of slab, 
as high as 0.0019 gms. per sq. cm. 

R a t e 

C a s e I . A i r C u r e d M o r t a r 

1. F i s s u r e s f o r m in surface of slab during cur ing 
2. C r y s t a l s f o r m in fissures 
3. T h u s f o r c i n g out mortar between fissures leaving holes 

C a s e I I . H i g h l y Porous M o r t a r 

1. F i n e fissures probably extend f r o m top to bottom of slab 
2. Due to u n i f o r m rate of cap i l lary flow crys ta l s f o r m on top of s lab 

C a s e I I I . W a t e r C u r e d M o r t a r 

1. Dense sk in f o r m s on top of slab 
2. C r y s t a l s f o r m beneath s k i n 
3. S k i n scales on top of slab 

F i g u r e 29. C r y s t a l G r o w t h in M o r t a r S labs 

cent in volume upon solidification and in addition, may draw to them
selves, during freezing, the otherwise small unfreezable particles and 
grow at their expense. 

Likewise, it can be seen that a slab totally immersed would be free 
from physical disintegration due to chemicals in solution. Similar 
slabs, but partly immersed, however, permit the penetration of the 
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detrimental solution in the immersed portion, and the evaporation of 
the liquid carrier from the surface not immersed and thus furnish the 
conditions productive of crystal growth. 

Information now available does not justify recommending rein
forcement for preventing disintegration. Research data, however, do 
indicate that steel reinforcement like any other factor influencing the 

F i g u r e 30. E f f e c t of Re in forcement on the R a t e of 
De tr imenta l C r y s t a l G r o w t h 

A . R e i n f o r c e d mortar beam, no evidence of c r y s t a l growth 
B . P l a i n beam. T o p scaled off and edges s l ightly pitted. 

B o t h beams were tested side by side in the same sulphate 
solution for the same period of t ime. 

manner in which pores occur, must of necessity, exert an influence on 
both the physico-chemical and the purely physical disintegration. 
(See Figure 30). Furthermore, the reduction of shrinkage and its 
uniform distribution in plastic concrete, and the possible decreased 
permeability of concrete vertically (3) due to the incorporation of 
well distributed reinforcement, all contribute to producing a concrete 
which should be more resistant than plain concrete to disintegration. 
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B E N E F I T S O F S T E E L R E I N F O R C E M E N T A N D C O N S I D E R A T I O N S 
C O N T R O L L I N G I T S U S E S U M M A R I Z E D 

B E N E F I T S 

The benefits furnished by well distributed steel reinforcement be
gin at the time of its incorporation m the plastic concrete; continue 
during the hardening period; become especially important at alter
nate changes m slab moisture; at alternate changes m slab tempera
ture; when differential subgrade movements produce non-uniform 
slab support, and when slabs on wet uniform subgrades are loaded 

During the shrinkage of plastic concrete it serves to reduce the 
extent of transverse and longitudinal movement of plastic concrete, to 
distribute uniformly throughout the length and breadth of slabs that 
movement which does occur, and to reduce, according to indication?, 
the vertical permeability of slabs In this manner it serves to reduce, 
the amount of cracking of plastic concrete and tends to increase the 
uniformity of the concrete existing at different locations m the slab 

During the shrinkage and swell of rigid concrete it reduces the 
extent of swell due to wetting, and of shrinkage due to drying the con
crete and thus serves to reduce the amount of cracking due to the al
ternate wetting and drying of concrete slabs 

During the contraction and expansion of concrete it serves to hold 
fractured slabs together and thus decreases the widths of the cracks 
due to the contraction of concrete This benefit may be utilized with 
a knowledge of the subgrade fiiction to predetermine the length of 
slab which can be maintained free of contraction cracks 

During warp it reduces the magnitude of movement due to swell, 
shrinkage and flow of conciete, and therefore, when properly placed 
m the slab should serve to reduce the warping produced by these 
phenomena 

During the bending of slabs due to non-uniform subgrade support 
it allows greater stretch of the concrete before the appearance of 
visible cracks and, withm limits, prevents the separation of cracked 
slab fragments These benefits utilized with intelligent crack con
trol, permit the determination of the length of slabs which can be 
maintained free of cracks due to non-uniform subgrade support 

During the bending of slabs due to load it tends to reduce the mag
nitude of impacts due to wheel loads because reduction in faulting 
produces smoother pavements and tends to increase very appreciably 
the modulus of rupture of slabs laid on wet subgrades. 

During disintegration the possibility of a beneficial influence is 
indicated, but research has not yet furmshed information on the prac
tical significance of this benefit, or on the weight and distribution of 
metal required for this purpose 
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RECOMMENDED USE 

Eeinforcement should prove beneficial in all slabs, but is especially 
required in all slabs comprised of concrete of the high shrinkage va
rieties; all slabs laid on wet subgiades, and, as has been suggested 
(18), in slabs laid on subgrades as follows. Group A-4 subgrades sub
jected to frost heave, all Group A-5 subgrades, poor Group A-6 sub-
grades, all Group A-7 subgrades, all Group A-8 subgrades and all 
subgrades in which there exists a conspicuous lack of uniformity m 
support (Groups B-1, B-2 and B-3) 

IMPOBTANCE OF E F F E C T ON PLASTIC CONCRETE 

Special attention is called to the possible benefits furnished by 
steel reinforcement during the shrinkage of the plastic concrete In 
',his connection Figure 2 and other data (3) show that the shrinkage 
of small reinforced mortar slabs at the age of two hours was but 20 
to 50 per cent of that of similar slabs not reinforced 

Whereas, increasing the roughness of the base very appreciably 
(Figure 18) reduced the shrinkage about 38 per cent, adding well 
distributed single line reinforcement (Figure 20) reduced the shrink
age of plastic clay 74 per cent and double line reinforcement (Fig
ure 21) reduced it 85 per cent 

The restraint of movement furnished by the leinforcement is con
stant at all locations and, therefore, tends to equalize the shrinkage on 
areas of the subgrade having different coefficients of friction and m 
portions of the pavement having different shrinkage properties 

Figure 31 illustrates the manner in which this uniform resistance 
to movement influences the occurrence of ciacks The bottom layer of 
mortar, 1 inch thick, was laid on a veiy smooth base, and as can be 
seen, it was very badly cracked On this was placed a layer of 2-inch 
mesh wire fencing and a top inch of mortar of the same character as 
the bottom was deposited As can be seen, no visible cracks of any 
kind exist in the top layer This cracking of the bottom layer and free
dom of cracking m the top layer of mortar laid on mesh reinforce
ment IS a common experience for those employed in the water-proofing 
of bridge floors. 

If the strength of concrete is a function of the density and if this in 
turn is controlled by the relative shrinkage of the concrete, the rein
forced slabs because of the more uniform shrinkage referred to should 
possess a more uniform strength throughout their length than plain 
slabs of the same character If this be true, the maximum strength 
should be lower and the minimum strength higher in the reinforced 
slabs 

Since beams or slabs will break where the concrete is weakest, the 
suggested higher minimum strength could account for the increased 
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strength observed by W. K. Hatt (8) in concrete beams cured in air 
in which small amounts of welded fabric were incorporated. 

Furthermore any benefit of steel for increasing the durability 
of concrete can be explained only on the basis of its influence for 
either decreasing the permeability of concrete vertically on for re
ducing the occurrence of detrimental shrinkage fissures—in each case 
a benefit afforded only when the concrete is in the plastic state. 

Likewise only its effect on the plastic concrete furnishes the possi
bility that the reduction of shrinkage afforded by steel reinforcement 

Figure 31. Effect of Wire Netting on the Shrinkage Cracking of 
Mortars 

A. Bottom inch of mortar (badly cracked) laid on smooth bitu
minous treated burlap. Wire netting spread ready to receive the 
top layer of mortar 

B. Top layer of mortar, one inch thick, free from cracks 

may make usable aggregates which would be otherwise unsuitable on 
account of shrinkage properties. 

The importance of shrinkage on the occurrence of cracks in pave
ment slabs is disclosed by theory, experiment and experience. 

According to Figure 15, closely spaced transverse cracks caused by 
subgrade friction occur before the concrete has attained appreciable 
strength. Furthermore, results reported in the Proceedings of tin; 
Highway Eesearch Board (3) , indicate that the shrinkage of the mor
tar during the hardening period may be as much as six or more times 
the contraction of 0.72-inch per 100 feet, which would be expected 
should the temperature drop 100°F. 

There is plentiful evidence of the effect of this shrinkage on crack
ing. During the construction of small test specimens at Arlington 
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several years ago, shrinkage cracks occurred above the reinforcing 
bars In the Columbia Pike experiments, cracks occuried above the 
reinforcing bars which, m the light of present knowledge, would 
seem to have been caused by shrinkage of the concrete. Furthermore, 
during the construction of dummy joints it is common to find a well 
developed crack occurring under the constructed groove m the pave
ment when the steel forms ai e removed withm an hour or so after the 
concrete is deposited on the subgrade This applies to both longi
tudinal and transverse cracks 

Thus one sees that its ability to reduce cracking due to the shrink
age of plastic concrete may account very largely for the benefits fur
nished by small amounts of well distributed reinforcement in con
crete roads 

D E S I G N AND P L A C E M E N T OF T H E R E I N F O R C E M E N T 

AMOUNT 

Due to the veiy low stiength of conciete when first laid, and the 
fact that at this time restraint of movement is most needed, distribu
tion of steel IS far more important than cross-sectional area Conse
quently but small amounts (0 05 per cent or less each direction) may 
be required to properly restrain and distribute the shrinkage of plas
tic concrete 

As the need for restraining the shrinkage and the swell of rigid con
crete increases, the amounts of steel required also increase And, while 
research has not yet disclosed the actual amounts required for this 
purpose, it has indicated that a considerable percentage might be re
quired Thus amounts varying from 0 6 per cent to 1 8 per cent were 
required to furnish the restraint illustrated m Figures 22 and 23 

The formula, page 295, may serve to furnish an estimate of the 
amounts lequired to prevent the appearance of contraction cracks in 
slabs of known length and the opening of center joints and grooves 
Thus, foi instance, 0 153 square inch per foot of width (0 18 per 
cent) of longitudinal steel would be required m a slab 7 inches thick 
and 40 feet long, laid on a dry loam subgrade with an assumed coefl&-
cient of friction equal to 2 0. 

To prevent faulting of slabs the steel must be present in amount 
sufficient to furnish the shear strength required to distribute loads 
across cracks and joints Tie bars, whose purpose is merely to hold 
slabs together may have a cross-sectional area indicated by the formula 
referred to above, and should be imbedded at least 40 diameters 

DISTRIBUTION OF REINFORCEMENT 

The spacing of reinforcement members required to furnish par
ticular benefits may vary from a maximum of about two feet c to c to 
a minimum of possibly four inches or even less 
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According to H M Westergaard (19), the maximum spacing of 
dowels to serve as shear bars is about two feet c to c Since the mem
bers of all wire fabrics and bar mats which prevent the faulting of 
slabs must serve as shear bars, the spacing of such wires and bars ap
parently should not exceed this amount and a smaller spacing may be 
desirable 

In this connection, L W Teller notes that m the Arlington Impact 
Tests (20) the ability of the reinforcement (0 5 and 1 0 per cent) to 
hold fractured slabs together increased as the spacing of the members 
was decreased The members m these mats were spaced 40, 20, 10|, 
7f and 3 | inches c to c, respectively 

Generally, the necessity of gicat distribution of the steel increases 
with the extent to which the concrete is apt to shrink when plastic 
When, for instance, experience m particular localities with given 
materials and methods of construction, discloses by the absence of both 
shrinkage fissures and close spacing of transverse cracks m pavements 
that important shrinkage of the plastic concrete does not occur, the 
spacing of the reinforcement members should be determined on the 
basis of their ability to tie the slabs together and prevent faulting 

As the number and character of shrinkage fissures and the close 
spacing of cracks m pavements (and laboratory investigations) indi
cate more and more that important shrinkage is apt to occur m the 
plastic concrete, the greater becomes the necessity for distributing the 
steel 

Whereas a spacing of 12 inches or more c to c may be satisfactoiy 
m concretes which shrink but little in the plastic state, a spacing of 
six inches c to c may be required in concretes of normal shrinkage 
properties Furthermore, future research is apt to disclose the desii-
ability of spacmgs as small as four inches or less c to c for reinforce
ment members to be incorporated in those concretes expected to shrink 
in exceptionally large amounts Equal spacing of members in both 
directions also seems desirable under these conditions 

The presence of cracking in slabs Nos 2 to 5, inclusive. Figures 20 
and 21, and its absence m slab No 6, suggests that the determination 
of both the weight and the distribution of reinforcement required to 
furnish the greatest restraint of shrinkage, with the least tendency to 
visibly crack the slab, has all the essentials of a very intricate problem 

The importance of weight of lemforcement, m this respect, is indi
cated by W K Hatt's (8) researches He finds, for instance, that 
when reinforcement m a structural amount of f to 1 per cent prevents 
the natural shrinkage of concrete, it tends to produce surface fissures, 
and that mesh or fabric reinforcement 0 26 to 0 33 per cent, m con
trast, aids to preserve the integrity of concrete surfaces 
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It has also been pointed out that shrinkage cracks similar to those 
m the clay slabs. Figures 20 and 21, occurred directly above reinforce
ment members of appreciable weight m both the Arlington and the 
Columbia Pike investigations Similar cracking has been observed 
elsewhere Therefore not only the spacing of members, but also the 
amount of steel m a particular layer seems to be important Conse
quently piecaution against the occurrence of shrinkage fissures sug
gests that reinforcement when required m appreciable amount, pos
sibly 0 5 per cent or more, m concretes of the high shrinkage variety, 
should be distributed m two layers instead of one layer 

Generally, single line reinforcement should be placed close to the 
tops of slabs whenever there exists a tendency for them to warp up
ward due to the restraint of movement of bottom fibers by subgrade 
friction, and the greater shortening of the top fibers on account of 
the fact that water is apt to escape from the bottom of the slab at a 
slower rate than from the top 

As both the smoothness and the dryness of the subgrades increase, 
it seems logical to lower single layer reinforcement toward the center 
of the slab On smooth wet subgrades where the tendency for the slab 
bottoms to swell exceeds that of their tops to shrink, single layer rein
forcement might well be placed below the neutral axis 

Double line reinforcement should be used wherever experience or 
subgrade investigation indicates the possibility of either conspicuous 
non-uniformity of subgi'ade support due to frost heave or permanent 
pavement warping of the detrimental type 

While the foregoing is generally applicable alike to both pavement 
slabs and bases, attention is called to one essential difference in the 
requirements of these two structures 

For the sake of general appearance, cost of maintenance, and pur
poses of load distribution, pavement slabs should be as large as they 
can be made without danger of cracking The actual width of crack 
or joint between full sized pavement slabs is of little or no importance 

The prime consideration m the design of bases, m contrast, is the 
prevention of cracks wide enough to cause a visible crack m the over
lying wearing course The maximum allowable width of these base 
cracks is not now known It is somewhat larger, however, than the 
0 0015 inch width which causes cracks to become visible m pavement 
slabs It seem entirely possible by the use of reinforcing and closely 
spaced planes of weakness to control base cracks to such an extent 
that they will not be reflected by cracks m the wearing surface 

" The idea of increasing the number to reduce the widths of cracks 
has been advocated by J H Walker, M Inst C E It is a distin-
gTiishmg feature of the English 'Anchorete' and ' Plumcrete' con
crete roads" (23) 
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CONCLUSION 

The foregoing amply discloses that both the decision as to the neces
sity for using reinforcement m road slabs and the determination of 
weight and distribution are not matters which can be settled by a set 
of simple instructions applicable for all cases, but instead depend 
upon climatic and subgrade conditions, m addition to the physical 
characteristics of the concrete m each particular case 

Kesearch has been liberal m its disclosuies as to the benefits which 
may be furnished by reinforcement, and the qualitative explanations 
as the reasons for these benefits Quantitatively, however, its dis
closures are of value piimarily as a basis for a rational method of at
tack on, not only the factor of remfoicement, but the entire problem 
of design and construction of concrete 
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DISCUSSION ON R E I N F O R C E M E N T I N P A V E M E N T S 
A B S T R A C T E D 

M R R D BHADBVB.T, DirectorJ Wire Remf01 cement Instdute In 
calling attention to the ability of even small amounts of embedded 
steel to cause concrete to elongate without cracking to a far greater 
extent than can be accounted for m the basis of the relative moduli of 
elasticity, Mr Hogentogler has dealt with a phase of structural de
sign which offers a most important field for analytical research Al
though agreeing with the general principle that cracks and joints in 
concrete pavement should be rendered shear resistant, Mr Brad
bury does not subscribe m all cases to the general statement that • "To 
prevent faulting of slabs the steel must be present m amount suffi
cient to furnish the shear strength required to distribute loads across 
cracks and joints " This is for the reason that bonded reinforcement 
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holding cracks tightly closed acts simply m tension, the shear resis
tance being furnished by the high frictional resistance between the 
rough jagged faces of the crack 

The structural action of reinforcement m tending to retard actual 
cracking is not so clearly apparent, although it is evident from ex
perimental data that extensibility under direct stress and flexibility 
under bending, as measured by the appearance of first crack, may 
under certain conditions, be materially increased by the introduction 
of even small amounts of well-distributed reinforcing steel 

Breed ^ found that 0 13 to 0 25 per cent of wire fabric increased 
the extensibility of 3 to 5 days old dense concrete briquettes 11 to 16 
per cent as measured by the load requiied to produce the first crack 
under direct tension Hatt ^ has found, with beam specimens 14 days 
old reinforced with 0 30 per cent of wire fabric, increased flexibility 
ranging from seven per cent for water curing and 19 per cent for air 
curing to as much as 60 per cent m the case of certain poorly made and 
cured concrete Although Halt's investigations seemed to indicate 
that the beneficial effect of reinforcement m producing mcieased 
flexibility was confined to early ages, being much less pronounced at 
28 days than at 14, still, m Germany, Otzen' has found that 0 37 
per cent of wire fabric m fairly large-size slab specimens three months 
old increased the extensibility of the concrete 21 per cent as measured 
by the load required to produce first crack under direct tension 

For a given percentage of steel it seems logical to conclude that the 
amount of increase m the ability of the concrete to extend without 
cracking is largely a question of the relationship between the tensile 
strength of the plain concrete and the elastic properties of the steel as 
governed principally by yield point It would then follow that with 
concrete of the same tensile strength the amount of increased extensi
bility to be expected would be governed by the elastic properties of 
the particular grade of steel used This is clearly apparent from the 
Otzen tests which showed an increased extensibility of 21 per cent 
in specimens reinforced with cold-drawn wire, whereas an increase of 
only two per cent was obtained in the specimens reinforced with hot-
rolled bars, notwithstanding the fact that the bars had a recorded yield 
point as high as 47,000 pounds per square inch This marked,differ
ence can be accounted for only on the basis of the difference in the 
elastic properties of the two classes of steel, the bars having a defi
nite yield point wheicas the cold-drawn wire, of course, had no dis
tinct yield point throughout practically its entire tensile range 

'Fifth Annual Proceedings, Highway Research Board, page 118 
' Amencan Concrete Institute, Proceedings 1926 Also Fifth Amiual Proceedings, 

Highway Research Board, page 112 
= Die Bctonstrasse, August 1931, page 163 
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Although, m the usual procedure of practical design, reinforce
ment in concrete pavements is commonly proportioned wholly on the 
basis of holding cracked slab units together, still ample evidence ex
ists to indicate that it performs another important function in protect
ing concrete quality by increasing its ability to withstand elastic 
elongation While this function of steel reinforcement may not be 
readily usable m design procedure, it may, nevertheless, be quite im
portant and can be relied upon to constitute an additional safeguard 
to the integrity of concrete pavements by protecting the quality of the 
concrete during the hardening period when the slab is most suscep
tible to the formation of incipient crack fissures 

M E a. L . GEMENY, U S Bureau of Public Roads Mr Hogen-
togler's assumption that the bond stress is uniform throughout the 
length of the bar is not m accordance with the conclusions of Mr W 
H Glanville, who states in Technical Paper No 11 of the Building 
Research Board of Great Britain, that the entire compression m a 
bar caused by shrinkage m volume change is due to the bond stress 
withm one foot of each end of the bar This conclusion was drawn 
from a carefully conducted series of observations made on test pieces 
6 by 6 inches m cross section with varying percentages of reinforce
ment. 

M E . H F GONNEEMA^T, Poitland Cement Association I t has 
been found m tests made on plastic mixtuies m the Portland Cement 
Association laboratory that they have behaved similarly over the first 
three to five hours to those shown for the 24 houi period by Mr Hog
entogler After that time however the clays keep on shrinking while 
the rate of shrinkage of the concrete, due to the setting and harden
ing, becomes very slow When cement-water paste and concrete mix
tures were kept covered with a moist covering during the plastic 
period the shrinkage could be entirely prevented, indicating that by 
keeping concrete wet during the hardening period this shrinkage can 
be eliminated and reinforcement will not be needed for that purpose. 

M E C a HOGENTOGLEE, U. S Bureau of Public Roads On Fig
ure 7 the shrinkage is plotted against the time. The greatest rate of 
shrinkage is at the instant the concrete is deposited on the subgrade 
Then there is a slowing up until a very appreciable change at the age 
of about one and one half hours indicates a change from the plastic to 
the rigid state Therefore, if something were used m the concrete to 
prevent as much as possible the loss of water until the burlap is used, 
it might prove very beneficial 


