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Mechanical and Environmental Stresses in
Continuously Reinforced Concrete

Pavements

S. K. SaAXENA AND GEORGE T. DOUNIAS

The examination of the combined effects of mechanical and
environmental stresses on continuously reinforced concrete
(CRC) pavements is accomplished by superimposing the
effects of the one onto those of the other. The mechanical
stresses are evaluated by a three-dimensional analysis and
thermal stresses by two-dimensional analysis. It has been dem-
onstrated that environmental loads constitute the severest
loads the pavement is subjected to. Also studied is the com-
parison of stresses due to one single axle 18-kip load to stresses
due to two trucks and a car on a three-lane highway. The ratio
of maximum stresses by two loadings may be very useful for a
comprehensive understanding of pavement performance when
it is designed by the equivalent 18-kip concept.

A major concem in the design of rigid portland cement con-
crete (PCC) pavements is to control undesirable cracks by
using the proper control joints. Despite the efforts to establish
the ideal type of joints, most of the undesirable features of
natural cracks accompany their use. In response to this problem
an effort was made to eliminate the joints and in 1921 the first
continuously reinforced concrete (CRC) pavement was con-
structed by the U.S. Bureau of Public Roads.

On the other hand, to overcome difficulties in maintenance
operation, the FHWA proposes the use of zero maintenance
pavements which require no maintenance during their first 20
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years and only minor repairs during the following 10 years
before rehabilitation.

The present study reviews some of the existing methods for
pavement stress evaluation and examines a premium pavement
using a refinement of a model proposed by Saxena et al. ().

EXISTING ANALYSIS METHODS
Mechanical Loads

Westergaard (2, 3) expanded the theory of slabs created by
Hertz (4) to include the so-called Winkler foundation. In order
to solve the basic differential equation for medium-thick plates,
the deflection at any point on the subgrade surface is assumed
directly proportional to the vertical stress applied at that point
in Winkler foundations; this proportionality is also assumed
constant. Therefore, the foundation is represented by individual
springs with stiffness k, which is commonly referred to as
modulus of subgrade reaction. The values of this constant are
determined from plate loads tests.

Some years later Hogg (5) and Holl (6) solved the same
problem with the assumption that the slab is supported by an
elastic solid. In their solution, they incorporated the
Boussinesq’s classic solution for the deflection of an elastic
solid resulting from a point load.

Both the aforementioned solutions are available in most of
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the texts dealing with pavements. Influence charts similar to
those prepared by Newmark, solving Westergaard’s and Hogg’s
equations, were presented by Picket and Ray (7). Those charts
have been extensively used in pavement design and are still the
only widely available information for wheel-load stresses.

Hudson and Matlock (8) proposed a discrete element model
that treats the slab as a set of rigid bars connecting elastic
hinges, and with torsion springs connecting adjacent parallel
bars. The subgrade was again modelled by the coefficient of
subgrade reaction, k (modulus of subgrade reaction K = kb,
with B as the width of the slab). This model is capable of
handling combination loads that include lateral loads in plane
forces and applied couples or moments. Also, discontinuities in
the slab and the support and variation of slab thickness can be
easily considered to evaluate the effect of cracking, loss of
support and nonuniformity in the slab.

The characterization of subgrade by a coefficient of subgrade
reaction k is by Winkler and is therefore known as Winkler
subgrade. A critical review of the Winkler subgrade and elas-
tic-istoropic solid subgrade has been provided by Vesic and
Saxena (9). It has been shown that there is no single value of k
that can give perfect agreement of all statical influences in a
particular case, unless the subgrade thickness is limited to a
maximum of 2.5 stiffness radii of the slab. Simple analytical
expression for evaluation of k was developed as:

k = 0.91 {[Ey(1 - v)UEQ - vA]) 1B (E/I(1 - vDh]) (1)

where
E,E; = modulus of elasticity of slab and subgrade,
respectively;
v, Vs = Poisson’s ratio of slab and subgrade,

respectively; and
thickness of slab.

Good agreement of bending movements or stresses in the slab
only are provided by Equation 1.

To obtain a good agreement of deflections, a 2.4 times lower
value of k should be used:

k = 042 {[E1 — vA)UEQ - vAI)13 {EJ(1 — vDh]) (2)

Saxena (10, 1I) extended this model by introducing the equi-
librium of forces including the subgrade support and by treat-
ing the subgrade as an isotropic elastic half space. The sub-
grade is represented by a modulus of elasticity E; and Poisson’s
ratio vg. A model test was performed under control conditions
to compare the experimental results with those obtained from
an elastic solid model as well as a Winkler model. As shown by
the results (1), the values of deflection computed from West-
ergaard’s formula and those using Winkler subgrade are com-
parable. These values differ from the elastic solid subgrade and
the analytical results using elastic solid subgrade are in remark-
able agreement with observed deflections.

All theories based on the classical plate theory have one
major drawback. They assume the reaction of the supporting
media to be vertical. In modern highway construction practice,
various subbase types are used; some have relatively high
stiffness and in many cases, the slab—subbase interface
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develops very good friction. This friction has been ignored and,
as a result, the contribution of the subbase in the reduction of
slab stresses is considered only as a reinforcement of the
subgrade ability to carry vertical loads. Stress reduction due to
friction has been proven to be significant, especially in the case
of stiff subbase. The plate theory works very well in the case of
a very weak or nonexisting subbase, because the assumptions
made in the plate theory are well approximated. Many experi-
ments have verified stress reduction by friction and have led to
the adaptation of plate theory methods for extensive use. Theo-
ries based on the elastic subgrade hypothesis are approximating
the problem better; however, they still do not have the ability of
modeling the variations in the subbase and natural soil.

Environmental Loads

The stresses caused by temperature variations were divided
into temperature-drop and warping stresses, and were exam-
ined separately.

Temperature-drop stresses result only when there is friction
between the slab and the supporting subgrade that resists the
slab shrinkage. Because contraction due to temperature drop
can be easily evaluated, the principal concern is to model the
friction in the interface. Kelley (I2) provides a rational friction
distribution., Assuming the proposed distribution, evaluation of
tensile stresses is relatively easy. Some complications may
occur when friction exceeds the shear resistance of the sub-
grade or when the slab is curled due to temperature differentials
(causing discontinuous contact).

In an attempt to deal with the stresses caused by the tempera-
ture differential through the slab, Westergaard considered an
infinite slab and developed equations representing the curved
surface. Based on the stresses found this way, he provided
equations for semi-infinite slab and slab with finite width.
Furthermore, investigations on Westergaard’s equations were
conducted by Harr and Leonards (13) to compute the stresses,
deflections, and loss of support due to warping effects. Lewis
and Harr (J4) further elaborated and extended the work on
warping stresses.

The described methods of temperature-drop and warping
stress evaluation have the following weak points:

1. Not applicable to slab-subbase separation.

2. The assumption of uniform stress distribution in the slab
is not always a good approximation and may result in stress
underestimation.

3. Apply only to stresses caused by the slab weight when it
resists the curling. Forces transmitted to the subgrade, or fric-
tion in the interface between slab and subgrade are not consid-
ered.

4. The temperature drop occurs simultaneously with a tem-
perature gradient in the slab which not only causes separation
but also some vertical stresses in the interface that change the
friction distribution.

Furthermore, the existing methods do not consider the contri-
bution of the subbase-subgrade temperature variations in the
general slab performance.
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Methods Used in Design Manuals

A study of the widely used design manuals indicated that the
only stress incorporated in the pavement design is that due to
wheel loads. Environmental loads are considered only indi-
rectly by reducing the strength of the supporting subbase-
subgrade system.

For the wheel-load stresses, Westergaard’s formula is used.
The modulus of subgrade reaction is evaluated by plate load
tests, and to account for the subbase contribution, charts are
used to modify the subgrade modulus as a composite one. The
wheel-load stresses are then evaluated using Westergaard’s
solution with inputs of wheel load, slab thickness, and com-
posite k-value. This solution is usually provided in charts. The
modulus of elasticity for the slab is assumed equal to 4 million
psi and the load is distributed over a circular area with contact
tire pressure equal to 75 or 80 psi.

The aforementioned method may result in overestimation of
the stresses in two ways: (a) by excluding the friction factor in
the interface between slab and subbase, and (b) by frequently
considering only the truck load acting on one circular area with
contact pressure of 80 psi. This is obviously not correct
because the load is transmitted through two or four wheels on
the pavement.

Computer Program CRCP-2

CRCP-2 is an extension and revision of the CRCP-1 computer
program for analysis of CRC pavements, developed by the
Center for Highway Research at the University of Texas, Aus-
tin (15, 16). The CRCP-2 program incorporates drying
shrinkage, temperature drop, and wheel loads. The theoretical
model was based on the interaction between steel, concrete,
subgradé and the intemal forces caused by temperature drop
and drying shrinkage. Differences in thermal coefficients of
steel and concrete, together with the drying shrinkage of con-
crete determine the internal stresses in the slab. The friction—
movement characteristics of the slab and the soil determine the
degree of restraint of the supporting medium. Crack spacing is
also determined by comparing concrete stress with concrete
strength. If known, wheel-load stresses are input into the
model. Alternatively, they are evaluated by Westergaard's
equation for interior loading and added to those found by the
model. Warping stresses and fatigue due to repetitive loads are
not considered.

Inputs are the width and material properties of the concrete
slab, type and properties of steel reinforcement, tensile strength
data, slab-base friction characteristics, temperature data, and
external load. Temperature data consist of minimum tempera-
tures during the first 28 days of construction and minimum
temperature expected after the 28th day. The program solves
for cracking spacing, crack width, and maximum stee]l and
concrete stresses.

The most important variable in the program is crack spacing.
Because all loads contribute in crack spacing they must be
considered as acting together.

The CRCP-2 program is a useful tool; however, the formula-
tion of the mathematical model does not consider wheel loads.
If no other information is available, Westergaard’s solution is
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used. Also, there is no temperature variation throughout the
slab and the resulting stresses due to temperature drop and
drying shrinkage are uniformly distributed. The warping effect,
perhaps the severest loading, is not considered. The deficien-
cies of temperature-drop isolation have already been discussed.
Finally, steel is assumed to be fully bonded with concrete, and
stresses caused by drying shrinkage are not dissipated; in other
words, creep effects are not considered. Some analyses of
CRCP-2 are also compared in this paper.

APPROACH USED

In this paper an examination is made of the stresses induced by
static wheel loads and by temperature drop and temperature
gradient into the pavement. The same model that was used by
Saxena et al. () in the study for zero-maintenance anchored
pavements will be utilized. A new method of evaluating the
wheel-load stresses and some refinement in the model used for
thermal stress analysis will be incorporated. The effect of the
mechanical loads will be examined by the use of three-dimen-
sional finite-element models and the combined effects of tem-
perature drop and temperature gradient in the slab will be
analyzed by two-dimensional finite-element models with two
subsequent solutions for heat transfer and thermai stress anal-
ysis. The basic tool of analysis will be ANSYS (17, 18), a large-
capacity finite-element program, capable of solving static, lin-
ear and nonlinear dynamic, harmonic response, and thermal
analysis. ANSYS can also easily handle nonlinearities in
geometry and material properties. The three-dimensional ideal-
ization of the pavement-subbase-subgrade system is shown in

slab
interface
subbase

subgrade

>
X
2-D representation

slab
interface
subbase

subgrade

<

X
3-D representation

FIGURE 1 Idealization of a
pavement-subbase—subgrade system.
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FIGURE 2 Load configuration for a three-lane highway.

Saxena and Militsopoulos (19) describe a laboratory experi-
ment used to verify a three-dimensional finite-element model.
The results of the two-dimensional heat-transfer model are also
verified by the data given by Nordal (20) for a road test
performed in Norway in 1963. Before the current study, both
aforementioned experiments were modeled in a similar way
and the results were cross verified.
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STUDY OF A PREMIUM PAVEMENT
Mechanical Loads

A pavement system can be idealized as shown in Figure 1;
however, the basic objective in examining a three-lane highway
model is to study the effects of combined vehicle loads. In the
theoretical treatment of the pavement problem, the loading
condition usually examined is one load, concentrated or uni-
formly distributed over a circular area. It provides very useful
information for the pavement’s performance but does not
provide a general view of the pavement’s behavior.

Static loads can be input as nodal forces or element surface
pressures. For the full-scale model, the nodal forces were used
in order to minimize the elements of the mesh, and therefore,
the computer cost.

A highway experiences various loading conditions due to
infinite possible traffic combinations. A selected loading condi-
tion has been adopted for this study, based on a brief investiga-
tion of various vehicle configurations. A plan of this load
configuration with the pavement’s dimensions is shown in
Figure 2. Based on that load configuration, the three-dimen-
sional mesh to model a three-lane highway was developed. The
boundary conditions used at the base were zero displacements
in all directions. For the lateral surfaces, rollers were used. That
is, the displacements perpendicular to the surfaces were set
equal to zero. The thickness of the slab, used throughout this
study, was 10 in. with the material properties provided in Table
1. A thickness of 0.03 in. and a friction coefficient of 1.5, were
allotted to the interface element. The stiffness of the interface
element was approximated as an average between the slab’s
and the subbase's stiffness, and the estimated value was 1.0 X
107 1b/in. The subbase was a cement-treated base (CTB), 6-in.
thick. Natural soil was extended up to a depth of 50 ft. The
three-dimensional mesh is shown in Figure 3.

In pavement design, the concept of an equivalent 18-kip load
is widely used. It refers to the load transmitted by a single axle
on the pavement. There are many charts and equations
designed for equivalent 18-kip load applications (16, 21, 22),

TABLE 1 MATERIAL PROPERTIES FOR THERMAL STRESS

ANALYSIS

Material T (°F) E (psi) v o (1/°F) ¥ (pei)
Reinforced 120 4.0x 10 0.15 0.0000055 0.082
concrete 70 42x 10 0.15 0.0000055 0.082
32 4.5x 10 0.15 0.0000055 0.082

0 7.0x 10 0.15 0.0000055 0.082

Cement- 120 1.0x 10 0.25 0.0000075 0.070
treated 70 1.0x 10 0.25 0.0000075 0.070
base 32 1.2x 10 0.25 0.0000075 0.070
0 3.0x 10 0.20 0.0000075 0.070

Clay 120 4,500 0.45 0.000500 0.064
70 5,000 0.45 0.000009 0.064

32 5,500 0.45 0.000009 0.064

0 30,000 0.35 0.000009 0.064

Silt 120 7,000 0.35 0.000500 0.067
70 7,500 0.35 0.000009 0.067

32 8,000 0.33 0.000009 0.067

0 60,000 0.30 0.000009 0.067

Sand 120 9,500 0.30 0.000500 0.070
70 10,000 0.30 0.000009 0.070

32 11,000 0.28 0.000009 0.070

0 80,000 0.25 0.000009 0.070
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FIGURE 3 Full scale three-dimensional mesh for static analysis.

which can be considered the key term in today’s pavement
design. The deflected pavement surface for different transverse
sections and different subgrades is shown in Figure 4. In Figure
5, the deflections due to total load are compared with those due
to one single axle 18-kip load, for clay subgrade.

The need te caleulate the stress concentrations direcily under
the wheel loads led to a refinement of the three-dimensional
mcsh 50 that detailed load applicaiion and siress evaiuation can
be made. The representation of the truck load by a nodal force
was no longer realistic and, therefore, was replaced by dis-
tributed loads. For this analysis, one tandem axle of a heavy
truck was isolated in order to study the induced stresses. The
detailed geometry of the tandem axle is shown in Figure 6. This
loading system has two axles of symmetry, a fact which was
considered to reduce mesh dimensions. Only one-quarter of the
plan is shown in Figure 7. The mesh is given in Figure 8, where
the darkened elements on the top indicate the wheel loads. The
boundary conditions used were the same as in a full-scale
model. On the two planes of symmetry, displacements perpen-
dicular to them were set equal to zero.

Environmental Loads

Air temperature follows more or less the same variation as
pavement’s surface. Soil’s temperature is affected by the heat
transfer on the surface and by the internal heat sources. The soil
profile at some depth maintains a fairly constant temperature
while the layers close to the surface have varied temperatures.
Changes in surface temperature are directly reflected on the
temperature variations of the shallow soil layers. The informa-
tion about the air temperature variations during the day (diur-
nal) and during different seasons are adequate to create an input
model for use with heat transfer analysis.

The diumnal temperature variation more or less follows a
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FIGURE 4 Deflection curves for pavement surface (full-scale
model).

known pattern so that with known extreme values of variation,
it is relatively easy to create the model for the heat transfer
analysis. The models used for the freeze region for summer and
winter are shown in Figure 9. The model selected for this
analysis is two-dimensional plane strain because the pavement
is very long and the air temperature uniform throughout. The
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FIGURE 5 Pavement deflections in transverse section due to
(a) one axle (18 kip) and (b) two trucks plus a passenger car.

dimensions of the pavement are the same as those for the three-
dimensional full-scale model for mechanical loads. Tempera-
ture at a depth of 50 ft was set equal to 50°F, a realistic
boundary condition. Lateral boundaries were simulated by con-
straining nodes along peripheral nodal lines so that the tem-
perature variation with depth is the same.
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Nodal temperature histories are used as input for the heat
transfer analysis. An initial load step sets all temperatures equal
to SO0°F and the daily variations follow. Usually 2 days are
enough to generate a constant change in the pavement’s tem-
perature distributions. The duration of every load step is 6 hr,
but two iterations are performed per step. This transient heat
transfer analysis was performed for freeze and nonfreeze
regions in summer and winter. The subgrade used was a typical
clay. Material properties are given in Table 2. Some of the
resulting temperature distributions for different daytimes are
shown in Figures 10 and 11. Those results correlate well, both in
shape and magnitude, with typical field data. A lag in tempera-
ture peaks can be observed with increasing depth because of
thermal damping. A comparative study of the obtained tem-
perature distributions with the monthly average temperature
gradients provided by Darter (23) led to the adaptation of
representative temperature distributions.

The mesh used for the heat transfer analysis can be used for
the thermal stress analysis if the elements used are altered.
Boundary conditions will be fixed bottom and rollers for lateral
boundaries. Inputs for the thermal stress analysis are the mate-
rial properties, the temperature distribution, and the reference
temperature (temperature of zero expansions). The reference
temperature for reinforced concrete (curing temperature) is
assumed to be 70°F for this investigation. ANSYS thermal
stress analysis can incorporate only one reference temperature
for all materials and elements used. Because reference tem-
perature cannot vary, input temperature distributions should be
modified to count for this effect. This can be simply done, as
shown in Figure 12, by increasing the soil’s input temperature
by the difference between the reference temperature of soil and
concrete. Deflection curves for the pavement for day and night
times for the freeze region in different seasons are shown in
Figure 13, The maximum thermal tensile stresses at the bottom
of the slab for extreme and representative conditions during
different seasons for two regions are given in Table 3.

Contact Tire Pressure = 80 psi
Load per Tire = 4,500 1bs

7.5 in.

1B I

26 in

2 in.

FIGURE 6 Plan of truck’s tandem axle.
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Results From CRCP-2

A reexamination of combined mechanical and environmental
effects on pavements was conducted using the CRCP-2 pro-
gram with the following input parameters:

Slab thickness, 10 in.;

Curing temperature, 70°F;

Maximum temperature drop, 70°F; and
Wheel-load stress, 80 psi.

The problem was solved for four different steel percentages,
0.65, 0.70, 0.75 and 0.80. Material properties used were typical

TABLE 3 MAXIMUM TENSILE STRESSES AT THE
BOTTOM OF THE SLAB DUE TO THERMAL LOADS

Extreme Representative
(psi) (psi)
Freeze Region
Spring - 193
Summer 429 259
Autumn - 193
Winter 670 382
Nonfreeze Region
Spring - 131
Summer - 132
Autumn - 131
Winter - 312
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for concrete and steel used in highway construction. At the end
of the analysis period, the following values were found, where
the four different values are related to the four different steel
percentages:

Steel Percentages
0.65 0.70 0.75 0.80

Crack spacing (ft) 4.36 335 322 2.88
Crack width (in.) 0.035 0.030 0.026 0.023
Maximum concrete stress (psi) 556 556 556 556
Maximum steel stress (psi) 64600 59200 54300 59000

CONCLUSIONS

An easy and direct way of examining the combined effects of
mechanical and environmental stresses on CRC pavements
may be to superimpose the effects of one onto those of the
other. A useful observation about the nature of the considered
loads is that thermal loads act for relatively long periods (some
hours), while mechanical loads have a very transient applica-
tion. The maximum slab bottom tensile stresses found by the
three-dimensional fine mesh, superimposed with those found
by the two-dimensional thermal stress analysis are given in
Table 4. The maximum stress is encountered in freeze regions
during wintertime. Stresses for representative conditions, for
often encountered detrimental cases, do not seem to pose any
problem. Extreme stresses, which occur rarely, will cause a
decrease in crack spacing.

TABLE 4 MAXIMUM TENSILE STRESSES AT TIIE
BOTTOM OF THE SLAB DUE TO COMBINED
MECHANICAL AND ENVIRONMENTAL LOADS
Extreme Representative
(psi) (psi)
Freeze Region
Spring - 273
Summer 509 339
Autumn - 273
Winter 750 462
Nonfreeze Region
Spring - 211
Summer - 212
Autumn - 211
Winter - 392

Creep and relaxation effects have not been considered here.
These effects will considerably reduce the pavement stresses in
real life. Maximum stresses found by the analysis described
can be considered rather conservative and may constitute the
upper limit.

A more illustrative method of studying the superimposition
of loads is to add the deflections caused by mechanical loads
(as found by the three-dimensional full-scale model for total
load configuration) to the deflections caused by thermal loads
(as found by the two-dimensional thermal stress analysis) (Fig-
ure 14). Contributions of mechanical and thermal stresses are
candidly understood by this approach.



SAXENA AND DOUNIAS
-.15
-.10
054 DISTANCE (FT)
5 10 15 20 25

DEFLECTION (IN.)
=
(5
L

.10
Winter

asd
(')
(=) L
s | =
2 ® : Day Time =
==
“ ; . =
w s : Night Time =
L 8
0

-.154 2

~. 10+

DISTANCE (FT)

-. 05~
E. 0 >
. 5 10 15 25
z
o
= «05+
b
e 4
w10+
Summer
:15-

FIGURE 14 Pavement deflections due to thermal loads in
nonfreeze region clay subgrade.

The results indicate that a dangerous condition may be cre-
ated when separation occurs between the slab and the subbase
due to curling. Mechanical loads applied at that instant may
cause dangerous stress reversals. In the current study, separa-
tion was observed only for the edge of the shoulders. Because
shoulders are usually confined or continuous, this effect may
not occur in real life.

The environmental loads constitute the severest loads the
pavement is subjected to. Deflections can be of the same order,
perhaps even higher, than those caused by wheel loads. Stresses
are many times higher than those caused by mechanical loads.
Furthermore, the daily reversal of a pavement’s curvature may
cause fatigue and deterioration. Mechanical loads may over-
load or relieve stresses by thermal loads depending on the
temperature distribution.

Maximum vertical stresses in the soil were found to be 1.5
psi for this type of premium pavement. This value is lower than
what is usually considered as critical (10 psi).

Investigation of different subgrades indicated that soil’s con-
tribution in reduction of stress and deflection is very signifi-
cant. Wheel-load deflections for sand (E = 10,000 psi), were 40
percent lower than those found for clay (E = 5,000 psi). Wheel-
load stresses for sand were 39 percent lower than those for clay.
Nevertheless, thermal stresses and deflections are only slightly
affected by the subgrade type.

The comparison between the one single axle 18-kip load and
the total load configuration (Figure 2) was intended to yield
two ratios. The ratio for the maximum deflections was 1 to 5
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and for the maximum stresses 1 to 3. Those ratios may be very
useful for a comprehensive understanding of a pavement’s
performance when it is designed by the equivalent 18-kip
concept.

The CRCP-2 computer program results cannot be directly
compared with the results found by the proposed model,
because they account for different loading conditions. Stresses
revealed by CRCP-2 are in the same range with those obtained
by the current model. CRCP-2 yielded maximum concrete
stress equal to 556 psi, while maximum concrete stress
revealed by the current model was 750 psi. CRCP-2 does not
solve for deflections. The estimation of crack spacing and crack
width made by CRCP-2 is very useful for a better understand-
ing of pavement performance. Both crack spacing and crack
width are decreasing as steel percentage increases. Regional
and serviceability factors will define the required steel percent-
age.
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Concrete Pavement Joint Stiffness

Evaluation

JAMSHID M. ARMAGHANI, JOHN M. LyBAs, MANG Tia,

AND BYRON E. RUTH

Concrete pavement distress is often associated with the effec-
tiveness of load transfer at joints and contributing factors such
as pumping. Current analytical methods attempt to simulate
load transfer, curling, and load effects in the modeling of
pavement response. In general these analytical models do not
accurately define load transfer and thermal effects. Therefore,
research has been initiated to develop improved methods for
analysis and design of concrete pavements. The initial results
of tests conducted on a Florida Department of Transportation
test pavement indicate that pavement and joint response can
be effectively modeled using a three-slab, two-joint, finite-
element computer program (FEACONS III). Besides conven-
tional layer parameter input, the program requires spring
constants for pavement-edge friction, joint shear, and joint
moment. The analysis of plain concrete pavement was per-
formed using the falling weight deflectometer (FWD). Data
were collected during different seasons, when the differential
(AT) and average slab temperatures varied substantially. Gen-
erally four different load levels were used in the FWD to assess
load-deflection linearity. Temperature-curling and contrac-
tion—expansion effects were also monitored independently.
Spring stiffnesses were varied in the FEACONS III analyses
until the predicted deflection basins matched those measured
for different temperature and loading conditions. The results
obtained with a downward curling (AT = 9°F or 5°C) indicated
that spring stiffnesses representing edge friction, joint shear,
and moment at the joint remained constant regardless of load-
Ing position. This suggests that differential drying shrinkage or
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a moisture differential had produced upward warping, which
was offset by the 9°F (5°C) downward curling. At other dif-
ferential temperatures, the spring stiffness varied according to
slab lift-off and load position. The average slab temperature
(seasonal) was found to have a pronounced effect on joint
stiffness. At high temperatures, the shear and moment stiff-
nesses were very high, providing close deflections for loaded
and unloaded sides of the joint. When mean slab temperature
was lowered, the analyses indicated a significant reduction in
joint stiffness.

The critical element of a concrete pavement is the joint that
influences load transfer and pavement performance. Pavement
engineers should therefore be primarily concerned with the
analysis of joints to better describe their behavior. A thorough
understanding of the effects of thermal and load conditions on
concrete joints should provide for an improvement in design
methodology and durability.

Thermal conditions imposed on concrete pavements influ-
ence the joint stiffness that affects load transfer characteristics.
The average temperature of the concrete pavement influences
load transfer of undowelled joints according to the degree of
aggregate interlock. On the other hand, the temperature dif-
ferential between the top and bottom surfaces determines the
degree of warping and the curling conditions at the joint that, in
effect, cause the variability in the stiffness along the joint.

A number of finite-element computer programs have been
developed to analyze the structural behavior of jointed pave-





