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LIST OF SYMBOLS
point load, in pounds
maximum tensile stress in pounds per square inch at -
the bottom of the slab directly under the load, when
the load is applied at a point in the ‘interior of
the slab at a considerable distance from the edges
maximum tensile stress in pounds per square inch at
the bottom of the slab directly under the load at the
edge, and in a direction parallel to the edge
maximum tensile stress in pounds per square inch at the
top of the slab, in a direction parallel to the bi-
sector of the corner angle, due to a load applied at
the corner
thickness of the concrete slab, in inches

Polsson'’s ratio for concrete

modulus of elasticity of the concrete, in pounds per
square inch

subgrade modulus, in pounds per cubic inch
radius of area of load contact, inches. The area
i8 circular in case of corner and interior loads and

semicircular for edge loads

radius of equivalent distribution of pressure at the
bottom of the slab

estimated edge strain at the surface of the concrete
slab

nominal axle load of the test vehicle (2 single axle
or a tandem axle set)

nominal thickness of the concrete slabs
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the temperature (deg. F) at a point 1/4 inch below

~the top surface of the 6.5 inch slab minus the tempera-

ture at a point 1/2 inch above the bottom surface,
determined at the time the strain was measured (the
statistic, T, may be referred to occasionally as
"the standard differential™) )

predicted stress under single axle load
predicted stress under tandem axle load

the critical load stress in psi as determined under a
vibratory load on the no-traffic loop (edge load)

maximum load stress in psi as determined in Loop 1
for corner load, psi

the distance in inches from the corner of the slab to

the center of the area of load application. It is

taken as a 2 where "a"™ is the radius of a circle equal
in area to the loaded area

radius of relative stiffness
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COMPARISON OF CONCRETE PAVEMENT LOAD-STRESSES AT AASHO
ROAD TEST WITH PREVIOUS WORK
by

W. R. Hudson

SYNOPSTIS

Existing rigid pavement design equations spring primarily
from the theories developed by Mr. H. M. Westergaard in
1925. Some of these design equations are based on empirical
modifications of the original theory, others are merely
simplifications. Several of the empirical modifications
have been developed from strain measurements taken under
static loads. Recent developments in electronic equip-
ment allow more accurate dynamic strain measurement than
was formerly possible. Such equipment was used to make
approximately 100,000 individual strain gage readings under
dynamic loads in conjunction with the AASHO Road Test
(1958 to 1960).

The purpose of this paper is to discuss these strain
measurements and to compare them with the static strain
measurements used to develop existing empirical design
equations. The stresses calculated from these strains
will be compared with the original Westergaard theories.
Such comparisons could provide the basis for modifying
empirical design equations to include a dynamic load effect.
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SUMMARY OF FINDINGS

Corner Load Stress Comparisons

1. The stresses predicted by the Westergaard eqﬁation,
the Corner Load equation, or the Pickett equation are con-
siderably higher than those which were observed at the AASHO
Road Test. This is probably due tos

a. The effect of dynamic loads is not as great as a
sustained static load of the same magnitude.

b. The Road Test slabs were doweled to adjacent slabs
and were therefore not free to deflect as much as
theoretiéal equations predict.

2. The stresses observed for the Maryland Road Test
9—7—9 inch slabs approximated those of 7 - 8 inch slabs at
the AASHO Road Test in a curled up and curled down condition.

3. The directions of principal stresses are not symetrical
about the corner bisector for dual tire loadings. The pattern
is further altered if the slab joints are not free from
restraint by other slabs.

4, The effect of slab warping or curiing was observed.

to be much the same for the Maryland and AASHO Road Tests.
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5. The load versus.stress relationships at the Mary-
land and AASHO Road Tests were approximately equal and lingar.
There is some indication that slabs curled upward show
non-~linear variation of stress with load as the.bottom sup-
port increases with increased load.

6. In future studies of pavement stresses a special
effort should be made to obtain complete information con-
cerning the physical factors affecting these stresses,
including modulus of elasticity, modulus of subgrade sup-

port and concrete strength.

dge ILoa tress Comparisons

1. For equal load placement, vehicle speed, tempera-—
ture differential within the slab, and physical constants,
slab stresses vary in direct linear proportion to the load.

2., The load effects in the Bureau of Public Roads tests
and the AASHO tests were equivalent within the limits of
experimental error.

3. Edge stresses observed for the 9-7-9 iﬁch slabs on
the Maryland test were equivalent to the stresses in a
9 inch AASHO slab for single axles ahd an 8 inch AASHO
slab for the tandem axle loads.

4, The variation of stress with slab thickness was

regular for both the B.P.R. and the AASHO tests. The B.P.R.
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data for the flat or curled down condition is closely
approximated by the original Westergaard equation (equation 8).
The Road Test results however show a smaller effect of

thickness,

5. The general effect of pavement curling was observed
to be the same in all tests. However, the effect of curl on
stresses reported for the Maryland test was greater than

any observed at the AASHO Road Test.

-Summar

We feel that.the AASHO Road Test and this comparison
report indicate the feasibility of the continued study of
pavement stresses under dynamic load conditierns by using
vibrétory loads. Furthermore, it appears that such studies
are justified and necessary if rigid pavement design equations
are to be developed which incorporate load repetitions and the

serviceability~performance concept.
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~INTRODUCTION

The primary results of the AASHO Road Test were

performance equations relating pavement design, axle load,

(1)*

number of load applications, and pavement serviceability
These equations were. developed with a great many other design
variables held constant., Two methods will be helpful in
analyzing these remaining varilables to complete the general
design equation: (1) additional road tests and (2) develop-~
ment of a mechanistic model or equation relating the multitude
of design variables. Judging from previous experience in
structural research both approaches will ultimately be com-
bined to provide the final solution of the problem.

This report 1s based upon the idea that load-stresses
offer an approach to a mechanistic model and that such a model
will be helpful in extending the results of the AASHO Road
Test equations.

It should be pointed out at this point that no stresses
have been measured in this or any other study. Strains are

measured and the corresponding stresses are calculated by use

*Superscripts in parenthesis refer to numbered Bibliography.
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~

of elastic theory. Such stresses will be called "observed
stresses™ in this report. Theoretical stresses or those
computed from empirical equations will be referred to as

-

®calculated stresses”.

EARLY HISTORY OF MATHEMATICAL AND THEORETICAL ANALYSES

In the early 1920's, A. T. Goldbeck and Clifford Older
independently developed formulas for approximating the
stresses in concrete pavement slabs under certain assumed
conditions. The best known of these formul#s is generally

called the "corner formula® and 1s expressed as follows:

where:

9
i

c = maximum tensile stress in pounds per square inch in
a diagonal direction in the surface of the slab near
a rectangular corner.

P = static load in pounds applied at a point at the
corner.
h = depth of the concrete slab in inches.

This formula was derived using the assumptions of point load
applied at the extreme corner and no support from the subgrade.
The fiber stresses in the surface of the slab are assumed to

be uniform on any section at right angles to the corner bisector.
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Strain measurements taken on the Bates Road Test in
1922~23 appear to confirm the.corner formula. Obviously the
éssumptions of point load and load applied at the extreme
corner were not>correct for the Bates test sectiomns. It’is
interesting to note that in spite of this there was reasonably
good comparison. This good agreement could be partly due to the
high impact transmitted to the slabs with the solid rubber
tires uséd in the Bates test or to the fact that subgrade
support may have been very low as assumed by this formula.

In 1926 Dr. H. M. Westergaard completed a logical and
scientific mathematical analysis of the stresses in concrete
highway pavements. This analysis is concerned with the determ-
ination of maximum stresses in slabs of uniform thickness
resulting from three separate conditions of 1oading as followss
{l) Load applied near the corner of a large rectangular slab

(corner load).

(2) Lﬁad applied near the edge of a slab but at a considerable
| distance from any corner (edge load). y
(3) Load‘applied at the interior of a large‘slab at a con~-
siderable distance from any edge (interior load).

In his solution of this problem Dr. Westergaard made the
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following important assumptions:

(1)

(2)

(3)

(4)
(5)

()

The concrete slab acts as a homogeneous isotropiq
elastic solid in equilibrium.

The reactions of the subgradelare vertical only and.they
are proportional to the deflections of the slab.

The reactions of the subgrade per unit of area at any
given point 1is equal to a constant "k" multiplied by the
deflection at the point. The constant "k" is termed

"the modulus of subgrade reaction" or "subgrade modulus"”.
"k" is assumed to be constant at each point, independent
of the deflection, and to be the same at all points with-
in the area of consideration.

The thickness of the slab is assumed to be uniform.

The load at the interior and at the corner of the slab

is distributed uniformly over a circular area of contact.
For the corner loading the circumference of this circular
area 1s tangent to the edge of the slab.

The load at the edge of the slab is distributed'uniformly
over a sémicircular‘area of‘contact;‘thé;diémeﬁer of the
semicircle being at the edge of the slab.

For the three cases listed above and the appropriate
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assumptions as listed, the following expressions for stress

were developed by Dr. Westergaard:

Symbols

b

9

m

=

] l log @ o @ . 2

0.529 (1+o.5’44,) = l:loglo En> _ 0.7 . . (3)
h kb4
‘ 2 6.15 0.6
12 (1-4) k , .
%[1- ( — ) (aV2) |, .(a)
h Eh~

ay be defined as followss

il

point load, in pounds

maximum tensile stress in pounds per square
inch at the bottom of the slab directly under
the load, when the load is applied at a point
in the interior of the slab at a considerable
distance from the edges

maximum tensile stress in pounds per square

. inch at the bottom of the slab directly under

the load at the edge, and in a direction parallel
to the edge

maximum tensile stress in pounds per square
inch at the top of the slab, in a direction
parallel to the bisector of the- corner: angle,
due to a load applled at the corner

thickness of the concrete slab, in inches.

Polsson’s ratio for concrete
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modulus of elasticity of the concrete, in pounds

R =
per square inch
k = subgrade modulus, in pounds per cubic inch

a = radius of area of load contact, inéhes. The
area 1s circular in case of corner and interior loads
and semicircular for edge loads

b = radius of equivalent distribution of pressure at
the bottom of the slab

o
|

Vi.6 a2 + h2 - 0.675 h

As a part of his analyses and in order to further simplify
the discussions, Westergaard introduced a factor called the
radius of relative stiffness "£" which is defined by the equa-

tion: »
Eh3
/Z = -3 <« > > L - @ > @ B < [ -] 0(5)
12 (1 -42) %

Equation (4) can be expressed in terms of “/f" as follows:s
Corner Loadlng

0.6
% = (:A 2‘;> R ()

1f & is set at 0.15, Equations (2) and (3) respectively may

‘be expressed in the form:

Interior Loading

. ,Z ,
7y = 0.31625 —E— 14 logy, <}B" +1.0693 o + o o o «(7)
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Edge Loading

- P V4 ‘ ‘
o'e = 0.57185 nZ 4 loglo (;E) + 0.3593) . . . .(8)

Modifications to the original 1926 equations were made
by Westergaard in 1933, 1939 and 1947. The 1933 modifi-
cations were concerned primarily with interior loads
which will not be discussed in this paper.

In the 1930°'s, F. T. Sheets introduced an equation
containing a constant "c¢" which was equated to the value

of "k" as employed by Westergaard. The Sheets equation

can be written as follows:

o = 2.4 P (c) | . (9)
c 2
h

This equation is reported to give stresses which are in
good agreement with those obtained at the Bates Road |
Test. Howe&er, this equation is no longer in general
use and does not contain all the variables of interest
to the designer.

The principal weakness of these early stress
equations was the rather broad assumptions necessary to

facilitate analysis. Furthermore, with techniques
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available at that time it was difficult to make the strain
measurements necessary to verify these stresses. As a
result very few stress comparisons were actuall§ performed.
Subsequent stress equations are all based on some modifica-

© tion of the original Westergaard equation. The major work
which resulted in these modifications will be more completely
discussed later in this paper. These include the Kelly
equation developed as.a result of the B.P.R. Arlington Test,
the Spangler equation developed as the result of the Iowa
State College tests and the Pickett equations developed as
the result of additional mathematical analysis. Finally,
the Maryland Road Test strain measurements will be discussed
with the AASHO Road Test measurements in an effort to

summarize all recent works in this field.

EFFECT OF PHYSTICAL CONSTANTS
The values for physical constants assumed in calculation
of theoretical stresses and in'computation of observed
'lstresses from measured strains can greatly influence the
apparent correlations. For example, a variation of "E" from
4 to 5 million psi results in an increase of 25 per cent in the

stresses computed from observed strain values. Such
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variations in "E" can exist and must be closely examined.
The modulus of elasticity of the concrete can vary with
age, molsture content, temperature and otherx faétorsw At
best, any valwe used in computations must be an average
 value.

Aside from these variations im the "true” modulus of
elasticity, the indicatéd modulus: of elasticity as obtained
from static load tests or dynamic {sonic) measurements vary
greatly, with the dynamic value  usually being 20 to 30 per

cent larger than the so-called static value.

Poisson's Ratio (xy ) = This factor is extremely hard to
/
measure; however, it has only a minor influence on theoreti-
cal stresses or calculated observed stresses.

Modulus of Subgrade Reactions (k) ~ This factor has

no influence on calculated observed stress, but it can have
significant influence on theoretical stress. "k", being a
property of a granular material or soil, inherently
possesses all variations associated with‘such heterogeneous
materials,‘ To ﬁention’a fe@# “k“ §ari;$‘ﬁi£h(£hé‘density
and moisture content of the material. It varies with the

temperature due to the curling characteristics of the slab.
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"K" varies with the size of loaded area (plate size) used in
the determination and probably varies with the inténsity of
load due to the greater deflection imposed by higher loads.
It will be recalled that "k", the modulus of subgrade
reaction, 1s a stiffress coefficient which expresses the
resistance of the soll structure to deformation under load
in pounds per square inch of pressure per inch of deformation.
Furthermore, the ability of a subgrade to maintain its "k*
over the life of the pavement is extremely iﬁportant. There
are indications that most pavements have sufficient support=-
ing power at the beginning of their life. However, as load
applications are applied to the pavement, the character of
the subgrade support changes until the pavement in many cases
becomes relatively unsupported, particularly in the corner
area. Common causes of this loss of support are pumping,
settlement, and perménent deformation of the subgrade or
subbase material. In addition to these variations inherent
in the "true k value® thefé are variations‘dependent upon
the’meﬁhod of meééuréﬁeﬁt used fo determiﬁé "ev. A multi-~
tude of methods exist. The three basic methods are: (1) cal-

culation of "k" from the deflection of a rigid steel plate
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usually 30 inches in diameter (values of "k"“ have been
found to vary with diameter), (2) calculations of "k" from
measurements of load~-deflection characteristics of existing

(13) and (3) assignment of "k" value based upon other

s8labs
- soll strength tests such as CBR, triaxial compression tests,

etc.

ROAD TEST LOAD~STRESS EXPERIMENT

In conjunction with the AASHO Road Test (1958-1960) two
major pavement strain measufing experiments were conducted:
(1) edge strains on normal test pavements were measured
undef moving loads, and (2) a special factorial experiment
was provided on a spacial no-traffic loop for measurement of
strains under a vibrating load.

All concrete strains were méasured with etched foil
Sﬁ—4 strain gages. The effective gage length was six inches
‘and the nominal gage resistance was 750 ohms. The sensitivity
of the gages was Y one microinch of strain. Thé gages were
‘ cemented‘to the upper surface of the pavement slab and were
protected from weather and traffic. Details of the measure-

ment system are reported in the AASHO Road Test Report No. 5,

Part 2 (HRB Special Report 61E).
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Stress—Strain Relationship —~ In order to use these strain

measurements to the best advantage, the gage réadings-were
converted to principal strains, major and minor. These
Principal strains were converted to stresses by elastic:
theory. Appendix A gives the development and formulas. In
these conversions, Young's modulus (E) was taken eq&al to
6.25 x 10° psi, the dynamic modulus measured for concrete
pavement at the Road Test. The static modulus for the
"Road Test pavement was 5.25 x 106 psi. Poisson's ratio (6/)
was taken as 0.28, the average measured for the Road Test

pavements (see Appendix B).
MAIN LOOP STRESSES

Measurement of Strains

During the course of the project, 13 "rounds" of main
loop strain data were gathered. A "round" consisted of one
set of measurements on the selected factorial experiment
(Figure 1). The test vehicles normally assigned to a given
lane were used as the test load for that lane and are liéted
in Pigure 1. Each round of strain data 1s representative of:

(1) the early morhing pavemen t condition, pavement corners
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and edges curled up, (2) the period from 10 AM to 4 PM
(pavements curled down), or (3) the period from 6 AM to 12 PM
(pavements relatively flat). By varying this time of measure~
ment, normal load-stress variations due to temperature
differential within the slab could be studied. 1In addition
several studles of égvement strain were made continuously
around the clock in order to provide more definiti?e informa-
tion about stréin variation with temperature differential.

- No data from cracked slabs were used as a part of this
experiment. Inspections were made to insure the uncracked
condition of the slab being tested throughout the life of the
project. When a crack occurred in the slab selected for
measurement a new slab was chosen and the gages relaid. When
all slabs in a section cracked or a section was removed from
the test, no further measurements were made on that section.
Two gages were installed in each pavement section, one on
each side of the joilnt as shown in Figure 2. Gages on
fifteen foot panels (non-reinforced section) were placed at
the center of the panels, 7.5 feet from each joint. Gages

on the 40-foot panels (lightly reinforced sections) were

placed ten feet from the joint. Output from the strain gages
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was recorded continuously on paper tape as the test vehicles
passed by. The strain value representative of one section
for one round consisted of an average of si; values, a mini—
mum of three measurements on each of two strain gages. ’These
measurements were made when the centroid of the loaded area
(load wheels) was located opposite the gage and 20 inches
(minus three inches to plus two inches*) from the pavement
edge. This placement resulted in the outer edge of the

dual wheels being located at approximately 6 to 9 inches

from the pavement edge.

Analysis of Data -~ Main Loops

In early studies it became apparent that several variables
should be isolated in order to simplify the study of strain
data. Two of these variables were load and temperature.

Load Effects - Several load—strain studies conducted

early in the Road Test indicated that for a given pavement

at a given time strain varies linearly with load. This was

*This biased tolerance was selected as the result of
special studies of the distribution of the placement of
vehicles whose operators were attempting to drive at a
specified distance of 20 inches from the pavement edge.,
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substantiated many times. As a result of these studies the

general mathematical model adopted for strains wass

Strain = f (design and other variables) o o ; e « (10)
Axle Load _

Temperature Effects - Strain measurements are affected

by temperature. This was amply demonstrated early in the
test. In order to isolate this variable several 24-hour
studies were made during the spring and fall séasons in order
to take advantage of daily variation in ambient temperature.
Numerous investigations of the data (strains, air tempera-
tures and internal slab temperatﬁre) indicated that a con-
éistant variable for study was the temperature differential,
top to bottom of a 6.5 inch thick PCC slab. These analyses
led to the following model for best fit.

Strain

_Strain lof(slab temp). . (1)
Axle Load

= f (design & random variables) x

General Strain Equation

Dynamic edge strain data from Rounds 4, 5, 8, and 9
gathered between April and August 1959, were selected for use
in determining the most representative empirical relation-

ship between edge strain, design, load and temperature.
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These rounds cover spring, summer and fall seasons when a

large majority of the sections were still in good condition.
Plots of the data and preliminary anaLyses.along with

load and temperature studies Qere helpful in selection of

a model. The final analysis indicated that the design

variables, reinforcing and subbase thickness, were not signi-

ficant. The following equations resulted:
Single Axle Loads:
€ - 20.54

Ly loO..OO31T D21.278

Tandem Axle Loads:

€
= 3.814 C e e e e e .. (13)

Ly 0.0035T 0.8523

10 D

2
where:
¢ = estimated edge strain at the surface of the
concrete slab

L1 = nominal axle load of the test vehicle (a

single axle or a tandem axle set)

Dy = nominal thickness of the concrete slabs

=
]

the temperature (deg. F) at a point 1/4 inch be-
low the top surface of the 6.5 inch slab minus
the temperature at a point 1/2 .inch above the
bottom surface, determined at the time the
strain was measured (the statistic, T, may be
referred to occasionally as "the standard
differential™).



Hudson 23.

Reéiduals from the analyses that are 1es§ than the average
root mean square residual determined in the two analyses
correspond to observations that range from 83 t6'120 pef
cent of the predicted values.

Using the theory of elasticity given in Appendix A
these strain eguations (Equations 12 and 13) were converted

to the following stress equations:

Single Axle Loads:

139.214

o :
es ~ e e 6 o s o o o s = of(14)
100,0031’1' D21.278

Tandem Axle ILoads:

25.86Ly

o =
et 0.00335T _ 0.8523 R Rt

10 D

2
where:
Uog = predicted stress under single axle load.
@%t = predicted stress under tandem axle load.
Ly, T, and D, are as described on previous page.

SPECIAL WNO-TRAFFIC LOOP STRESSES
Between‘October 9, 1959, and November 2, 1960, a
series of eight experiments, designed to furnish information

regarding the distribution of load stress in the surface of
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FIGURE 3-NUMBERED POINTS SHOW THE SEVERAL LOAD
POSITIONS USED IN SPECIAL STRAIN STUDIES

FIGURE 4-TRUCK~-MOUNTED VIBRATING LOADER READY TO
APPLY LOAD TO THE PAVEMENT



Hudson 25,

concrete slabs, was conducted on the sections comprising the

experiment on the no-traffic loop (shown in Table 1).

A rapidly oscillating load was applied to the pavement
through two wooden pads on 6 foot centers,‘each approximating
the loaded area of a typical dual tire assembly loaded ﬁo
22,4"k (Figure 3). This dynamic loading was intended to
simulate that of a typical single axle vehicle used in the
main loop experiments.

Dvnanic Load

The vibrating locader was mounted on a truck (Figurg 4) .
The essential parts were two adjustable welghts rotating in
opposite directions in a vertical plane in such a manner that
all dynamic force components except those in a vertical direc~-
tion were balanced by equal and oppostie compcnents. The
dgad welght necessary to prevent the upward components from
1ifting the truck from the pavement was provided in the form
of concrete blocks resting on a platform located directly
above the rotating weights. The load was transmitted through
inverted A-frames which could be folded upward against the
side of the vehicle when not in use. Contact with the pave-
ment being loaded was solely through the wooden pads mentioned

previously.
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During each of the eight experiments (rounds), the
simulated single axle load was applied at three or more of
the positions Indicated in Figure 3. Data from.Rﬁund'73

taken in September 1960 during the early morning hours when

" panel corners were curled upward and the stralns were among

the highest observed, were selected for complete analysis and
are presented in the Road Test report and used herein.

Other data are available in Road Test file, DS 5205,

Field Procedures

Strains were measured by means of 33 electrical resis~-
tance strain gages cemented to the upper surface of the
pavement slab. The gages were layed out over the corner six
foot square area of the slab in each section (Figure 5).

The use of delta rosettes at the nine interior points
permitted the computation of the magnitude and direction of
the principal strains at those points. Only single gages were
used along the edge and transverse joint, it being assumed
that the strain perpendicular to the edge or joint could
be calculated by use of Polsson'’s ratio for the concrete. No
gages were required at the intersection of joint and edge as

the strain there was assumed to be zero. Figure 6 defines the
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TABLE 1

EXPERIMENT DESIGN FOR SPECIAL STUDIES OF
LOAD STRESSES IN THE SURFACE OF CONCRETE SLABS

Number of Sectilons
Slab Thickness, Inches.
5.0 9.5 '12.5
12,000 22,000 30,000
N R N R N R
Subbase Thickness, Inches
0 2 1 1 2 2 1
6 2 1 1 2 2 1
TABLE 2

MAXTMUM TENSILE AND COMPRESSIVE STRESSES FOR
ONE~KIP SINGLE AXLE LOAD

(Data from Design 1, Loop 1, Lane 2)

Slab Thickness, Inches

Load
Pogiltion 5.0 9.5 12.5
Maximum Tensile Stress,
lbs per sqg in.
L 12.47 4.21 2.62
2 9.39 3.27 2.05
3 8.58 2.85 1.38
4 6.94 2.60 1.52
Maximum Compressive Stress,
1bs per sqg in.
1 - 3.78 -1.61 -1.12
2 -17.97 -7.41 -4,71
3 -18.82% =7 .82 -4.89
4 =17 .57 -8.L0% -5.57%

*Maximum for indicated slab thickness.
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points at which gages were assumed to act.

Lo&d cells for measuring the vibratory loads were
developed at the project and were calibrated oﬁ,the pro-
ject's electronic scales. A continuous record of loading
was made while the strain gage output was being recorded.

In normal operation the load was varied sinusocidally
with time, at a frequency of 6 cycles per second, from a,
minimum valﬁé of about 500 pounds on each contact area to
a maximum value‘which depended upon the thickness of the
pavement being tested (Table l). The measured strain also
varied sinusoidaily with time, very nearly in phase with
the load, and of course, at the same frequency. From ex-
amination of simultaneous traces of the load wave and
strain wave it was possible to determine the amplitudé,of
each as well as the nature - tension or compression ~ of
the strain.

Data Collection - Data were taken on the test sections

in random order within the experiment. All load positions
selected for a particular round were completed on a section
before measurementg were made on the next section. With

the load in one of the selected positions, the recording
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‘equiément was switched to each of the 33 pavement gages in
succession. The output of each pavament gage was recorded
on paper tape, along with the record from the léad gages.
The overall time required to complete the measurements

- associated with one load position on oﬁe section, including
the time required to set up the vibrating loader, was about
30 minutes, of which about five minutes were Bpent in re-
cording the strains.

Data Processing - The first requirement for each experi-

ment was to derive by statistical techniques a pair of
emplrical equations for each load position, of the following'

general forms:

.Major principal strain = a function of pavement design,
load and the co—ordinatés of the gage point. (16)
Minor principal strain = a function of pavement design,
load and the co-ordinates of the gage point. - {17)
{The co-ordinate system used was that shown in

Figure 6.)

The second reguirement was to compute from these equa~

tions (Equations 16 and 17) and the approprilate plane stress
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equations linking stress and strain'f the estimated value
_of major and minor principal stresses at closely spaced
points in the pavement surface within the 36 sqﬁare foot
area of observation.

An examination of the data indicated that variations
in the strain observed on sectlons at the same level of
slab thickness but at different levels of reinforcing and/ox
subbase thickness were small and apparently random in nature.
Therefore; within each round and for the.same load position,
the readings of gages with the same co~ordinates, x and y,
installed on paneis of the same slab thickness (irrespective
of subbase thickness and reinforcing) were averaged to obtain
a'set of data representing the round = load position - slab
thickness cbmbination°

Thug, for one load position within an experiment, ﬁhe
processing described above resulted in three sets of data
corresponding to the three levels of slab thickness - 5.0,
9.5, and 12.5 inches - with each set consisting of 33
averaged strain gage readings. As the third step in pro-~
cessing, zach such set was converted from strain gage

readings to magnitude and direction of major and minor
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principal strains at the 15 gage points on a panel employing
standard techniques based on elastic theory (see Appendix A).
As the fourth and final step prior to analysis each
principal strain was divided by the correspénding load in
. accordance with experimental evidence as described herein
that strain is directly proportional to locad. Thue, as a re-
sult of the four-step processing of the data, the only re-
maining independent varlables tc be considered in the analysis
of strain were the co~ordinates, X and y, of a gage point and
the thickness, Dy, of the slab.

Typical Stress Distribution Results

Analysis of Strains -~ The three sets of data corresponding
to each round-load polstion combination were analyzed using
statistical procedures. The straln data were represented by
a linear model whose 48 terms (3 slab thicknesses by 16
combinations of x and y) were mutually orthogonal polynomials
in %, y, and Dy. As a result of the elimination of reinforcing
and subbase thickness as independent variables, there were
six sectlions within each round-load position-~slab thickness

combination whose variation in strain furnished a measure of

regidual effects. The residual effects,; in turn, were used
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to determine the statistical significance of each coefficient.®
Of the 48 original coefficlents only those that were found

fo be:siqnificant at the one per cent level_were.used in the
calculations to be described below.

Distribution of Principal Stresses ~ As was indilcated

earller, the analyses of data from lcad positions 1, 2, 3, and
4 of Round 7 were selected for complete study. The stresses
determined were used in plotting contours of equal principal
gstress (Figure 9). In these plots all stresses are recorded
in pounds per square inch with the usual sign convention -
tensile stresses positive, compressive stresses negative.

Critical Stresses -~ (Edge Load Condition) -~ Maximum

values of tensile stresses and maximum values of compressive
stresses for the edge load positions studied were taken from
Filgure 7 and recorded in Table 2. Figure 7 shows the Lozd posi-
tion and the stress distributlion when these critical strosses
osacurred.

Accerding to an assumption commonly made in the appli~

cation of elastic theory to a slab resting on an elastic

*The coefficlients from each analysis, with significant terms
indicated, are available in Road Test file DS 521l.
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foundétion,(4) the stresses at points on a vertical line
| through the slab are equal but oppoéite in sign at the slab
Surfaces and exceed, in absolute value, the stress at_any
other point on the line. If this.assumption is made in the
-present instance, then each stress marked with an asterisk
in Table 2 is equivalent, in absolute value, to the critical
‘tenslle stress for the indicated slab thickness and load
position, It will be noted that these stresses occur along
the pavement edge with the center of the outer loaded area
at a distance of one foot from the edge and four to six feet
from the nearest transverse joint (edge load conditions). A
discussion of corner load stresses will follow.

The following empilrical equation is fitted to the three

pairs of values of D; and critical stress given in Table 2.

160Ly
0“ = & @ - @ > < - - -] & L4 -l & 18
ev p.1.33 - (18)
2
where:
@;v = the critical load stress in psi as determined under

a vibratory load on the no~traffic loop (edge load)
L; = single axle load, ipn kips

B. = slab thickness in inches.



Hudson ' 37,

or in.terms of wheel load (L):

320L,,

Lo 38 = o ®© © e © © o o ® © o ~°' e o 19
ev 1.33 : (19)
D2

Equation (18) predicts the threé critical stresses:
denoted by asterisks in»Table 2 with an error of less than
two per cent. A graph of the equation appears in Figure 8.
The critical load stress for any combination of single axle
load and pavement thickness, wifhin the ranée observed, pre=-
sumably may be estimated from this equation. Additional
stresses which may be present as a result of temperature or
moisture fluctuations, of course, are not included in the
stress estimated from this curve or from the contours shown
in Figure 7. It is alsoc probable that stresses arising from
static loads would be greater than those estimated from the
strains measured in this studye

Stress Dlgtributions for Corner Loading Conditions

Previous research has indicated that the ccrner load-
ing condition,is of cbnsideiable importahce in the study of
pavement behavibr;'xInvorder_tO provide a basis for compari-
son with”pfgvious‘data;:§r~£his casé of loading the results

of the corner'lbaéjpasition”of”tha\Loop One strain experiments
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are given in Figure‘9. In addition the directions of the
principal stresses are given in Figure 10. These stress
directions have not previously been reported although the
stress contours are part of the Road}TeSt reports.

Maximum stresses indicated for corner locading can be
obtained from Figure 9. Using these values a corner stress
.equation can be developed exactly as Equation (18) was

developed for edge loading.

19354
o_ — @ 2 o ® - « @ - o ° - L] @ @ (20)
cv 1.7
Dy
where:s
@EV = maximum load stresa in psl as determined in Loop 1
for corner load.
Ly and D2 as previously defined.

In terms of wheel load, Ly, this equation becomes:

386L,, 1)
107 = @ £ -] = @ @ @ @ 0 - - o 3 £
Dy

© BEguation (2} is shown graphically in Figure 8.

COMPARISON OF MAIN LOOP AND NO TRAFFIC LOOP STRESSES
The use of dynamic loaders (such as the vibrator used

in the no—-traffic loop) in future experiments would facilitate
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the study'of pavemént strains under dynamic load cgnditions.
However, such studies will be useful only if the stresses
observed under this dynamic loading device are comparéble to
stresses under normal traffic. In order to evaluate this
devicé, it seems reasonable to compare the stress eguations
obtained for the two loading conditions. ‘It is also desirable
to compare the observed stresses for selected pavement slabs
under both routine truck traffic and the Qibrator loaded to the
same axle weight.

Figure 11 indicates that strains measured under a
normal 30 kip single axle vehicle and a 30 kip vibratory
load are substantially equal.

If "T" is made equal to zero the main loop equation for
edge stresses under single axlelloads (Equation 4} becomes:

139.2 I

= s e & ° @ o o @ ™ Y @ @ 22
es 1.278 (22)
Dy

2

Thig equation gives stresses nearly equal in value to
these computed from the Loop 1 eritical edge stress eguation
(Equation 18) as shown in Figure 12. When D is 11 or 12.5

inches, the stresses are numerically equal. The difference
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between these twc'equationséould be due to one or more of
the following reasons among others:

(1) C“av are maximum stresses and their loc¢ation
varies with slab thickness whereas Yag 18 calculated for a
fixed edge location.

(2) The loads used to induce gy were applied through
a woodeﬁ contact area of fixéd size.v Ozg were induced by
normal tires and in general the contact area increased
with slab thickness.

(3) Both Syand %g occurred with the load near the
pavement edge, however, the centroid 6f thekloaded area was
slightly closer to the location of & than to the location
of T .

This close agreement between these stress eguations
supporte the thesis of using the dynamic loader for future

experiments with dynamic stresses.

DETAILS OF PREVIOU

TICAL, AND EXPERTMENTAL WORK
This gection compares the AASHO Road Testlstrain
experiments with the theosretical equati@ns developad by

Mr. Westergaard, as well as the observed stresses and the
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resulting empirlcal equations froms

{L} Bureau of Public Roads Tests conducted at

Arlington, Virginia, 1933 to 1942, by Bureau of Public
Roads' personnel and reported by L. W. Teller and E. C.:
Sutherland. Eguation developed and reported by E. F. XKelly.

(2) Iowa State College Tests conducted indoors,

1930 to 1938, by M. G. Spangler.

(3) Marvliand Road Test, strain measurements made on

the Maryland Road Test pavements 1950 and reported in

Highway Research Board Special Report 4.

(4) Pickett.Equation, mathematical work done by
Gerald Pickett in an effort to make an empirical equation
which has rational boundary conditions as well as fit

observed data previously reported by others.

These comparisons and analyses will be broken into

I

our categories - corner load conditlons, edge load condi-
tions, miscellancous comparisons, and general errall
comparisong. WRecessary descriptive data relative to
comparisons with the Road Test data will be given to

acquaint the reader with each test reported.
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(1) BURBAU OF PUBLIC ROADS' ARLINGTON TESTS
Pﬁrgose

In 1930 the B.P.R. began a research project, a pértion
of which had as its @bﬁective,'"a study éf the deflections,
strains, and resulting stresses caused by highway loads
placed in various positions on concrete slabs of uniform
thicknesg"”. The data obtained from this project were
analyzed using primarily Westergaard's 1926 equations.

Description of the Projects:s

a. Concrete Pavement ~ The Ilnvestigation was carried

out on ten full-size concrete pavement slabs especially con-
structed near Arlington, Virginia. Each of these slabs
was 40 by 20 feet overall, divided by one longitudinal

and one transverse joint to produce panels 20 feet by 10

bl

eet. Bach slab was separated from those adjoining it by

a 2 inch open joint. 8labs of uniform thickness of six,
geven, aeight and nine inches were constructed. AlLlL slabs
were non-reinforced (plain concrete). The atatic modulus of
elzeticicy for concrete control specimens aftei 12 months
gtorage in a normal laberatory atmosphere averaged 4,500,000

psi for summsy conditions and 5,500,000 psl for winter
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conditions. Poissongs ratio was assumed to be 0.15.
Coarse aggregate was 1 1/2 inch maximum size limestone.
The concrete was proportioned to provide an average 28
day flexural strength of 765 psi, The averége compressive

, strength at 28 days was 3,525 psi.

b. Subgrade Conditions ~ The supporting soil for the
slabs was a uniform brown, silty loag; Class A-4. The sub-
gradé was plowed to a depth of about 10 inches prior to

- construction of the slab. After remaining in this léose con-
dition for several weeks it was compacted with a 5-~ton

tandem roller followed by a loaded 5-ton motor truck.

Daily sprinkling was provided during construction to main~-
tain a uniform moisture content. The soil had a liquid

limit of 25, a plasticity index of 9, a shrinkage 1imi£ of

19, and a shrinkage ratio of 1.8.

Testing Proceduyres

a. Loading Procedures - For the corner and interior
loading conditions circular metal ﬁearing plates with
diameters of 6, 8, 12, 16, and 20 inches were used. For
edge loadings the bearing plaﬁes were semicircular with
the diameter acting at.the slab edge. Static loads were
applied thxough a jackxan& reaction loading system. It was

found that from one to five minﬁtes-of load aﬁﬁiication
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was reqﬁired to "develop maximum stress”. Therefore, ali
loads were applied for five minutes with a recovery period
of at least five minuteé between loads. This long loading
period should be kept in mind when these observed streéses
(strains) are compared with stfesses observed under normal
.momentary dynamic loads. Loads of 7000, 9000, 12000 and
15000 pounds were applied respectively to the six, seven,
eight, and nine inch pavement slabs. These loads created
maximum stresses which approximated 1/2 of the modulus of

rupture of the concrete.

b. Determination of Modulus of Subgrade Reaction "k" =
As previously discussed, Westergaard's original equations in-
volve a coefficient of subgrade stiffness "k" called the
subgrade modulus. In order to make practical use of the Wester-
gaard equations it is necessary-to assign a value to this
subgrade modulus fdr the conditions prevailing during the
test. At the time of this partiéular investigation no
determinations of the value of such a soil coefficient had been
‘made. There was, therefore, no previous experience to
indicate either the probable range of values of coefficients
or a procedure by which values might be cbtained. It was

decided, however, that the factor used should simulate the
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aqtion of a loaded slab. As a part of this experiment,
tests were made to develop a proper testing procedure for
determination of k. The érocedure selected was that éf
loading a 30 inch diameter steel plate on tﬁe subgrade un-
til a deflection of 0.05 inches was reached. Unit load.
required to produce this deflection was divided by 0.5
inches resulting in the coefficient "k" in pounds per square
inch per inch of deflection.

It is important to note at this point that the "k"
value used by the Bureau of Public Roads in its analysis of
this test was n0£ derived from the plate bearing test
described above. Instead "k" was determined by substituting
the observed deflection of a loaded slab in the theoretical
equation for mwaximum deflection and solving the equation
for the value of "k". In general a pavement design would
.nst have the advantage of this method of evaluating "k" and
other correlating methods must be developed.

Strain Measurements and Stresg Determinations

a. 8Stralin Measurements — Stralns were measured with a

temperature compensgating recording strain gage approximately

6.6 inches in length installed between metal plugs set in
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the top surface of the concrete slab. In order to

evaluate the bottom strains it was assumed that the strain
in the bottom of the slab.was equal to the gtrain in the
surface of the slab directly above it‘though opposite in

- 8ign. The assumption has previously been substantiated.

L. W. T;ller, B.P.R., reports that in one test series the
recording strain gages were attached to both bqttom and

top of a concrete slab which was supported on the ends only. -
Equal and opposite strains were recorded at both slab faces
when load was applied. Additional research into this point
would be very helpful since some tests. at very high loads
indicate a shift in the neutral axis of the slab with a
resulting differential in the strain at fop énd bottom.
However, the assumption of equal strains top and bottom is
common to all the test;discussed in this paper. An example
slab showing locations of applied load and arrangement

of straln gages is shown in Figure 13.

b. Stress Determinations - The measured strains were
converted to stress by the use of elastic theory. The
eguations used are the same as those reported on Page A—-4

of Appendix A for the Road Test measurements.
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(2) IOWA STATE COLLEGE TESTS
General

Research was begun at Iowa State College in about
1930 in an attempt to study corner stress conditions. The
- primary purpose was to provide experimental data for
verification or modification of the original corner equation
and the Westergaard corner equation for the design of
concrete pavement slabs.

Description of the Project

a. Concrete Pavement ~ Five Experimental slabs were

constructed in a basement laboratory to provide controlled
conditions for testing. Slab 1 was used primarily for
development of procedure and measuring techniques. Details
of the remaining slabs are reported in Table 3. In the
study of these slabs slight tipping of the corner opposite
the load was noted, but this was assumed to be negligible by
the original author.

b. Subgrade - The subgrades for the experimeﬁtal glabs
were cbnstructed by tamping moist, yellow, clay loam in thin
layers within a wocoden crib 12 by 14 feet for Slabs No. 2

and 3, and 14 by 14 feet for Slabs No. 4 and 5. All the



Physical Characteristic

Table 3

s And Dimensions Of Test Slabs

Slab 2

Slab 3

Slab 4

Slab 5

Date Constructed

Date Tested

Size

Thicknesé
Reinforcement
Cement

Coarse Aggregate
Mix, by weight
W/C ratio, by

weight
Control Specimens

1932
1932 and 1933

10 k 12 ft.
6 in,
None
High early strength
Limestone
AR
0.80

Beams & cylinders

6-18-135

7-5 to 9-20-'35

10 x 12 ft.
6 in.

None

High early strength-

ILimestone
1sh:h
0.80

Beams & cylinders

6-24-136

7-15 to 8-15-136
1-9 to 2-23-'37

12 x 12 ft.
6 in.
None
High early strength
Limestone
skl
0.75

Beams & cylinders

6-2-138

7-8 to 8-8-138

12 x 12 ft.
4 in
None
High early strength
Limestone
ARYRIA
0.80

Beams & cylinders

Curing Moist earth Moist burlap Moist burlap Moist burlap
Average Properties of Control Specimens at Timg Slabs were Tested

Compression, L ;1,00 ' 3,300 L5700 3,080 —

1b./sqa.in.

Modulus of 650 520 680 - L90

rupgpre,

1b./sq.in. e P .

Modulus of 3,750,000 2,770,000 4,000,000 2,430,000

elasticity, :

1b./sa.in.

Poisson's 0.20 0.25 0.23

ratio

uospny

2]
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subgrades were two feet thick above the concrete floor.
Values of k, subgrade modulus, were assigned by dividing
the unit load at any point within the slab by the deflection
of the slab at that point. For analysis, tﬁe value of k

. was taken to be 100. It should be noted that Spangler |
reports that under the slab the value of k decreases as the
radlal distance from the corner increases. For example,
under Slab No. 5, "k™ varied from 650 psi per inch at the
cornef to about 50 psi per inch at a distance of 40 inches
from the corner. This 1s not consistant with the original
Westergaard.assﬁmption that "k" is considered uniform at
every point under the slab. Westergaard later reports,
however, that "k" probably varies under the slab with the
deflection.

c. Load Procedures - Statlc loads were applied to

slabs through a .circular cast-iron bearing plate 6.72 inches
in diameter. A cushion of corn-stalk insulation board was
used between the plate and the slablto help distribute the
load uniformly over the circular area. Loads were measured
with a pair of calibrated spfings mounted between two cast-

iron plates. Load magnitudes‘are tabulated in Table 4.
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d. Stress Determinations ~ Strains were measured by

means of optical levered extensometers approximgtély 3 inches
long. These extensometers were placed in a'roseﬁte péttern
and provided data for calculation of the maximum and minimum
lprincipal strains by graphical construction. These principal
strains were then converted to stresses by use of the

equations given in Appendix A-4.

(3) MARYLAND ROAD TEST STRAIN MEASUREMENTS
General

During the last six months of 1950, controlled traffic
tests were run over a l.1 mile section of Portland cement
concrete pavement constructed in 1941 on U.S. Highway 301
approximately 9.0 miles south of LaPlata, Maryland. The
pavement consisted of two 12-foot lanes each having a 9-7-9
inch cross sectlion and reinforced with wire mesh.
Expansion joints were spaced at 120 foot intervals with two
intermediate contraction joints at 40 foot spacings. All
transverse joints had dowels 3/4 inch in diameter on 15
inch spacing, and the adjacent lanes were tied together with
tie bars 4 feet long spaced at 4 foot intervals. These pave=
ments had been under normal traffic fof approximately 9

years. There were very slight and localized systems of distress
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which‘indicated that thelr design was adequate for the
traffic carried prior to the test. The test pavements were
divided into four separate sections. Each section waé sub-
jected to repetitions of a single 1oad._‘Thé four loads
~involved were 18 kip single axle, 22.4 single axle, 32 kip
tandem axle, and 44.8 tandem axle.

Description of the Project:

a. Concrete Pavements -~ The concrete in these slabs

had an average compressi#e strength of 6,825.psi,_an average
modulus of rupture of 785 psi. The design cross section
9~7~9 inch thilckness was closely approximated in construction
according to field measuremenfs. The static modulus of
elasticity varied from 4,200,000 to 5,003,000. A value of
5,000,000 was used for all strain to.stress conversion. The
sonic or dynamic modulus averaged 5,700,000 for air dried
conditioﬁs and about 5,900,000 for wet specimens.

b. Subgrade Conditions - The subgrade classifications

and variation for the four test sections are reported in

Table 5.

c¢. Program of Strain Measurements ~ Strains were measured
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Load
Number

B W N

Note:

Table 4

Load Values Used in JIowa State Tests

Test
Slab 2 3 A 5.
Noe
Loads 1000 3000 3000 | 2500
for 4
which 200 4,000 4,000
strains
were 3000 5000 5000
recorded.
TABLE 5

SUBGRADE CONDITIONS~MARYLAND ROAD TEST

Maximum Axle Loading

18,000 1b. (single)
22,400 1lb. (single)
32,000 lb. (tandem)
44,800 1lb. (tandem)

58.

Percent of total number of
slabs in each lane support-
ed by soil of the various
HRB classification groups

27
25
0
0

2
5]
0
0

4
4
14
14

56
54
68
65

A-1l A-2-4 A-4 A-6 A-7-6

11l
11
18
21

In general, the ratings of soils within these groups

as a subgrade material ares
(2) Good to fair for A-2~4;
A-4; and (4) Poor for A-6 and A-7-6.

{1) Excellent for A-lp
(3) Fair to poor for
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for a variety of loads including the standard cases of
interior loading, edge loading and corner loading. The
writer will deal primarily with the results of Ehe free edge
load and the éorner load conditions. Figure 14 illustrates
these loadings with reference to the slab. A variety of
studies were made on thése test pavements. Those which wili
be discussed in this comparison are load-stress relationships,
speed-stress relationships, variation of stress with
temperature differentials with the slab and variation of
stress with subgrade support conditions.

Strains were measured with SR-4, type A9 (6 inch length
electrical resistance) strain gages. All strain values were
recorded with a direct-writing oscillograph. The strailn gages
were cemented into place on the slab surface and sealed with
appropriate waterproof protection. Conversion of strain to
stress was made using the appropriate elastic equations
given in Appendix A.

{4) PICKETT'S MATHEMATICAL STUDIES

Professor Gerald Pickett noted that several of the

theoretical and empirical formulas developed for corner

stresses in concrete pavement had poor boundary conditions .
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For gxample€ the Westergaard, Kelly, and Spangler equations
all indloate stress to be zero when the ratlo of the radius
of the loaded area to the radius of relative stiffnesé
equal 1.0. (See Figure 15.) Because of‘theée observations
Professor Pickett has done work toward the devélopment éf

a formula which has the shape and characteristics of the
Westergaard equation, but which has more rational boundary

conditions.

COMPARISON OF THEORETICAL AND OBSERVED STRESSES FOR
CORNER LOAD CONDITIONS

A great many of the concrete pavement design eguations
used in the past 30 years have been corner equations. For
this reason it is interesting to compare all available in~
formation with the Road Test experiméntal results for the
case of corner loads.

BUREAU OF PUBLIC ROADS' ARLINGTON TESTS

Effect of Modulus of Elasticity on Indicated Stresses
Figure 16 shows in solid lines the comparison of
indicated and theoretical stresses in the 6, 7, 8, and 9
inch thick slabs. The indicated stresses were obtained by
using an average value of E determined for the corner load

conditions. Reference to Table 6 will illustrate that this
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TABLE 6

(Taken from Public Roads, Volume 23, NO. 8, Page 187,
Bureau of Public Roads)

VALUES FOR VARIOUS COEFFICIENTS, USED IN THE WESTERGAARD
EQUATIONS, DETERMINED FROM MEASURED DEFLECTIONS, B.P.R. TESTS

Position| Time of Slab

of load| Testing Thick-{ 1 k K D E

_ ness

| Inches |In.|Lbs.in.=3|Lbs.in. %|Lbs.in.~t Lbs.in. 2

Corner |Late summer| 6 26 143 3,708 96,400 [3,540,000
Winter 7 28 l6l 4,515 126,400 |{3,390,000
Winter 8 30 227 6,825 204,700 |4,220,000
Late fall 9 33 168 5,535 182,600 |3,200,000

Interior|Late summer 6 25 195 4,880 122,000 [4,140,000
Winter 7 29 238 6,895 200,000 (5,750,000
Summer 7 28 222 6,230 174,400 (4,670,000
Winter 8 31 260 8,065 250,000 (5,500,000
Late fall 9 36 203 7,315 263,200 |5,490,000
Summer 9 33 220 7.290 240,500 |4,210,000

Edge Late summer 6 26 171 4,440 115,400 4,235,000
Winter 7 29 212 6,145 178,200 |5,125,000
Winter 8 30 279 8,365 251,000 (5,175,000
Late fall 9 | 34 243 8,260 280,800 (5,220,000

TABLE 7

COMPARISON OF CRITICAL STRESSES B.P.R. ARLINGTON TEST AND AASHO ROAD TEST

Wheel Slab Arlington Theoretical Night Day
Load | Thick BPR Results Westergaard AASHO Road Test
v Case I Results
Warped |Flat | Warped Warped | Warped
Up Down Up Down
5k 6 288 (274 | 228 200 91 46
7% 7 325 308 | 253 218 95 18
10% 9 290 [277 | 220 210 92 L7
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' value‘of E is considerably lower than E determined from.the
other two load conditions. The authors of the B;P.R, report
therefore calculated the values shown in dashed lines by
using the average E for interior and edge loading. Ih their
opinion, the theoretical (Westergaard equation) and observed
stresses agree closely for the six and eight inch slabsg because
these slabs were tested when warped downward.. Observed
stresses for the seven and nine inch slabs were higher than
theory indicates because they were tested while warped
upward. Additional tests oﬁ the seven and nine inch slabs
while warped downward seem to verify these observations.

The authors drew ﬁhe following conclusions:

(1) values of E calculated for corner leading condi-
tions are unrealistic.

(2) If the conditions are such that the corner is
receiving full subgrade support, values of critical
stress for corner loading {(Case 1) computed from
the Westergaard equation can be used ﬁith cons~
fidence. When full support does not exist the

computed stresses will be too low.

Variation of Critical Stresses with Slab Curling or Warping

The authors compared critical or maximum load stresses
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observed for three positions of the slab.
1. Corners warped up
2. Flat

3. Corners warped down.

66,

Table 7 glves a compilation of these wvalues with the compara-

" tive values of maximum stress observed at the Road Test

(formulas were used to interpolate for the correct load and

slab thickness).

Figure 17 presents the stress—-slab thickness

comparisons

for the Arlington and Road Test Experiments as well as for

several stress equations. The Road Test stresses
siderably smaller than the B.P.R. stresses or the
stresses. This could be due to several factors:
(L) The Road Test stresses are those due to
{(transient) loads (load time 1/12 second) whereas
stregses are those under a static load (load time
{2} The Road Test stresses were measured at
with a doweled joint whereas the B.P.R. slabs had

~and edges. Based on a comparison of other strain

are con-

theoretical

dynamié

the B.P.R.
5 minutes).
a corner
free joints

studies

at the Road Test it appears likely that 1/4 to 1/3 of the

load is transferred to the adjacent slab thus reducing the

induced strains and thus stresses in the study by 25 to 33

per cant.
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In connection with the main studies previously described,
the B.P.R. made some supplementary. studies to indicate the
direction and magnitude of the principalesiiesses induced
by corner loads. BAn eight inéh uniform-thlckness slab
and a 9-6-9 inch slab were compared with a:symmetrical
corner load and an eccentric corner load as:shown in Filgure
19. It can be generally observed that moving:the load from
the corner toward the center line eighteen inches caused a
shift in the direction of méximum stresses. The shifts
were counter-clc)c];wise angular displacements of 7 to 14
degrees. Figures 18 and 19 display the results of these
studies.

Kellyv's Fmpirical Equation

To summarize their work on corner stresses the authors
of the B.P.R. report indicate that the Westergaardvequatipn
for Caszse 1 (BEgquation 4) gives an accurate indication of
maximum load stress when the pavement corner 1s in full
contact with the subgrade. In this investigation {B.P.R.)
this condition was attained only when the éorner wasg
warped downward., If this equation is used for computing load

‘stress the condition of corner warping due to temperature
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would be such as to create a moderate compressive stress in:
the upper surface of the slab in the rsgion where the load
would‘create the maximum tenslile stress. Thus the combined
stregs would be slightly lower than the load stress.

For other cases when the slab cérner is not in complete
| bearing on the subgrade due to upward warping the theoretical
equation (Equation 4) will give lcad stress values somewhat
lower than those which are actually developed. For this
condition the Arlington experiments indicété an empirical
equation which gives computéd values which are more nearly
in accord with those observed. This equation was reported

by E. F. Kelly, of the B.P.R., in 1939.

a1 L.2

3P

@— oA v l bt ® e e @ [ @ ° (23)
c “h 2 g ) .

where:
¢, = maximum tensile stress in pai
P = load in pounds
h = thickness of concrete slab in inches
s, = the distance in inches from the corner of the
- slab to the center of the area of load applica-
tion. It is taken as a Y 2 where "a” is
the radius of a circle equal in area to the
loaded area.
7 . 3 )
Aé = Eh = radius of relative

2) . stiffness
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E Young's modulus for the concrete in psi.

k Subgrade modulus in psi per inch.

7

To summarize, as a general rule the most critical condi-

Poisson's ratio for the concrete.

- tion for the corner loading is at night when the corner
tends to warp upward. The subgrade support is least
effective at that time. Any warping stress in the corner

is also additive to the load stress.

IOWA STATE COLLEGE TESTS

A New Hvpothesis for Stress Distribution in the Corner Region

The Westergaard corner equation and the Older corner
equation both iﬁply the same assumption of uniform distribu-
tion of the maximum tensile stresses along a line normal to
the corner bisector. Observations of stress in this project
and observation of structural corner breaks both in the
laboratory and the field, led Dr. Spangler to the hypothesis
that the locus of maximum moment produced in a concrete
pavement slab by a corner load is curved line which bends
towards the corner as it approaches the edge of the slab.

It appears thét the locug may lie anywhere between a straight

line normal to the bisector (Westergaard assumption) and a
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circular curve tangent to that bisector having the corner
as its center. Under this hypeothesis the maximum stress
will occur when the-locus is a circular curve since this
is the shorter of the two‘limiting sections. |

Figure 20 (Spangler report) illustrates these limiting
conditions along with a typical corner bréako

Stress Direction and Magnitude

Figures 21 and 22 indicate the direction and magnitude
of principal stresses in slab No. 4 (6 inch thickness) undexr
a 5000 pound static load. These values were obtained by
averaging readings from three separate loadings of the
slab.

Slab No. 3 (6 inch thickness) was a smaller experiment
than Slab No. 4. Figure 23 indicates the approximate
principal stress contours observed on this slab for a
circular and an elliptical lecad.

It may be noted that as in 8lab 4 there is a ccnsideiable
area over which the stress in S5lab 3 deoes not vary greatly.
The stresses in Slabs 3 and 4 undey similar load conditions
may ke compared by reference to Figures 22 and 23 respectiwvely.
Although the slabs were of the same nominal thickness

and approximately the same size, the maximum stress in
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Fig. 20
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Note. Arrows indicate direction of maximum principal
stress at the points through which they pass.

212
Figures adjacent to the arrows are values of
232 229 maximum principal stress (in Ib. per sq.in.) for
/7 the corresponding points.
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{a) Circular shape tangent to edges.

( b) Dual tire shape tangent t6 edges.

Note: Contours connect points of equal
intensity of principal tensile stress.
Values given are in Ib. per sq.in,

STRESS CONTOURS FOR SLAB NO.3,|OWA STATE TESTS, Skip WHEEL LOAD
FIG. 23

75.
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Slab 3 was only about 50 per cent of that in Slab 4.

Professor Spangler makes the following observations, "This
is probably due to the fact that the subgrade under Slab 3
was stiffer than that under S8lab 4 and that_the‘ﬁodulus of

elasticity of the concrete in Slab 3 was less than than of

8lab 4. It is difficult, however, to account for such a

divergence in stress in this way since published analyses
of stresses indicate that large variations in either or
both of these coefficients cause relatively small varia-
tions in stress.”

Conclusions ~ Iowa Study

Table 8 provides a means of comparing the observed
stresses in these studies with existing stress equations.
It was concluded that in these studies observed stresses were
in general agfeement with the equation proposedvby E. F.
Relly. Table 8 indicates that only for Slab 2 dces the
Kelly egquation actuaily give‘calculated stresses which
closaly agree with the observed stresses.

The Westergaard equation shows excellent agreement with

the observed stresseg for both Slabs 4 and 5 and dces not

© show too large a variation for Slab 2. Since these slabs

were constructed and tested in a closely controlled environ-
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Table 8

Comparison of Stress Equations and Observed Stresses Corner Loading
Jowa State College Tests

Stress Slab Slab Slab Avg.
2 L 5
Westergaard Eq. 170 260% 255% 2283
Kelley Eq. 215%* 350 L15 326
Corner Eq. 250 410 - 470 376
Observed Stresses 230 285 215 ‘ 243

*Indicates equation giving closest prediction for that slab.
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ment, to eliminate temperature and moisture curling, it
would appear that the observed stresses shbuld check the

Westergaard equation more closely than the Kelly equation.

MARYLAND ROAD TEST - CORNER LOAD

The corner load-strain measurements at the Maryland
and AASHO Road Tests were not as complete as the edge
measurements. For that réason theée comparisons will not
be extensive. Comparisons will be made of load versus
stress relationships and effects of corner warping (tempera-
ture differential).

Thgse comparisonsiare further complicated by the non~-
uniform slab thidkness_of the Maryland pavements. In an
effort to overcome this difficulty., results for several
thicknesses from the AASHO tests have been compared with
the Maryland data.

In the analysis of data from the Maryland test, static
modulus of elasticity was used in the conversibn of strains
to obsexrved stresses, whereas in the AASHO resuits dynamic
"E" was used. It seems that a common type of "E" must be
used if comparisgons are to be valid. In the following work
dynamic "E"has been used since the loads involved were

dynamic or moving loads.
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Load Versus Stress

Pigure 24 portrays a comparison of load, stress
relationships at the two road tests. The MD~l report indi-
cates that a curvalinear relationship was found for slabs
warped upward, (eérly morning) while.a straight line rela-
tion existed with the slab warped down {(day measurements).
At the AASHO test after 26 series of such experiments, it
was concluded from regression analyses that the relationship

a straight line . '

was/within the limits of significant statisticalerror.
There was some indication, however, that the relationship
might be curvilinear for weaker subgrades.

Figure 24 shows that the indicated stresses from the
MD~1 test approximate the stresses in a seven inch slab at
the AASHO test for conditions of upward warping. For condi=-
tions of downward warping, the MD-1l, 9-7-9 inch slab acted
much like an‘8 inch slalk at the AASHO test. This last
comparison is considered to be the more wvalid since strain
measurements of a slab on two different reasonably hot after—
noons will agree without significant variation. Whereas
strains measured on two different mornings may vary’consider-
ably depending on moisture and temperature. Therefore the

general condition of downward warping is more stable than

upward warping.
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Effect of Corner Warping

Additional complications arise with this comparison
since quanititive information is not available about
temperature differentials which existed at the éime
strains were measured. (The report merely indicafes slabs
warped up, flat or warped down.) The amount of warping, or
more specifically the exact temperature differential of
top minus bottom of the slab is very important in absolute
strain existing. It can generally be concluded that the
apparent effect of warping or curling was much the same for

the Maryland and the AASHO Road Tests.
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COMPARISON OF THEORETICAL AND OBSERVED STRESSES
FOR_EDGE LOADING

Edge loading was one of the three cases originai;y
investigated by Westergaard. Study of these edge stresses
has become more important witﬁ the édvent of load transfer
devices to help limit corner stresses. The use of longer
joint spacing on reinforced concrete slabs and finally the
development of continuously reinforced concrete pavements
have increased our need to study edge stresses. The largest
strain experiment at the AASHO Road Test was measurement of
edge strains. The most important edge sﬁrain experiments
reported prior to the AASHO Test include the Bureau of Public
Roads’ Arlington Tests (4) and the Maryland Road Test.qlz)

In this chapter these three tests are compared.

In the AASHO tests stresses under edge loads were
generally higher than the stresses under corner locads.
Filgures 7 and 12 show some of the results of these tegts.,

In all cases the maximum edge stresses occurred directly
opposite the load. For tandem axles the maximum cccourred:

opposite one of the pair of axles, usually the rear axle.
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BUREAU OF PUBLIC ROADS' ARLINGTON TESTS - EDGE_LOADING

The conditions of the B.P.R. test and the AASHO Road
Test have previously been discussed. In order to compare
the results it was necessary to adjust the AASHO results to
.conditions approximating the E.P.R.'test, The following
édjustments in the equation were made using'experimen;al
results from the Road Test.

(L) stresses will be 22 per cent higher at creep speed,
which 1s as nearly static as was tested.

(2) sStresses will increase 24'per cent due to change in
placement of loaded wheels to approximate B.P.R.
placement,

The resulting equation for stresses at the Road Tést which

can be compared tc the B.P.R. tests is:’

211 Ly
o = . - * L4 L4 . . ° - e * L4 . (24)
e 0.0031T 1.28
10 D
or _
422 P (

<o = > @ . o » e @ o e & ® o o 25)
e ’ 0. o * ‘ )

10 0031TD1 28

Where L is the axle load and P is a half axle load or
wheel load.

Other terms have previously been defined. It should be

noted at this point that a static modulus has been used to
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convert the B.P.R. strains because the load was static of
5 minute duration. A dynamic modulus is assumed to apply
for the AASHO Road Test since the load was always moﬁing,

STRESS VARIATION WITH LOAD

In order to compare load'study'result,‘T is set equal
to zero since no mention of warping conditions 1z made in this
regard in B.P.R. Figure_26(4). The results of this compari=-
son are presented in our Figure 26 for a 7 inch and 9 inch
uniform thickness concrete slab. The load vs stress rela-
tionships are linear in all.cases and the results for a given
thickness very nearly agree. This indicates that the effect
on stress of increasing the load might be expected to be
the same on two pavements if the major physical variables
such as temperature differential, load placement, and slab

thickness are equal for the two pavements.

STRESS VARIATION WITH SLAB THICKNESS

In the B.P.R. report the effect of slab thickness is illus~
trated in Figuxe 43, Page 194. These data have been rspro-

duced here in Figure 27. The basic information presented

ig for a study with pavement edges cyrled up. In order te

compare results more effectively a similar curve for flat

slabs has been developed by adjusting data from B.P.R.
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Figure 42, to a common load of 10,000 pounds. Road Test

data for both the curled up and flat positions are shown.

A comparison of these curves indicates that the effect of
curling was probably more severe on the B.P;R. pavements than
. on the Road Test. This is expected'sincethe»B.P.Ra sglabs had
no adjacent slab giving restraint while the Road Tests slabs
were doweled to adjacent slabs. Further examination shows

a variation in the shape of the curves which results in a
cross at 8 inches thus explaining the fact that Figure 26
shows B.P.R. stresses to be higher on 7 inch slabs, but lower
on 9 inch slabs. Figure 28, a plot of Westergaard's egquation
(Equaﬁion 8) for the B.P.R. physical conditions, agrees
almost perfectly with the B.P.R. "flat condition" data.

MARYTAND ROAD TEST — EDGE LOADING

All stresses observed (measured strains) on the traffic
loops of the AASHO Road Test were edge stresses. Edge
stresses were also observed on the Maryland Road Test. It
is interesting toc compare the stresses from these two tests.

In order to compare results certain adjustments must be
made in the AASHO stress equation and the Maryland data.

We chose to adjust where reliable data for such adjustment were
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developéd as part of the tests. The following changeg were
required:

(l)‘ The standard placement for the Maryland test was
3 to 4 inches nearer the edge than the AASHO test® The
Maryland results were adjusted to the AASHO placement by

use of Figure 13(12)

Special Report 4, Highway Research
Board.

(2) In some cases the AASHO equation was adjusted to
creep speed.

(3) The Maryland testé invqlved normal dynamic vehicle
loads.

At the AASHO Road Test the decision was made to use
dynamic modulus of elasticity (Ej) with dynamic loads.

For comparisons, the Maryland Report gives results of
;oad studies for pavement "warped or curled" up. In order to

.

h the AASHO data "T" in eguation 1

L . - o e
compare these results wit

iy

and 15 was taken as 7 degrees, a condition of moderate upward

3

curi. {~10 degrees was the maximum negative temperaturs

*Por the AASHO Test the centreold of the loaded area was
20 inches from the pavement edge.

l..
Q
0y
16
(23
g
[oF
[\
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differeﬁtial {T) observed at the Road test.) figure 29 com~-
pares the load versus stress curves for the Maryland and
AASHO Road Tests.

For single axie loads the stresses on the $-7-9 inch
Maryland pavements were approximately equal to the streSseg
in 2 9 inch uniform thickness pavement at the AASHO‘test@
This indicates effective reduction of edge stresses by use
of edge thickening.

For tandem axle loads the stresses in an 8 inch AASHO
" Road Test slab closely appréximate the stresses obsexrved for
the Maryland slabs. This indicates an averaging effect of
the 9 and 7 inch portions because the stresses, while
smaller than(might be expected in a 7 inch thick slab, are
not as small as they probably would have been for z 9 inch
uniform thickness slab. The difference in the action of
the 9-7-9 slab under the two types of load may be due to the
broader streds patterns of the tandem loads. in cther words,
the tandem axles spread the load in such a way ﬁhat a larger
percentage of the 7 inch portion of the Maryland slabs comes
into action. fhe apparent éiffereﬁce may be only experi-
mental error in testing conditions though it is not likely

gince averages are used in the comparisons and no major known
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biasing effect is involved.

The load versus stress studies in the Maryland test indi-
cate non-linear action as shown in Figures:29 and 30.. fhe
‘AASHO results shown a linear effect. It is important to
. note that during the AASHO test several individual studies
indicated non-linear action. For the total picture, a linear
equation always fits the data better than a non-linear one.

It was the conclusion at the AASHO test that the load
effect was linear and we believe this holds true in general.
It appears, however, that unexplained interaction effects may
result in non-linear behavior for any given case study. Since
the Maryland.tests were primarily case studies this could

explain the non-linear effect.

VARIATION OF STRESSES WITH CURLING

Curling, the warping of concrete pavements due to
veitical internal temperature differential in the slébg
affects the stresses in a concrete élab. A pavement which
is curled upward will ordinarily exhibit higher compression
stresseg in the top than one which is curled downward. This

was found to be true for both the Maryland and the AASHO

Road Tests,
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Figure 30 shows a comparison of stresses in the AASHQ
test pavements and Maryland test pavements curled upward
and downward.

For both the single and tandem axle loads the Maryland
- pavements indicate a greater feduction in stress from
curled up to curled down condition than do the AASHO pave~
ments. The stresses 1n the Maryland pavements were 28%
smaller for the curled down condition than for the curled
up condition, whéreas the stresses for the AASHO pavements
were 19% smaller for the down than for the up condition.

This situation 1s hard to explain since during a 2 year
.period on the AASHO Test only 1% of the observations of pave~-
ment temperature differential shows T greater than +20°.

This was therefore taken as the maximum downward curl
condition and used in these compafisons. The minimum differ-
A ential was ~10° for the up condition. Either the maximum
temperature differential was greater in the Maryland test

for the days involved in this study or other conditions
vaffecting cu;ling warping (moisture, humidity etc.) affected

the results.
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SUMMARY OF EDGE STRESS COMPARISONS

{1} For equivalent conditions of load placement,
vehicle speed, temperature differential within the sléb, and
physical constants, slab stresses vary in direct‘linear
proportion to the load. |

(2) The load effect in the Bureau of Public Roads?
test and the AASHO tests were equivalent within the limits
of experimental error.
| {(3) The edge stresses observed for the 9-7-9 inch slabs
on the Maryland test were equivalent to the stresses in a
9 inch AASHO slab for single axles and an 8 inch AASHO slab
for the tandem axle loads.

{4) 'The varlation of stress with slab thickness was |
regular for both the B.P.R. and the AASHO tests. The B«P.R.
data for the flat or curled down condition is closely approx-
imated by the original Westergaard equation. The Road Test
repults, howsver, show a smaller effect of thicknessa

{5}

&3

he general effect of pavement curling was observed
+0 be the sawe in all tests. However,; the effect of curl on
stregses reported for the Maryland Test was greater than

any observed at the AASHO Road Test.
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SUMMARY OF NEEDED RESEARCH

As a result of these dynamic studies, it‘appaara that
there is & need to study the effect of phylicalldcnstanta
wilith relation to dynamic loads. It ie believed éhat iuch a
study would ultimately lead to a design equation reiating
all these factors in a manner similar though not necessarily
the same as that proposed in the AASHO Rigid Pavement Design
Guide, May 1962.

It would be very desirable to study the effect of
dynamic loads as related to modulus of elasticity, modulus of
subgrade support, and strength of the concrete. There is
sufficient proof available from the AASHO Road Test to indicate
that such a study is both physically and economically feasible
by employing a vibrating loader similar to that introduced at
the.Road Test.
| Additional studies should be made on numerous factors
including: {1} various types of load transfer devices, and‘

(2) warious ﬁypes of supporting media including granular
materials and various stabilized materials.

A large area of research remaining is the combination of
load-stresses with warping stresses in order to investigate

the ultimate faliure stresses in the pavement.
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APPENDIX A

FORMULAE FROM ELASTIC THEORY

A. Definitions ‘ . A-l,2
B. Formulae for Converting Gage Readings

to Strain Components ' A-2,3
C. Formulae for'Converting Strain Components

to Principal Strains A-3
D. TFormulae for Converting Principal Strains

to Principal Stresses A-h

’ E. Rosette Gage Nomenclature A-5

Formulae used for convertiné gage readings to principal strains,
and for converting principal strains to principal stresses, are given
below. |

A. Symbols appearing in the formulae are defined as follows:

€ "(b’ and & c are the readings of gages a, b, and ¢,

a’
respectively, at a rosette gage point (see skefch).
€ = strain parallel to x axis;
£, = strain parallel to y axis;
aky = shear strain in x-y plane;

major principal strain;

m
'_.l
H

€ o = minor principal strain;

AN
o)
L

= inclination of major principal strain to x axis,
measured counter clockwise from x axis;

¢2 = inclination of minor principal strain to x axis

(1 = fo + 90°);
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E = Young's modulus (lbs/inz), (Value used herein was
the dynamic modulus of concrete pavement at the Road Test, equal

6 1bs/in2.);

to 6.25 x 10
/L£= Poisson's ratio, (Value used was 0.28 for concrete -

pavement at the Road Test);

éZi = major principal stress (lbs/inz);
67; = minor principal stress (Ibs/inz);

Positive values of stresses and strains indicaté tension.

B. The strain components éfx, é'y, and z;y were obtained from

gage readings by the following formula:
(1) At rosette gage points
x = éTa. .
(. € 4+2¢€
3 a

1)
f

bt 2 E"c)

Py

(2) At gage points along transverse joint

m;
]

gage reading

y = G

0]

™
]

X

(3) At gage points along edge

E& = gage reading
Ex = -/(Ey

0

o
4
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c. €‘l’ 62, and ¢1 were obtained from €, €y, and )
by the following formulae:
(1) At rosette gage points

1 - 1 2.y 2
¢ =§(€x+€y)+§/('€x’€y) +7’xy‘

1

1l 1l D \2 ' 2
€2=—2—(€x+€y)«-_2-‘/2€x-€y) +3’xy

9 -1 Y xy

¢, (or ¢,) === ten T degrees.
x "y

Whether the last formula above yielded ¢l or ¢2 was determined by
testing the value given by the formula against the followihg relation-~
ships: |

If Xxy> 0, 0< ¢1<9°O°

If jxy<vo, -90° < ¢1< 0.

If Xxy

If)y <y

If Jyy = O end € = €y’ ¢ does not exist.

€ > = 0,
0 and € €y,¢l 0

]

(o]
0 and €x<€y, #h = 90°.

(2) At gage points along transverse ,joint.
_ 0°
if €x >0, then 61 = €, €, = Ey, ¢1 = 0°,

If €, <0, the.n.el = €. €,= €, ¢l = 90°,

I
M

If € =0, then é‘l'- 5 =0, ¢l does not exist.

(3) At gage points along edge ,
= & = 90°
€, €, o B =90,

1
€ <o, €
Ire <o, €,

If€y>0, €

it

(o]
€y €p= €y, ) =0°.

if €,=0, €

v £ =0, ¢l does not exist.

1 2



Hudson A=k

D. " Formulae for converting principal strains to principal -

stresses are given below:

_. B .
o E € £
2T T a % (€, + € )
References:

William M. Murray and Peter K. Stein, "Strain Gage Techniques”,
MIT, Cambridge, Mass., 1956, pp. 537-548.

S. Timoshenko and J. N. Goober, Theory of Elasticity, McGraw-Hill

Book Co., 1951, pp. 2k,
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" APPENDIX B

ELASTIC CONSTANTS - AASHO ROAD TEST PAVEMENTS

TABLE Bl

MODULUS OF SUBGRADE SUPPORT (k)

Outer Wheel Path 107

Inner Wheel Path 109

Average 108
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TABLE B2

DYNAMIC TESTS ON 6 x 6 x 30 INCH BEAMS

Dynamic Modulus of .
2 9 ] —
Elast.-E (106 psi) Poisson's Ratio 7
Age
No. Mean gtd - No. Mean ]S)ti
Tests X ev. Tests X ev.
®) 1 (s B s
2 1/2-inch maximum size aggregate
8 mo. 11 6.14 0.31 11 0.28 0.047
lyr. 11 6.14 0.38 11 0.27 0.044
1 1/2-inch maximum sixe aggregate
8 mo. 10 6.39 0.25 10 0.28 0.075
1yr. 10 6.20 0.61 10 0.25 0.035
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TABLE

B3

_Static and Dynamic Tests on 6 x 12 inch Cylinders

Static Modulus of
Elasticity (108 psi)

Dynamic Modulus of
Elasticity (10 psi)

Age
std. std.
No. Mean No. Mean d
Tests | (¥) Dev. || mests (X). Dev.
(s) - (s)
2 1/2-inch maximum size aggregate
3 mo,. 10 4.57 0.80
1 yr. 11 5.15 0.57 10 6.25 0.33
1 1/2-inch maximum size aggregate
3 mo 9 4.61 0.68
1l yr. 11 5.25 0.40 10 5.87 0.74

B-3
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TABLE B4

SUMMARY OF TEST RESULTS ON HARDENED CONCRETE
(Obtained from Data System 2230)

Flexural Strengthl, Compressive Strength,
14 Days 14 Days

Loop | ‘
P No. Mean 323‘ No. Mean i:i‘
Tests si o Tests i N
s (psi) (PSI) ‘ (psi) (pSI)

2 1/2-inch maximum size aggregate
1 16 637 46 8 3599 290
2 20 648 - 37 9 - 3603 281
3 71 630 44 38 3723 301
4 96 651q 38 48 4062 288
5 96 . 629 28 48 4196 388
6 99 628 51 48 3963 325
All 398 636 45 199 3966 376

1 1/2-inch maximum size aggregate
1 4 676 65 2 4088 162
2 39 668 44 19 4046 295
3 24 667 47 14 3933 - 440
All 67 | 668 - 46 35 4004 352

1
AASHO Designation: T97-57 (6x6x30-inch beams) .
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TABLE B5

SUMMARY OF STRENGTH TESTS
(Obtained from Data System 2231)

Flexural Strength (psi)

t Testii

Age at Testing No. std.
Tests | Mean Dev.

2 1/2~inch maximum size aggregate
3 days 11 510 23
7 days 11 620 34
21 days 11 660 51
3 months 11 770 66
1 year 11 790 61
2 years 11 787 - 66

"1 1/2-inch maximum size aggregate
3 days 12 550 37
7 days 12 630 35
21 days 12 710 53
3 months 12 830 41
1l year 10 880 53
2 years 12 873 48
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" PLATE LOAD TESTS — DETERMINATION OF "K"

The following is a simple procedure for determining the
modulus of subgrade reaction (k) which was used .to détermine
k at the AASHO Road Test.

- Equipment
Basic equipment of: (1) reaction trailer, (2) hydraulic
- ram and jack; (3) various sizes of steel spacers for ﬁse where
needed at depths; (4) a 12 inch diameter cylindrical steel
loading frame cut out on two sides to allow use of center
deflection dial; (5) spherical bearing block; (6) 1 inch
thick steel plates, 12, 18, 24 and 30 inches diameter;and
(7) 16 foot long aluminum reference beam. A schematic diagram
of the apparatus is given in Figure B-1.

The reaction trailer was of the flat~bed-type, having
no springs and four sets of dual wheels oﬁ the rear. For
the tests on the AASHO Road Test a éantileﬁeribeam pfotruding
from the rear of the trailer was used as é reaction. The
distance load to rear wheels was eight feet. A maximum
| reactlion of about 12,000 pounds could be obtained with a
17,000 pound loaded rear axle.

A standard hydraulic ram was used to apply the load. A
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calibration curve, which was checked periodically, was used

' to convert gage pressures to load in pounds.

The load was applied to the plates through-the 12 inch

diameter steel loading frame and the sperical bearing block.

' Deflection was measured with a dial gage as shown in Figure B-l.

The weight of the loading frame and plates was allowed

to act as a seating load for which no correction was made.

Test Procedures

Tests were made in areas about 3 to 4 feet wide. The
procedure providedg&n:the’applicétion and release of 5, 10,
and 15 psi loads on a 30 inch plate and for measurement of the
doﬁnward and upward movement of the plate. The loads were
applied slowly'with no provision for the deformation to come
to equilibrium.

Basic steps in‘the procedure weres

l. Test area was covered with fine silica sand and
leveled by rotating the plate.

2. Equipment was set in place (Figure B-l.)

3. A seating pressure of 2 psi was applied and released.
Ppial gages were set to zero.

4, First increment of pressure was applied, held fifteen

seconds and dial gage read.



Hudson ‘ B-9

5. Load was then releaéed and dial gage read at end
of fifteen second périod.

6. Load was reapplied and released in the‘same manner
three times and readings were taken each‘time.

7. Steps 4 through 6 were repeated for second and third
" increments of psi load. |
8. Gross and elastic deflections were computed from

dial gage readings.

k-values were Computed as Follows:

a. Gross k-value, kg

= the unit load divided by the
mgximum gross deflection after three applications of the load.
The reported k was an average of these computations.

"b. Elastic k-value, kg = the unit load divided by the
elastic deformation at each application of each incremental
load. The reported k, was an average of all nine of these
coﬁputations (3 loads x 3 applications each).-

Ce. kg o= 1.77 kg describes the relationship between the

two k ‘values as developed through correlation from numerous

tests on the AASHO Road Test.
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APPENDIX C
CHARACTERISTICS OF MATERIALS~-RIGID PAVEMENT

AASHO ROAD TEST

(1) Portland Cement Concrete

ITEM AF PAVEMENT THICKNESSES
| 5 inches and | 2 1/2 and 3 1/2
Design Characteristics: greater inches
Cement Content®, bags/cu ya 6.0 6.0
Water-cement ratio, gal/vag - 4.8 4.9
Volume of sand, % total agg vol. 32.1 3h.1
Air content, per cent 3-6 3-6
Slump, inches o 11/2-2 1/2 11/2-2 1/2
Maximum aggregate size , in. . 2 1/2 11/2

Compressive Strength, pei:

1k days Looo 4000
1 year 5600 6000

Flexural Strength, psi:

1k days 60 670
1 year 790 880

Static odulus of Elasticity: .
(106 psi) 5.25 - 5.25

Dynamic Modulus of Elasticity: ‘
(lO6 psi) 6.25 5.87

Lrype I cement was used.

2Uncrushed natural gravel.
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(2) SUBBASE MATERIALS

Item Subbase
Aggregate gradation,
Per Cent Passing
1 1/2 inch sieve 100
1l - 1Inch sieve 100
3/4 inch sieve 96
1/2 inch sieve 90
No. 4 sieve 71
No. 40 sieve 25
No. 200 sieve 7
Plasticity Index, minus
No. 40 material N.P.
Max. dry density, pcf 138
Field density, as Per
Cent Compaction 102
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