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This paper is intended to describe, correlate, and apply to design 
and development of prestressed concrete pavements three explora
tory research projects that were included in nine experimental 
investigations for master's thesis work at University of Missouri, 
Holla. 

Creep in concrete slabs under compressive stress in outdoor 
exposure on subgrades was much less than in slabs m the labora
tory. Creep was greater near the upper surface than in slab 
bottom portions; as a result, slab ends warped upward and the 
prestress redistributed itself toward the bottom away from the 
slab ends, the most favorable distribution to counteract the high 
flexural tension stresses under axle loads. Prestress in long 
pavement slabs could be appbed below center depth to obtam favor
able distribution and to avoid upward end warpmg. 

At early age, concrete tension strength Increased much faster 
than compressive strength. Modulus of deformation (elasticity) 
reached mature values early, and critical limits of extensibility 
were low at early age, especially so in high ambient temperatures. 
Under burlap curing insulation, the strain variations mcident to 
daily concrete temperature cycles during curing could be accom
modated by the concrete without cracking at median, but apparently 
not at high construction temperatures. Prestressing could be ap
plied at early age, except at low construction temperattires. The 
best possible curing and msulation should protect the concrete at 
least up to the time of prestressmg. 

Consideration must be given to tension stresses in end zones, 
and at and between prestressing cable anchors. "Bursting" cracks 
occurred in line with the force, incident to failure, at al l single 
loadings against an edge. Tension cracks perpendicular to the edge 
between loads occurred at the lowest failure loads applied symmet-
trically. The tension stresses along the edge, between spaced an
chorages, could be expected at least to equal the average prestress 
in magnitude, and would add to flexural edge stresses caused by 
wheel loads. Prestressing along anchorage edges would be advisable. 

•STRENGTH properties of concrete are not fully utilized in conventional concrete 
pavements. Stresses are limited to the concrete's relatively low strength in bending; 
as a result, pavement deflections as limited by strains are generally less than could 
be accommodated by subgrades. Effective compressive prestress in pavements might 
make possible thinner pavements, more efficient pavement design, long uncracked 
slabs, and improved performance. The challenge has motivated these investigations 
into related unknown concrete behaviors. 

The following research program, consisting of three related projects, was selected 
for exploratory investigations m a cooperative arrangement between the Missouri State 
Highway Commission, the U.S. Bureau of Public Roads, and the University of Missouri 
at the School of Mines and Metallurgy at Rolla, Missouri: 

1. Part A. — Observations of continuing length changes, and warping and curling 
1*0 
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behavior in short slabs simulating prestressed pavements on a typical highway sub-
grade from construction to two years age. 

2. Part B. — Investigation of early-age strengths and associated deformations in 
compression and tension standard tests at different ambient temperatures applicable 
to pavement construction, for indication of early pavement stresses and application of 
prestressing. 

3. Part C. — Investigation of stress distributions and concrete failures near concen
trated loads applied against an edge of thin concrete slabs, simulating anchorages a f 
ends of pavement slabs. 

All projects covered conditions on which few or no experimental data had been 
published. They were intended as exploratory work, to mdicate need for more exhaus
tive investigations. 

Materials and concrete portions were intended to duplicate those in normal Missouri 
pavement construction, and were the same in al l three projects except as specifically 
indicated. 

This paper covers al l three projects and includes information of particular interest 
for research on prestressed pavements, for conventional pavement studies, and for 
important indications for pavement design. Complete information and data on the re 
search work are available in the reports and theses. 

P A R T A - L E N G T H AND P R O F I L E CHANGES IN 
PRESTRESSED SLABS ON SUBGRADE 

Substantial creep deformations have been observed in prestressed products and 
structures; similar deformations m pavements could influence the continuing effective
ness of even relatively low pavement prestress. Pavements might, however, behave 
quite differently, warranting investigation. Observations of differential length changes, 
longitudinal contour changes, and flexural restraints in prestressed slabs, including 
slabs with no prestress, served to indicate mutual effects of prestressing and contour 
changes. A few indoor slabs of equal cross-section and prestress served to give cor
relation with conventional creep tests. 

Construction Data 
Regular, normal density (called here, dense), and air-entrained concretes were 

used in duplicate series; each included four slabs S V z and four 8 in. thick, subjected to 
0, 100, 300, and 500 psi longitudmal prestress, a total of 16 slabs. The slab width of 
25 in. was chosen to accommodate the nests of railroad springs for maintaining con
stant prestress. The 222-in. field slab length was the longest obtainable for commer
cial-alloy threaded prestressing rods, two in each slab. The four 5^/2-in. correlation 
laboratory slabs of dense concrete were only 54 in. long, but in material and prestress
ing details similar to the longer field slabs. 

Site Arrangement. — The field slabs were constructed during a three-week period m 
August 1956 on an experimental site at Rolla, prepared to simulate a highway grade 44 
ft wide and extending about 100 ft m east-west direction. The soil was silt loam, group 
classification A 7-6 (16), with harc^an 2 to 3 ft below the surface. The top 6 in. of the 
grade was reworkedand rolled to 105 percent standard Proctor, 101. 5-pcf average field 
density. A dense-graded stone subbase 7 in. thick was placed on the grade full width m 
two layers, rolled to 95 percent standard Proctor 125- to 145-pcf field density. 

Slab Construction. — The concrete slabs were placed 54 in. c/c with their length 
axis in north-south direction. The slab sides were coated with heavy asphaltic roofmg 
cement as soon as they were dry, following form removal. The 29-in. spaces between 
the slabs, and a short distance beyond the end slabs and the south end of the slabs, were 
filled with well-tamped soil. Slab side forms were wood; the end forms for the pre
stressed slabs were heavy steel face plates used to distribute the prestressing forces 
evenly, put in place before concreting and left undisturbed. The holes for the pre-
stressmg rods were formed with cold drawn seamless tubing, withdrawn to leave open 
holes %8 in. larger than the prestressing rods. Heavy semifinished nuts and hardened 
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steel washers transferred the stressing forces from the threaded rods to the slab end 
plate at the south end, and to spring backup plate, spring nests, and steel end plate at 
the north end. Figure 1 is a general view from the west. 

Figure 1. General view of test slabs from west. 

Prestressing. — Prestress was applied at 3- to 6-day age by two hydraulic centerhole 
jacks coupled to the prestressing rods. Prestressing force was checked by jack pres
sure and by computed working height dimensions of the stress maintaining spring as
semblies. Figure 2 shows closeup of slab with steel plates and spring assemblies at 
the north end. Table 1 gives the slabs in order from west to east, slab identification 
in this report, construction data, and nominal and probable actual prestress. Weights 
of the stress transfer steel plates 1 to 1V2 in. thick at the south end, and the plates and 
spring assemblies extending about 10 in. at the north end, are included in Table 1. 
Change in prestress since construction has been small. 

Materials and Concrete. — Concrete was of normal pavement composition, 1: 1. 97:, 
3. 36 for the dense, and 1: 1. 72:, 3. 34 for the air-entrained concrete (by dry rodded 
volume), with 5. 6 gal of water per sack of cement and 1. 51 cement factor, resulting 
in 75 percent surplus mortar. The cement was type 1. Coarse aggregate was crushed 
hard limestone 1 in. maximum size. Air content averaged 4. 5 percent (pressure meth
od). The slump was 2V2 to 3V2 in. Compression strengths are given in Table 2. All 
slabs were cured with wet burlap, removed during the evening of the third day. 
Field Slab Instrumentation 

Each slab was instrumented for observation of temperatures, length changes, and 
longitudinal vertical contour changes. Temperatures were measured in temperature 
wells at nine points in each slab. Length change measurements employed specially 
built temperature compensated 50- and 200-in. length-change gages, and five gage 
points spaced 50 in. and set % in. below the slab surface, covering 100 in. on each 
side of midlength. Length change instruments are shown in Figure 3. The slabs were 
laid at different temperatures; to permit simple continuing comparisons between slabs, 
length change zero readings were reduced to 70 F slab temperature. 

For contour change observations, specially built 10-in. clinometers were used, 
measuring successive slopes between pairs of points spaced 10 in. , 22 points, numbered 
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Figure 2. Steelplate and spring assembly at north end of slab prestressed to 500 psi, 
showing 200-in. gage in place. 

1 to 22 inclusive from south to north, covering 210 in. of length, the center gage length 
straddling midlength, and the end points 6 in. from the slab ends. The special clinom
eter and slope change gage points are shown in Figure 4. Alternating points were 
center-drilled and slotted, the clinometer screw was always placed in the center-
drilled points. Differential progressive wear of the screw and points introduced errors; 
however, the reversed direction of the clinometer on gage lengths symmetrical with 
respect to the midlength paired out instrument errors in the average slopes for one-
half slab length from midlength to end. 

Temperatures. — Average slab temperatures and temperature gradients were de
termined from the temperatures in the many wells at different depths. Temperature 
gradients were determined from the average temperature curves, (positive when bot
tom temperature higher than top temperature), as the linear average temperature 
gradient from top to bottom, with deviations from actual temperatures balanced both 
above and below mid-depth. 

Length, Slope, and Contour Changes. — Original gage measurements were made not later 
than the day following construction, at a time of small temperature gradient. Subse
quent length changes, determined at points V2 in. below the concrete surface, were all 
reduced to mid-depth, by correction for slope observed simultaneously on the gage 
lengths straddling the length change point. 

The initial clinometer readings, taken as soon as possible after construction at 
zero temperature gradient, are referred to as "level. " In drawing contours, by sum
mation of the 10-in. slope increments, clinometer point 12, 5 in. north of midlength, 
was chosen as common (zero) reference point. Absolute elevation changes were not 
observed. 
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TABLE 1 
EXPERIMENTAL FIELD SLAB CONSTRUCTION DATA 

Slab 

Type Length 
(in.) 

Location* Slab 
Mark 

Slab 
Depth 
(In.) 

Nominal 
Frestress 

(psi) 
Date 

Placed 
Date 
Pre-

stressed 

Actual 
Applied 

Pre-
stress'' 

(psi) 

Steel at 
Ends (lb/in. 

of 
slab width) 

South North 
Dense 

concrete 222 

Air-entrained 
concrete 222 

Correlation 54 

1 R80 
2 R81 
3 R83 
4 R85 
5 R550 
6 R551 
7 R553 
8 R555 
9 A80 

10 A81 
11 A83' 
12 A8S 
13 A5S0 
14 A551 
15 A553 
16 A555 

CO 
CI 
C3 
C5 

8 
8 
8 
8 

5-y, 

5-y, 
5-'/, 

8 
8 
8 
8 

5-y, 
5-y, 
5-y. 
5-y, 
5-y, 
5-'A 
5-y, 
5-y, 

0 8/10 0 0 
100 8/13 8/16 100 2.4 7.0 
300 8/16 8/20 290 3.0 9.7 
500 8/22 8/28 460 3.6 18. 5 
0 8/8 0 0 

100 8/13 8/17 100 1.6 5.0 
300 8/23 8/27 310 2.0 8.5 
500 8/28 9/3 470 2.0 8.8 
0 8/18 0 0 

100 8/20 8/24 100 2.4 7.0 
300 8/28 9/3 240 3.0 9.7 
500 8/24 8/29 510 3.6 18. 5 
0 8/15 0 0 

100 8/17 8/21 100 1.6 5.0 
300 8/18 8/22 290 2.0 8. 5 
500 8/21 8/25 500 2.0 8.8 
0 11/30 12/3 0 

100 n/30 12/3 100 
300 12/15 12/18 280 
500 12/15 12/18 520 

°In order from west. 
bBased on measurements of spring heights In Mty 1958. 

T A B L E 2 

COMPRESSION STRENGTH 

Cement 
Compression Strength* (psi) 
3 Days 7 Days 28 Days Modulus of 

Elasticity 
Dense 
Air-entrained 

2,490 3,195 4,500 
2,200 2,800 4,300 

5,200, OOOb 
4,750,000^ 

Cylinders, job cured, ^kt 28 days. °At llj days. 

Three separate changes in contour were observed: 

1. Curling. —The daily change in contour, in response to variable expansion and 
contraction because of varying temperature gradients. 

2. Warping. — The change in contour resulting from differential shrinkage or swell
ing, due to moisture and material variations from top to bottom, and from creep under 
prestress, with varying effects in top and bottom parts of the slab, and from the sub-
grades departing from their original contour. 

3. Slab Tilt. — A result of variations in soil settlement or swell, causing the slabs 
to tilt toward the north or south. 

Curling observations permit some deduction concerning subgrade siq)port variations 
near slab ends, because curling curvatures can be computed, knowing temperature 
gradients, thermal coefficient of the concrete, and the elastic properties of the con
crete slab. 
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Figure 3. Temperature compensated length-change gages in place on slabs. 

The term "warping" is used specifically for the slower and much more uncertain 
progressive and seasonal contour and slope changes. Warping contours were deter
mined for conditions of zero temperature gradients. They show no appreciable varia
tion on any one day. 

The third contour change, "tilt, " developed gradually, with adjacent slabs generally 
codirectional. No systematic relation between tilt and other experimental variables 
could be discerned; accordingly, it has not been considered in the analysis of research 
data. 

Record of Observations 

The extensive instrumentation made possible an accurate record of length and con
tour changes of all slabs from the time of construction. Generally three sets of ob
servations were made on any one day: early in the morning, near noon, and late in 
the evening. The slabs were in observation each day during the curing period, one 
day a week during the first month, and one day a month thereafter through June 1957. 
Measurements were made also about June 1 and September 1, 1958. One set of read
ings included at least 9 thermometer readings, 21 clinometer readings, and 5 length 
readings on each slab. 
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Figure li. Clinometer measurements—thermometers in temperature wells; acorn nuts 
protecting clinometer points between measurements. 

Typical Slab Data for One Day. — Typical basic information for one individual slab, 
obtained from the three observations on one day, is shown in Figvire 5 for Slab A 553, 
September 15, 1956; at 4-week age: 

Diagram A shows temperature averages and temperature gradients, also observed 
length changes from the zero readings at 70 F , adjusted to center depth. Length change 
for the forenoon and afternoon average temperature changes both corresponded to 
0.0000050/deg. F coefficient of thermal expansion in this case. 

Diagram B shows longitudinal slab contours obtained by summation of slope read
ings at mornmg, noon, and evening. Slight tilting toward north is evident. Typical 
upwardly curved contour existed through the day, the dishing averaged 0.13, 0.06, 
and 0.115 in. at mornmg, noon, and evenmg, respectively. Warping contour would 
be very near the 6:10 AM contour, the evening contour indicates slightly lower warp
ing slopes, typical of a slow upward adjustment during the night. 

Diagram C shows slope changes during the day for consecutive 10-in. clinometer 
lengths between slab midlength and the two end points, average of values for corres
ponding north and south gage intervals. K curling were unrestrained, slope changes 
would show straight line variation from zero at slab mic^oint, increasing at a constant 
rate determined by thermal coefficient and change in temperature gradient. At the 
ends there is no flexural restraint to curling, but restraint increases inwardly from 
the ends. The rate of slope change at the end must be that corresponding to unrestrained 
curling, and is represented by the tangent to the slope change curve. The slope devia
tions from the tangential rate of unrestrained curling near the end show influence of 
curling restraint on slope change with increasing distance from the ends. A horizontal 
tangent to the curling slope change curve, at or near midlength, indicates full restraint 
to curhng. 

Diagram D shows slopes of consecutive 10-in. clinometer lengths from midlength, 
average of the corresponding north and south values, for the mornmg and noon obser
vations, and the interpolated warping slopes for zero temperature gradient. Restraint 
to warpmg increases from the ends where subgrade support is lackmg, toward the con
centration of subgrade support under central parts. The tangent to the warping slope 
curve at the end indicates substantially unrestramed change m warping slope; i . e, un-
restramed warping curvature. The tangent to the warpmg slope curve at midlength shows 
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the warping curvature for the partial or complete restraint of warping. These warp
ing curvature observations could be used to compute warping restraint stresses, mas-
much as the actual stresses near the ends in the prestressed slabs could be estimated 
accurately. 

More than 1,000 sheets of sets of information accumulated during the two years of 
observation. Diagrams like Figure 5 for one slab on one day were analyzed for all 
slabs on pertinent days to determme progressive and seasonal slab changes. Only 
summaries of the data and major indications are given in this paper. 

Climate. —The weather during construction was hot and dry to August 18, cool and 
dry August 19 to 21. Warmer than seasonal temperatures prevailed through September 
and October. The fall of 1956 was much drier than normal, with less than 2 m. per 
month average precipitation. The mean monthly temperatures at Rolla vary from 78 F 
in July to 35 F in January. Normal monthly precipitation is 4 m. per month from 
March to September, with a normal monthly maximum of 4.8 ui. during May; winter 
precipitation is 2. 2 m. per month from December to February. During 1957 the lowest 
temperatures occurred in January; precipitation during the winter and spring was much 
higher than normal to June, and substantially lower than normal during the second half 
of 1957. During 1958 temperatures were lower than normal during February, March, 
June, and July. Precipitation was below normal durmg the winter and sprmg, sub
stantially above normal during July 1958. 

Principal Data 

Progressive length changes for different levels of prestress mdicate average shrink
age and creep, as shown in Figure 6 for all slabs. Contour change observations show 
differences in prestress effect near top and bottom of slabs; illustrated as warpmg 
slopes near the ends they are shown in Figure 7 for all slabs. 

Deviation of actual from nominal values of prestress should be kept in mmd when 
studymg the data. The large difference between slab A 83 and other 300-psi slabs is 
explained by its 20 percent low prestress. Excessive shortening of slab A 555 is be
lieved due to its position at the east end of the site with less adequate side f i l l on the 
exposed longitudinal edge. 

Correlation Slabs 

The four SVz-in. correlation slabs (Table 1) were built with concrete materials and 
proportions identical with the dense field slabs. The slabs were cured for three days, 
the side forms stripped at 48 hr, and the bottom forms at 14 days. The slabs were 
prestressed at 3-day age, and supported above the floor while m indoor exposure until 
April 1, 1957. Temperature in the heated room ranged from about 75 to 91 F , with 
relative humidity from 30 to 40 percent, averaging 33 percent. The correlation slabs 
were instrumented for observation of temperatures and length change. The slabs were 
moved out to the field site at 105- and 120-day age, April 1, 1957. 

For the correlation slabs, unit length changes are shown in Figure 8. Comparative 
total length changes from construction to 28 days for the indoor and for the field slabs 
(which expanded seasonally after the first month) are given in Table 3. Immediately 
after transfer to the field on ^ r i l 1, 
swelling took place in all correlation slabs 
for a month or two, with seasonal length T A B L E 3 
change at about the same rate as in the 
longer field slabs thereafter. TOTAL LENGTH CHANGES IN SLABS 

Curing Period Temperatures and Shortening Slab Length Change (/o) 
Restraint Stresses (psi) ^^eld 

Heat release durmg setting was no
ticeable in the slabs as a modest temper
ature rise only on the construction day. 
The morning and noon temperature 

0 0.019 0.005 
100 0.017 0.009 
300 0.032 0.013 
500 0.040 0.020 
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^ « 2 SO _/ur>e JuA/ ^u^. 

Figure 8. Length changes of correlation slabs during indoor exposure and on grade after 
April 1, 1957. 

gradients in the curing slabs, observed at 2-day age, were +0. 5 and -0.9 F / in . depth 
forthe8-m. slabs, +0. 5 and -1. 3 F / i n . for the Ŝ A -m. slabs, average values. At 
the end of the 3-day curing period no significant length change, aside from temperature 
contraction and expansion, had taken place. No pronounced contour change occurred 
in the slabs during curing. 

Temperature curling was observed in the curing slabs. Without pronounced upward 
warping, restraints to forenoon curling approached theoretical values for change in 
subgrade reaction proportional to deflection. After the curing period, rapidly increas
ing slab warping made such theoretical computations of curling restramts inapplicable. 

Curling stresses during curing could reach full flexural restraint in al l experimental 
slabs. Computed for modulus of elasticity E of 3,000,000 psi, and 2-day temperature 
gradients +0. 5 F / i n . night gradient in both 8- and 572-in. slabs, the curling restraint 
stresses were 30- and 20-psi top tension. The maximum observed noon gradients 
-1. 6 and -1.7 F / in . in the 8- and 5y2-in. slabs would correspond to 96- and 70-psi bot
tom tension, respectively. Concrete modulus of rupture strengths exceedmg 200 psi 
and possibly 300 psi could be expected at 48 hr at normal curing temperature (Part B). 
The wet burlap curing accordingly was effective in keeping noon curling stresses below 
50 percent of the concrete strength. At least 10 to 15 F average night temperature de
crease could be sustained m tension restraint without cracking, based on 15-psi per 
degree F temperature restraint tension stress in addition to the small night-curling 
top tension, under wet burlap curing. It is mdicated that prestressmg should be applied 
before, or when, covered mat curing is discontinued. 

Prestressmg Effects 

Length changes durmg application of prestressmg were observed on only a few slabs. 
Through interpolation of length change data between 3 and 7 days, as shown m Figure 6, 
an approximation of immediate average shortening at prestressing has been obtamed: 
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For 100-psi average prestress, 0.004 in. in 200 in . , E = 5,000,000 psi; 
For 280-psi average prestress, 0.012 in. in 200 i n . , E = 4,700,000 psi; 
For 490-psiaverage prestress, 0.021 in. in 200 in . , E = 4,600,000 psi. 

There were fairly wide variations from slab to slab, but no significant variation in 
shortening could be deduced for the different ages at prestressing. Elastic shortening 
at prestress application at 3 days could be observed readily on the short indoor cor
relation slabs: 

For 100 psi, 0.001 in. in 50 in . , E = 5,000,000 psi; 
For 280 psi, 0. 0038 in, in 50 in . , E = 3,700,000 psi; 
For 520 psi, 0.0049 in. in 50 in . , E = 5,300,000 psi. 

It is apparent from Figures 6 and 7 that creep, and shrinkage of the slabs following 
curing, were especially noticeable up to 4 weeks age. For the same prestress, length 
changes for dense and air-entrainedlconcrete and for the two thicknesses were not sig
nificantly different. 

Pronounced warping, with end slopes from %a to y$a in. in 10 in. and slab ends up 
to 0.15 in. higher than midlength, developed rapidly during the month of drying follow
ing curing, as also shown in Figure 7. The SVz-in. slabs warped more than the 8-in. 
slabs, the air-entrained slightly more than the dense concrete slabs, and, most sig
nificant, the warping was greater, the greater the prestress. 

Long- Time Changes in Prestressed Slabs on Subgrade 
After the initial drying period, the slabs in field exposure behaved quite differently 

from indoor exposed concrete. Al l slabs underwent a yearly cycle of length change, 
aside from temperature contraction and in opposite direction. Minimum yearly length 
occurred in September or October, followed by a rapid increase in length, opposed to 
the temperature contraction, to winter conditions. When adjustment for contuiuing 
creep is made, the yearly cycle of seasonal length change indicated by first year ob
servations, was about 0.010 percent for all slabs, equivalent to some 20 F seasonal 
temperature compensation. 

The warping increased, with seasonal fluctuations up to two years. As shown in 
Figure 7, warping appears to be at maximum seasonal amount during the fall. Warping 
contours June 1, 1958 are shown in Figure 9 for al l slabs, corrected for tilt between 
the end points. Substantial subgrade displacements must have accompanied the warp
ing, the subgrade accommodating itself to the warped shape, and ground support would 
be lacking for a short distance in from the ends under the warped slabs. 

It is apparent from Figure 7 that seasonal influences were effective m decreasing 
warping during the late fall 1956. Lower warp persisted through the wmter until late 
spring or early summer, when rapid increase m warp occurred in the course of a few 
weeks. 

Temperature Curling 
All slabs at all ages underwent substantial daily contour changes in response to 

changing temperature gradients. Curling curvatures observed near slab ends were 
in general agreement with those computed from change in temperature gradient and 
about 0. 000005 coefficient of thermal expansion. 

Sufficient readings are available for clear indications of trends and approximate 
limits in temperature gradients during the period of observation. Maximum tempera
ture gradients in the 5y2-in. slabs were consistently higher than in the 8-in. slabs. Re
current observed maxima are listed subsequently. 

Curling restraints during the first month and later were compared to obtain some 
idea of possible change in elastic modulus applicable to curling restraint. Li Figure 
10 the relationship between change in temperature gradient and the observed average 
change in slope 100 m. from midlength is shown for 8- and slabs, at different 
ages to 21 months. The close agreement between curling at 1- and 21-month age for 
both 8- and SVa-in. slabs, with fairly equal contours, is evident. Hie data do not 
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Figure 10. Curling slope_ change related to change in temperature gradient, at different 
ages up to 21 months. 

indicate any great change in modulus of elasticity applicable to the daily curhng re
straint stresses from 1- to 21-month age. 

Curling in slabs substantially longer than the test slabs must always be fully re 
strained except near the ends. The daily curling restraint stresses are dependent only 
on temperature gradients and applicable modulus of elasticity; 4,000,000 psi are as
sumed. Full curling restraint stresses mdicated in 8- and 572-in. fully restrained 
long slabs for night and noon conditions, and for summer and winter conditions, based 
on 0.000005 coefficient of thermal expansion, and for maximum temperature gradients 
observed on several occasions are given in Table 4. 

T A B L E 4 

F U L L CURLING RESTRAINT STRESSES 

8-In. Slabs 572-In. Slabs 

Time Season Tension Temp. 
Grad. 
("F/in.) 

, Flex. 
Stress 
(psi) 

Temp. 
Grad. 

( ° F / i n . ) 

Flex. -
Stress 
(psi) 

Night 
Noon 

Any 
Summer 
Wmter 

Top 
Bottom 
Bottom 

+1.4 
-3.2 
-2.2 

110 
260 
180 

+1.8 
-4.0 
-3.2 

100 
220 
180 

Warping Restraint and Warping Restraint Stresses 

The project provided the first known quantitative estimation of warping restraint 
stresses, due to the careful observations of length and contour changes from the 
earliest age for different known levels of stress. Unit deformations for the known 
stresses near the ends of the slabs could be determined at various ages both at top 
and bottom. Assuming that the same stress-deformations relations hold away from 
the ends, the stresses at top and bottom in the restrained mic^ortions, and in long 
slabs, could be deduced. 

Near the ends, the only variations to the evenly distributed and constant prestress 
are the small flexural stresses caused by the imsupported steel plates and spring 
assemblies. The ends lift incident to warping, subgrade support is shifted away from 



57 

the ends, and the static moments due to dead load increase steeply away from the ends, 
with stresses and strains at top and bottom in opposite direction to the warping unit 
deformations. Beyond the distance from the end at which full warping restraint is 
reached, deformations must be the same at top and bottom in those flat slab portions, 
and equal to the observed mid-depth length changes both at top and bottom. Frictional 
restraints would become noticeable only at much greater distance from the end. 

Table 5 gives the top and bottom stresses 16 in. in from the ends. The table also 
gives the warping curvatures at these same points 2 and 21 (between the two 10-in. gage 
lengths nearest the ends), average for the dense and air-entrained duplicate test slabs, 
as determined from many sheets of slope observations at four different ages to 2 years, 
by the tangent to the warpmg slope curve as shown in Figure 5 D for one slab at one 
age. From the unit length changes at mid-depth, and the curvatures, top and bottom 
unit deformations have been computed as given m Table 5, corresponding to the known 
top and bottom stresses. In Figure 11, the unit deformations in relation to stresses 
have been plotted for the four ages, separately for top and bottom and for 8- and SVa-in. 
slab's. The plots indicate the relationships between the top and bottom deformations 
and stresses. These relations are assumed representative for each pair of slabs, 
irrespective of distance from the ends. 

T A B L E 5 

TOP AND BOTTOM STRESSES AND TOP AND BOTTOM DEFORMATIONS 
NEAR THE ENDS, FROM 4 WEEKS TO 2 YEARS AGE 

Item 8-In. Slabs 572-In. Slabs 
Dense and Air-Entrained Avg. 80 81 83 85 550 551 553 555 

Stresses near ends (psi): 
Average prestress 0 -100 -265 -485 0 -100 -300 -485 
Stresses 90 to 100 in. from mid: 

Top + 10 - 80 -240 -450 + 15 - 75 -265 -450 
Bottom - 10 -120 -290 -520 - 15 -125 -335 -520 

Deformations' at 90 to 100 in.: 
September, 4-week age: 

Warping curvature 16 19 27 31 24 30 42 55 
Length change at mid-depth - 70 - 90 -130 -190 - 70 - 80 -150 -230 
Deformations: 

Top -135 -165 -250 -305 -130 -160 -265 -380 
Bottom - 5 - 15 - 30 - 60 0 0 - 35 - 80 

Spring, at about 7 months: 
Warping curvature 10 14 17 24 14 17 32 43 
Length change at mid-depth + 15 + 8 - 85 -140 + 25 + 12 -105 -210 
Deformations: 

Top - 25 - 50 -155 -235 - 13 - 35 -195 -330 
Bottom + 55 + 65 - 15 - 45 + 63 + 60 - 15 - 90 

Spring, at 21 months: 
Warpmg curvature 19 28 30 40 32 35 55 70 
Length change at mid-depth - 28 - 53 -158 -230 - 28 - 58 -180 -290 
Deformations: 

Top -105 -165 -280 -390 -115 -155 -330 -480 
Bottom + 50 + 60 - 40 - 70 + 60 + 40 - 30 -100 

At 2 years age: 
Warping curvature 23 30 35 45 37 45 60 75 
Length change at mid-depth - 48 - 98 -188 -278 - 48 - 95 -218 -350 
Deformations: 

Top -140 -220 -330 -460 -150 -220 -385 -555 
Bottom + 45 + 20 - 50 -100 + 55 + 30 - 55 -145 

^om midlength (10"^) rad per m . ) . 
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It IS evident from the warping observations, as shown in Figure 11, that different 
relations between unit deformations and stresses exist at top and bottom of the! slabs. 
The experimental use of three levels of prestress made it possible to indicate these 
relations with fair accuracy. The points in Figure 11 for zero stress indicatej shrink
age or swell at each age at top and bottom, predominantly shrinkage at top and swell at 
bottom. The modulus of resistances (immediate and progressive stress deformation), 
as indicated by the slopes of the fairly linear stress-deformations in Figure 11, for 
different ages, approximate those in Table 6. The modulus of resistance as seen is 
over twice as high at bottom as at top of the slabs. Data on modulus of resistance in 
soil-supported slabs have not been known or indicated heretofore. The great 'dif
ferences between top and bottom values are startling, most significant, and deserve 
more investigation. ' 

I 
TABLE 6 

MODULUS OF RESISTANCE 

Date 

Sept. 1956 
Spring 1957 
June 1, 1958 
Sept. 1, 1958 

Age and 
Duration 
of Stress 

(mo) 

Modulus of Resistance (xlO' psi) Age and 
Duration 
of Stress 

(mo) 
8-In. Slabs 5y2-In. Slabs 

Age and 
Duration 
of Stress 

(mo) Top Bottom Top Bottom 

1 
7 

21 
24 

2. 8 6. 5 
2. 0 4.0 
1.6 3.5 
1.5 3.3 

1.9 4.5 
1.5 2.7 
1.2 2.5 
1.1 2.3 

Warping Restraint Stresses , 
Actual stresses existing on the midlength cross-section could be estimated from the 

top and bottom length changes at midlength, if it is assumed that the concrete there 
creeps imder stress, as well as shrinks and swells, in the same way as the concrete 
near the ends (Fig. 11). Top and bottom unit deformations at midlength were com
puted from the observed length changes and midlength curvatures (see Figl 5D). 

Table 7 gives the computed midlength deformations at top and bottom, also the 
corresponding stresses for 8- and 5y2-in. slabs, average of dense and air-entrained 
duplicate slabs at different ages to 2 years, obtained by interpolation and extrapolation 
from Figure 11. Extrapolation of top deformations into the range of tension stresses 
as seen in Figure 11 is rather uncertain. Extr^olation of bottom deformations to in
dicated compression stresses up to twice the experimental prestress limit is more re
liable and in line with linear relations observed in creep tests generally. High com
pression stresses existed in the bottom of the slabs at midlength. Full restraint to 
warping was reached at, or before, midlength in the slabs with 100 psi and no pre
stress during the winter and spring, but only in the SVz-in. unprestressed slabs at 
2 years. 

The principal difference between warping of the test slabs and longer slabs is that 
warping curvatures must be zero in fully restrained portions of longer slabs. Deforma
tions at top and bottom must both be equal to the length change at mid-depth. Full warp
ing restramt stresses, as indicated by the observed unit length changes and Figure 11 
stress-deformation relationships in the test slabs, are shown in Figure 12 for different 
prestress values in 8- and 5y2-in. slabs. The average stress on the section must 
equal the prestress; nonlinear distribution of stress, as shown, is accordingly indi
cated between the computed top and bottom chord stresses. 

Figure 12 shows strikingly high compression stresses at the bottom of pavement 
slabs fully restrained away from slab ends. The stresses were highest after the f i rs t 
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TABLE 7 
TOP AND BOTTOM DEFORMATIONS AND CORRESPONDING STRESSES AT 
MIDLENGTH, BASED ON STRESS-DEFORMATION RELATIONS OBSERVED 

NEAR ENDS, FROM 4 WEEKS TO 2 YEARS AGE 

Item 8-In. Slabs 5y2-In. Slabs 

Avg. prestress (psi) 0 -100 -265 -485 0 -100 -300 -485 

Deformations at Midlength* (10" ' rad/in. ] 
September, 4 weeks: 

Warping curvature 2 4 6 9 1 2 4 8 
Deformations: 

8 

Top - 80 -110 -165 -225 - 70 - 85 -160 -250 
Bottom - 60 - 70 -115 -155 - 60 - 75 -140 -210 

Spring, at about 7 month: 
Warping curvature 0 0 3 6 - 2 - 1 0 3 
Deformations: 

Top + 15 + 8 -100 -165 + 31 + 15 -105 -220 
Bottom + 15 + 8 - 70 -115 + 20 + 10 -105 -200 

Spring, at 21 month: 
Warping curvature 6 8 14 17 - 4 1 5 12 
Deformations: 

Top - 52 - 85 -215 -300 - 15 - 60 -195 -325 
Bottom - 4 - 20 -100 -160 - 40 - 55 -165 -255 

At 2 years: 
Warping curvature 8 11 16 22 - 3 4 11 17 
Deformations: 

17 

Top - 80 -140 -250 -365 - 40 -105 -250 -395 
Bottom - 15 - 55 -125 -190 - 55 - 85 -190 -305 

Top and Bottom Stresses at Midlength° (psi): 
September, 4 weeks: 

Top +150 + 50 - 80 -200 +150 +100 - 70 -250 
Bottom -520 -600 -800-1,000 -480 -550 -750-1.000 

Sprmg, 7 months: 
Top +100 + 50 -160 -270 +100 + 50 -170 -310 
Bottom -230 -250 -600 -750 -230 -270 -560 -800 

June 1, 21 months: 
Top +100 + 30 -150 -290 +100 + 50 -120 -260 
Bottom -230 -260 -600 -800 -370 -400 -650 -850 

August, 2 years: 
-850 

Top +100 + 10 -130 -310 +150 + 50 -110 -270 
Bottom -220 -330 -600 -800 -350 -410 -600 -800 

- — — — u i i aatnc «io iie<u' m i u a . 
t iExtrapolated stresses estimated f rom F i g . 1 1 . 

month's drying period, slightly lower during the f i rs t cold season, and as relieved by 
creep at greater age. Warping restraint stresses indicated in unprestressed slabs on 
the order of 300-psi compression at bottom and 100-psi tension at top are of interest 
for conventional pavement performance. High compression stresses near the bottom 
are most beneficial, to counteract load tension and daytime curling restraint tension 
away from ends m any concrete pavement. 

Effective Prestressing 

This exploratory investigation indicated that prestressing could be applied to con
crete pavements with exceptional structural advantages. Pavement behavior serves 
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Figiire 12. Stress d i s t r i b u t i o n from top to bottom f o r f u l l r e s t r a i n t o f warping, based 
on u n i t deformations observed i n the f i e l d slabs. 
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to concentrate the prestress near the bottom of pavement, where it is most needed, 
with corresponding decrease in prestress near the top where load tension stresses are 
insignificant except near corners. If prestress is applied at center depth and evenly 
distributed on the cross-section, the observations indicate that high warping deforma
tions and deflections wi l l take place, as the natural remedy by which the prestress is 
redistributed in accord with concrete properties. 

Excessive end warping can be prevented if the prestress is centered below mid-
depth, imposing the approximate distribution of stress which is otherwise naturally 
developed by warping. The amount of prestress can be decreased below that necessary 
for design based even distributed of prestress, because evenly distributed prestress 
would not be fully utilized in top portions of the pavement, except very near the ends. 

High-tension load stresses at the surface near corners of pavement slabs are not 
fully counteracted by high prestress near bottom. The high top tension stresses occur 
only with a few feet from the corners, and can be effectively counteracted by local 
prestress application or other means. 

PART B-PROPERTIES OF CONCRETE AT EARLY AGE 
m 100, 70, AND 40 F TEMPERATURES 

The research was planned to provide information on strength increase and stress 
deformations in pavement concrete during early age at different construction tempera
tures. The ejqploratory investigation covered short-time tests to failure of conventional 
cylinder and beam laboratory specimens, which were made and stored at 100, 70, and 
40 F ambient temperatures and tested at different ages from the earliest at which they 
could be handled, up to 28 days. Immediate stress deformations were measured in 
compression on both cyllndera and beams and in tension on beams. 

Materials 
Concrete and proportions were the same as described in Part A. Air-entrained 

concrete was used in one 70 F series; "Ad-Aire" agent, mixed with the water at the 
rate of IS'A g per sack cement, gave air content from 3. 4 to 5. 3 percent, averaging 
4.4 percent. The concrete was mixed in a 3-cu f t mixer not less than 2 min. Cylin
ders and beam forms were fi l led and rodded according to ASTM procedure. 

The concrete materials, and the specimens up to the time of testing, were kept in 
a small, temperature-controlled room at substantially constant ambient temperature, 
selected for each series of tests. Batches were weighed in the room and brought to 
the mixer just outside. As soon as possible after placement in the forms, the speci
mens were returned to the room to remain until tested. The specimens were cured 
in their forms until just before testing or to 3-day age. The room temperatures and 
variation for the different series are given in Table 8. 

TABLE 8 
ROOM TEMPERATURES 

Room Room Concrete Placement 
Concrete Temperature Humidity Temperature 

C F) (%) C F) 

Dense: 
100 F 100 * 2 73-82 97 
70 F 70 ± 5 87-94 
40 F 40 ± 2 87-92 49 

Air-entrained 70 ± 5 ' 89-94 



Specimen Earliest Testing Age (hr) Specimen 
Cylinders Beams 

100 F 3 6 
70 F 6 8 
40 F 12 24 
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Testing Schedule 
As soon as the specimens could be handled and placed in the testing machine, the 

earliest tests were made. These ages depended on temperature. Cylinder tests could 
be made somewhat earlier than beam tests (see Table 9). Other tests were made at 
increasing ages, a few hours apart dur
ing the f i rs t day, every 12 hr to 3-day age, 
and at 7, 14, and 28 days. Just before TABLE 9 
testing, the individual specimen was taken 
to the testing machine in the laboratory EARLIEST TESTING AGE 
at normal room temperature, instru
mented, and tested immediately. A test 
was completed within 15 to 20 min. A l l 
tests were carried to failure. Generally, 
three identical specimens were tested at 
each age. The total number of specimens 
in all series included about 190 compres
sion cylinders, 175 tensile splitting test 
cylinders, and 165 beam tests. 

Compression Tests. — Al l compression specimens were 6- by 12-m. cylinders cast 
in parafined paper molds with metal bottom. For tests at the earliest ages the cylin
ders were not capped but were tested between fiberboard sections. Plaster of pans 
capping was used for later tests. The cylinders were capped near the time of test
ing, but a l l 100 F cylinders for later tests were capped at 12-hr age. Deformations 
in a l l capped cylinders were measured with a Riehle compensating compressometer. 
An instrumented cylinder in the testing machine is shown in Figure 13. Deformations 
in early tests were comparatively large and probably nearly all plastic. No repeat 
loadings were made to show the amovmt of elastic deformation. To avoid confusion with 
conventional age concrete tests, in which a greater part of the immediate length change 
is elastic, the stress-deformation relation m all these tests is referred to as modulus 
of deformation, rather than modulus of elasticity. 

Beam Tests. — Al l beams measured 6 by 8 by 32 in. andweretestedwiththe 8-in. dimen
sion vertical, loaded at the third points of a 27-in. span. The beam forms were 
plywood; the bottom was hinged 4 in. from each end, so that the beams could be placed 
in the testing machine while s t i l l mainly supported by the bottom form, to prevent 
damage at early age. Huggenberger 8- or 7-in. tensometers were attached for strain 
measurements 1 in. below the top and 1 in. above the bottom on one side of the beam 
at center span between the two loads. Figure 14 shows a beam imder test. The 40 
and 70 F beams were tested with half-round centering bars at both loading points; in 
the 100 F tests round bars were used at both load points. No pads were used at the 
load points. 

Tensile Splitting Tests. — Cylinder splittmg tests were made at the same ages as 
the cylinder compression tests. The cylinders were split by two diametrically opposed 
line loads applied through metal loading strips and y2-in. wide 12-in. long plywood 
pads. Figure 15 shows a test immediately after failure. 

For a concrete cylinder of diameter D loaded by opposed concentrated loads p per 
imit of length, the tensile splitting strength fd is taken as 

^ d = f B =0.64P/D (1) 

Eq. 1 gives the true tension stress only for isotropic elastic materials and concentrated 
line loads. 

If plastic readjustment (shear wedge failures as observed in tests Part C) occurs 
near the line loads, the tension on the diametric plane would be increased, because only 
the section between the shear wedges would be effective for tension reaction to the hori
zontal component of the radial distribution forces. Assummg shear wedge depth w, the 
average tension stress f t on the remainder of the section would be 

^ = T ( D ^ = ° - « ^ D ^ 
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Figure 13. Compression cyl inder w i t h Riehle compensating compressometer i n place i n 
t e s t i n g machine. 

At early age, concrete tension strength appears to be higher in relation to compressive 
strength than at later age, and shear wedge failure could be expected to influence cylin
der splitting stress. 

Test Data 
Tables 10, 11, and 12 give basic data for cylinder compression tests, beam tests, 

and cylinder splitting tests, respectively, for the three ambient temperatures. In this 
presentation of test data, emphasis is given to early-age development of strength and 
to relations between strength and deformation for compressive and tensile stresses. 
Dense and air-entrained concrete tests at 70 F were not significantly different; average 
values of the two have been shown in illustrations comparing different ambient tempera
tures. 

Compression Tests. — Typical stress-deformation diagrams for compression cylin
ders at different early ages are shown in Figure 16 for all three temperatures. This 
figure shows that 40 F concrete had very little resistance to deformation before 4-day 
age, but between 4 and 7 days the resistance increased to values in the range of 70 and 
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Figure ih. Beam vri.th loading r i g and Huggenberger tensometer gages attached i n place i n 
beam t e s t i n g machine. Beams i n 70 and liO F t e s t s had ha l f - round bars at the load po in t s ; 

beams i n 100 F t e s t s had round bars . 

TABLE 10 
COMPRESSIVE STRENGTH OF 6- BY 12-IN. CYLINDERS, AND DEFORMATION AT 

50 PERCENT OF COMPRESSIVE STRENGTH, FOR 
100, 70, AND 40 F CONCRETE 

100 F 70 F 40 F 
Dense Air-Entrained 

Age 
at 

Test 
Com Com Com ComAge 

at 
Test pres Defor pres Defor pres Defor pres Defor
Age 
at 

Test 
sion mation sion mation sion mation sion mation 
Str. (10-'in./ Str. (10-° in . / Str. {10-'in./ Str. (10-° in . / 

(psi) m.) (psi) in.) (psi) in.) (psi) in.) 

8 hr 30 25 
9 hr 420 

12 hr 780 300 90 120 90 6 
16 hr 220 90 220 70 9 
24 hr 1,410 300 660 100 590 110 18 
36 hr 

1,410 
1,140 1,170 1,070 180 44 

48 hr 1,700 180 1,410 210 1,380 190 83 
60 hr 

1,700 
1,690 240 1,660 220 250 5,800 

3 day 1,960 280 1,810 230 1,790 240 400 7,100 
7 day 2,410 300 2, 510 260 2,490 330 1,270 200 

14 day 2,400 350 2,950 340 3,100 320 2, 480 380 
28 day 2,410 390 3, 220 340 3,340 360 2, 550 320 
^Fiber board capping was used i n tests at 100 F, 9 h r j 70 F dense concrete, 8 hr; 70 F 
air-entrained concrete, 8 and 12 hr; and kO F, U8 hr. 
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Figure 15. Tensile s p l i t t i n g t e s t—cyl inder i n place i n the t e s t i n g machine (upper) and 
immediately a f t e r s p l i t t i n g f a i l u r e ( l ower ) . 

100 F specimens. In Figure 17 the secant moduli of deformation from 0 to different 
stresses, maximum 1, 500 psi, at different ages, are shown for the three temperatures. 

Beam Tests. — Figure 18 shows relations between applied loads (one-half at each 
third point) and compression edge and tension edge strains for 100 and 70 F dense 
concrete beams at 24-hr age, and for 40 F beams at 72-hr age, also the change in 
location of the neutral axis with increasing load for the three series, computed from 
the observed strains, assuming straight-line variation. Figure 19 shows the same 
data for 14-day beams. 

In the 100 F beams the tension strains were generally lower than the compression 
strain, and nearly the same value in tests at ages of one week or more. Difference 
in testing arrangement between the 100 F and the other tests with possibility for some 
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TABLE 11 
MAXIMUM MOMENTS AT FAILURE OF 6- BY 8-IN. BEAMS, LOADED 

AT THIRD POINTS OF 27-IN. SPAN, AND EDGE STRAINS AT 
FAILURE PRORATED FROM OBSERVED STRAINS^ 

100 F TOj; 40F 
at Failure Edge Strain Failure Edge Strain Failure Edge Strain 

Test Moment (10'° m /in.) Moment (10'' in /in ) Moment (lO'' in./ID.). 
(kip.) Top Bottom (kip) Top Bottom (kip) Top Bottom 

10 hr 4 0 -41 +47 
12 hr 10. 5 -55 +43 3.3 -59 + 74 
16 hr 8.2 -72 + 89 
24 hr 22 7 -94 +78 14.4 -59 + 93 1 5 -34 + 52 
36 hr 23 9 -80 +105 3 3 -40 + 68 
48 hr 23.2 -68 +57 24.7 -68 +111 6.5 -27 + 45 
60 hr 25.8 -66 +102 11.2 -41 + 51 
3 day 25.7 -74 +78 27.4 -84 +108 14.6 -35 + 50 
7 day 26 9 -88 +98 33.2 -85 +122 25.4 -41 + 62 

14 day 28 3 -82 +80 33.1 -72 +120 33.8 -38 + 72 
28 day 32.7 -85 +89 38.6 -90 +140 37.6 -95 +120 
f a i l u r e moment Includes moment of beam weight lliO lb and rlgload about 80 lb. 

TABLE 12 
SPLITTING LOADS AND ULTIMATE AVERAGE TENSION STRESS 

EQ 1 OF 6-IN CYLINDERS 

70F 

Age 
at 

Test 

100 F Dense Alr- Entrained W t 
Age 
at 

Test 
SpUt-
tmg 

Load 
(Ib/in.) 

Tension Spbt-
ting 
Load 

(lb/in.) 

Tension SpUt-
ting 

Load 
(Ib/in.) 

Tension Split
ting 

Load 
(lb/in.) Psi 

Compr. 
Str. (if) 

Age 
at 

Test 
SpUt-
tmg 

Load 
(Ib/in.) Psi 

Compr. 
Str. ( f ) 

Spbt-
ting 
Load 

(lb/in.) Psi 
Compr. 
Str. {%) 

SpUt-
ting 

Load 
(Ib/in.) Psi 

Compr. 
Str.(!t) 

Split
ting 

Load 
(lb/in.) Psi 

Compr. 
Str. (if) 

3 hr 25 3 25 
5 hr 105 11 20 
6 hr 8 1 6 10 1 8 
7 hr 305 33 19 
8 hr 23 2 8 30 3 13 
9 hr 725 75 18 

12 hr 1,120 120 IS 100 11 12 115 12 13 8 1 14 
16 hr 

1,120 
225 24 11 285 30 14 10 1 12 

24 hr 1,730 185 13 640 70 10 695 75 13 18 2 11 
36 hr 2,210 235 1,090 115 10 1,310 140 13 92 10 22 
48 hr 2,330 250 15 1, 540 165 12 1,400 150 11 145 15 18 
60 hr 

2,330 
1,670 180 11 1,800 190 12 300 32 13 

3 day 2,120 225 12 1,860 200 11 2,000 215 12 470 50 12 
7 day 3,240 350 14 2,480 265 11 2,150 230 9 1,530 165 13 

14 day 3,000 320 13 2,760 295 10 2,670 285 9 2,140 230 9 
28 day 2,950 315 13 3,150 335 10 3,040 325 10 2,870 305 12 

friction at the load points, could have been a cause for the lower neutral axis in the 
100 F tests; however, as shown in Figure 17, the modulus of deformation in compres
sion at low stress at 100 F temperature also was lower than at 70 F. Tension failure 
stresses deduced from strain distribution are not significantly different whether or 
not friction was present at the load points. 

Compression Deformations in Cylinders and Beams. — These exploratory tests 
included concrete properties observed by more than one method of testing. Concrete 
deformations in compression were observed both on the cylinders and in the beam 
tests. Tension strengths were indicated by the tensile splitting test as well as by the 
beam tests. Secant modulus of deformation for the cylinder tests to varying stresses 
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Figure 16. Average deformation-stress diagrams at early agej one cylinder only in 
and 6-day tests at UO F . 

are shown in Figure 17. The modulus values obtained on beams and cylinders are not 
radically different for the 100 F tests. The average modulus of deformation values in 
million psi for 24-hr and older concrete at the flexural stress range were for 100 F 
concrete, in compression on cyhnders and beams, 5.0, in tension on beams 5. 4; and 
for 70 F concrete, in compression on cyhnders and beams, 7.0, in tension on beams 
3. 2. The lower compression modulus and the higher modulus of deformation in tension 
of the 100 F compared to 70 F concrete cannot be explained. Considering the rela
tively few 100 F tests, and variations in test arrangements, additional tests would be 
necessary for a clearer comparison. 

Tensile Splitting Tests. — The tests did not indicate close or uniform relation be
tween the tension stresses computed from the cylinder splitting tests (TSR) and the beam 
tension strengths. Figure 20 shows cylinder splitting resistance in relation to cylinder 
compression strength, and Figure 21 in relation to beam tension strength based on 
beam stram distribution. With exception for the isolated 40 F values in Figure 20, 
reasonable estimates of tensile splitting resistance in percent of compressive strength 
could be made from less than 1-day age for each temperature. 

Beam tests are believed to indicate tension strengths closer than cylinder splittmg 
tests at early age. In the tensile splittmg test critical tension stresses occur in the 
interior of the cylinder, and at failure are distributed more or less evenly over a cen
tral section, the dimension of which is influenced by the depth to which plastic read-
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Figure 17. Secant modulus of deformation at different ages, observed on compression 
cylinders from 0 stress to stress indicated by abscissa. 

]ustments (shear wedges) occur under the narrow "line" loading. The tension stress 
in the splitting tests, if computed in accordance with Eq. 2, assummg a shear wedge 
depth w of 1 in . , equalled more nearly the tension strengths indicated by the beam 
tests at mature age. Such plastic conditions near failure seem probable. 

Ambient Temperature and Concrete Strength 
Conventional strength properties, as represented by cylinder compression strength, 

tensile spbtting resistance, Eq. 1, and modulus of rupture, for 100, 70, and 40 F con
crete to mature age are shown in Figure 22. Tension strengths mdicated by flexural 
strain observations on the beams are shown in Figure 23. The great influence of am
bient temperatures on concrete strength values is clearly evident in these illustrations. 
Tension strengths indicated by the beam tests at different ages, expressed as percent 
of cylinder compression strength at the same age, are shown in Figure 24. It shows 
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Figure 21. Cylinder spl i t t ing resistance (TSR) in relation to beam tension strength 
based on beam strains to 28 days. 

that tension strength developed much more rapidly than compression strength. Figure 
25 shows the ages at which various values of strengths m compression, and in tension 
as determmed from beam tests, may be expected to be reached at different ambient 
temperatures for the particular concrete. 

Deformation Properties at Varying Ambient Temperatures 
Figure 26 shows moduli of deformation in compression and m tension for increasing 

age, in compression based on compressometer measurements at low stress, and in 
tension based on beam strams at failure, for 100 and 70 F concrete. Data for 40 F 
concrete have not been mcluded m the graph because of msufficient correlation. Con
crete's resistance to deformation determines the restraint stresses to length changes 
at early age. A low modulus of deformation means a low maximum restraint stress for 
a given temperature drop; a high modulus means greater risk of critical stresses. 

Because of the difference between tensile and compressive moduli of deformation 
the 2-day and older beams of 70 F concrete carried greater load than correspondmg 
100 F beams, m spite of the fact that the tension strengths in the 100 F concrete were 
equal or higher. Neither modulus of rupture as shown in Figure 22, nor modulus of 
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Figure 2 5 . Relation between age and ambient temperatiire, for concrete to reach indica
ted strength values in compression and i n f l exura l tension. 

elasticity in flexure, nor observed beam deflections could mdicate these conditions 
adequately. 

Ultimate Strains 

Before the concrete begms to gain strength, it has very little resistance to deforma
tion. The least ultimate strams in compression according to these tests might be ex
pected at 48 hr in 100 F, 16 hr m 70 F, and near 7-day age in 40 F concrete, f rom 200 
to 400 iJt in . / in . extrapolated values. 

Ultimate strains in tension are of more critical interest. The early-age ultimate 
tension strams indicated by the tests are for 100 F, from 50 t i in . /m. before 1 day, to 
100 i i m . / i n . after 1 week; for 70 F, f rom 80 tiin./m. before 1 day, to 140 l i m . / i n . 
after 2 days; and for 40 F, from 50 M.m./in. at 2 or 3 days, to 120 M.in./in. after 4 
weeks, l i ie ultimate tension edge strains in flexure at mature age, which might be 
predicted f rom these tests, may approximate 100 p. in . / in . for 100 F concrete, and 
150 M. in . / in . for 70 and 40 F concrete for short-time loading. 
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Figure 26. Modulus of deformation (elasticity) at early age to 28 days, in compression 
and in tension, for stress values within the flexural strengths, at 70 and 100 F ambient 

temperature. 

^plication of Test Indications to Pavements 
Minimum Age at Prestressing. — The tests gave clear indications concerning the 

earliest age at which prestress could be ^p l ied without crushing. The prestress im
posed in pavements may range from 200 to 500 psi, applied when concrete strength is 
500andl,000psi minimum, respectively, 
are reached is given in Table 13. 

TABLE 13 
MINIMUM AGE AT PRESTRESSING 

Prestress 
(psi) 

Minimum Age for Prestress 
(psi) 100 P* 

(hr) 
70 40 F'̂  
(hr) (days) 

200 10 24 4 
500 15 36 7 

^Ambient temperature. 

The earliest age at which such strengths 

Prestressing Deformation. — It is neces
sary to protect the pavement against ex
cessive shortening at the time of prestres
sing. The modulus of deformation indi
cates the immediate stress deformation. 
For anticipated modulus values at dif
ferent ages and ambient temperatures, 
shortenmg at prestressmg would approxi
mate those values given in Table 14. De
formations, rather than strength, appear 
to indicate the earliest age at which pre
stress could be applied, particularly at 
low temperature and for prestress much 
over 200 psi in very long slabs. Some 
contmuing deformations due to creep must 
be anticipated as well. 
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TABLE 14 
MODULUS OF DEFORMATION 

200-Psi Prestress 500-Psi Prestress 
Temperature Modulus Shortening Modulus Shortening 

C f ) (xlO" (in./lOO (xlO' (in./lOO 
psi) ft) psi) ft) 

100: 
A t l h r 1.5 0./6 
At 24 hr 4.0 0.06 3.0 0.20 

70: 
At24hr 5.0 0.05 
At48hr 6.0 0.04 4.0 0.15 

40: 
At 4 days 0.1 2.4 
At 5 days 3.0 0.08 2.0 0.30 
At 7 days 4.0 0.06 3.5 0.17 

PART C - STRESS DISTRIBUTION AND FAILURES UNDER 
LOADS APPLIED AGAINST AN EDGE 

Prestressmg of concrete pavements could mvolve the application of spaced concen
trated forces against ends and edges of relatively thin pavement slabs, which can be 
assumed of unlimited length m the direction of the forces. Three critical stress con
ditions could be visualized near spaced concentrated edge forces against concrete slabs: 

1. "Crushing" of the concrete in bearmg at the force application points. 
2. Tension stresses some distance away from the loaded edge, directly below and 

perpendicular to the direction of force application, resulting m "splitting" of the con
crete along the lines of force application. 

3. Tension stresses along the edge, between the force application points, evinced 
as cracks perpendicular to the edge. 
The mvestigation was mtended to e}q)lore the existence and severity of these stresses, 
including those near forces at or near slab corners. Information was obtained on the 
critical tension stresses between two loads. A series of long-time load tests were in
cluded to give indications of changes in concrete strams near lasting edge forces as 
result of creep in the concrete. 

Test Specimens and Testing Arrangement 
Al l tests were made on 48- by 36- by 4-in. thick concrete slabs. The loads were 

imposed vertically against the 48-m. long edge through 1-in. steel blocks extending 
across the 4-m. edge and 2 m. along the edge. Pads of plywood were placed between 
the steel and the concrete. Loads were centered on the 4- by 2-in. bearing areas. 

For short-time tests, the slabs were placed on edge m the testing machine, on a 48-
m. long piece of plywood. Loads were applied m 5,000- and 10,000-lb increments to 
failure, with strain readings at each load increment. A test specimen in place in the 
testing machine is shown in Figure 27. 

Long-time tests were made on specimens of the same size with identical load blocks. 
In these tests both 48-in. edges were loaded with directly opposed loads, maintained 
constant by coil springs behind one of the two opposed load blocks. Figure 28 shows 
the testing arrangement for center loads. Concentrated loads of 20,000 lb were applied 
at each load point, on 3 slabs center loads and on 3 slabs symmetrical loads 6 in. from 
each corner. Strains near the load were observed for a period of 50 days. 
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Figure 27. Short-time test specimen in place in testing machine for symmetrical loading 
with loads 6 i n . from each corner. 
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Figure 28. Loading arrangement for long-time tes ts , center load. 
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Concrete for a l l slabs was non-air-entrained mix, designed to conform to Missour i 
highway pavement construction. Maximum size coarse aggregate was limited to /̂̂  in. 
The slabs were cast in flat position and left in the forms for 7 days, curing under wet 
burlap. They were then stored on edge in the laboratory to the time of testing. C y l i n 
der compressive strengths are given m Table 15. This table also gives tension strengths 

T A B L E 15 

C O M P R E S S I V E AND T E N S I O N S T R E N G T H S 

T ime 
(days) 

Cylinder 
Compress . 

Strength 
(psi) 

Modulus 
of 

Rupture 
(psi) 

Cyl inder 
Splitting 

(psi) 

Secant Moduli of 
Elas t i c i ty (x 10^ ps i )^ 
Max. Min. Avg. 

14 3,000 520 290 4. 6 2 .5 3.8 
28 3,300 570 330 5. 6 2. 9 4. 5 
42 3, 500'3 5. 6 3.8 4.9 
84 3, 600*̂  6.0 4. 3 5. 2 

^•o ijO percent of coir.pression s t rength . 
'Est imated, 

for concrete beams 6 by 8 by 36 i n . , tested with the 8-in. dimension vert ica l on 30-in. 
span and third-point loading and cylinder splitting tests, as wel l as the secant moduli 
of elasticity to 50 percent of compression strength. 

A l l s labs were provided with bonded wire res is tance s train gages, applied in pr in 
c ipal directions near the loads and p a r a l l e l to the loaded edges. S R - 4 gages with ^yie-
m. active lengths were used, Type A-1 linear gages p a r a l l e l to the edges 1 in. away, 
and s train rosette gages, Type A R - 1 away from the loaded edge. Figure 29 shows 
orientation and identification of the gages. The relat ively short '%6-in. gages were 
intended to give accurate orientation as to amount and directions of strains near the 
load. Large variations due to coarse aggregate near some gages were to be expected; 
however, the substantial number of s labs and duplicate gages were used so as to pro
duce representative averages. 

Theoret ical Studies 

Theories for two-dimensional plane s t re s s distributions of concentrated loads have 
been compiled and developed by Timoshenko (1.). Stresses in wal l - l ike g irders of dif
ferent depths and support conditions have been studied by Dischinger (2), covered in 
a publication of the Portland Cement Association (3). S imi lar s t re s s problems, with 
reference to s t re s se s m end blocks of pres tressed s tructural members have been 
studied by Guyon (4), and with reference to bridge pier s tresses by Ble ich (5). Ble ich's 
computations have been applied to end block s t re s se s in pres tressed members by Ban, 
Muguruma, and Ogaki (6). 

Stresses on Sections in Line With and Between Loads Against an Edge. — A slab with 
spaced concentrated loads against an edge can be considered as an infinitely deep beam, 
with the concentrated loads as reactions to evenly distributed pres sure q on the slab 
section some distance from the edge. On the section at distance f rom the edge equal to 
the load spacing, the variation in s t re s s is less than 2 percent up or down from the uni
f o r m s t r e s s q. 

Figure 30 shows s t re s s distributions on the center-span section, and on the load 
center line sections at midsupport, here called "midsection, " according to Dischinger 
(2), with dimensions f rom the edge given in decimals of span length L . At center-
span, tension at the edge is found to equal about 1. 0 q, with nearly l inear decrease to 
zero s tress at a distance about 0. 20 L f rom the e(%e for beams of large depth. The 
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gages. 

total force in the tensile stress portion of the center-span section is 0.10 q L, The 
stresses on midsections (3) are given in Table 16. The total force on the tensile stress 
portion of the midsections over the supports is between 0. 21 q L and 0. 24 q L for the 
three support dimensions. 

Stresses at center-span have been developed (3) for single, as well as continuous 
spans (Table 17). Although, for smgle-span deep beams, bottom edge tension stress 
is about the same as in continuous spans (Fig. 30), zero stress is further from the 
edge, with corresponding increase in total tension on the section. 

Stress Studies for End Blocks of Prestressed Structural Members. — Guyon (4) found 
the transverse splitting tension stresses (m end blocks called "bursting stresses") to 
be distributed substantially as shown in Figure 31 for different ratios of bearing length 
c to load spacing a. The mathematical expressions for stresses m deep piers by 
Bleich (5) have been solved by Ban, Muguruma, and Ogaki (6), for stresses on the 
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Figure 30. Stress distribution on sections of deep continuous beams with evenly d i s t r i 
buted loading, at center span and midsections of the supports, for different support 

concentrations, Dischmger solutions. 

T A B L E 16 

M I D S E C T I O N S T R E S S E S 

Support 
Width 

Compress ive 
Edge Stress 
at Support 

Max. Tension 
Stress over 

Support 

Location 
Above 

Support 

L / 5 5q 0. 5q 0. 25L 
L / 1 0 IQq 0. 6q 0 . 1 8 L 
L / 2 0 20q 0. 65q 0 . 1 5 L 

midsections, shown in F igure 31 for different widths of loading c / a . At a depth equal 
to the effective width of load distribution a, the tension s t re s se s on the midsection are 
insignificant according to this F igure . 

Simple Radia l Stress Distribution. — F o r simple rad ia l s t res s distribution (1.) m a 
plate of unit thickness (F ig . 32) at radius r and angle 9 with the perpendicular edge 
force p the pr inc ipal s t r e s s fp i s directed toward the force application point: 
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Figure 31. "Bursting" stresses under concentrated loading. End block stresses in pre-
stressed members studied by Guyonj Bleich solutions computed by Ban, Muguruma, and 

Ogaki. 

2 ^ 
ir 

cos S (3) 

The tangential stress f t is zero. On the midsection through the load there is no normal 
stress and no shear stress. As there are no stresses on the midsection, the resultant 
component forces on any section through the 90° quadrant on each side of the mid
section are a vertical force p/2 and a horizontal force p/ir. The resultant makes an 
angle of 32/2 with the midsection, and is 0. 59 p. 
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Figure 32. Orientation of stresses in simple radial distribution. Circle of equal ra
dial stress, and direction of crit ical shear stresses shown. 

TABLE 17 
CENTER-SPAN STRESSES 

Support 
Width 

Tension 
Edge 

Stress 
Zero 

Stress^ 

1.0 1.2q 0. 35L 
1 iVs 1.05q 0. 36L 
2 2 0.95q 0. 36L 

^x'om edge. 

The normal stresses on horizontal 
planes fx and on vertical planes fy and 
shear stress on the horizontal and verti
cal planes Vxy at a distance g below the 
loaded edge (1) are 

l^cos^e 
IT g 

(4) 

f = . I P sm' e cos* e (5) 
y f g 

V = - | £ sin e cos' e (6) xy irg 

The coordmate stress values fx , fy , and 
Vxy can be used as influence values for a 

distributed load. The vertical and horizontal compressive stresses directly below the 
center of the load p, distributed over a total length 2 b, are given in Table 18, as well as 
the vertical stress in percent of stress for equal point force. For depth over 2 b, there 
IS no great difference between stresses for distributed load and point force. The re
sultant of the horizontal stresses on the midsection is p/ir, and is centered 0. 8 b below 
the edge. 

TABLE 18 
VERTICAL AND HORIZONTAL COMPRESSIVE STRESSES 

Depth Vertical 
Stress 

Horizont. 
Stress 

Vertical Stress/ 
Cone. Force Stress 

(%) 

0 0. 5 p/b 0. 5 p/b --
bb 0. 41 p/b 0.09 p/b 64 
2b 0. 28 p/b 0.02 p/b 86 
3b 0. 20 p/b 0.01 p/b 93 
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Under conditions of simple radial stress distribution, only compression and shear 
stresses exist m the semi-infinite isotropic material. Failure would be the result of 
critical shear stresses, and bearing pressure would not be equal to the compression 
strength f ̂  obtained from unconfmed cylinder test, which is also a shear failure on 
45° planes. It is assumed that initial failure is the result of ultimate shear, extend
ing over a plane surface between the edge on each side of the load and the midsection, 
the so-called "shear wedge. " The resultant force 0. 59 p at 3272° angle with the mid
section is the only force on any sloping plane, at an angle u with the midsection. The 
average shear stress v on a plane, intersectmg the edge at a distance s from the force, 
is 

V = 0. 59 I cos (32y2 + u) sin u s 
The angle u, for which the shear v is a maximum, is found by derivation procedure. 

90 32V 
For maximum average shear, the angle u is — ^ —, or 28 % ° . The average shear 
V on this weakest plane would be 

sin==28y4=0.14 2 . (7) ^max s " " " " ' s 
If the average ultimate shear v is taken as f ' / 2 the ultimate load per inch of thick

ness Putt in terms of f ^ is obtained directly from Eq. 7, f ^ s/2 x 0.14, or 3. 6 f ̂  s. 
Actually, critical shear stresses occur along curved planes, especially so under dis
tributed loads, for which the reasoning that maximum average shear on two plane sur
faces governs failure is a much simplified approximation. Failure loads, so deter
mined, probably would be conservative. The equations used to determine the angle of 
planes for maximum average shear are therefore apphed to distributed as well as con
centrated load. The dimension 2 s would equal the length 2 b over which the load is 
uniformly distributed, probably with some addition for tangential stress effect, and load 
spread through hard and strong coarse concrete aggregate near the bearing, resulting 
m lower shear stress than indicated by Eq. 7 for the longer actual shear planes. Ac
cordingly, for distributed loads over a short length 2 b = the bearing length c, the 
estimate for ultimate load is 

P u t t ^ ^ b ^ ^ ^ c f ; (8) 

Stress Distribution for Corner Load. — Figure 33 shows stresses according to Timo-
shenko (1) for a force in line with the bisector of a wedge of unit thickness with 2 a con
tained angle. For this "axial" force pg, the principal radial stress fsr, at angle 63 
with the bisector is 

Pg cos fig 
^sr = " r (a + V2 sin 2a) 

A "transverse" force pt, according to Figure 33, can be considered the equivalent of a 
"moment" force on the circular sections. The radial stress f t r is 

Pj sin fig 
^ r = r (a - % sin 2a) ^^"^ 

For pavements, it is especially desired to determine stresses for force along one of 
the sides of a 90° corner. Force p per unit of thickness along one edge equals two 
components p / /2" in axial and transverse direction. The combined radial stress f r for 
a =-|- obtained by summation of Eqs. 9 and 10 would be 

f = 2 (2. 47 sin 6 - 0. 55 cos 6 ) (11) 
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Figure 33. Concentrated forces against 90° comer. Stress distribution for central and 
transverse force and for force along one edge at the comer. 

The radial stress distribution for the corner point force is shown in Figure 33. Zero 
radial stress is at an angle of 32y2° below the "tension" edge. The variation m the 
radial stresses is nearly linear along the circular sections. 

Distributed Load at 90° Corner. — Directly under the distributed load, the radial 
stress f r , the tangential stress f t and the radial-tangential shear stress vrt, accord
ing to Timoshenko (I.), are independent of r (<c); both the tangential (or vertical) stress 
at the loaded edge and the radial stress at the side edge equal -P/c. Hie horizontal 
stress at the loaded edge is zero. The maximum diagonal and tangential shear stress 
IS at the 45° bisector, 0. 5 p/c. 

Radial stresses on circular sections at greater distances r from the corner than 
the loaded length c can be appraised from the stresses for corner load, by the follow
ing reasonmg. A resultant load p perpendicular against one side of a 90° corner, and 
a distance t in from the corner, can be considered applied at the bisector at a distance 
t / 2 ~ f r o m the corner, with axial and transverse components each P//2 . The stresses 
of the axial component are represented by Eq. 9. The transverse component load can 
be considered to cause a "moment on the circular sections"; the radial stresses due to 
the transverse component would be proportionate to the stresses for corner load (Eq. 
10) decreased in proportion to the lesser moment arm (r - t f T ) along the bisector. The 
stresses due to the transverse load p//2", would then be given by Eq. 10 multiplied by 
the approximate ratio (r - 1. 5 t) / r . The resultant radial stress on circular cross-
sections, combiningEqs. 9 and 10 for loads p//2 , is 

0 r - 1. 5 t sin 9s cos 6s 
0. 40 1.82 ) (12) 

Radial stresses on circular sections in accordance with Eq. 12 are shown in Figure 
34, which also shows the stresses along the two edges. At near 2 t distance from the 
corner the top edge stress would be zero, and a maximum of 0.17 P/t tension at about 
4 t distance from the corner. The neutral axis for radial stresses is above the 3272° 
line as an asymptote. Eq. 12 can be used for stresses due to a load distributed over 
a length c from the corner, assumed concentr;ated at t = c/2, or Figure 34 can be used 
as an influence diagram for such loads. 

Critical Stresses Near Distributed Corner Loads. — The shear on the 45° corner 
sections directly below the load is 0. 5 p/c. Failure would occur when the shear reached 
f g/2 stress. Critical load py^ per unit of thickness for a "shear wedge" failure at the 
corner would accordingly be 
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^ult c x f (13) 

Top Tension. — The tension along the loaded edge for c = 2 t would be 0. 34 p/c maxi
mum, up to a distance of 2 c from the corner, as derived from Figure 34. If influence 
conditions govern, the maximum stress along the tension edge 0. 34 p/c would be con
stant between c and 2 c from the corner. For crushing load (Eq. 13), the tension along 
the top edge would reach 0. 34 f much above normal ultimate tension strength. Ten
sion cracks would accordmgly occur before crushing loads; however, cracks perpen
dicular to the tension edge could relieve the tension stresses without necessarily de
creasing the load capacity as long as the distributed load could be supported by the 
strip of concrete along the edge in compression. 

Stresses Between Two Corner Loads. — Stresses between two loads near the corners 
of an edge of length L can be computed m accordance with Eq. 13. This is the load 
condition that applied for two loads each 6 in. from the corner on the 48-in. edge of 
the experimental slabs. For two concentrated loads p per inch of thickness L/8 from 
the corners, the top edge would deform in response to both loads, the tension stress 
(Eq. 7) for each 0.17 p/0.125 L would be a maximum at the center between the loads. 
The total edge stress midway between the loads would be 2. 72 p /L , or 1. 36 q, higher 
than indicated m Ref. (3) for smgle spans. Zero stress on the center section in ac
cordance with Eq. 12 would be about 0. 25 L below the top edge. The total tension on 
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T A B L E 19 

F A I L U R E LOADS AND APPROXIMATE C R I T I C A L STRESSES 
A T F A I L U R E O F E D G E LOADED SLABS 

Ultimate Load 
Load 

No. Location 
Means 

of 

Slab 
No. 

Age 
(days) At Each Point 

Avg. 
(lb/ 

Failure (lb) (Ib/in.) 1̂1. / 

Center Shear 1 14 40,000 10, 000 
of wedge 5 14 66,890 16,720 
edge and 9 14 60,000 15,000 13, 900 edge 

splitting 19 42 77,000 19, 250 
27 42 46, 800 11,700 
30 42 65, 000 16, 250 15,700 
10 84 37,000 9,250 
14 84 78, 000 19, 500 
18 84 72, 000 18,000 15, 600 

6 in. Shear 1 84 76, 700 19, 200 
from wedge 6 84 59,000 14,750 
corner and 

splitting 
16 84 54,900 13,720 15, 900 

At Top 3 14 23, 550 5,890 
corner tension 7 14 29, 940 7,480 

and 15 14 26, 650 6, 660 6, 640 
shear 12 42 35, 420 8,870 
wedge 15 42 28, 800 7,200 wedge 

31 42 17,600 4, 400 6, 820 
3 84 28, 000 7,000 
7 84 26, 800 6,700 

12 84 24,000 6, 000 6, 570 

6 in. Tension 11 14 32,970 8,240 
from at 13 14 34, 980 8,740 
corner center 17 14 24, 060 6,020 7,660 

of slab 21 42 26, 500 6, 620 
24 42 29,100 7,280 
25 42 21,500 5,380 6, 430 

Theoretical Stress at Failure 

Avg. Maximum Maximum 
Shear Tension Tension 

on Below Along 
Wedge Load Edge 

1,950" 

2, 200" 

2,180" 

2, 230" 

1,660*^ 

1,700 

1, 640*̂  

190"̂  

210" 

210" 

.< 1,130'' 

< 1,160'' 

< 1,120" 

430^ 

370"= 

^or edge load, based on Eq. 7, s = b = 1.0 in . 
'^or edge load, based on Bleich, 0.6? p/L, (L - I48 i n . ) 
°For comer load, based on Eq. 13, c = 2 i n . , also average shear on k5° plane from inner edge. 
T'or comer load, based on 0.17 p/t, t = 1.0 In . Absence of reactive forces prevents high-tension 

stresses away from load. 
^For two comer loads, based on 2 x 0.1? p / t , t = 6 m . , (r = 21i m . ) 

T A B L E 20 

L O A D S A T F A I L U R E ON 2 - IN . L O N G B E A R I N G 

No. 
Load 
Weight (lb) 

Location 

^ a c h . 
Fai lure between loads. 

F a i l u r e 
( lb / in . ) 

1 60,400 At center 15,100 
9 63, 500 6 in. f r o m corner 15,900 
4 26,800 At corner 6,680 
2 28,200^ 6 In. f r o m corner^ 7,050<^ 
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the center section near the top edge between the two loads, would be 0. 34 p, in sub
stantial agreement with (3), for single spans. 

F a i l u r e Loads 

Only the short-t ime tests were c a r r i e d to fa i lure . Ultimate loads and modes of 
fai lure for a l l the specimens are given in Table 19. No significant increase in ultimate 
loads was noticeable f r o m 14- to 84-day age. Averaging the resul ts for a l l three ages, 
the loads at fai lure on the 2- in. long bearing are given in Table 20. Figure 35 shows 
slabs after fa i lures for single load at center, 6 in. from the corner, and at the corner. 

The views show a "shear wedge" below the load block, with indications of local f a i l 
u r e s a short distance out f r o m the edge of the block as wel l . For a l l single loads the 
shear wedge was accompanied by a vert ica l crack splitting the slab. 

F o r corner load the shear wedge extended to the edge. The vert ica l c r a c k at the 
inner edge of the load block appeared before development of the shear wedge. The f a i l 
ure at the center of the slab between two loads 6 in. f r o m the corners ( F i g . 35) was an 
apparent tension fa i lure in f lexure. 

One /oac/. 

Z900/3S/' 
V 
Cen/sr 

23,/SOff>^ 

Figure 3$. Typical test s lat conditions after f a i l u r e , for single load at center of 
edge, at one corner, and 6 i n . from one comer. Bottom view shows crack near center 

between two symmetrical loads. 

C r i t i c a l Stresses at F a i l u r e 

In Table 19 the c r i t i c a l s t r e s s e s for average fai lure loads at each age have been 
computed in accordance with applicable equations as indicated. 

The maximum average shear s t r e s s for shear wedge fa i lure under single loading, 
including one load 6 in. f r o m the corner , was 2,140 p s i according to E q . 7, compared 
to an average cylinder strength f'c of 3, 400 ps i , or 0. 62 f c. The average ultimate 
load was 12 percent higher than indicated by E q . 8. F o r the corner load the average 
shear s t r e s s , 0. 5 p / c , was 1,670 ps i or 0. 48 f c-
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The theoretically derived maximum tension s t re s s on the midsection below a single 
load, 0. 65 p / L would not have exceeded 210 p s i in the tests (Table 19). This s t re s s i s 
not sufficient to explain the typical splitting crack . Splitting fai lure is believed to have 
been secondary to the shear wedge formation and caused by high horizontal pressure 
incident to confined vert ica l displacement of the shear wedge during fa i lure . 

The maximum corner tension s t r e s s (Table 19), accordmg to E q . 12 i s higher than 
either the modulus of rupture or tension strength of the concrete; however, in these 
tests equalizing moments beyond the normal c r i t i c a l sections were lacking in the 4-ft 
long test s labs under a single corner load. High rad ia l tension s t re s se s , therefore, 
could occur only extremely near the corner load. 

The computed tension s t re s se s , E q . (12) at the midsection between two loads each 
6 in. f rom the corner, average 400 ps i (Table 19) agrees we l l with the tension strength 
indicated by the beam and cylinder splitting tests. The cracking between the two loads 
gave ample evidence of high tension s t r e s s along the edge, provided that rad ia l s t res s 
distribution could take place from loads near corners . 

C r i t i c a l Strains 

Strams were examined for possible information on the modes of fa i lure . F igure 36 
shows average rosette s tra ins 3, 6, and 9 in. below the load center, and 3 in. away on 

-S n i-S, 

^3 9/4/9 

I I J I 

I I I I 

I I I I 

\\\\£0 

•S/ra/n, /O 

° /^o/lsso/?^ ra/jo 0.20 
X /<o/7tp-///7re fes/, a/ fi^me 

Figure 36. Average rosette strains and range of observed strains for increasing load; 
for 3, 6, and ^ m . under load; and at U5° angle 3 i n . from load at center of edge. 
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the 45° plane. The graphs in the figure show disproportionate increase in tangential 
strains 3 in. away from the load above 30 kip, but not 6 and 9 m. below the edge. Maxi
mum strams to failure m tension mdicated by flexural tests do not exceed 150 to 200 p. 
in . / in . Higher horizontal strains, Poisson's ratio of 0. 2 deducted, were observed at 
3 in. depth for 50 kip and higher load. According to the stramgraphs, net tension 
strains 6 and 9 in. below the load for 60 kip load were 50 to 60 ^ in . / in . Tension 
strains, and stresses, at 6 and 9 m. depth accordingly, would have to increase ab
normally near ultimate load to explain splitting of the test slabs. 

The location of the strain gages, and graphs of the strams in relation to load are 
shown in Figure 37. The tension strains along the top edge 7 and 10 in. from the 
corner, prorated from strains 1 in. below, were in the critical range at failure. 

/.oo^ on -^//r ^e/ae, A/pa - C^fid 
f ^? ^ ^ ^ ^ yo X 

\ 

Figure 37. Observed strains i n relation to load for l inear and rosette strain gages 
near comer loadj rad ia l computed stresses at gage point locations for distributed load 

indicated. 

Figure 38 shows directions and values of the principal stresses computed from all 
rosette strams, and the stress corresponding to linear strains 1 in. below the top 
edge, near a 20,000-lb edge load. For determination of principal stresses from ob
served rosette strains, Poisson's ratio of 0. 20 was assumed. The theoretical com
pressive stresses, assuming simple radial distribution, are shown within parentheses. 
The magnitude of principal compression with increasmg depth, as well as principal 
stress direction, shows good agreement with stresses based on simple radial distribu
tion. Tangential tension stresses are indicated consistently below the load, maximum 
at 6-in. depth. These limited exploratory tests indicate closer agreement with the 
higher Bleich and Dischinger stress values than with the lower values suggested by 
Guyon. 

Figure 38 also shows directions and values of the principal stresses computed from 
the rosette strains, and from the Imear strains 1 m. from the top and side edges for 
a 16,000-lb corner load. Based on 4,000,000-psi modulus, the principal stresses and 
linear-strain stresses are not in close agreement near the load. Some deformation of 
the test slab toward the loaded corner probably could occur, and there was undoubtedly 
some friction at the load point to direct the load inwardly and, at the same time, de
crease the tension stresses along the top edge, below values in a large slab. 
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Figure 38. Principal observed stresses near an edge load and a corner load. Theoretical radial stresses shovm in parentheses; 
loads on l<-in. thickness were 20,000 lb for edge load, and 16,000 lb for comer load; assumed modulus of elasticity U, 700,000 psi 

for edge load, li,000,000 psi for corner load; Poisson's ratio for edge load, 0.20. 
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Figure 39. Direction and magnitude of experimental principal stresses for two loads 
applied 6 in. from each comer, each load 20 kips. Stresses computed from strains, for 

i>,500,000 psi, modulus of elasticity, and 0.20 Poisson's ratio. 

Figure 39 shows principal stresses computed from rosette and linear gages for two 
20,000-lb loads, each 6 m. from the corner of the 48-in. top edge. The high tension 
stress near the top edge on the slab center section is apparent, m excess of 300 psi at 
the top edge prorated. For the symmetrical loads, Eq. 12 would indicate that stresses 
were at the top edge 290 psi; 1 in. below the edge, 270 psi; and 2 in. below the edge, 
240 psi, as compared to 280 and 220 psi observed 1 and 2 in. down, respectively. Fur
ther e:q>erimental investigation of the critical stress conditions between loads is needed. 

Long-Time Tests 
The long-time tests mcluded strain observations for 20,000-lb concentrated loads 

opposite each other across the 36-in. slab dimension. Strain gages and rosettes were 
applied to one side of the slabs only. Figure 40 shows the changes in strains near the 
load points to 50-day ages, including center loads as well as symmetrical loads. For 
rosette gages, the radial r, the tangential t, and the diagonal strains d have al l been 
shown in the same graphs. Under the loads 6 in. from the corners, tangential elonga
tion increased sharply durmg the f i r s t week or two, visible 3 in. below the loads, and 
more particularly at strain rosettes 45° on each side. Such tension strains could pre
cipitate radial cracking and decrease the resistance to local failure near concentrated 
loads. 

Design ^phcations 
These tests have given exploratory indications of critical tension stresses which must 

be considered near and between force concentrations imposed by end anchorages of pre-
stressmg cables at the edges of pavement slabs. 

The ultimate capacity in bearing pult/in- thickness along the edge away from a corner 
for concrete cylinder strength f c could be estimated m accordance with Eq. 8. For the 
2-in. bearing used in the tests, local shear wedge failure evidently preceded splitting. 
Bearing capacity could be mcreased in direct proportion to bearing length; tension 
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Figure UO. Variation m observed strains near 20-kip loads, for 50 days duration of loading. Loads at center of edge and 6 xn. 
from each comer. 
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splitting stresses, on the other hand, increase in nearly linear proportion to bearing 
force, and would decrease only slightly with increase in bearing length. 

Maximum tension stress on the sections in line with prestressing cables spaced 
distances a apart, according to this investigation should be anticipated to at least 
equal the values found by Bleich and Dischinger: 0. 65 p/a for 0.05 a bearing length 
c, and 0. 60 p/a for 0.10 a bearing length c. For ultimate bearing loads (Eq. 8), the 
corresponding tension stresses would be 0. 065 f c , and 0.12 f c , for 0.05 a and 0.10 a 
bearing, respectively. For larger bearing dimensions, spUttmg stress might be more 
critical than bearing stress. Tests with larger specimens and bearing dimensions 
would be necessary to determine whether splitting tensions could become critical with
out prior shear wedge formation. 

The tests have shown that loads applied immediately adjacent to a corner are limited 
by compression failure at bearing stress equal to the concrete cylinder strength f c , 
also that a 2-in. bearing centered 6 in. f rom a corner has the higher bearing capacity 
governed by edge loading. 

The critical edge tension stresses between two concentrated forces was demonstrated 
experimentally. The maximum tension at the edge would be at least numerically equal 
to the distributed prestress. The stress between several spaced forces was not investi
gated experimentally. The total tension to be provided for would approximate 0.10 p. 
Reinforcement should be centered 0.07 a from the edge. Considering combinations of 
relatively high edge stresses at and between achorages with f lexural wheel load stresses 
near an edge, transverse prestressing near and parallel to the pavement edge would 
seem necessary if spaced prestressing cables bear agamst the edge. 

For bearings near a corner, critical tension e^e stresses for some distance in
ward from the bearing must be anticipated. The edge tension is about three times 
that indicated between spaced edge anchors. For a single concentrated load at the 
corner, the resultant tension force is 0. 4 p (Fig. 33). Reinforcement must be an
chored at the corner to be fully effective a short distance away. The edge tension de
creases in reversed ratio to mcrease in distance from the corner to the bearing; pre
stressing cables near edges might be placed sufficiently far away to keep ec^e tension 
stresses within safe limits. 

Summary 
Considering the exploratory nature of the investigation, the indications obtained from 

the tests were unusually wide. Stresses near edge loads were in good agreement with 
predictions based on simple radial distribution. Observed maximum tension strains 
were in substantial agreement with stresses computed in deep beams on sections of 
spaced force concentrations; but tension stresses increased disproportionately, above 
computed values, at shear wedge failure. Tension failure occurred between sym
metrical loads long before critical bearing stresses were reached. Cracks at failure 
under corner loading were similar to so-called restraint cracks frequently observed at 
transverse contraction and expansion joints of conventional concrete pavements. 
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