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Consulting Engineer, 

T H I S study is premised on the apparent possibility of greatly improved service of con
crete pavements through basic improvement in their structural design. Inherent char
acteristics of prestressed concrete are particularly applicable to that purpose. 

Pavement stresses are investigated. Combined stresses are appraised in the light of 
pavement research since 1935. Approximate stress prognostications for prestressed 
slabs from 400 to 800 f t . long are suggested. 

Longitudinal prestress of 300 psi, applied to single-lane 6-in. slabs up to 600 f t . long, 
wi l l apparently provide substantial structural improvement over conventional thicker 
pavements. I t is indicated that prestressed construction might be developed to provide 
prestressed pavements at a cost substantiallj' equal to that of conventional thicker 
pavements. 

• CONCRETE pavements have been used 
on over 100,000 miles of highways. They are 
the most common high-type surfacing. Ex
penditures for surfacing on primary and 
secondary roads have been about 40 percent 
of construction funds for these highways, as 
compared to about 25 percent for grading and 
structures, each (1). 

The average expected service life for con
crete pavements is less than 30 years, (S), and 
much shorter than the 50-\'ear expected 
service life for structures (1). Conditions of 
service should lead us to expect for concrete 
pa\'ements at least equal service life to that 
shown by structures. Apparently less than 
optimum performance has been obtained in 
concrete pavements built up to this time. A 
major challenge for improvement of concrete 
pa\-ements pertains to their basic design. 

Concrete Pavement Types 

Only two tj'pes of concrete pavements have 
remained in common use throughout the 
period of intensive highway construction up 
to the present: unreinforced pavements, with 
transverse joints closely spaced, generally 20 
f t . ; and pavements containing distributed 
steel, generally wire mesh, for crack control, 
with transverse joints up to 100 f t . apart. 
There has been no major improvement in these 
two designs up to the present time. 

Concrete materials have improved, air en-

trainment in particular has improved per
formance in cold climates. Unsound aggregates 
have been largely eliminated. Sound air en
trained concrete is equal to well over 50-year 
service in the United States' climates. The 
realization of longer pavement service life, 
therefore, is not blocked by material limita
tions. 

The thicker pavements bui l t in recent years 
for heavy traffic are not an assured design im
provement. The concrete in them is as highly 
stressed by combinations of load and tempera
ture as that in older thinner pavements. De
sign improvement by more effective means 
than thickness increase is a primary challenge. 

Concrete Pavement Deterioration 

Most recent concrete pavement failures are 
of structural nature, as differentiated from 
failures attributable to weakness or disinte
gration of the concrete itself (3). Pavement 
deterioration centers at transverse cracks and 
joints, apparent as progressive subgrade dis
placement and poor riding surface. I n all pave
ment sur- '̂eys cracking has been considered a 
primary indication of pavement deterioration. 
Closely spaced joints are not noticeably prefer
able to cracks. 

A great number of pavements are resurfaced 
each year to halt deterioration temporarily 
and restore their riding surface (7 , 8), some at 
a comparatively early period in their life (9). 
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Unsatisfactory materials have been the cause 
for some pavement replacements, but they 
appear to have been of localized nature (4, 5), 
and not a major consideration for the increas
ing mileages of resurfacing. Even material 
failures seem to be peculiarly oriented near 
transverse cracks and joints (4, 5). The life of 
resurfacing is in itself limited by "reflection 
cracks" from the underlying slala (7, 10, IS, 
14). 

Poor subgrades cannot be disregarded as a 
continuing deteriorating influence. But, with 
the exception of localized frost heaves or un
usual disturbance of soil equilibrium, subgrade 
instability appears to be serious exclusively 
at joints and cracks. Subgrade pumping, a 
major sign of deterioration of the pavement, 
has not been of noticeable consequence away 
f rom joints and cracks. 

These conditions are a challenge to pave
ment design. Joints must be eliminated, cracks 
must be prevented in some positive manner by 
design. Cracks are the result of excessive con
crete tension stress which therefore should be 
controlled by any practical means. 

Prestress is specifically aimed at the pre
vention of tension stresses in concrete. I t has 
become a widely accepted construction 
method in recent years, and its characteristics 
and materials have particular interest for 
consideration of use in concrete pavements. 

PRESTRESSED-CONCRETE PAVEMENTS 

Principles of Prestressed Concrete 

Prestressing is the term applied to the im
position of compressive stress on concrete for 
the purpose of preventing or diminishing ten
sion stresses in service. Prestressed concrete 
has been used with spectacular success in 
structures (IS), but has not been applied to 
pavements, except in isolated experimental 
slabs. Prestressing of highway pavements de
pends upon the development of methods 
suitable for normal highway construction 
speeds, and designs which satisfy financial and 
service norms of this intensively standardized 
and competitive field. 

Prestress may be imposed by external 
means, such as pressure cells in transverse 
joints, provided adequate abutments exist, 
or by internal highly stressed steel as used, 
exclusively, in structural prestressing. The 
steel is pre-tensioned if the concrete is placed 
around the steel, stressed by exterior means 

which are slacked off to transfer the force on 
the concrete; if small wires are used the stress 
can be transferred from steel to concrete by 
bond alone. The steel is post-tensioned if i t is 
not stressed unt i l the concrete has been placed. 
Commonly, open holes or tubes encase the 
steel in the concrete, and the concrete takes 
the pressure in tensioning the steel at its ends; 
the holes or tubes may be grouted later. 

Other means for prestressing, such as ex
pansive concrete held within firm abutments, 
the filling of cracks and joints with rigid ma
terial at low temperature, or the insertion of 
rigid wedges, have been suggested. The elimi
nation of expansion joints may provide some 
prestress at high temperature. Pressurized 
joint cells of sufficient dimensions and pressure 
would provide compression at all tempera
tures. These prestress means would all require 
firm end abutments. Otherwise, progressive 
movements at pavement ends with loss of 
prestressed may be anticipated because of the 
low frictional resistance of the subgrade to 
seasonal slab movements (16). A compression 
stress of 1,000 psi. due to restraint of expansion 
may be realized at high summer temperature, 
equal to about 1,000 tons for a 24-ft. 6-in. 
slab, taxing any end abutment, yet such 
restraint prestress might be completely dissi
pated by a 30-F. temperature drop and con
crete creep during dry seasons. The perma
nency of external prestress means would be 
conjectural. Contrary to internal bonded steel 
prestress which positively prevents buckling, 
external prestress means might contribute to 
blow-ups and loss of prestress. For these 
reasons, with pavement design improvement 
an urgent problem, and every need for positive 
and lasting prestress with long life expectancy, 
internal methods of prestress appear to deserve 
major attention for initial construction. 

High-strength steel wire is most fre
quently used for prestressing and is particu
larly suited to long pavement slabs. Steel 
stress of 150,000 psi. is commonly used. Some 
decrease in prestress due to steel and concrete 
creep can be expected, but i t is not certain 
that substantial concrete creep wi l l occur for 
normal pavements on soil subgrades extending 
over several years. Prestressing steel of .15-
sq.in. cross section per f t . width, equivalent to 
}4 lb. per sq.ft. commonly used as distributed 
reinforcement, would be sufficient for 200-psi. 
applied prestress in a 9-in., 260-psi. in a 7-in. 
and 360-psi. in a 5-in. pavement in one direc-
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tion. This amount of compression would pro
vide substantial relief of pavement stresses. 

Pavement Prestressing Possibilities 

Prestressing may be considered in effect the 
equivalent of increased concrete tension 
strength without corresponding increase in 
Modulus of Elasticity. Prestress up to a sub
stantial part of concrete compressive strength 
is feasible. On the basis of concrete flexure 
alone, thin pavement slabs could be suffi
ciently prestressed to take wheel load stresses, 
but thin slabs would be subject to large elastic 
deflections under load because the elastic 
properties of concrete are not changed by pre
stressing. For instance, the bending stress in a 
4-in. slab on a 200-k subgrade, loaded centrally 
with a 10,000-lb. wheel load, would be not 
much over 500 psi, and such tension stress 
may easily be eliminated by prestressing, but 
its deflection under load into the subgrade 
would be about .05 in. I t is doubtful that a 
normal subgrade could take frequent repeti
tion of such deflections without permanent 
displacement. The usable l imi t of prestress in 
pavements would seem to be secondary to the 
determination of usable pavement thickness, 
considering limits of elastic deflections of the 
subgrade or subsidence under the hammering 
of traffic. 

Conventional pavement design is predicated 
on bending of unreinforced concrete and 
limited by its flexural strength. I t would be 
feasible to eliminate all tension stresses in 
prestressed pavement design as has been done 
in prestressed structures. However, consider
ing conventional pavement performance, the 
practical criterion for j^restressed pavements 
should be the elimination of tension stresses 
higher than compatible with normal material 
considerations, and sufficient prestress to 
assure substantially monolithic action and 
pressure sealed cracks anywhere in the slab at 
all times. Highways are frequently opened to 
traffic when the concrete modulus of rupture 
is from 550 to 600 psi., wi th the strength at 
advanced age over 800 psi. On the basis of 
some safety against fatigue stresses for as
sumed concrete properties a maximum con
crete stress of less than 350 psi. tension would 
appear desirable. 

Two objectives appear attainable in pre
stressed pavements: firstly, the number of 
joints could be greatly reduced, and continuing 
crack failures could be eliminated; secondh', 

substantial improvement in cross section de
sign would be reahzed with the least practical 
slab depth and with steel quantities in the 
general range employed as distributed rein
forcement for crack control. 

Pavement Prestress Investigations 

Aside from questions of construction 
economy, which can hardly be satisfied with
out extended practical application, many de
sign questions must be answered as a pre
liminary indication to the possibilities of 
prestressed pavements. This is a completeh' 
new type of design deserving considerations 
which have not normally been applied to con
ventional pavements. Details which might be 
neglected in limited-life construction may not 
be acceptable in designs for greatly extended 
service life, but improved details should not 
unduly burden the initial cost comparison. 
Suitability for mechanization, even though the 
equipment has not been developed, is perti
nent to consideration of design features. 
Mechanization must be assumed for any cost 
and construction comparison with present 
practices, but without contingencies in equip
ment development, and its use, and in wisely 
conservative designs for initial exploration. 

The following questions apply for a pre
liminary consideration of suitable pavement 
prestressing practice: 

Should prestress be applied longitudinally, 
or transversely, or in both directions; 

What is a suitable level and uniformity of 
prestress for highway slabs; 

What wi l l be suitable slab dimensions, es
pecially slab length, considering effective
ness of prestress at various distances from 
free ends; 

How should slab thickness be determined, 
considering pavement flexure and sub-
grade deflection? 

The question of pavement thickness is of 
greater consequence for prestressed than con
ventional pavements. I n conventional con
struction only the material cost enters into 
consideration of thickness; in prestressed slabs, 
not only is the cost of extra concrete involved, 
the increased steel requirements to impose a 
desired prestress add to the cost as well. The 
question of pavement deflections and their in
fluence on subgrade performance has hardly 
been touched upon in pavement research. 

Un t i l representative prestressed pavement 
data become available, conventional pavement 
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research gives the best clue to prestress re
quirements. An important preliminary re
quirement is the best possible design com

parison between conventional and prestressed 
pavements, which must be a primary guide to 
extended exploration. 

P A V E M E N T RESEARCH A N D D E S I G N 

I n order to illustrate questions pertinent to 
the design of prestressed pavements, a few re
search and design data have been assembled 
to indicate typical stress conditions in con
crete pavements. The fu l l range of variables 
could not possibly be covered, but the most 
general conditions are indicated. The per
formance of existing pavements gives the most 
direct indication to primary prestress needs. 
However, as pavement thickness would be de
creased below conventional practice, different 
stress conditions might become critical. Per
formance indications must be coordinated with 
design analysis. 

P A V E M E N T C R A C K S U R V E Y S 

Cracks in existing roads show directly the 
most common critical stress conditions in con
crete pavements. Corner or diagonal cracks, 
transverse cracks^ and longitudinal cracks 
have been recorded in some published concrete 
pavement surveys (18). Complete crack sur
veys were made for Road Test O N E - M D (^7). 

The data show the almost exclusive pre
dominance of transverse cracks in pavements 
of one lane wide slabs, separated by longi
tudinal keyed joints. On 900 miles of Louisiana 
6-in. thickened-edge pavement (hS) wi th 42-ft. 
average joint spacing 86 percent of all cracks 
were transverse, corner cracks averaged less 
than one per mile, with 3200 f t . of transverse 
joints and cracks per mile of road. On Road 
Test one-MD, sections 1, 2, and 3, 98 percent 
of the cracks were transverse cracks near 
joints. 

Longitudinal center cracks, common in 
pavements up to 1925, were completely elimi
nated by center joint construction, permitting 
relatively unrestrained transverse temperature 
warping of single-lane slabs. However, longi
tudinal cracks near the outside pavement edge, 
extending for a short distance from transverse 
joints, sometimes referred to as "infil tration 
cracks", appear to be increasingly common. 
A different type of longitudinal cracking oc
curred on Road Test One-MD, section 4 on 
pumping soil, subjected to heavy tandem-axle 
loading where 11 percent of the cracks were 

lontitudinal; all originated at transverse joints 
4 to 5 f t . f rom the edge, and extended progres
sively further away, finally meeting at mid-
length of the 40-ft. slabs. This longitudinal 
cracking is an indication of critical transverse 
load stresses near transverse joints in connec
tion with loss of subgrade support. 

Clearly, pavement failures indicate a pr i 
mary need for longitudinal prestress. 

P A V E M E N T S T R E S S E S 

General Assumptions 

Conventional pavement design has been 
based generally on analytical methods of 
Westergaard (19), modified by experimental 
research of Teller and Sutherland (SO), and 
others. Data pertinent to long slabs have been 
derived from research on continuously rein
forced pavements (21). Conditions pertinent 
to axle loadings are obtained from Road Test 
One-MD (17). 

Mathematical means for load stress and de
flection determination are involved and re
quire assumptions not met with in normal 
pavement dimensions and vehicle loadings. 
Slab stresses are the combined effect of loads 
and soil pressures which are dependent upon 
deflections and which may be quite different 
for axle loads and single wheel loads, so that 
stresses for axle loads derived at by methods 
of superposition from single wheel loads are 
not reliable. 

I n this appraisal of pavement load stresses 
the method of successive approximations, re
ferred to as "Sector Analysis of Concrete 
Pavements" (S2) has been emplo\-ed. The 
method has been applied particularly to stress 
derivations for dual-tire imprints, for axle 
loads, and for comparison between stresses in 
longitudinal and transverse direction in single-
lane slabs. 

The design analysis has been limited to 12 
f t . wide long pavement slabs from 5 to 9 in. 
thick on non-pumping subgrade. The concrete 
is assumed to weigh X2 lb. per cu. in. , to have 
a thermal coefficient of expansion of 0.000005, 
and modulus of elasticity for flexural stress of 
5,000,000 psi. The assumed design load is a 
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single axle load of 20,000 lb. on two dual-tire 
imprints spaced fi f t . apart, each 20 in . wide 
and 10 in. long. A l l joints are assumed to have 
effective load transfer, sufficient to provide }i 
load and stress relief for corner and joint edge 
loads in the loaded slab. Joints are assumed to 
provide no rotational resistance. Cracks held 
closed by prestress should provide perfect load 
transfer, but unless the prestress were con
siderable there would probably be li t t le bend
ing resistance across the crack. 

Pavement Stress Components 

Critical pavement stresses usually are a 
combination of stiesses from two or three 
jjrincipal causes, exceeding the safe bending 
stress of the concrete, resulting in structural 
cracks of specific orientation. 

Traffic toad stresses result f rom the distribu
tion of wheel and axle loads through the pave
ment to the subgrade over an area much 
greater than that covered by the wheel im
prints, imposing flexural stresses. 

Warping stresses are restraint stresses caused 
by variation in temperature and moisture from 
top to bottom of the slab, which cause non
uniform length changes and slab curling with 
change in subgrade support adjacent to free 
edges, so that flexural restraint stresses are in
duced opposed to the slab curling and even
tually resulting in f id l restraint some distance 
from edges and ends. 

Friction stresses are restraint stresses im
posed by the frictional resistance of the sub-
grade to the free contraction and expansion of 
monolithic pavement slabs under changing 
average slab temperature. Insignificant in 
conventional length slabs, except for determi
nation of .steel i-equirements to keep cracks 
from opening wide, friction stresses may reach 
appreciable magnitude in much longer pre
stressed slabs. 

I n prestressed pavements, prestress of pre
determined magnitude, variable to a degree 
depending upon manner of imposition, creep in 
the steel and concrete, is a fourth stress com
ponent. Load and warping stresses combine as 
flexural stresses. Friction restraint stresses and 
prestress may be considered as evenly dis
tributed on the cross section. The critical 
stress would normally be a tension stress in top 
or bottom fiber; although at early age the direct 
tension without prestress may be equally 

critical considering the higher concrete modu
lus of rupture. 

Both load and warping stresses are different 
in longitudinal and transverse directions; both 
directions are pertinent to the determination 
of needs for longitudinal and transverse pre
stress. However, major stress variables have 
not been found with sufficient accuracy to 
justify quantitative consideration of Poisson's 
ratio effect. 

Warping stresses are a major stress com
ponent. The tempei ature warping stress varies 
between top fiber tension, during night-time 
loss of heat from the slab to the air, and fairly 
high bottom fiber tension stresses when the 
pavement surface is exposed to intense sun
light and increasing temperature. Moisture 
warping, because of differential shrinkage be
tween dry surface concrete and that near a 
wet subgrade, or because of rain, may impose 
considerable resti'aint stresses in longitudinal 
direction. Predominant moisture warping, 
noticeable as high joints, would be exerted 
over long periods of time and subject to relief 
by plastic flow of the concrete to a greater 
degree than nightly temperature warping with 
which i t compares. Variations in subgrade 
moisture and fluctuations in subgrade levels 
because of moisture must be given consider
ation in connection with moisture warping. 
Unt i l more research is available, moisture 
warping stresses must be left to conjecture, 
recognizing that they may increase night 
warping stresses and decrease day warping 
stresses in longitudinal direction. 

WARPING STRESSES 

Day temperature warping is occasioned by 
rapid temperature pick up at the surface, 
night warping by the slower temperature loss 
from the slab. For normal highway slab thick
nesses both temperature gradients through the 
slab are approximateh- linear, and for day 
warping may reach 3 F. per inch thickness in
creasing temperature toward the surface, for 
night warping seldom exceeds 1 F. decrease 
toward the surface (6). 

For daytime the upwardly convex warping 
curvature concentrates subgrade support near 
edges, with corresponding l i f t ing of slab por
tions somewhat further away, causing re
straint stress of compression at top and tension 
at bottom surface perpendicular to the end and 
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Figure 1. Temperature warping of ends of slabs for day-and-night-temperature differentials from top to bottom 
of slab, and approximate development of restraint stresses from end to fu l l restraint i n unloaded slabs. 

edge. For night conditions the upwardly 
concave warping curvature lifts the slab edges 
off the subgrade causing restraint stress of 
tension in the top and compression in the 
bottom surface. Figure 1. 

The timing of warping is pertinent to 
stresses in long slabs for combination with 
stress components due to contraction and 
expansion: 

Average slab temperatures var}' f rom a mini
mum in the early morning hours near sunrise, 
to a maximum shortly after noon to as late as 4 
pm.; 

Day warping commences from one to three 
hours after minimum average slab tempera
tures, and increases rapidly to a peak value 
near noon shortly before maximum average 
temperature is reached; 

Night warping commences 2 to 5 hours after 
maximum average temperature, and is approxi
mately constant through the night hours. 

I t is evident that day warping should be con
sidered only in connection with expanding 
slabs near maximum expansion, night warping 
only with contracting pavements at any time. 

Restraint stresses for temperature warping 
of concrete pavements have been investigated 

on the assumption of vertical resistance pro
portionate to the restrained warping deflec
tion {23). Experimental consideration of warp
ing (/7, 20) has been limited to unloaded slabs, 
in which case the maximum force against 
warping is the slab's unit weight over the 
raised portions. 

I n view of the importance of warping 
stresses, an appraisal under varying conditions 
of loads and subgrade support, longitudinally 
and transveisly, is pertinent. The following 
symbols apply: 

Concrete modulus of elasticity E psi. 
Concrete thermal coefficient e 
Concrete thermal gradient t F. per in . 

through slab 
Slab depth h i n . 
Concrete stress / psi. 
Concrete stress for f u l l restraint F psi. 
Distance from free edge w i n . 
Distance from free end for f u l l L in . 

restraint 
Vertical curvature of warped slab d in . 

Fully Restraimd Warping for Longitudinal 
Direction Stress. 

Some distance from ends and edges fu l l re
straint of warping is reached. Beyond that 
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distance the difference in length due to dif
ferential temperature between top and bottom 
fibers, elh, is overcome by the flexural restraint 
strains, F/E, compression and tension, such 
that: 

thicknesses, 5,000,000 psi. Modulus of Elas
ticity, and .000005 thermal coefficient. 

F = Eet- (1) 

Approximate conditions of warping re
straint are illustrated in Figure 1. The change 
in subgrade support near the end, whether de
crease as in night warping, or increase as in 
day warping, is counteracted over some 
distance immediately adjacent, with maxi
mum stress, assumed equal to f u l l restraint 
stress, existing at section of zero shear. The 
restraint stress increases at approximately 
linear rate, the warped end slope may be 
assumed to approximate one half of that for 
unrestrained warping. The curvature for un
restrained warping is circular, with change in 
elevation d over a distance w f rom a line of 
tangency: 

d = et (2) 

As seen, this unrestrained warp is independent 
of slab thickness. 

The warped elastic line for unloaded slab 
end may be approximated by an end portion 
with linearly changing deflection and an inner 
curved portion. Upward pressure resisting 
warping is proportionate to deflection below 
the unwarped or neutral level, downward re
sistance is proportionate to pavement rise 
from neutral level, with its l imi t the slab 
weight, for any void below the slab. Under 
normal conditions of subgrade support the end 
portion wi l l be between L / 4 for day warping 
with the resistance of raised inner portions 
limited to the slab's own unit weight, to about 
L/3 for night warping, when the end of the 
slab is elevated over the subgrade. The dis
tance from the end to the section of f u l l re
straint stress is 14 h for day warping at 3 F. 
temperature gradient, and about the same 
dimension for the lesser night warping with 
end restraint limited to the slab unit weight; 
points at am- greater distance from the ends 
may be assumed to be subject to fu l l restraint 
stress against temperature warping. 

Stresses for fu l l y restrained temperature 
rt-arping are computed f rom equation (1). 
rhey are listed below for 5- to 9-in. pavement 

Slab thiclcne ss, in. 

5 6 7 8 9 

Day warped slabs, 3 F . 
temperature gradient, 
bottom tension, psi 190 225 260 300 340 

Night warped slabs, I F . 
temperature gradient, 
top tension, psi 60 75 90 100 110 

Moisture accumulation near the concrete bot
tom surface would have the effect of decreas
ing the tension near the bottom for day 
warping and increasing the tension in the top 
surface for night warped slabs. 

Transverse Temperature Warping 

The limited transverse slab dimensions are 
insufficient to provide f u l l restraint of warping 
at the center of a 12-ft. lane for both day and 
night warping in 6-in. and thicker slabs. 

Unrestrained warping curvature, per equa
tion (2) would be: for 3 F. day temperature 
gradient .039 in. down; for 1 F. night tempera
ture gradient .013 in. up, at the edge of a 
12-ft. lane. The computed restrained warping 
conditions for unloaded slabs based on flat 
unwarped subgrade and slab, k of 200, are 
listed in Table 1. As seen f u l l restraint stress is 
only reached in 5-in. night warped slabs. 

T A B L E 1 

Slab thickness, in. 

S 6 7 8 9 

Maximum day warping 

Warping 
curva
ture .012 in. 

.009 in. 

.003 in. 

140 psi 

.017 in. 

.012 in. 

.005 in. 

160 psi 

.021 in. 

.016 in. 

.007 in. 

140 psi 

.026 in. 

.017 in. 

.009 in. 

120 psi 

.030 in. 

.OlSJin. 

.012.in. 

100 psi 

Edge down 
fr. flat,. 

Center rise. 
Warping 

stress . . . . 

.012 in. 

.009 in. 

.003 in. 

140 psi 

.017 in. 

.012 in. 

.005 in. 

160 psi 

.021 in. 

.016 in. 

.007 in. 

140 psi 

.026 in. 

.017 in. 

.009 in. 

120 psi 

.030 in. 

.OlSJin. 

.012.in. 

100 psi 

Xight warping 

Warping 
curva
ture .003 in. .004 in. .006 in. .007 in. .008 in. 

Edge rise. . .002 in. .003 in. .004 in. .005 in. .006 in. 
Center 

down fr. 
flat...... .001 in. .001 in. .002 in. .002 in. .002 in. 

Warping 
stress . . . . 60 psi 60 psi 60 psi 60 psi 50 psi 



72 DESIGN 

Warping of unloaded slabs has been ob
served on Arlington test slabs (SO), and on 
Road Test One-MD (17). On Arlington 10 f t . 
wide 6-in. test slabs, an edge rise of .01 in. was 
observed for 1.1 F. night temperature gradi
ent, corresponding to about .013 in. total 
warping curvature. The unrestrained warping 
curvature would be .000005 X 1.1 X 60V2 or 
.011 in. On the same slab a downward edge 
deflection of .024 in. was observed for F . 
day temperature gradient, corresponding to 
about .035 in. warping curvature. The unre
strained warping curvature would be .038 in . 
On Road Test One-MD slabs observed edge 
movements were .015 in. up for 1 F. night 
temperature gradient, .029 in. down for 3J^ F . 
day temperature gradient, corresponding to 
about .02 and .04 in. total curvature, respec
tively. The corresponding unrestrained warp
ing curvatures of the 12-ft. lanes are .013 and 
.045 in. The transverse warping behaviors for 
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night and day warping are illustrated in figure 
2. The observed warping deflections, as seen, 
are much greater than the computed re
strained values for both day and night warp
ing, nearly equal to the unrestrained warping 
in either case. Deflections of the Arlington 
slab show center joint restraint to be negli
gible, which may be assumed to be the case 
also of the old Test Road pavement. The 
probable interpretation of the observed con
dition is that the subgrade adjusts itself to the 
small deflections of transverse warping, so 
that restraint stressed to not become notice
able. I t is possible that normal subgrade levels 
along slab edges may be depressed somewhat; 
tension stresses would then exist in the top of 
unwarped slabs, actual top tension stress in 
night warped slabs would be changed very 
l i t t le and transverse day warping stresses 
would be correspondingly decreased. The 
transverse day-warping restraint stresses com-
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Figure 2. Transverse temperature warping of single-lane slabs for day- and night-temperature differentials from 
top to bottom of slab. Approximate warping of 6- and 8-in. slabs on uni form subgrade is shown, and compared 
with deflections observed on Arlington and Road Test One-Md slabs. Observed warping is incompatible with 

normal rate of subgrade reaction change (dashed lines) near slab edges. 
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puted above for unloaded slabs are un
doubtedly much greater than the actual 
warping stress. 

Warping Restraint Stresses in Loaded Slabs 

Loads which cause slab curvature the same 
direction 'as unrestrained warping at any given 
section have the effect of decreasing warping 
restraint stress at that section, and vice versa. 
F. i . , corner load on a day warped slab would 
result in decreased warping stress near the 
corner, increasing the distance from the corner 
at which fu l l restraint is reached; on a night 
warped slab i t would increase the stress and 
decrease the distance to f u l l restraint. Loads 
on slab portions fu l ly restrained against 
warping combine directly with warping, 
toward increased total stress, as edge load 
stress and longitudinal day-warping stress, or 
decreased stress such as edge load stress and 
night-warping stress. 

Normal traffic lane axle loads probably have 
the least possible influence on transverse 
warping stresses, compared to unloaded slabs; 
edge axle loads would result in transverse 
day-warping stresses lower than for unloaded 
slabs, and night-warping stresses near the edge 
higher than for unloaded slabs but probably 
not higher than at the center of the lane of 
unloaded slab. Single loads on slab interior 
would decrease night warping stress, and in
crease day warping stress although probably 
not to value for fu l l restraint, especially con
sidering the apparent lack of restraint to 
transverse warping. 

Single wheel loads near lane center without 
an adjacent edge or corner depressed by the 
companion wheel are not common enough to 
warrant consideration of transverse day warp
ing stresses above those for unloaded slab. 
But this condition could not be expected in 
pavement slabs over one lane wide. 

I n longitudinal direction f u l l restraint stress 
is assumed to exist throughout long slabs 
under load. I t should be recognized, however, 
that fu l l night waiping stress is unlikely at 
sections of maximum corner load stress (see 
Fig. 4). 

LOAD S T R E S S E S 

The load condition of two wheels spaced 
transversely 6 f t . apart is defined by the term 
axle load. The normal position for axle load is 
each wheel 2 to 3 f t . from the nearest slab 

edge, referred to as Lane Axle Load. I f one 
wheel is tangent with the outside edge the 
loading is an Edge Axle or Corner Axle. The 
load stresses for the different load positions, 
computed by means of successive approxima
tion through sector analysis should not be 
considered exact but rather comparatively 
representative; further refinement of approxi
mations could result in some adjustment of 
stresses in the thin slabs. 

Figure 3 shows maximum fiexural stresses in 
5- to 9-in. slabs for wheel and axle loads in 
different possible critical positions, based on 
subgrade modulus of 400 psi. per in. deflection. 
Maximum tension in top fiber and in bottom 
fiber are shown in different groups of graphs, 
stress in longitudinal direction to the left, 
stress in transverse direction in the graphs to 
the right, and stresses for joint edge and corner 
load conditions are shown in separate graphs 
from those for loads elsewhere on the slabs. 
Significant longitudinal top tension does not 
occur for loads away from joints, nor longi
tudinal bottom tension for loads at joints. 

Maximum top tension occurs for wheel or 
axle loads near the joint corner, at a distance 
from the corner of 20 to 40 in. from the end 
or edge, nearer in longitudinal than trans-
direction, and varies from about 400 psi for 
5- to 150 psi for 9-in. slabs. Some transverse 
top tension may occur for edge axle loads any
where along the slab. 

Maximum bottom tension stresses occur 
directl}' under a wheel in all instances, and are 
substantially greater in longitudinal than in 
transverse direction. The maximum varies 
f rom 500 psi for 5- to about 200 psi for a 9-in. 
slab, longitudinal edge stress. The transv^erse 
joint edge stress is substantially lower, espe
cially for the normal lane axle load, when 
computed for dual tires on the basis of 33-
percent joint load transfer and stress relief. 

Wheel and Axle Loadings 

Single wheel and axle loadings may produce 
substantially different stresses, as shown in 
figure 3, and either the wheel load or the axle 
load stress may be the greater. This finding is 
not surprising considering the very different 
deflections and subgrade pressure distribu
tions under the two types of loads. This re
distribution of subgrade pressures exerts a 
substantial influence on stresses in both 
longitudinal and transvese direction. 
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Figure 3. Maximum stresses for 20.000-lb. axle and 10,000-lb. wlieel load on dua l tires in 5- to 9-in. single-lane pave
ments, with the axle directly at the joint and elsewhere along the slab. Top-fiber tension stress graphs are shown 
above those for bottom-fiber tension; longitudinal stresses separately from transverse stresses. Significant longi
t u d i n a l tension occurs only for load at joint i n top fiber, for load away from joints in bottom fiber. Stresses'shown 

for sub grade support 400 psi . per inch deflection. 

Almost no research is available to verify the 
variation in stresses between single-wheel and 
axle loads, nor the comparison between 
stresses in longitudinal and transverse direc
tion. The maximum stresses for loads on slabs 
on granular soil of Road Test One-MD are 
in general agreement with stresses illustrated 
in figure 3, and give support for the computed 
lower stresses in transverse direction. 

Single wheel loads occur very rarely at out
side edges and corners, more frequently at 
inner edges and corners where they are re
lieved by joint load transfer; the more com
mon edge axle load is assumed for combined 
stresses in preference to single-wheel edge load. 

Influence of Warping on Load Stresses 

Night warping, by l i f t ing slab ends and 
edges from the subgrade, tends to decrease 

soil support near corners and edges, with a 
resultant increase in stresses perpendicular to 
the edge. Day warping depresses slab ends and 
edges giving increased soil support near loads 
at these points. Moisture in the lower parts of 
the slab contributes to warping in the same 
direction as night warping, so that for nor
mally wet subgrades voids near edges and 
ends may exist under pavements without 
temperature differential; day warping may 
then represent most nearly conditions of even 
subgrade support. 

Night warping increases top tension stresses 
due to loads and increases the distance to the 
section of maximum load stress; as mentioned 
previously corner and edge loads also act to 
increase night warping stresses and move the 
section of f u l l restraint against warping nearer 
the edge. Observed stresses for loads on night 
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warped slabs would appear to include both of 
these effects. Loads near ends and edges on 
day warped slabs on the other hand would 
cause decreased load stress, decreased distance 
to the section for maximum load stress, and 
also decreased warping stress near the edge. 
Observed corner load stresses on day warped 
slabs would be lower than actual, those on 
night warped slab higher than actual; how
ever, in no case should the difference between 
the observed and the actual stress be more 
than the stress for fu l ly restrained warping. 

On the Arlington slabs (W) observed 
stresses for 10,000 wheel load at the corner 
day warped decreased 80 psi for 6- and 50 psi 
for 9-in. slabs, and night warped increased 40 
psi for 6- and 20 psi for 9-in. slab, compared 
to stress for corner without temperature warp. 

On Road Test One-MD (^7), for load near a 
corner, the stress along the 9-in. edge de
creased from 180 psi. for corner warped up to 
60 psi. for corner warped down; for load near 
the edge the edge stresses were 180 and 130 
psi., respectively. Along the edge the warping 
stress probably did not change materially, 
the decrease in stress for that load appears to 
represent change in load stress due to warping. 
By direct comparison 70 psi. of the observed 
change in corner load stress might be due to 
change in warping stress incident to load 
from night to day conditions. 

Compared to f u l l restraint against tempera
ture warping, 225 and 340 psi. for 6- and 9-in. 
day warped slabs, 75 and 110 psi. for 6- and 
9-in. night warped slabs, the change in load 
stress due to warping appears to be small. 
Top tension load stresses in night warped 
slabs would appear to be increased less than 
40 psi. Bottom tension stresses for loads along 
depressed edges in day warped slabs, are as
sumed to be decreased between 90 psi. in 5-in. 
and 50 psi. in 9-in. edges. 

COMBINED FLEXTJRAL S T R E S S E S 

Warping and load stresses combine to give 
maximum combination of flexural stress. For 
assumed design conditions. Figure 4 shows 
probable maximum combination of these 
stresses in 5- to 9-in. slabs for axle loads at 
transverse joints and elsewhere in most cr i t i 
cal positions. Graphs showing top tension 
stresses, combined with night warping stresses, 
are grouped separately f rom graphs showing 
bottom tension stresses; longitudinal edge 

stress is shown for both night and day warped 
slabs. Load stresses have been adjusted for 
warped slab conditions. 

Top-fiber tension stresses are for corner load 
or perpendicular to the edge for edge load; 
the combined stress, assuming f u l l tempera
ture warping restraint stress, is probably 
greater than can be expected as near to edges 
and ends as maximum load stress. Combined 
longitudinal bottom tension stresses, additive 
during day warping and compensatory during 
night warping, appear possible in long slabs 
except for loads closer than 14 times the slab 
depth f rom each end. The combined trans
verse bottom tension stresses for lane axles, 
assuming the theoretical warping stress that 
would occur near the center of unloaded slabs, 
is very probably higher than actual. 

The maximum combined fle.xural stresses, 
which must be considered for relief by pre-
stressing, are: 

Firstly: Longitudinal edge stress in day 
warped slabs, and in thin pavements also 
in night warped slabs. 

Secondly: Transverse corner stress, in thin 
slabs possibly also joint edge stress, and 
longitudinal corner stress. 

Lastly: Transverse stresses for loads any
where else along the slab. 

I t is obvious that longitudinal prestress should 
receive primary consideration, possibly also 
transverse prestress along joint edges. 

Combined longitudinal stresses approach 
concrete flexural strength. I t is apparent that 
transverse cracks may be anticipated any
where along conventional slabs. The excessive 
longitudinal edge stresses, occurring near 
times of maximum expansion from contracted 
length, would actually be relieved in some de
gree in central portions of long slabs by the 
simultaneous friction restraint stresses in com
pression, but not appreciably so in conven
tional slab lengths. 

Frictional restraint stresses wi l l be investi
gated for much longer pavement slabs. 

SLAB MOVEMENTS AND FRICTIONAL R E S T R A I N T 
STRESSES 

Length of conventional pavement slabs 
seldom exceeds 100 f t . between joints or cracks 
and frequently is much less. The length ap
pears to be limited by concrete contraction at 
early age in conjunction with increasing warp
ing stresses as the modulus of elasticity of the 
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Figure 4. Combined flexural stresses longitudinally and transversely In 5- to 9-in. slabs for crit ical axle loads of 
figure 3 on warped slabs, plus probable maximum warping stresses, fu l l restraint of longitudinal warping a n d 

transverse night warping, restraint equal to that computed In unloaded slabs for transverse day-warping. 

concrete increases. I n transverse direction 
earl.\' warping stresses would appear to exceed 
the concrete strength almost always in pave
ments built moi-e than one lane wide. 

The free contraction and expansion of pave
ment slalis about their midpoint is restrained 
by friction on the subgrade. Tests have indi
cated that the friction force is proportionate 
to the square root of the movement, a, the 
modulus of friction varying from 7 \ / a on 
adherent, rough and moist subgrades to 2 \ / a 
on sandy, dry, and even subgrades, when o 
is in inclies, and higher for small slab dimen
sions than foi- thick and long slabs. The upper 
hmit of the modulus of friction is the coeffi
cient of sliding friction, 1.5 or more on rough 
subgrades aiul between 1.0 and 1.5 on sandy 
e\-en subgrades. For this study i t wi l l be as
sumed that the modulus of friction is SA/a, 
and the coefficient of friction 1.5, applying to 

parts of slabs moving in excess of .25 in. A 
low frictional resistance is desirable for long 
presti-essed slabs; the assumed friction modu
lus ma>' require special subgrade treatment on 
some locations. 

The pi-esence of cracks alters drastically 
contraction and expansion characteristics of 
conventional pavements, if cracks are nu
merous even if the slabs are reinforced. How-
evei-, if the jji-ecompression in prestressed 
pavements is sufficient anj- cracks wil l lemain 
under pressure. On that assumption pre
stressed pavements should behave as mono
lithic uncracked slabs even if cracked. 

Frictional Restraint Stresses 

Figui-e 5 shows frictional restraint stresses 
in 400-, 600-, and 800-ft. long slabs for 20 F. 
average temperature drop from unstressed 
condition, and the movement of all points 
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Figure 5. Theoretical longitudinal temperature movements and frlct lonal restraint stresses In 400-, 600-, and 800-f t-
slabs on low-friction subgrade, computed for a sustained temperature change of 20 F . , and slabs assumed w i t h , 

out stress at beginning of temperature change. 

between the slab center and the ends. The 
modulus of elasticity has been taken at 
4,000,000 psi. for these evenly distributed re
current stresses. The restraint stress near 
midpoint is 130, 220, and 300 psi., respectively. 
The longitudinal prestress applied at the ends 
would have to exceed these amounts to assure 
compression on all slab sections. I t is not 
anticipated that restraint stresses would 
develop diffei-entlv in prestressed slabs; there
fore the average stress on any section would 
be the prestress less the restraint stress for 
contracting slabs, and presti'ess plus the re
straint stress for slabs in an equivalent state 
of expansion. The friction-stress strains at 
slab center at the end of a 20 F. temperature 
drop are equivalent to the elongation for about 
7, 11, and 15 F. temperature change. 

On reversal of temperature change length 
increase and friction reversal wi l l occur first 
near slab ends, in central parts the restraint 
stress would decrease but no immediate ex
pansion would be induced. Equilibrium must 
exist between restraint stress and frictional 
stress induced by slab movements to the slab 
ends. Compression may exist near the ends 
while tension still exists in central parts, and 
conti'action movement might take place some 
distance from the end even though there is 
expansion at the slab ends. The movements 

and restraint stresses would gradually change 
to those for expansion throughout the slab 
length; however, to reach equal magnitude 
fi'ictional restraint compression stresses as the 
tension stresses computed above for 20 F. 
temperature change from unsti'essed condition 
would apparently require 27, 31, and 35 F. 
total temperatui-e change. The central f i le-
tion stresses corresponding to a total 30-F. 
a\'erage temperature cycle in 400-, 600-, and 
800-ft. slabs would be 150, 210, 260 psi., 
respectively, tension and comjiression. 

Slah Movements and Joint Width Movements 

The contraction at each end as shown in 
figure 5 is .19 in. for 400-, .23 in. for 600-, and 
.24 in. for 800-ft. slabs. The restraint in end 
movement amounts to .06, .13, and .24 in., 
respectively. Fu l l restraint for 20 F. average 
temperature drop from unstressed condition is 
obviously- reached near 400 f t . from the ends. 
Considering the strains due to friction stress 
which require temperature reversal for their 
dissipation, the above end movements would 
apparently correspond to 27, 31, and 35 F. 
temperature cycles. The end mox ement cor
responding to 30-F. temperature cycle would 
apparently be about .22 in. for all three slab 
lengths. 
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The composite cyclic temperature move
ments and friction stresses have not been in
vestigated beyond these approximations. The 
prognostications are in general agreement wi th 
observations on continuously reinforced slabs 
(31), for daily temperature cycles. A 30-F. 
average temperature cycle would seldom be 
exceeded in slabs of the depths considered (6). 
The dail j ' change in joint width between suc
cessive slabs apparently would approximate 
V2 in . 

I t is indicated by the performance of long 
continuously reinforced and extensively 
cracked slabs (31) that 1,000-ft. and possibly 
longer slabs undergo the seasonal-average 

length change, consisting of many overlapping 
daily cycles, virtually without restraint. The 
seasonal joint width change then should cor
respond to the slab length change without 
restraint for the f u l l seasonal drop in average 
daily slab temperature, which could be ex
pected to exceed 50 F. only in climates of 
extreme yearly fluctuations (6). For 50 F. 
seasonal temperature change the joint width 
change would be 1.2, 1.8, and 2.4 in., and the 
over-all joint width change l^i, 2}i, and 3 
in. for 400-, 600-, and 800-ft. slabs. Seasonal 
changes in joint widths, rather than the daily 
variations, appear to be a major joint design 
consideration for long prestressed slabs. 

PRESTRESSED P A V E M E N T S 

Longitudinal Prestress 

Longitudinal prestress might be applied 
along slabs or f rom ends at transverse joints. 
Upon initial application of prestress i t may be 
expected that the effective prestress on any 
section away from the point of application 
would be decreased by the amount of frictional 
restraint induced by slab shortening under 
prestress. These length changes would combine 
with temperature contraction and be opposed 
to temperature expansion; therefore, just as 
the seasonal length change is unrestrained, 
prestress could be expected to equal the ap

plied prestress throughout the slab lengths 
under consideration after some daily tempera
ture cycles at some median daily temperature, 
irrespective of distance to point of applica
tion. 

Concrete and steel have nearly equal co
efficients of thermal expansion, the applied 
prestress therefore would not vary materially 
f rom summer to winter, nor daily, for inter
nally steel prestressed slabs. These remarks are 
limited to such slabs. E.xternally prestressed 
slabs would require a very different analysis 
for temperature stresses. 
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Figure 6. Approximate daily range of effective longi
tudinal prestress along 400-, 600-, and 800-ft. slabs as 
influenced by frict ional restraint, decreased by ten
sion for contracted slab, increased by compression 
for expanded slab, for 30-F. daily slab-temperature 
cycle, and based on 250, 310, and 360 applied median 
prestress, respectively, to maintain not less than 100-
psi. effective prestress at midpoint of contracted slabs, 

on low-friction subgrade. 

Effective Prestress in Long Slabs 

Prestressed slabs must be assumed to be 
subject to the same frictional restraints to 
free contraction and expansion for daily tem
perature cycles as non-prestressed slabs, and 
these restraint stresses wil l be opposed to the 
prestress for contracting slabs, but wil l act in 
the same direction as the prestress in expand
ing slabs. 

Prestress and friction stresses may both be 
assumed to be evenly distributed on the slab 
cross sections. I t wi l l be assumed that the 
prestress is constant and uniform at some 
stress-less daily temperature and equal to the 
appUed prestress; the average section stress 
along prestressed slabs, termed effective pre
stress, wi l l then vary in 400-, 600- and 800-ft. 
slabs from 150, 210, and 260 psi. above at 
midday and to as much below apphed pre
stress, effective at midpoint at night. The more 
nearly uniform are slab temperatures the less 
prestress variation may be expected. 

I t is undoubtedly desirable to have sufficient 
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prestress to avoid tension stress throughout 
contracting slabs. I f the prestress is chosen to 
maintain a minimum of 100 psi. compression 
at midpoint for normal daily fluctuation, the 
effective prestress range between daj ' and 
night condition shown in figure 6, is obtained 
for 400-, 600- and 800-ft. slabs. The effective 
prestress values in figure 6 wi l l be used for 
consideration of total combined stresses in 
prestressed slabs. 

Maximum Stresses in Longitudinally Pre
stressed Slabs 

Critical flexural tension stresses, as shown 
in figure 4, may be combined directly with 
simultaneous effective prestress compression. 

as shown in figure 6, to obtain maximum 
stresses in prestressed slabs. jMaximum day 
warping stresses can only be expected in slabs 
near maximum expansion; on the other hand 
night warping stresses may not necessarily 
be present in slabs while still near minimum 
length. Figure 7 shows maximum combined 
stresses in night warped, unwarped, and day 
warped prestressed slabs 400-, 600-, and 800-ft. 
long, from 5 to 9 in. thick. 

Near ends applied prestress is fu l ly effective 
at all times, decreasing both corner stress and 
longitudinal edge tension to low values, as 
shown in the three graphs for loads at joints 
01 along slabs near ends. I n central portions 
of long slabs the maximum edge tension wil l 
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Figure 7. Combined longitudinal maximum-tension stresses in .S- to 9-in. prestressed pavements due to axle load 
stress, effective prestress in contracted and expanded slabs, and simultaneous temperature warping stress, based 
on 250-, 310-, and 360-psi. applied prestress at ends of 400-, 600-, and 800-ft. slabs. Stresses in non-prestressed slabs 

shown for comparison. 
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be decreased by the amount of minimum effec
tive prestress as shown in the graph for load 
on unwarped fu l ly contracted slab; usually 
fu l ly restrained night warping may still be 
present in which case the edge tension under 
load would be from 60 to 110 psi. less than 
shown. Bottom tension stresses in day warped 
prestressed slabs for loads near slab ends are 
decreased by the applied end prestress, for 
loads near midpoint they are decreased sti l l 
further by the amount of frictional restraint 
as well. 

jMaximum longitudinal edge tension stresses 
of 300 psi. are indicated in 6-in. prestressed 
slabs both near ends during the day and near 
midpoint at night. Longitudinal corner ten
sion \-alues in prestressed slabs are still lower. 
The assumed prestress apparently gives bal
anced end and midpoint design in 6-in. slabs 
400 f t . long. 

Transverse Prestress 

I t has been indicated that the presence of 
transverse warping stresses in single-lane 
slabs is subject to considerable (juestion, so 
that the combined transverse fiexural stresses 
shown in figure 4 probably wouki not be ex
ceeded and very possibly may not be reached. 
Transverse flexural tension stress substantially 
over 300 psi. is indicated only for loads at 
joints in slabs thinner than 7 in. and away from 
joints tliinner than 6 in. 

Transverse prestress is accordingly not re
quired in single-lane slabs away from trans-
vei'se joints for balanced stresses longitudi
nally and transversely in 6-in. slabs with 
longitudinal prestress, but may be required 
along transverse joints. 

Slabs buil t f u l l 24-ft. width without center 
joint could be expected to have substantial 
transverse warping stresses and combined 
flexural stresses of about 400 psi. even along 
9-in. slabs, and may crack longitudinally at 
early age, before prestressing. Trans\'erse 
pi'estress would unquestionably be requii-ed to 
meet the design objectives. Transverse pre
stress other than at transverse joints in 6-in. 
or thicker slabs should therefore be considered 
in relation to the possible advantages of a 
pressure-closed longitudinal crack (or center 
joint) ratlier than for stress relief. 

COMPARISION OF P R E S T R E S S E D AND 
CONVENTION.^L DESIGNS 

The possible combined longitudinal fiexural 
stresses for loads anywhere along conventional 
pavements of practical slab lengths under the 
assumed design conditions are very close to 
the actual concrete strength at early age. No 
assurance exists against transvei'se cracking of 
conventional slabs anywhere, except that in
herent in possibly lower modulus of elasticity 
than assumed at early age and inelastic de
formations of the concrete. A very low safety 
factor is indicated by the great increase in 
transverse cracks on pavements with ag
gregates having slightly higher theimal co
efficient of expansion or with some increase in 
early temperatures. Combined stresses in con
ventional highway pavements of any thickness 
may in any case exceed the concrete fatigue 
strength at mature age. These pavements lack 
essential sti-ength prerequisites foi- unlimited 
heavy traffic intensities and long life without 
extensive cracking or ver^' closely spaced 
joints. 

]5v ('omparison, prestressed pavement 
stresses, even in relatively thin slabs, may 
apparently be held to reasonable maximum 
values wi th some safety against unforeseen 
pavement curvatui-es, and for normal design 
conditions less than assumed concrete fatigue 
strength. Prestressed concrete pavements 
accordingly offer possibilities for lasting struc
tural improvement. 

Pavement Deflections 

Prestressing con\-eys no change in concrete 
modulus of elasticity, and would not be ex
pected to induce different elastic load deflec
tion characteristics to slabs of one deiith. 
Cumulative deflections would be smaller by 
reason of fewer joints and cracks, less inelastic 
concrete deflections, and reduced deflections 
across pressure sealed cracks. 

Inasmuch as prestressed pavements could 
be built without excessive stresses substan-
tiall.y thinner than conventional construction 
practice allowable pavement deflections give 
greater concern. Research on this subject is 
very limited; pumping data are inapplicable as 
loss of soil material in pumping does not ap
pear to be related to deflection. On Arlington 
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tests slabs {20) no measurable increases in 
.02-in. edge load deflections occurred for 80 
repetitions of loads; and corner deflections in 
the range up to .05 in. increased up to .01 in. 
for 80 repetitions, relatively independent of 
initial deflection, and predominantly during 
the wet spring months. 

On Road Test One-MD (/ 7) for about 150,000 
load applications, settlements at joints on 
granular soil for 18,000-lb. axle load, with 
.025-in. normal deflection of night warped 
slab corner, were one half of those for the 
22,400-Ib. axle load with only slightly greater 
load deflection. The observed corner deflec
tions for load on day warped slabs were about 
.006 in. Deflections for edge loading were in 
each case about one-half of the corner deflec
tions. 

Observed load deflections were not xery 
much greater for slabs placed on fine grained 
soils, and did not increase appreciably wheie 
pumping was absent. 

Computed deflections foi- the slab designs 
analyzed in this study, approximate: 

Slab thickne ss, in. 

5 6 7 8 9 

.04 .025 .020 .018 .017 
For edge axle load, in .02 .014 .012 .010 .008 

The computed corner deflections increase 
rapidly for pavement depths under 6 in. ; how
ever, the computed deflections for subgrade 
k 400 psi. per in. deflection are much greater 
than observed for load alone on day-warped 
slabs on granular subgrade in Road Test 
One-MD. I t is indicated that 6-in. slab thick
ness may be satisfactory at joints over consoli
dated granular subgrades and would undoubt
edly be satisfactory along slab edges on most 
subgrades. 

On fine-grained soils positive means to 
prevent loss of subgrade through pumping 
near joints, appear to be a primary I'equisite 
irrespective of pavement thickness and deflec
tion. Transverse joints in prestressed pave
ments are spaced so far apart that such meas
ures may involve li t t le expense. 

PRESTRESSED P A V E M E N T PROGNOSTICATIONS 

The structural sufficiency of concrete pave
ments made possible by the use of lelatively 
low values of prestress, warrants careful con
sideration of the possibilities for construction 
of longitudinally prestressed pavements at 
reasonable cost. 

Bettered service life f rom 30 to 40 years 
would just ify about 18 jjercent first cost in
crease, and from 30 to 50 years about 30 jser-
cent, assuming stable construction costs and a 
fixed annual charge, but even greater increase 
in first cost would be justified for increasing 
costs of construction. These percentages show 
the maximum additional costs justified for 
commensurate improvement in construction, 
against which the possible cost increase of jire-
stressed pavements must be appraised. The 
applicable construction cost can only be con
firmed after extensive construction experience 
with adequately developed equipment. On pre
liminary studies only elementary comparisons 
wi th present practice can be made. Operational 
details can be indicated only to the extent of 
stimulating constructive thought and give 
init ial ideas of practicability and costs. 

Prestressed Pavement Construction 

Highway construction practices have been 
developed through the years by competitive 
pressure to high efficiency and correspond
ingly economical operations. Houi ly progress 
of 200 to 300 f t . of 24-ft. pavement would 
have to be made with prestressing operations 
to fit into accepted construction speed with 
the mixer on the shoulder, and ultimately 
greater speed considering the faster rate of 
concrete placing in thinner slabs. Longitudinal 
steel installation, hole or enclosure forming for 
post-tensioning cables, and any pre-fabrica-
tion or assembly are susceptible to fu l l mech
anization employing powered equipment 
riding the side forms. Joint preparation and 
prestressing operations would require manual 
skill to a greater extent, favoring the use of 
long slabs. 

The problem of transverse joint sealing, and 
drainage may attend long prestressed slabs in 
less degree than i t has shorter slabs. Adequate 
drainage and subgrade preparation could be 
provided more economically under joints 
spaced far apart, but fillers or seals within the 
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joints would probably not be practical for the 
large daily and seasonal movements. Principal 
attention may instead be directed toward ex
clusion of obstructions and/or easy cleaning 
of joints. Open joints between two and three 
inches in width at low temperature present 
unknown conditions, but maj- be found ac
ceptable. Load transfer devices for these joint 
widths would be a pi'oblem for quantitative 
design rather than development. 

I t is not possible to predict which prestress-
ing method may ultimately become most 
widely used for pavements; initial work would 
probably follow established methods which 
give the greatest assurance of lasting efficiency. 
The necessar}' product and equipment de
velopments for post-tensioned construction 
do not appear unduly complicated or costly 
for standardized, high-production highway 
construction. From present experience, post-
tensioned cables in grouted holes, and precast 
joint elements appear to involve the simplest 
and most reliable method for immediate de
velopment. 

The spacing of prestressing cables would 
depend upon the acceptable concentration of 
compression on the concrete at points of ap
plication. Transversly prestressed and precast 
joint slabs, containing anchorage devices, joint 
doweling, and joint closures, may simplify 
joint installation, permit prestress through 
cables spaced two to four f t . , and give even 
distribution of pressure on the pavement at 
the earliest practical age, and protect the 
pavement during manual operations. Early 
prestress would appear to be especially effec-

T A B L E 2 

Slab length 

400 ft. 600 ft. 800 ft. 

Applied prestress, psi 250 310 360 
Steel area i)er ft. width, s(i. 

in .12 .15 .18 
Prestressing cable weight, 

lb 54,000 66,000 76,000 
Total steel, inc. enclosures, 

54,000 66,000 76,000 

anchors, joint dowels, 
etc 68,000 79,000 88,000 

Estimated cost of steel 
68,000 79,000 88,000 

items $13,000 $14,000 $15,000 
Estimated cost of steel 

$14,000 $15,000 

placement, joint devices. 
stressing, and grouting , $5,000 $3,500 $3,000 

I'^quipment costs, over
$3,000 

head, etc $6,000 $6,500 $7,000 

Probable cost of prestress
ing steel, transverse 
joints, and prestressing 
operations 

$24,000 1 
$24,000 $25,000 

tive in conjunction with procedures protect
ing the fresh slab against rapid loss of heat in 
curing. High-strength steel wire has become a 
standard material. Hydraulic prestressing 
jacks have been developed to meet common 
needs involving much greater forces than ap
pear necessary foi' highway cables but requiring 
adaptation to pavement dimensions and for 
long extensions; a 500-ft. wire tensioned to 
150,000 psi. would elongate more than 30 in., 
although a 500-ft. pavement slab prestressed 
to 300 psi. would shorten only about % in. 

Prestressed Highway Costs 

Prestressed concrete structures have be
come increasingly economical wi th expeiience. 
Prestressed pavement costs would in still 
greater degree be dependent upon continued 
experience and perfection of procedures. Pre
liminary cost data for comparative appraisal 
purposes must assume availability and effi
cient use of equipment; construction costs may 
appear high for highly standardized opera
tions, but unforeseen refinements of design 
maj ' require inclusion on the other hand. 

Only items of specific reference to a com
parison between prestressed and conventional 
construction wil l be discussed. Slab lengths for 
longitudinally prestressed 6-in. pavements 
wi l l first be considered (Table 2); all items refer 
to one mile of 24-ft. highway. 

I f the above appraisal of mechanical and 
manual cost relations is correct, joint spacing 
over 400 f t . does not influence costs greatly. 
Shorter slabs would be expected to increase 
costs rapidly as well as slow down operations. 
The data in Table 2 indicate li t t le to be gained 
by stepped application of prestress along the 
slabs, as compared to fu l l prestress applied at 
transverse joints. A slab length between 400 
and 600 f t . is indicated by these preliminarj-
cost figures as most economical. 

For comparison, corresponding pertinent 
costs of conventional pavements are given 
below, based on 9-in. slabs, the average thick
ness presently used by state highway depart
ments in primary highways, with transverse 
doweled joints spaced 60 f t . , and .6 lb. per sq. 
f t . of distributed reinforcement (18); a con
crete cost of $12 per cu. yd. is assumed: 

Concrete cost, 3,500 cu. yd. per mile. $42,000 
Distributed steel, transverse joint 

dowels and installation devices . . . $12,000 

Conventional pavement, compara-
items cost $54,000 
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This cost would be equalled by prestressed 
6-in. pavement outlined above as shown below: 
Concrete cost, 2,350 cu. yd. @ $12.80 $30,000 
Prestressing steel items and installa-
, t ion $24,000 

Prestressed pavement, comparative 
items cost $54,000 

I f 7-in. prestressed pavements were found ad
visable, the prestressing steel items could be 
expected to increase about $2,000, concrete 
costs would increase by about $4,000; pre
stressed highway costs w'ould then be about 
10 percent above the conventional pavement 
cost. 

This discussion has been limited exclusively 
to highw^ay pavements. Structural advantages 
of prestressing in thicker and more heavily 
loaded airport pavements could be expected to 
be even greater, but such pavements are far 
less subject to standardization and lack the 
possibilities for comparative study and re
search which has been the aim of this presen
tation. The quest for developments to fit the 
stringent operational demands of highway 

R E M A R K S 

construction is a primary challenge; equip
ment and prestressing procedures suitable for 
highways could be applied more easily to 
heavier construction than the reversed. 

Prestressed concrete would seem to offer 
suflScient possibilities for improvement of 
highway pavements to make thorough ex
ploration of prestressed pavements a national 
responsibility. 
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Velocity Distribution in a Street or 
Similar Channel 
G . S . T A P L E Y , Civil Engineer 
Bureau of Engineering, City of Los Angeles 

Manning's formula already has been applied to the determination of velocity distribu
tion in the form v = Gy^'^, where v is the velocity in a vertical element of water cross 
section, y is the depth of the element, and G is a constant depending on the roughness 
of channel surface and the channel slope. I n the region affected hy a curb or vertical 
side wall, however, this relationship gives irrational results, since the magnitude of 
velocity at the wall actually must be zero, whereas the equation above yields a finite 
value. 

Differentiation of Manning's formula, on the other hand, gives an equation repre
senting a locus of rational form for the region nearer the side wall. This locus and that 
of the equation given above, applied to the portion of the channel more remote f rom 
the side wall, forms a combined locus which agrees approximately wi th experimental 
results. The discrepancy is systematic, however, and is attributed to the neglected 
shear between water elements. 

• FOR uniform flow in an open channel the 
gravitational and frictional forces are equal, 
so that 

rPL -wSLA' (1) 

where t is the frictional drag per unit of area of 
channel surface, P is the wetted perimeter of 
water cross section, L is the length of channel. 

w is the weight of a cubic unit of water, <S is 
the longitudinal slope of the channel, and A is 
the area of the water cross-section. From (1 ) 
i t follows that the hydraulic radius R com
monly emplo\'ed in Manning's formula and 
elsewhere represents the ratio of unit drag to 
unit gravitational force; for, by (1 ) 

1 See for example, 
Rouse, p. 215. 

"Elementary Meclianics of Fluids,' (2 ) 




