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Evaluation Methodology for Jointed Concrete Pavements

MOHAMMED A. OZBEKI, W. P. KILARESKI, and D. A. ANDERSON

ABSTRACT

Many Interstate and other major highways that were constructed with jointed
portland cement concrete pavements have reached their design life and conse-

quently are deteriorating significantly.

Few transportation agencies have an

effective method for evaluating the structural adeguacy of transverse joints.
Most pavement rehabilitation programs now under way are based on subjective
engineering judgment. A more objective evaluation procedure is presented. A
newly developed finite element program, JSLAB, was used in a parametric study
to determine which variables have the most significant effect on the perfor-
mance of transverse joints. It was concluded that the variables that most sig-
nificantly affect pavement deflections and stresses are the modulus of subgrade
reaction and the modulus of dowel-concrete interaction. On the basis of this
study, it was concluded that a rigid pavement system can be structurally evalu-
ated if the modulus of subgrade reaction and the dowel-concrete modulus are
known. Charts were developed to determine these moduli and subsequently to

evaluate in-service pavements.

Many of the Interstate and other major highways in
the United States were constructed with Jjointed
portland cement concrete (PCC) pavements. Although
these pavements have provided good serviceability,
the design life of many of them has been exceeded
and they have deteriorated significantly. In most
cases the predominant distress associated with these
pavements 1is the deterioration of the transverse
joints rather than of the slab itself. Spalling,
cracking, and faulting are the most serious types of
distress found at the joints.

Many transportation agencies do not have an ef-
fective method for evaluating the structural ade-
guacy of transverse joints. Most of the pavement
rehabilitation programs now under way were under-
taken on the basis of subjective engineering judg-
ment. Typically an engineer will "walk" a project to
determine the type of repairs or rehabilitation
needed. The engineer will visually select the joints
that should be removed and the joints that should
remain in place. This type of evaluation can lead to
the removal of sound joints or the acceptance of
joints that are deteriorated. Without the proper
evaluation of each joint it is difficult to select
the appropriate rehabilitation procedure. Because
repair and rehabilitation of major highways across
the nation are important from an economic as well as
an engineering point of view, a more objective
scheme must be used to evaluate the condition of
joints and their expected future performance.

The purpose of ths paper is to discuss the devel-
opment of a methodology for evaluating the struc-
tural behavior of jointed concrete with a nonde-
structive testing device (NDT). A newly developed
finite element computer program, JSLAB, was used for
the analysis of the rigid pavement joints.

PCC EVALUATION REQUIREMENTS

There are several repair or rehabilitation schemes
available for PCC pavements. They include resealing
of joints, partial concrete removal and patching,
joint removal and replacement, subsealing, overlays,
and complete reconstruction. The selection of the
wrong rehabilitation scheme will result in a loss of

both time and money because the repairs may not per-
form for the expected design period or because a
repair scheme may be selected that is not needed.
Deterioration of the transverse joints contributes
most to the poor performance of PCC pavements;
therefore, an effective evaluation methodology must
address the condition of these joints.

Spalling and cracking at joints is of concern to
engineers; however, faulting of the slabs is the
largest contributor to the loss of serviceability of
a PCC pavement. This faulting can be due to a loss
of subgrade support (voids) or deterioration of the
load transfer system, or both. An evaluation method-
ology should be able to distinguish the various
causes of deterioration because the rehabilitation
scheme is different for each type of distress. For
example, subsealing is needed to correct a loss of
subgrade support, whereas establishment of load
transfer is required for a deteriorated load trans-
fer system.

FINITE ELEMENT MODEL

Most jointed PCC pavements are analyzed and designed
by assuming continuous slabs that are infinite in
length. Different types of joints with various load
transfer systems will affect, in different ways, the
structural response of jointed concrete pavements
under the applied load. Therefore, any structural
model used for design or analysis should consider
the entire pavement structure with all its compo-
nents, such as joints, load transfer systems, sub-
base support, and loading configuration. It should
also consider 1loss of subgrade support, nonuniform
slab thickness, and nonuniform subgrade modulus.

A number of finite element models have been de-~
veloped for the analysis of concrete pavement sys-
tems. These may be divided into the following major
classes: plane-strain models, three-dimensional
models, and slab models. The most desirable model
for concrete pavement analysis 1is probably the
three-dimensional one in which the geometry of the
entire system can be taken into consideration. There
are computer programs that employ three~dimensional
finite element models, such as the SAP program de-



veloped by Wilson (1), but the amount of input and
the computational costs required to use these pro-
grams make them impractical.

The two-dimensional plane-strain representation
of the concrete pavement system is rather simplis-
tic. The pavement system is represented as a trans-
verse slice of pavement with a unit thickness. These
models, because of their simplifying assumptions,
are not suited to the analysis of such concrete
pavement features as joints, cracks, and load trans-
fer devices.

The slab models are based on the classical theory
of a medium-thick plate supported by a Winkler foun-
dation. Slab models have been developed by Tabatabaie
and Barenberg (2), Huang and Wang (3,4), and Bhatia
(5). Although a number of structural models have
been available for the analysis of concrete pavement
systems, none of these contains all of the features
that are essential to adequate representation of the
pavement system.

The finite element model used in this study is
called JSLAB. It was developed by Tayabji and Colley
at the Construction Technology Laboratory, a divi-
sion of the Portland Cement Association. The JSLAB
program has many practical features and has the
ability to allocate stiffness parameters to the load
transfer device (LTD). Thus LTD stiffness allocation
is not done at each set of nodes along a joint as is
the case with programs such as ILLI-SLAB (l) and the
program developed by Huang and Wang (3,4). This fea-
ture is useful for the analysis of jointed slabs
with nonuniformly spaced LTDs at joints.

The specific capabilities of JSLAB are

1. Stresses and deflections in concrete pavement
sections of up to nine slabs with longitudinal and
transverse joints can be determined;

2. A two-layer system, in which the layers may
be bonded or unbonded, can be analyzed;

3. Load transfer can be modeled with dowels, ag-
gregate interlock, or keys;

4. Concrete pavement slabs with full or partial
subgrade contact can be analyzed, and the effect of
thermal gradients on curling stresses can be ana-
lyzed, both independently and in combination with
traffic loads; and

5. The effect of joints with nonuniformly spaced
load transfer devices can be analyzed.

The JSLAB finite element model (6,7) is repre-
sented by an assemblage of subdivided or discrete
bodies called finite elements. These elements are
interconnected at specified locations that are
called nodes or nodal points. Simple functions are
chosen to approximate the distribution of displace-
ments over each finite element. These assumed func-
tions are called displacement functions or shape
functions and are used to express continuous dis-
placements in terms of discrete nodal displacements.
Relationships are then established between nodal
displacement (u) and nodal forces (p) applied at the
nodes using the principle of virtual work or some
other variational principle. These element force-
displacement relationships are expressed in the form
of an element stiffness matrix (k), which incorpo-
rates the material and geometric properties of the
element, namely,

< {u} = {p} W

where {u} is element displacement
applied force.

The overall or global structural stiffness matrix
[K] for the entire system is formulated by superim-
posing the individual element stiffness matrices
using element connectivity properties of the struc-

and {p} is element
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ture. The overall stiffness matrix is used to as-
semble a set of simultaneous equations of the form:

K] {u}={p} @

where

[K]
{U}
{p}

overall stiffness matrix,
global displacement, and
global applied forces.

The solution to Equation 2 results in nodal dis-

placemenls for the entire system.

JSLAB COMPUTER PROGRAM

The JSLAB computer program was written in FORTRAN
for a CDC computer. The program was modified for use
on an IBM computer, to include graphic capabilities.
The input to the program is

1. Geometry of the concrete slab, stabilized
base or overlay, and load transfer system;

2. Elastic properties of the concrete slab, sta-
bilized base or overlay, load transfer system, and
subgrade; and

3. Loading configuration.

The output given by the program is

1. Dowel shear and moment at each node along the
joint (for nondoweled joints this output is omitted);

2., Stresses in the concrete pavement, stabilized
base, or overlay;

3. Deformations of the pavement system,
consist of vertical deflection and rotation; and

4. Applied loads, which consist of vertical com-
ponents of applied load and moments about the x- and
y-axis, respectively, at each node.

which

Because JSLAB is a relatively new program, a com-
parison was made of the results obtained from the
program and those obtained from other solutions. In-
terior stresses and edge and corner deflections were
calculated using JSLAB and Westergaard's egquations
(8) as follows:

0= 0275 (1 +v) (P/h2) {4[log(¥/b)] + 1.069} 3)
A=(1/6%) (1 +0.4v) (P/k&?) (edge deflection) (4)
A=(P/k&?) [1.1 - 0.88 (a/0)] (corner deflection) )
where

¢ = maximum stress under the load;

A = maximum deflection under the load;

P = applied load;

a = radius of a circular iygded area;

b = (1.6a? + H? = 0.675h) , for a < 1.724h;

b = a, for a > 1.724h;

k = modulus of subgrade support;

2 = radius of relative stiffness of the pavement

with respect to subgrade given by & =
4[Eh®/12(1 - v?)K];

h = thickness of the concrete slab;

E = modulus of elasticity of the concrete slab;
and

v = Poisson's ratio of the concrete slab.

A comparison of the stresses and deflections ob-
tained from the JSLAB program and Westergaard's
equation is shown in Figure 1. The solid line in the
figure represents Westergaard's exact solution,
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FIGURE 1 Comparison of finite element solutions and
Westergaard’s equation for interior loading.
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FIGURE 2 Slab used in finite element analysis.

while the small circles represent the finite element
solutions. Because Westergaard's exact solutions are
for an infinite slab, a large 30-ft (9.14-m) sgquare
slab (Figure 2) was used in the finite element anal-

loaded area for Westergaard's solution, therefore,
was assumed to be a circle with a diameter of 15 in.
(38.10 cm), and a 15-in. (38.10-cm) square was se=
lected to represent the loading condition in the
finite element analysis. A single load of 50 kips
(222 kN) was used for the 1loading configurations.
Figure 2 also shows the mesh of the finite element
models used in this comparison. The modulus of elas-—
ticity and the Poisson's ratio of the concrete slab
were assumed to be 5 x 10° psi (34.5 GPa) and
0.15, respectively. The comparison was made for a
slab thickness of 10 in. (25.4 cm) and five moduli
of subgrade reaction: 50, 100, 200, 300, and 500 pci
(13.6, 27.1, 54.3, 8l1.4, and 135.7 N/cm?).

The agreement between the results obtained with
JSLAB and those obtained with Westergaard's equation
was quite good. In general the differences between
the two solutions were small as shown in Figure 1
for an interior load. Corner and edge loading cases
also have the same results.

PARAMETRIC STUDY OF PCC PAVEMENT PROPERTIES

A parametric study was conducted to determine the
influence of selected design variables on the struc-
tural response of a typical jointed pavement as con-
structed in Pennsylvania. The responses, which were
calculated using JSLAB, were the surface deflection
of the loaded slab along the transverse joint, and
the tensile bending stresses in the concrete under
the tire along the longitudinal x-axis. The influ-
ence of the design variables on the efficiency of
the transverse joint was also studied. Joint effi-
ciency was defined as the vertical deflection of
Point B divided by the vertical deflection of Point
A (Figure 3).

The loading used in the parametric study con-
sisted of an 18-kip single-axle truck. (This was the
truck configuration used at the Pennsylvania Trans-
portation Research Facility.) The contact area of
the tire was converted to a uniformly loaded area
with a tire pressure of 80 psi (9).

The following jointed pavement system, which is
typical of pavements constructed in Pennsylvania in
the 1960s, was used as a reference in the parametric
study:

Slab thickness = 10 in. (25.4 cm)

Concrete modulus of elasticity = 4,500,000 psi
(31.0 GPa)

Modulus of subgrade reaction =

Poisson's ratio of concrete =

Twelve uniformly spaced dowels

200 pci (54.2 N/cm®)
0.20

ysis. Westergaard assumed that the load was distrib- Dowel diameter = 1 1/4 in. (3.2 cm)
uted uniformly over the area of a small circle. The Dowel spacing = 12 in. (30.5 cm)
F il
&
S
: g
5 Pji“‘] -90"
’ Y b -
X Sr—
o
¢ @isl‘ il
|
!_ 6.5 ft ! 61.5 f1. —

FIGURE 3 Loading configuration used in the parametric study.



Modulus of dowel-concrete interaction = 2 million pci
(542.8 kN/cm?)
Dowel modulus of elasticity = 29 million psi
(199.8 GPa)
Poisson's ratio of dowel material (steel) = 0.30
Joint opening = 0.25 in. (6.4 mm)
Slab length = 61.5 ft (18.7 m)

In considering the effect of a particular design
variable, only one of the input values was changed
while all other design variables were kept constant.
The results are discussed in the following sections.

Dowel Size

The dowel diameters considered were 3/4, 1, 1 1/4,
and 1 1/2 in. (19, 25.4, 32, and 38 mm). As shown in
Figures 4(a) and 4(c), dowel diameter has no major
influence on corner deflection and joint efficiency.
However, larger dowel sizes increase the tensile
bending stresses along the x-axis (longitudinal) in
the vicinity of the joint, as shown in Figure 4(b).
However, it can be shown that larger dowel size de-
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0.01 65~

0.0155: \

3
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mmemeeee =126, 15in
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o
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DISTANCE ALONG THE TRANSVERSE JOINT, INCHES
FIGURE 4 FEffect of dowel diameter on pavement response:
(2) deflection at the joint under the tires, (b) stresses along the x-
axis under the tires, and (c) percentage joint efficiency.
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FIGURE 5 Effect of dowel modulus of elasticity on pavement
responsc: (a) deflection at the joint under the tires, (b) stresses
along the x-axis under the tires, and (c) percentage joint efficiency,

creases the stresses along the y-axis (transverse),
which is the critical stress in this case.

Dowel Modulus of Elasticity

The dowel modulus of elasticity values considered
were 25 % 10°%; 29 x 10°%, and 30 x 10° psi
(172.25, 199.8, and 206.7 GPa). As shown in Figure
5, responses are essentially the same in all cases.

Joint Width

The joint widths considered were 0.1, 0.2, 0.25, and
0.5 in. (2.5, 5.1, 6.4, and 12.3 mm). It was found
that corner deflections, tensile bending stresses,
and joint efficiencies are the same in all four
cases.

Concrete Modulus of Elasticity

The concrete modulus of elasticity values considered
were 4 x 10°%, 4.5 x 10%, and 5 x 10° psi (27.6, 31.0,
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and 41.4 GPa). The tensile stresses along the x-axis
and the joint efficiency are relatively unaffected
by these changes in modulus. As the modulus in-
creases, the deflection decreases slightly. However,
this decrease in deflection is not significant be-
cause the variation is less than 5 percent.

Modulus of Subgrade Reaction

The modulus of subgrade reaction values considered
were 100, 200, 300, and 500 pci (27.2, 54.2, 8l.6,
and 135.5 N/cm®). As shown in Figure 6, as the
modulus of subgrade reaction increases, the corner
deflection of the pavement slabs decreases signifi-
cantly. This increase in subgrade reaction does not
significantly change the tensile bending stresses
along the x-axis, as shown in Figure 6(b). Joint ef-
ficiencies do vary, however, as shown in Fiqure 6(c).
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efficiency.

Modulus of Dowel-Concrete Interaction

The modulus values of dowel-concrete interaction
considered were 2 x 10°, 5 x 10°%, 10 x 10°, and 20 x
10° pei (54.3, 135.7, 271.4, and 678.6 kN/cm®). As
shown in Figure 7, the effect of these changes in
modulus is significant for all of the structural
responses. It should be noted that many researchers
assume a value of 1.5 x 10°® pci (407.1 kN/cm’) for
the modulus of dowel-concrete interaction. In this
analysis the modulus values covered a wide range.
The significance of the change in modulus will be
discussed in detail later.

It was concluded that the variables that appre-
ciably affect calculated pavement response are the
modulus of subgrade reaction (k) and the modulus of
dowel-concrete interaction (G). The influence of
these parameters on pavement behavior was studied
further.



SENSITIVITY ANALYSIS FOR MODULUS OF SUBGRADE REACTION
AND MODULUS OF DOWEL-CONCRETE INTERACTION

The parametric study showed that a loss in the mod-
ulus of subgrade reaction (low k) or a loss in the
modulus of dowel-concrete interaction (low G) can
increase pavement deflections and stresses enough to
cause deterioration and eventual failure of the
joint system. Therefore a sensitivity analysis was
conducted to determine the effect of varlations in k
and G on the corner deflection of the pavement slab
(the deflection at Point A shown in Figure 3) and
joint efficiency (the deflection at Point B divided
by the deflection at Point A). These responses were
chosen because they are easily obtained with an NDT
device such as the Road Rater, falling weight de-
flectometer, or Benkelman beam. Thus the theoretical
analysis can be verified by field measurements.

For the pavement system analyzed, surface deflec-
tions and joint efficiencies were computed by vary-
ing one modulus (k or G) while keeping the other
constant. All other parameters and the loading con-
figuration were kept the same as for the typical
pavement section defined in the previous section.

Fiqures 8 and 9 show, respectively, the absolute
deflection and the joint efficiency versus the mod-
ulus of dowel-concrete interaction (G) for four d4if-

ferent moduli of subgrade reaction (k): 200, 300,
400, and 500 pci (54.4, 81.6, 108.8, and 135.5
g
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N/cm®). As shown in these figqures, for all practi-
cal cases in which the pavement support is in good
condition, the change in pavement response becomes
insignificant for values of G greater than approxi-
mately 200,000 pci (54.3 kN/cm®). A pavement is
considered to have a good support condition when k
is greater than 200 pci (10). However, the response
of the pavement changes appreciably for values of G
less than 200,000 pci (54.30 kN/cm®). Therefore
the limiting criterion selected for the modulus of
dowel-concrete interaction, for pavements with good
support (k > 200 pci), was 200,000 pci (54.30
kN/cm?) .

It can also be seen in Figures 8 and 9 that the
changes in pavement deflections and joint effi-
ciencies become insignificant for values of k
greater than 200 pci (54.4 N/cm®) as long as the
load transfer is adequate (G > 200,000 pci). Thus
the limiting criterion selected for the modulus of
subgrade reaction was 200 pci (54.4 N/cm®).

EVALUATION PROCEDURE

From the sensitivity analysis it was concluded that
a rigid pavement system can deteriorate if it loses
its subgrade support (k < 200 pci) or if the dowel
bar loses its interaction with the surrounding con-
crete. Therefore the condition of the joints in a
rigid pavement can be established only if both the
modulus of subgrade reaction and the modulus of
dowel-concrete interaction are known. The ability to
distinguish between the loss of subgrade support and
the loss of dowel-concrete interaction is important
in the selection of rehabilitation treatments. A
loss of subgrade support can be repaired by subseal-
ing, but a loss of dowel-concrete interaction re-
quires the reestablishment of load transfer. The
wrong repair scheme wastes money and will not extend
the serviceability of the pavement.

Figures 10 and 11 were developed from the results
of the sensitivity analysis for the purpose of de-
termining these moduli and subsequently evaluating
the condition of in-service joints. Although these
figures can be combined, they have been separated
for ease of explanation. For any given combination
of joint efficiency and corner deflection there is a
unique value of k and G. These values, computed with
the JSLAB program, have been plotted in Figures 10
and 11 on isobars of k and G, respectively. Figure
10 shows the joint efficiency versus the surface de-
flection at Point A (shown in Figure 3) for seven
different moduli of subgrade reaction (k): 100, 200,
300, 400, 500, 600, and 700 pci (27.20, 54.4, 8l1.60,
108.80, 135.5, 163.2, and 190.4 N/cm?).

Similarly, Figure 11 shows the joint efficiency
versus the corner deflection of the same Point A for
eight different moduli of dowel-concrete interaction
(6G): 0.1 x 10%, 0.15 x 10%, 0.175 x 10°%, 0.20 x 10°¢,
0.25 x 10°, 0.50 x 10°, 0.75 x 10%, and 1.00 x 10°¢
pci (27.14, 40.7, 47.5, 54.2, 67.85, 135.70, 203.55,
and 407.10 kN/cm?). This figure, which 1s based on
the same data shown in Figure 10, can be used to de-
termine whether the load transfer system (G) is ade-
quate. Figures 10 and 11 can be used to estimate k
and G, however, only if both the corner deflection
and the efficiency of the joint have been measured.
This evaluation technique differs from that used in
most evaluation programs, in which only the relative
deflection across the joint is measured. As a conse-
quence, the two parameters, the modulus of subgrade
reaction and the modulus of dowel-concrete interac-
tion, can be estimated from these figures for a par-
ticular joint and then compared with the limiting
values to determine whether the joint is structur-
ally adequate.



Ozbeki et al.

100
80
38 -
% 60
o ;
w
o
i
i 40 «-rooPei! )
K=600 Pci—*
= K=500 Pci
3 K=400 Pci
S 20 K=300 Pci —
o8 K Single Axle Load

Good . -
Subgrode

=— =—(=2,500,000 Pi
~K=100 Pi

~
6=200,000 Pci

Poaor

Su}bqrada

0000 0005 000 0015

0020 0025 0030 0035 0040

SURFACE DEFLECTION, IN.

FIGURE 10 Joint efficiency versus surface deflection for various modulus
values of subgrade reaction while modulus of dowel-concrete interaction is

varied.
100 K=700 Pci =200 Pei 6=1,000,000
\ 5
2 B0+
5
Z 60-
L
Q
o
G 40
-
z
3 204
18 K Single Axle Load

O.I T T T T T 1
0005 000 0015 Q020 0025 0030 0035 0040

SURFACE DEFLECTION, iN.

FIGURE 11 Joint efficiency versus surface deflection for various
modulus values of dowel-concrete interaction while modulus of
subgrade reaction is varied.

SUMMARY AND CONCLUSIONS

The methodology outlined here can be used to evalu-
ate the condition of the subgrade support and the
load transfer devices in a Jjointed concrete pave-
ment. The methodology makes use of deflection mea-
surements taken at the slab corners under an 18-kip
(80-kN) single axle load. The absolute deflection
and the relative deflection at the Jjoint are re-
quired in order to predict the modulus of subgrade
reaction (k) and the modulus of dowel-concrete in-
teraction (G). A value of k less than 200 pci indi-
cates a poor subgrade, and a value of G less than
200,000 pci indicates a poor joint system. Separat-
ing the evaluation of subgrade support and joint ef-
ficiency will help determine whether subsealing or
joint replacement, or both, are required for the re-
habilitation scheme.
The following conclusions have been drawn:

1. The JSLAB finite element program is a practi-
cal model of a jointed concrete pavement system. It
can be used to calculate the stresses and deflec-
tions in a pavement system under realistic loading
conditions. The model can be used to analyze joints
that are doweled, keyed, or have an aggregate inter-
lock.

2. The parametric study showed that the vari-
ations in the modulus of subgrade reaction and the
modulus of dowel-concrete interaction have the most

significant effect on changes in stresses and de-
flections in a jointed pavement system.

3. When the modulus of dowel-concrete interac-
tion is 200,000 pci (54.3 kN/cm®’) or less, the de-
flections of the pavement increase significantly and
therefore the stresses in the pavement increase sig-
nificantly.

4. The modulus of subgrade reaction and the mod-
ulus of dowel=-concrete interaction can be predicted
from deflection measurements at the corners of the
pavement slab. Two measurements are required: the
absolute deflection of the loaded slab and the rel-
ative deflection on either side of the joint.
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Controlling Longitudinal Cracking in Concrete Pavements

CHHOTE L. SARAF and B. FRANK McCULLOUGH

Wide concrete pavements (two or more lanes in one
will develop longitudinal crackec due to
shrinkage of concrete soon after it is poured. The
repair of these cracks is difficult and expensive,
especially when they are spalled. The presence of
in pavement is unsightly. Therefore
longitudinal joints at reasonable spacing (12 ft or

dircction)

these cracks

ABSTRACT

The objective of the study reported in this paper was to investigate the devel-~
opment of longitudinal cracks in wide concrete pavements (two or more lanes in
one direction) and to develop a model to estimate the depth of saw cut needed
to control these cracks within the groove. The model developed uses the con-
cepts of variability in the material properties of the concrete (tensile
strength), pavement thickness (as constructed in the field), and depth of saw-
cut groove. It was observed that estimates of longitudinal cracking have a rea-
sonable match with field observations. It was observed that the longitudinal
cracking of concrete pavements (two or more lanes in one direction) was depen-
dent on the type of aggregate used in the concrete mix. Two types of aggregates
were investigated. Uniformity of concrete mix strength (tensile) represented by
standard deviation (tensile strength) affected the development of longitudinal
cracks. A lower value of standard deviation obtained for concrete mix using
lime rock aggregate in the mix was responsible for confining more cracks within
the saw cut compared with the mix using river gravel aggregate. A sensitivity
analysis of the model indicated that substantial reduction in saw-cut depth can
be achieved if the variability of concrete strength during construction can be
reduced.

require expensive repair and maintenance.
The objective of this study was to
the development of longitudinal cracks

The performance of any saw-cut joint depends on
its depth. An inadequate depth of saw cut may result
in the development of longitudinal cracks away from
the groove. These cracks eventually will spall and

investigate
in concrete

one lane wide) are provided to encourage development
of controlled cracks along these joints.

Longitudinal joints are generally formed by cut-
ting a groove in the dgreen concrete with a power
saw. Adequate depth of saw cut must be provided to
ensure that the longitudinal cracks will be confined
within the groove. This provides an aesthetically
acceptable regular longitudinal joint in the pave-
ment at a low maintenance cost.

pavements and to develop a model to estimate the
depth of saw cut needed to control these cracks
within the groove.

DEVELOPMENT OF LONGITUDINAL CRACKS ALONG THE

SAW-CUT GROOVE

Let us assume that a wide concrete pavement is con-
structed with a saw cut, as shown in Figure 1. Fur-
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FIGURE 1 Concrete pavement with saw-cut joint
and longitudinal crack.

ther, let us assume that, due to shrinkage of con-
crete, longitudinal cracks developed in the pavement
as shown in Figure 1. This figure represents a typi-
cal longitudinal cracking pattern that was observed
in a concrete pavement constructed in the Houston,
Texas, area. The field observations of these cracks
indicated that there were no cracks along the saw-
cut joint where a longitudinal crack had occurred
away from the saw cut (Figure 1).

Let us consider a cross section of this pavement
along A-A (Figure 1). If the resultant tensile
forces along x-x and y-y are, respectively, F; and
Fy, then, just before cracking occurs along y-y,

F,~ F, if the distance AW is small 1)

The tensile forces F; and Fy are resisted by
the tensile strengths of the pavement sections along
X-x and y-y. The tensile strength can be estimated by

T; =Dy bt @
T,=Dy-b 'ty 3)
where

Ty, Ty, = tensile strengths of pavement sections
along x-x and y-y, respectively;
Dy, Dy = depths of pavement sections along x-x and
y-y, respectively;
b = assumed width of pavement sections; and
ty, tp = unit tensile strength of concrete along
sections x-x and y-y, respectively.

If the pavement section cracks along y-y, then Fj >
T, and T; > F; (because the section did not crack
along x-x), but F; = Fy (Equation 1). Therefore it is

evident that if the section along y-y cracked, the
tensile strength of concrete along x-x (T;) should be
greater than the tensile strength of concrete along
y-y (T3). Or Ty > Ty or Ty/Tp > 1.0. Similarly, if
cracking occurs along x-x, then T7/T, < 1.0.

If the ratio T;/T, is represented by R, then to
develop a longitudinal crack along the saw cut (x-x),
the following condition must exist:

R< 1.0 )

Using this condition for cracking along x-x, it
is now possible to estimate the probability of
cracking along this section. This probability can be
represented by

P[R < 1.0] )]

where PI[R]
able R.

An estimate of the probability represented by
Equation 5 provides an assessment of the amount of
cracking along x-x (saw cut).

represents the probability of the vari-

STATISTICAL MODEL TO ESTIMATE THE PROBABILITY
OF R FOR (R < 1.0)

The probability of the variable R, P[R] can be esti-
mated if the distribution of R can be established.
To determine the distribution of R, the following
procedure is followed.

Because R is the ratio of Ty/Tp as indicated
earlier (Equation 4), the following expressions can
be written:

R=T;{T; ®)
=Dy b t)/(Dy b-ty) (see Equations 2 and 3)
=Dy - t)/(Dy - t;) ()

Taking the natural log
equation gives

(In) of both sides of this

InR=InD; +Int;-InD, -Int, (8)

Assume that Dy, Dy, t;, and ty are independent ran-
dom variables such that 1n Dy, 1n Dy, 1n t9, and 1n
t2 are normally distributed. Then the variable 1ln R,
which is a linear combination of four normally dis-
tributed variables (Equation 8), is also normally
distributed with mean and standard deviations as in-
dicated:

Mean of In R=RL=DL1 +tL1 - DL2 ~ tL2 ©)
S.D.ofInR=ogy = (0}, +of, +obra +ofLa)” (10)

(assuming independence
In tj)

of 1n Dy, 1n Dy, 1n t;, and

where

DL1,DL2,tL1,tL2 = mean values of ln Dy, ln Dy,
1n ty, and 1ln ty, respec-
tively, and

G%Ll,U%Lz,U%Ll,U%LZ = variances of ln Dj, 1ln Dy,
1n t;, and 1n t,, respec-
tively.

Equations 9 and 10 fully describe the distribu-
tion parameters of 1ln R. Therefore the probability
of R for (R < 1.0) can now be redefined as
P[R =1.0] =P [InR<0.0] (11)
This probability can be estimated with the help of
the standard parameter 2z [Z is N(0,1)], where the
parameter Z is defined as
Z=(nR - RL)/og,,

or

Z=(0-RL)/ogy (if the probability for In R < 0 is estimated) (12)
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A standard table of normal distribution (1) can
be used to estimate the desired probability.

VERIFICATION OF THE MODEL

Data from two projects were obtained to verify the
crack prediction model described. The observed
cracking along the saw-cut joint was estimated by
measuring the total length of cracks in the saw-cut
joint and expressing it as a percentage of total
saw-cut joint length on the project. Figure 2 shows
the locations of these projects. Brief descriptions
of these projects follow.

Project 1

Project 1 is located near Houston, Texas, on TX-288
(inside the I-610 loop), as shown in Figure 2. About
2 mi of continuously reinforced concrete pavement
(CRCP) were installed with a saw-cut joint at the
center of a 24-ft-wide pavement. River gravel was
used in the concrete mix for this project.

About 69 percent of the saw-cut joint developed
longitudinal cracks. The remaining 31 percent of the
cracks were observed to have developed away from the
groove.,

Project 2

This project is also located near Houston, Texas, on
TX-288 (outside the I-610 loop), as shown in Figure
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FIGURE 2 Locations of projects.
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2. About 20 mi of CRCP were installed with a saw-cut
joint at the 1/4 point of a 48-ft-wide pavement (a
construction joint was at the center). Limestone ag-
gregate was used in the concrete mix for this
project.

About 99 percent of the saw-cut joint developed
longitudinal cracks. The remaining 1 percent of the
cracks was observed to have developed away from the
groove.

Pavement cores 4 in. in diameter were obtained
from both projects to measure the variations in
thicknesses and tensile strengths along the saw-cut
joint as well as away from but within about 2 ft of
the joint. A summary of the test results is given in
Table 1. Using these data, the probability of crack-
ing along the saw-cut joint is calculated as follows:

Estimate of longitudinal cracks along saw-cut joint:
Project 1

RL = 1.969 + 6.369 - 2.236 - 6.269

=-0.167 (see Equation 9)
gL = (0.01952 +0.237% + 0.0414% + 0.296%)"
=0.382 (see Equation 10)

Z=[0 - (-0.167)] /0.382
=0.44 (see Equation 12)
Using standard tables of normal distribution (1),

P [InR < 0] =67 percent

Therefore the estimated probability of cracking

Yy N

D\!El5DﬂLE

“parer
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TABLE 1 Summary of Data Analysis

Transformed Re-

Original Measurements sults Using Loge

Project

No. Item n Mean S.D. Mean S.D.

1 D, 8 7.17 0.140  1.969 0.0195
D, 17 9.37 0.375 2,236 0.0414
t; 19 598 134 6.369 0.237
ty 34 549 147 6.269 0.296

2 D, 6 6.39 0,195 1.854 0.0303
D, 13 9.19 0.200 2.218 0.0219
ty 12 495 90 6.188 0.188
ty 18 497 92 6.191 0.194

along a saw-cut joint is 67 percent. The observed
cracking was 69 percent as described under Project
2, This indicates a reasonable match with the esti-
mated value.

Project 2

RL=1.854 - 2.28 +6.188 < 6.191

=-0.367
ory = (0.0303% +0.0219% +0.1882 + 0.1942)%
=0.2727
Z=[0-(~0.367)]/0.2727
= 1.346
Using standard tables of normal distribution, P

[In R < 0] = 91 percent.

Therefore the estimated probability of cracking
along the saw-cut joint is 91 percent. The observed
cracking was 99 percent (see Project 2 description).
This indicates a reasonable match with the estimated
values.

IMPLEMENTATION OF THE MODEL

The model can be used to estimate the amount of lon-
gitudinal cracking that is expected to develop along
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the saw-cut groove, as illustrated earlier. For this
purpose, the following information is obtained:

1. Mean and standard deviation of pavement
thickness along the saw-cut joint and away from it
and

2, Mean and standard deviation of tensile
strength along the saw-cut groove and away from it.

Equations 9, 10, and 12 can be used to estimate
the longitudinal cracking along the saw-cut groove,
as illustrated earlier for Projects 1 and 2,

The model can also be used to determine the depth
of saw-cut that would induce a specified amount of
longitudinal cracking along the groove. To illus-
trate this, two curves were developed, as shown in
Figure 3. The data obtained for two projects (de-
scribed earlier) were used in these curves. These
curves show the effect of depth ratio on longitudi-
nal cracking along the saw-cut groove.

Suppose, for example, that it is desired to have
at least 90 percent of the cracks confined within
the saw-cut groove; then the saw-cut depths can be
determined in each of the following cases:

1. Concrete mix with river gravel and
2, Concrete mix with limestone aggregate.

Using Fiqgure 3, if 90 percent longitudinal cracks is
selected, then Dj/Dy; = 56 percent (river gravel mix)
and Dl/D2 = 71 percent (limestone mix) because saw-
cut depth = Dy - Dy = Dy(1 - D;/Dy). Therefore de~
sired saw-cut depths are

1. River gravel mix = 0.44 Dy and
2. Limestone aggregate mix = 0.39 Dj.

If it is assumed that Dy = 10 in., the saw-cut

depths are 4.4 and 3.9 in., respectively, for the
given mixes.

DISCUSSION OF RESULTS

The results of this study are summarized in Equation
12, which makes possible the estimation of the prob-

Saw - Cut
T‘Lonv\;nud'flnal !

2 }
I

Pavement Cross - Section

“Proj #2 —
Limestone

50
3

.4 5 6
Depth Ratio

(D,/D2)

FIGURE 3 Effect of depth ratio on longitudinal cracking along saw cut.
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ability of cracking along the saw-cut groove. As the
value of % increases, the probability of cracking
increases (see standard table of normal distribu-~

tion). Because Z is a ratio of RL and ogrrr Equations

9 and 10 can be used to rewrite Equation 12 as fol-
lows:
Z=(DL2 +1L2 - DLI - L1)/[0hry +obuy +obra +oh ¥l (13)

A study of Equation 13 indicates that the numer-

ator will be largest when DL1 and tLl arc smallest.
However, from a practical point of view, the tensile
strength (tL1l) alone cannot be reduced along the
groove without changing tL2. Therefore the only pa-

rameter that can be controlled is DL1. This means
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that the depth ratio (D;/Dy) should be reduced or the
saw-cut depth should be increased to increase the
percentage of cracks along the groove. This is shown
in Figure 3.

Alternatively, the denominator can be reduced to
increase the value of Z. Because it is a combination
of the variances of all four parameters (ln Dj, 1ln
Dy, 1n t3, 1n ty), to reduce this quantity it will be
necessary to obtain uniformity of thicknesses and
concrete strengths (tensile) along the groove and
away from the groove. If it is possible to achieve
this, considerable reduction in saw-cut depth can be
obtained, as shown in Fiqures 4 and 5, These fiqures
were drawn for each project using the data given in
Table 1 and assuming that the standard deviations
are 1/2 and 1/4 of the values listed in the table.
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FIGURE 4 Effect of depth ratio on longitudinal cracking in river gravel mix

(Project 1).
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It is clear from both of these figures that a sub-
stantial increase in longitudinal cracking can be
obtained by reducing the standard deviation (see the
examples in Figures 4 and 5 shown by a dotted line
for a depth ratio = 0.75). This indicates that rea-
sonable control of the quality of this construction
material (concrete), pavement thickness, and saw-cut
depth, all combined, can contribute to a reasonable
saw—cut depth.

CONCLUSIONS

The results of this study can be summarized as fol-
lows:

1. The development of longitudinal cracks in a
saw—cut groove can be explained by a model using the
concepts of variability in concrete strength and
thickness of pavement sections.

2. The model developed for this study is sensi-
tive to the construction quality of pavement. An im-
provement in construction quality can result in
reduction of saw-cut depths. The reliability of lon-
gitudinal cracks (being confined to saw~cut groove)
is also improved. This can save construction costs
as well as future maintenance and repair costs.

3., Figures 3-5 show that it is possible to in-
duce any desired amount of longitudinal cracking
along the saw-cut groove if an appropriate saw-cut
depth is provided.

4. The aggregates used in concrete affect the
development of longitudinal cracks along a saw-cut

13

groove. This finding is based on a study of two ag-
gregates (river gravel and limestone).
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Westergaard Solutions Reconsidered

A. M. IOANNIDES, M. R. THOMPSON, and E. J. BARENBERG

ABSTRACT

The pioneering analytical work of Harold Malcom Westergaard

(1888-1950) has

been at the heart of slab-on~grade pavement design since the 1920s. Every code

of practice published since then makes reference to the

"Westergaard solu-

tions.” These solutions are only available for three particular loading condi-
tions (interior, edge, and corner) and assume a slab of infinite or semi-infi-
nite dimensions. Since their first appearance, beginning in the early 1920s,

Westergaard equations have often been misquoted or misapplied
To remedy this situation,

publications.

in subsequent

a reexamination of these solutions

using the finite element method is described in this paper. A number of inter-

esting results are presented:

(a) Several equations ascribed to Westergaard in

the literature are erroneous, usually as a result of a series of typographical

errors or misapplications, or both.
their

The correct form of these equations and
limitations have now been conclusively established. (b)

Westergaard's

original equation for edge stress is incorrect. The long-ignored egquation given
in his 1948 paper should be used instead. (c) Improved expressions for maximum

corner loading responses have been developed. (d)

Slab size requirements for

the development of Westergaard responses have also been established.
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The pioneering analytical work of Harald Malcom
Westergaard (1888-1950) has been at the heart of
slab-on~-grade pavement design since the 1920s. Every
code of practice published since then makes refer-
ence to the "Westergaard solutions." These solutions
are only available for three particular loading con-
ditions (interior, edge, and corner) and assume a
slab of infinite or semi-infinite dimensions. 1In
practice, the slab size required for the development
of Westergaard responses 1s determined empirically.,
Several investigators, however, have noted repeat-
edly that although the Westergaard solution agreed
fairly well with their observations for the interior
loading condition, it failed to give even a close
estimate of the response in the cases of edge and
corner loading. The time-honored Westergaard solu-
tions deserve a thorough reexamination using the
tool of finite element analysis now available.

The highlights of an effort to reevaluate the
Westergaard solutions (1) are presented. The form,
theoretical background, limitations, and applicabil-
ity of these equations have been examined, and what
are considered to be the most accurate formulas are
presented herein. Several empirical adjustments to
the Westergaard solutions are also considered, and
slab size requirements for the development of
Westergaard responses are established.

The basic tool for this study is the ILLI-SLAB
finite element computer program developed and exlen=
sively used at the University of Illinois (2). The
ILLI-SLAB model is based on classical medium-thick
plate theory, and employs the 4-noded, 1l2-degree-of-
freedom plate-bending element, known in finite ele-
ment literature as ACM or RPB12 (3). The Winkler-
type subgrade assumed by Westergaard is modeled as a
uniform, distributed subgrade through an equivalent
mass formulation (4).

INTERIOR LOADING

As defined by Westergaard, this is the case of a
wheel load at a "considerable distance from the
edges," with pressure "assumed to be uniformly dis-
tributed over the area of a small circle with radius
a" (5). After an extensive literature survey and
comparisons with finite element results (6), the
following interior loading equations are considered
to be in their most general form.

Maximum bending stress, oy

BSIOT = { [3P(1 + )] /27h?} [%n (26¢/a)
+0.5 -] +BSI20T (la)

Ordinary theory

Special theory %ET=“WU+@HMW}WHQWM

+0.5 - 4] +BSI2ST (ib)
For square BSISQ = { [3P(1 +u)] /27h2} [&n (29/c")

+0.5 -v] +BSI2SQ (1c)
Supplementary, o, BSI20T = {[3P(1 + )] 16407} [(2/9)°] (1d)
(ordinary theory)
Supplementary, 0, BSI2ST={[3P(1 + )] /64h%} [(b/2)*] (1e)
(special theory)
Supplementary, o, BSI25Q = {[3P(1 + )] /64h%} [(c'/9)?] an

(for square)
Maximum deflection, §;
Circle DEFIC = (P/8k&?) { 1+(1/2m) [2n (a/22)

+y-5/4] @/2%} {1g)
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where
P = total applied load;
E = slab Young's modulus;
u = slab Poisson's ratio;
h = slab thickness;
k = modulus of subgrade reaction;
a = radius of circular load;
c = side length of square load;
2% = {Eh®/[12(1 - u?)k]} which is radius of rela-

tive stiffness;
b= [(1.6a% + h?)1/2] — 0.675n
if a < 1.724h
a if a > 1.724h;
c' = (e“/4'l/21/2)c; and
y = Euler's constant (= 0.577 215 664 90).

These equations have been incorporated into WESTER,
a computerized compendium of closed-form solutions
for slabs on grade, developed in the course of this
research (1).

Equation la follows from Eqguation 50 given in
1939, with the term [&n (2%2/a) - y] replacing the
term [g¢n (2%/ya)] used by Westergaard (7). Note that
the symbol y as used in Equation la is the Euler
constant, whereas Westergaard uses this symbol to
denote the antilog of the Euler constant,

Equation la also includes supplementary stress,
ay, first derived by Westergaard in 1%939. 'his is
calculated according to Equation 14, which is the
same as Equation 6 in "Stresses in Concrete Runways
of Airports" (7). This additional term was intro-
duced to account for the effect of the finite size
of the loaded area and is "satisfactorily applicable
when a does not exceed " (7). Its contribution is
usually small, but it is included because of its
rigorous analytical nature. The effect of the size
of the loaded area will be discussed further here-
after.

Equation 1ib employs Westergaard's "special
theory," first proposed in 1926, in which radius b
replaces Lhe true radius, a, of the loaded area.
This was introduced to account for the effect of
shear stresses in the vicinity of the load, which is
neglected in the "ordinary theory" of medium-thick
plates. As Westergaard stated, "the effect of the
thickness of the slab is equivalent to a rounding
off of the peak in the diagrams of moments" (5). To
determine the relation among h, a, and b, Wester-
gaard (5) performed "numerical computations . . . in
accordance with an analysis which is due to A.
Nadai." Results were fitted with a hyperbola, the
equation of which may be written in the form pre-
sented earlier, "which is suitable for numerical
calculations" (5). The validity of Westergaard's
semiempirical adjustment and of the resulting "spe-
cial theory" has been debated by various investiga-
tors [see, for example, Scott (8)], but a full dis-
cussion of this issue would be beyond the scope of
this paper. The authors recommend, however, using
"ordinary theory" when comparisons with finite ele-
ment results are made.

To obtain the interior stress in the case of a
square loaded area, radius a is replaced in Equation
l-c by a constant, c¢', related to the length of the
side of the square, c, as follows:

o= ("4 1/2%) ¢=0.573804...c

The resulting expression is not stated explicitly by
Westergaard, but follows directly from his theory
(9,10) . Timoshenko and Woinowsky-Krieger (11) .pro-
vide a theoretical justification for this substitu-
tion by showing that, loaded by the same total load
P, a square side ¢ and a circle radius a give the
same maximum interior stress.
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In 1948 Westergaard presented an equation for the
stress under an elliptical loaded area [Equation 3
in "New Formulas for Stresses in Concrete Pavements
of Airfields" (10)]. Setting both axes of the el-
lipse to a, this equation can be compromised with
Equation la provided that the following assumption
is made.

M2+ 12—y~ 1/4m12(1 - u?)
For u = 0.15, this assumption gives
0.6159316 ~0.6155374

This indicates that the term 0.6159 in Equation 9 in
"Stresses in Concrete Pavements Computed by Theoret-
ical Analysis™ (5) is a truncated form of the term
involving Euler's constant, not slab Poisson's
ratio, w. Equation la is, therefore, more general
than the 1948 equation.

Equation 1g follows from Equation 51 in "Stresses
in Concrete Runways of Airports" (7), described pre-—
viously, with the introduction of Euler's constant.
This form is more general than the one obtained from
Equation 5 in "New Formulas for Stresses in Concrete
Pavements of Airfields" (10), which makes the ap-
proximation noted in the previous paragraph.

Westergaard also presented an equation for sup-
plementary stress, o3, to account for "the ef-
fects of a plausible redistribution" of subgrade
reactions (12,7). This was a semiempirical adjust-
ment to reduce calculated stresses so that they
agreed better with the 1932 Arlington tests (13).
Bergstrom et al. (14) note that "it appears advis-
able to neglect o3 in design,” because it is diffi-
cult to evaluate and causes considerable reduction
in stress. Further discussions of this term are pre-
sented by Bradbury (15) and Kelley (16).

Slab Size Requirements for the Development of
Interior Loading Westergaard Responses

As mentioned earlier, the closed-form Westergaard
solutions assume a slab of infinite dimensions, al-
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though in practice empirical guidelines have been
developed for the least slab dimension, L, required
to achieve the Westergaard "infinite slab" condi-
tion. In this section, analyses will be presented to
establish similar guidelines using the finite ele~-
ment method. A slab with a radius of relative stiff-
ness, %, of 23,16 in. was used with a mesh fine-
ness ratio (2a/h) of 1.8. An earlier study (6)
indicated that this ratio of element size, 2a, di-
vided by slab thickness, h, must be about 0.8 for 98
percent accuracy.

ILLI-SLAB results from this investigation are
shown in Figure 1, Both maximum deflection and bend-
ing stress converge to large slab values. The con-
vergence of deflection is from above, indicating
that a smaller slab settles more than a bigger one
in a "punch-like" fashion. Bending stress converges
from below, as expected. The rate of convergence,
defined as the slab size at which the solution is
essentially that for an infinite slab, is different
for deflection (L/f = 8.0) than for bending stress
(L/ = 3.5). Surprisingly, deflection appears to
be much more sensitive to slab size changes for
(L/%) values of less than 3, because of the previ-
ously mentioned punch-like effect. The limit value
approached by maximum deflection is the Westergaard
solution (Equation 1lg). The value to which bending
stress converges when slab size is expanded is
slightly lower than Westergaard's (Equation la) due
to the coarseness of the mesh used.

Effect of Size of Loaded Area

In his attempt to develop equations for a loaded
area of finite size, Westergaard used an approach in
which a solution for a point load is first derived.
Then, the loaded area 1is split into a number of
small subareas, and each subarea is replaced by a
statically equivalent point load acting at its cen-
ter. A summation is performed over these subareas.
In the limit of refinement, this summation tends to
an exact integration (17). Westergaard suggested
that his equations were valid for any size of loaded
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FIGURE 1 Effect of slab size on maximum interior loading responses.
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area and that his "New Formulas" (10) assume that
"the average width and length of the footprint of
the tire is greater than the thickness of the slab
in all significant cases."”

Losberg (18) showed that the stress and deflec-
tion equations presented by Westergaard are only the
first one or two terms of a rapidly converging infi-
nite series. Westergaard's supplementary stress, ap,
mentioned previously, for example, is an additional
term of this series. The rate of convergence can be
expected to vary depending on, among other things,
the size of the loaded area.

Timoshenko and Woinowsky-Krieger (1l1) state that
the equations apply only when the radius of the
loaded area is "small in comparison with 2." Scott
(8) attributes this restriction to the fact that "in
the derivation of the equation a term of approximate
value 0.1 a?/2% was omitted.” This cannot be the real
cause of the restriction imposed by Timoshenko and
Woinowsky-Krieger, because in most cases (even when
the radius of the loaded area, a, is not "small in
comparison with ") this term is, indeed, negli-
gible.

In this study the effect of the size of the
loaded area was investigated using the finite ele-
ment method. To eliminate slab size, mesh fineness,
and element aspect ratio effects, a large (L/¢ =
9.33) and fine (2a/h = 0.6) mesh, which consisted of
square elements (aspect ratio = 1.0), was used. The
results are plotted in Figure 2.

It is observed that Westergaard stress values
(Equation la) agree with finite element results for
a loaded area whose side length, c¢ (if square), is
about 0.2 times the radius of relative stiffness,
L3 if the load is circular, its radius, a, must be
about 0.1%2. As (c/#) or (a/&) increase, finite ele-
ment stresses become progressively higher than
Westergaard's. Therefore the consequences of Wester-
gaard's truncation, mentioned previously, must be
borne in mind when attempting such comparisons. The
results in Figure 2 also suggest an effect related
to the internal finite element discretization of the
applied load. This is discussed in more detail else-
where (1).

EDGE LOADING

Westergaard defined edge loading as the case in
which "the wheel load is at the edge, but at a con-
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siderable distance from any corner." The pressure is
assumed to be "distributed uniformly over the area
of a small semi-circle with the center at the edge"
(5) . Equations for a circular load at the edge were
first presented in 1948 (10). The most general forms
of the edge loading formulas follow.

Maximum bending stress, og

BSEWOT = 0.529 (1 +0.54 1) (P/h?) [log, o (Eh®
+ka%)-0.71] (2a)

Ordinary theory
(semicircle)

BSEWST = 0.529 (1 + 0.54 1) (P/h?) [log; o (Eh®
+kb%)-0.71] (2b)

Special theory
(semicircle)

“New” formula

BSEIC = [3(1 +u)P/n(3 + wh*] {&n (En*/100ka*)
(circle)

+1.84 = 4u/3 + [(1-w)/2]
+1.18 (1 +2u) (/0)} (20)

BSEIS = [3(1 + w)P/n(3 + wh?] [2o (Eh?/100ka%)
+3.84-4p/3+05(1+2)(a/9]  (2d)

“New” formula
(semicircle)

BSELS = (~6P/h?) (1 + 0.5 1) [0.489 log, o (22/2)
-0.091 - 0.027 (2,/9)] 2¢)

Simplified “new”
formula (semicircle)

BSELC = (~6P/h2) (1 + 0.541) [0.489 log, ¢ (a/2)
- 0.012 - 0.063 (a/9)] 2)

Simplified “new”
formula (circle)

Maximum deflection, &g

Original formula DEFEW = (1/6'/’) (1 +0.4) (P/k2?) (28)

“New” formula

DEFEIC = ({P[(z +1.21)") }/[(Eh3k)'/’]) [1
(circle)

- (0.76 + 0.4u) (a/9)] (2h)

DEFEIS =({p[(2 + 12041}/ [(Eh3k)'/']) [
= (0.323 + 0.17) (/9] @i

“New” formula
(semicircle)

DEFELS = (1/6") (1 + 0.4) (P/k2?) [1
-0.323 (1 + 0.5u) (22/9)] %)

Simplified “new”
formula (semicircle)

DEFELC = (1/6%) (1 + 0.440) (P/k2?) [1
-0.760 (1 +0.54) (2/9)] (2K)

Simplified “new”
formula (circle)
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where

a; = radius of semicircle,
by = [(l.6a; + h2)1/2] - 0.675n
if ap < 1.724h
= ajp if ap > 1.724h, and
other symbols are as defined for Equations 1.

Equation 2a is identical to Equation 3 in "Ana-
lytical Tools for Judging Results of Structural
Tests of Concrete Pavements" (l2). Equation 2b em-
ploys the "special theory," which is also used for
interior loading. In his 1948 paper, Westergaard
(10) presented generalized solutions for maximum
stress and deflection produced by elliptical and
semielliptical loaded areas placed at a slab edge.
Setting the 1lengths of both the major and minor
semiaxes of the ellipse to a or aj; leads to the
corresponding solutions for a circle radius, a, or a
semicircle radius, aj, given by Equations 2c¢ and
24,

Losberg (18) presented simplified versions of
these solutions by introducing "simplifications of
the same type as Westergaard (19) himself introduced
in his original formula for the case of edge load-
ing" to eliminate the "complicated functional rela=-
tionship" in which u appears in these equations.
Losberg (18) stated that his simplified equations
"are well applicable, for the small u-values here
concerned." These are Equations 2e and 2f. Compar-
isons made during this study show that Losberg's
simplified equations lead to results that are typi-
cally about 1 percent greater than those obtained by
the general Equations 2c¢ and 2d.

Equation 2g 1is Westergaard's original equation
for edge deflection (5), and Equations 2h and 2i can
be obtained from his 1948 paper (10), as indicated
previously. The corresponding Losberg formulas (18)
are given by Equations 2j and 2k. Setting the radius
of the loaded area to zero, these formulas reduce to
Equation 2g.

Alternative Westergaard Solutions

It was pointed out earlier, as well as by other in=-
vestigators (14,18), that in the case of interior
deflection and stress, as well as edge deflection,
when the "new" formulas are specialized for a circu-~
lar (or a semicircular) loaded area, they become
identical to the corresponding original (5,12) equa-
tions. Results from this study show, however, that
edge stresses calculated from the "new" formula are
considerably different than those computed using the
original formula. A number of alternative Wester-
gaard solutions are considered in this section, in
order to determine which one, if any, agrees best
with finite element results.

TABLE 1 Alternative Westergaard Solutions
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In Table 1, five different Westergaard solutions
are compared. In all of these, total applied load,
P, and applied pressure, p, are matched in the
Westergaard and finite element analyses., A previous
study (6) confirmed that this is an appropriate rep-
resentation of the square loaded area used in the
finite element solution. The solutions given in
Table 1 are code named WESI through WESV and were
obtained using WESTER, which incorporates Equations
25

The range of results in Table 1 is extremely
wide. Therefore careful use of Westergaard's theory
cannot be overemphasized. The most obvious effect is
that the "new" formulas typically lead to stresses
55 percent higher and deflections 8 percent lower
than the values obtained using the original formulas
(compare WESIV with WESIII).

A comparison of WESIV and WESV indicates that the
semicircular load is more severe than the circular
load (i.e., leads to higher stresses and deflec-
tions), as expected. If both the circular and the
semicircular loads are reduced to an equivalent
point load acting at the respective center of grav-
ity, this expectation is shown to be Jjustified be-
cause the center of gravity of the circle is further
toward the interior of the slab than is that of the
semicircle.

This argument also leads to the conclusion that
the difference in response from a circular and a
semicircular load should be fairly small and propor-
tional to the difference in the distance between the
respective centers of gravity and the slab edge. The
difference between WESIV and WESV stresses is about
1 percent, and deflection difference is about 5 per-
cent. These differences are much more compatible
with expected values than is the stress difference
obtained using the original equation (compare WESI
and WESIII).

Table 2 gives a comparison of WESV, ILLI-SLAB,
and H-51 results. The latter is a computerized ver-
sion of the Pickett and Ray (20) chart for edge
loading (21). Stresses exhibit almost perfect agree-
ment even at low (L/%) values. Deflections are
more sensitive to slab size effects, as shown in
Figure 3. This graph shows that an (L/%2) value of
about 5.0 is required for the development of Wester-
gaard stresses and about 8.0 is required for Wester-—
gaard deflections. The trends shown in Figure 3 are
similar to those observed for the interior condi-
tion. Note, however, that the requirement for the
development of maximum edge stress (L/2 = 5.0) is
higher than for maximum interior stress (L/f% = 3.5).
The excellent agreement between ILLI-SLAB and H-51
results and the "new" formula confirms Losberg's ob-
servation that "the original formula for edge load-
ing according to Westergaard (5) is, at least from a
theoretical viewpoint, completely erroneous."

Deflection, 8, (mils)

Bending Stress, 0. (psi)

K h
RunNo, (psifin) (n.) WESI WESIL  WESHI  WESIV WESV  WESI WESI  WESHI WESIV  WESV
1 50 12 112.7 104.8 99.7 758 661 638 992 980
2 200 12 56.4 508 473 638 541 519 831 822
3 500 12 357 313 28.4 559 462 440 726 720
4 50 16 B2 5 - 690 664 468 413 401 615 607
5 200 16 36,6 ame as WES] 337 31.8 401 346 334 524 517
6 500 16 232 20.8 19.4 357 302 289 464 459
7 50 20 52.4 498 482 320 281 277 422 417
8 200 20 26.2 244 233 277 238 234 363 359
9 500 20 16.6 15.2 143 249 210 206 325 321

Note: WESI = Westergaard’s original equations for circular “ordinary” theory, WESII = Westergaard's original equations for semicircular “special” theory,
WESIII = Westergaard’s original equations for semicircular “ordinary” theory, WESIV =‘New" formulas for semicircular “ordinary” theory, and WESV = "'New"

formulas for circular ‘‘ordinary’’ theory. See Table 2 for other parameters used.
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TABLE 2 Comparison with *‘New" Edge Loading Formulas

Deflection, 8

Bending Stress, 0,

k h WESV ILLI-SLAB ILLI-SLAB WESV ILLI-SLAB  H-51 ILLI-SLAB
Run No (psifin,)  (in.) (L/2)  (mils) (mils) WESV (psi) (psi) (psi) WESV
1 50 12 4.84 99.7 109.7 1.10 980 974 951 0.99
2 200 12 6.85 47.3 49.2 1.04 822 813 808 0.99
3 500 12 8.61 28.4 29.3 1.03 720 705 711 0.98
4 50 16 3.90 66.4 78.5 1.18 607 593 591 0.98
5 200 16 5.52 31.8 34,1 1.07 517 515 504 1.00
6 500 16 6.94 19.4 20.2 1.04 459 454 452 0.99
7 50 20 3.30 48.2 63.3 1.31 417 395 396 0.95
8 200 20 4,67 23.3 25.8 1.11 359 356 348 0.99
9 500 20 5.87 14.3 15.1 1.06 321 319 317 0.99

Note: For the ILLI-SLAB solution: slab = 25 x 25 ft, (L/2)= 3,30t0 8.61,E= 5§ x 106 psi, u=0.15,P = 50,000 1b, p = 222.2 psi, and A= 15x 15 in.
(edge). For the Westergaard solution (WESV), “New" formulas, circular load, “ordinary™ theory: p = 222.2 psi, E= 5 x 106 psi, and p = 0,15, For

the H-51 solution: 50 points are used to approximate tire print.

Deflection N
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FIGURE 3 Effect of slab size on maximum edge loading responses.

The Pickett and Ray charts (20) for the edge
loading condition on a dense liquid subgrade are
based on a pair of integral equations identical to
those presented by Westergaard (10). The results
from these charts, therefore, agree with the "new"
formulas, as indicated@ by H~51 results in Table 2.
It is interesting to note that, although in several
design codes reference is made to the original equa-
tion, the fact that multiple wheel loads are often
considered implies that design charts in these codes
have been obtained using the Pickett and Ray charts
(i.e., the "new" formulas).

The gquestion of the source of the discrepancy be-
tween Westergaard's original and new formulas for
edge loading remains unanswered. It is too early to
dismiss the original formulas as altogether false
and useless. Bergstrom et al. (14) reported that
values calculated using these equations are "in rel-
atively close agreement with test results."™ They
furthermore suggested that there are "no reasons to
use the new formula for edge loading." On the other
hand, Scott (8) suggests that "experimental indica-
tions are that the edge stresses experienced in
practice are higher than the Westergaard (original)
equation indicates." Laboratory model tests by
Carlton and Behrmann (22) produced edge stresses 10
to 12 percent lower than the new formula predicts,
reinforcing the expectation that in situ values
probably lie between the two Westergaard equations.

The theoretical background for the original edge
stress equation is also open to debate. The deriva-
tion of this equation is not presented in any of
Westergaard's papers. Attempts by Losberg (18) to
arrive at this formula through integration of the

expressions for the concentrated load (18) did not
produce agreement with Westergaard's result. If the
probability of a gross theoretical blunder by such a
meticulous investigator as Westergaard can be cast
aside, for the time being, a possible explanation
for this discrepancy is some assumption regarding
subgrade support at the slab edge, which is implicit
in the original formula but is never explicitly
stated.

CORNER LOADING

Of the three fundamental cases of loading investi-
gated by Westergaard, corner loading is undoubtedly
the most obscure and debatable. The theoretical
background for maximum corner deflection and stress
equations is particularly weak. Their semiempirical
and approximate nature has led to numerous revi-
sions and modifications in the years since their
original publication, in an attempt to reconcile
observed slab behavior with theory. These are dis-
cussed by Kelley (16) and Pickett (23) and are sum~
marized as follows:

Deflection

8. = (P/k??) [1.1 - 0.88 (a;/9)] Westergaard (5 (3a)
Stress

0. = (3P/h?) Goldbeck (25), Older (26) (3b)
0.= (3P/h?) [1 - (a,;/9)*-¢] Westergaard (5) (3¢)
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0. = (3P/h?) [1 - (a/9)°**]

0. =@BPM?) [1-@,/9"?]
0c=(3.2P/h?) [1 - (a, /9] Spangler (28) 3N
0c = (4.2Ph?) (1 - { [@/0*1/[0.925 + 0.22 a/9)] )

Bradbury (15) (3d)
Kelley (16), Teller and Sutherland(13) (3e)

Pickett (23) (3g)

Distance to point of maximum stress along corner
angle bisector

X = 2[(319)'/‘] Westergaard (5) (3h)
where
a = radius of circular load tangent to both edges

at corner and
a; = distance to point of action of resultant
along corner angle bisector
(21/ )a. See Equations 1 for other symbols.

In the early 1920s a short and simple piece of
analytical work was heralded as "the most important
single step in the investigation of the mechanics of
road slabs" (24). This was the first attempt to
solve the problem of the "corner break" by two prom-
inent engineers of the day working independently,
A.T. Goldbeck of the Bureau of Public Roads and
Clifford Older of the Illinois Highway Department.
By assuming that in the corner region the slab acts
as a cantilever of uniform strength (i.e., that in
this region the subgrade reaction is negligible com-
pared to the applied load), Equation 3b was pro-
posed for the maximum stress, dc, due to a concen-
trated load, P, acting at the corner of a slab, of
thickness h (25,26).

A few years later, Westergaard (5) took up the
problem again, trying to account for the effect of a
load distributed over some area, the resultant of
which could be represented by a point load P acting
at a small distance a; from the corner, along the
bisector of the corner angle. Using a "simple ap-
proximate process" involving the use of the prin-
ciple of minimum potential energy (27) he hoped to
achieve an "improved approximation" of corner
stress. Thus he first arrived at Equation 3a for
corner deflection. He considered this equation "ap-
proximately applicable for plausible ranges of aj
and 4" [presumably (a;/%) is not much greater than
0.1]. From this, he obtained bending moments by in-
tegration and concluded that the maximum stress
"would be represented with satisfactory accuracy" by
Equation 3c. Furthermore, the distance to the point
of maximum stress along the corner angle bisector
was found to be given "roughly" by Equation 3h.

Equations for the Corner Loading Condition Based on
the Finite Element Method

In this section, ILLI-SLAB is used to establish a
set of equations that would accurately predict the
response of a slab, in full contact with a Winkler
foundation, to a single load distributed over a
small area at its corner. Equations 3, proposed by
previous investigators, suggest that, from a theo-
retical viewpoint, the parameters involved in the
determination of slab response can be lumped into
three nondimensional ratios to be investigated,
namely, (8ck&?%/P) (ach?/P) and (a/&) or (aj/&) for a
circular, or (c/%) for a square load.

The results obtained from several ILLI~-SLAB anal-
yses are plotted in a nondimensional fashion in Fig-
ures 4 and 5. Other available closed-form solutions
are also shown in these figures for comparison. The
latter were obtained using a circular load of the
same area as the square one in ILLI-SLAB but are
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FIGURE 4 Comparison of ILLI-SLAB and Westergaard corner

deflections.

plotted with the corresponding (c/%) values along
the ordinate. Though not mathematically rigorous,
this facilitates direct comparison of the results.
ILLI-SLAB stresses are values of the minor (tensile)
principal stress occurring at the top fiber of the
slab. The maximum normal stress obtained from finite
element analysis (P. Frey, "Development of a Finite
Element Based Expression to Predict Maximum Corner
Loading Stresses in a Uniformly Supported Rigid
Pavement on an Elastic Subgrade," University of Il-
linois, Urbana, 1983) significantly underestimates
the critical stress.

Curves were fitted to ILLI-SLAB data with a spe-
cial effort made to keep the general form of the
equations the same as that of the Westergaard formu-
las. Thus a straight line may be used to describe
corner deflections, 8cr obtained using the finite
element method (Figure 4). This line has the follow-
ing equation:

8. = (P/k&?) [1.205 - 0.69 (¢/9)] )

where ¢ is the side length of square loaded area.

The similarity to Westergaard's equation indi-
cates that Westergaard's approximation was fairly
good. The finite element results obtained are typi-
cally about 10 percent higher than those predicted
by Westergaard. A small part of this discrepancy is
due to the lack of a theoretical solution for a
square loaded area, as well as limitations of the
finite element solution with respect to mesh fine-
ness and slab size.

In the case of ILLI-SLAB maximum corner stresses,
da, curve fitting suggested the following equation:

0¢ = (3P/h?) [1.0 = (¢/)°-72] )

The Goldbeck-Older equation is obviously a rough
approximation of the theoretical solution, much more
so at high values of (c¢/%). This 1is expected, in
view of the Goldbeck-Older assumption of a concen-
trated load acting on a cantilever. Assuming that
finite element results give a fairly accurate pic-
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FIGURE 5 Nondimensional maximum hending stress for corner loading.

ture of the theoretical solution, the Westergaard
equation represents a considerable improvement over
the Goldbeck-Older one. The finite element method
gives results that fall between those predicted by
Westergaard (5) and those predicted by Bradbury
(15) . Note that the empirical modifications to the
Westergaard formula proposed in the last 60 years--
with the exception of Bradbury's--have tended to in-
crease the discrepancy between calculated and theo-
retical stresses. These modified expressions are
much closer to the Goldbeck-Older equation than to
the theoretical solution. Scott (8) points out that
"experimental indications are that the corner stres-
ses experienced in practice are higher than the
Westergaard equation indicates." Note, however,
that, in the model tests mentioned previously, mea-
sured maximum corner stresses "were only 65 to 75
percent as great as those determined from the
Westergaard equation” (22). The very significant
limitations of the Winkler subgrade idealization for
corner loading are reflected in Figure 5. As a re-
sult, discrepancies between measured responses and
theory may be expected. In the absence of more con-
clusive field data, it is prudent to design for a
higher corner stress than indicated by Westergaard's
formula (Equation 3c).

Location of Maximum Stress

The results from a selected number of ILLI-SLAB runs
are given in Table 3, where X; as obtained from

TABLE 3 Location of Maximum Corner Stress

Equation 3h is compared with the location of the
minor (tensile) principal stress given by ILLI-SLAB.
This shows that ILLI-SLAB usually gives a somewhat
greater distance than Westergaard. On the other
hand, model tests suggest values about 85 percent of
Westergaard's (22). Curve fitting through the values

of X; obtained by extrapolation from ILLI-SLAB,
resulted in the following equation:
X =1,80c%2% g->¥ ©

This best-fit equation indicates that the influence
of the radius of relative stiffness, &, is much
greater than that of the size of the loaded area.
Westergaard's equation suggests that these two pa-
rameters contribute equally to the determination of
Xl.

Slab Size Requirements for Corner Loading
Westergaard Responses

The pertinent results from this study are shown in
Figure 6, in which ILLI-SLAB deflections and stres-
ses are shown as percentages of the values given by
the best-fit equations. The validity of any conclu-
sions drawn from such a comparison is not considered
to be greatly affected by the numerical accuracy of
the proposed formulas. The patterns observed in Fig-
ure 6 are the same as those observed for the other
loading conditions. Once again, stresses converge
faster, requiring a minimum (L/%) wvalue of about

Location of 0, X (in.)

? [ Equivalent a
Run No.  (in.) (in.) (in.) Equation 3h
C001 31,07 2.5 141 15.74
C002 31.07 5.0 2.82 22.26
€003 31.07 7.5 423 21.27
C004 36.95 5.0 2.82 24.28
C005 26.13 5.0 2.82 2042
C006 22.92 5.0 2.82 19.12
C007 38.56 5.0 2.82 24.80
Co11 31.07 5.0 2.82 22.26
CT3 31,07 10.0 6.56 33.96

ILLI-SLAB

At Node By Extrapolation  Proposed Equation
18.03 18.50 18.33
25.50 22.93 22.88
30.41 26.00 26.05
25.50 25.45 25.34
20.62 20.67 20.66
18.03 19.11 19.12
25.50 26.10 25.99
25.50 22.93 22.88
28.28 28.42 28.56

0.32 ,0,59

P P )
Note: Equivalent a = (c/n/’)_Equation 3h: X) = 2|(a; lZ)/Z], ay = (2/2) a, and proposed equation: X1 = 1.80 ¢ Q
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4.0, and are less sensitive to changes in (L/%)
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FIGURE 6 Effect of slab size on maximum corner loading responses.

than are deflections.

sitive even to small changes for
than about 3.0. Infinite slab deflection requires an
(L/%) ratio of at least 5.0. Slab size require-
ments established during this study are summarized

in Table 4.

% Proposed Equations

Effect of Size of Loaded Area

The latter are extremely sen-

100

95

(L/v), smaller
sponses as a function of (c/&),

using proposed Equations 4 and 5.

TABLE 4 Slab Size Requirements for Westergaard
Responses Based on the Finite Element Method

(L/R) Values for

Load Placement Maximum Deflection Maximum Bending Stress

Interior 8.0 3.5
Edge 8.0 5.0
Corner 5.0 4.0

Note: L = least slab dimension and £ = radius of relative stiffness,

T T T ;
Bending Stresses
L yoe
(=772
(2%)= 056
—— o — .
wr / -
Bending Stresses Deflections
() =773 (5): 772 0r 773
(£%)= 200 (22) = 056 or 200
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FIGURE 7 Effect of size of loaded area on maximum corner responses.

side length of the applied square load.
are normalized with respect to the values obtained

21

Figure 7 shows finite element corner loading re-
the
Responses
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Deflections are not very sensitive to changes in
(c/%), but stresses diverge from the "theoretical"
values as (c/L) exceeds about 0.2. The trend ex-
hibited by corner stresses is the reverse of that
for interior loading. The effect of (¢/&) on cor-
ner stresses is less pronounced than on interior
stresses. Comments made earlier with respect to this
effect are also generally applicable to corner load-
ing.

CONCLUSION

Since their first appearance, beginning in the early
1920s, Westergaard equations have often been mis-
quoted or misapplied in subsequent publications. To
remedy this sitwation, a reexamination of these so-
lutions using the finite element method has been
presented. This exercise yielded a number of inter-
esting results:

1. Several equations ascribed to Westergaard in
the literature are erroneous, usually as a result of
a series of typographical errors or misapplications,
or both. The correct form of these equations and
their limitations have now been conclusively estab-
lished (Equations 1-3).

2. Westergaard's original equation for edge
stress (5) is incorrect. The long-ignored equation
given in his 1948 paper (10) should be used instead.

3. Improved expressions for maximum corner load-
ing responses have been developed (Eguations 4-6).

4, Slab size requirements for the development of

Westergaard responses have also been established
(Table 4).
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Establishing Load Transfer in Existing

Jointed Concrete Pavements

WOUTER GULDEN and DANNY BROWN

ABSTRACT

In this paper are described the results of a research project that had the ob-
jective of developing construction procedures for restoring load transfer in
existing jointed concrete pavements and of evaluating the effectiveness of the
restoration methods. A total of 28 test sections with various load transfer de-
vices were placed. The devices include split pipe, figure eight, vee, double
vee, and dowel bars. Patching materials used on the project included three
types of fast-setting grouts, three brands of polymer concrete, and plain port-
land cement concrete. The number and spacing of the devices and dowel bars were
also variables in the project. Dowel bars and double vee devices were used on
the major portion of the project. Performance evaluations were based on deflec-
tion tests conducted with a 20,000-1b axle load. Horizontal joint movement mea-
surements and visual observations were also made. The short-term performance
data indicate good results with the dowel bar installations regardless of
patching materials. The sections with split pipe, figure eight, and vee devices
failed in bond during the first winter cycle. The results with the double vee
sections indicate the importance of the patching material to the success or
failure of the load transfer system: some sections are performing well and
other sections are performing poorly with double vee devices. Horizontal joint
movement measurements indicate that neither the dowel bars nor the double vee
devices are restricting joint movement.

Many miles of Interstate pavement have been con-
structed using plain jointed concrete pavements of
various thicknesses and joint spacings. The presence
of a joint is a discontinuity that causes higher
stresses and deflections in the pavement especially
in the outside corner area. Many designs of jointed
concrete pavement relied on aggregate interlock to
provide for the transfer of the load across the
joint, thereby reducing stress concentration and de-
flections under load. Laboratory studies conducted
by the Portland Cement Association (PCA) found that
the effectiveness of load transfer from aggregate
interlock depended on load magnitude, number of rep-
etitions, slab thickness, joint opening, subgrade
value, and aggregate angularity (l). It was also
found that the effectiveness decreased with cumu-
lative load applications.

The variability of the amount of load transfer
available from aggregate interlock created by
changes in joint openings points out the need to
provide for a more positive means of load transfer.
In Georgia, and in many other states, dowel bars are
placed in newly constructed pavements. Many older
concrete pavements do not have the dowel bars and
this absence of a positive means of load transfer is
a factor that contributes to the deterioration of
these pavement sections. Faulting measurements made
in Georgia in 1972 on projects that contained both
doweled and nondoweled joints indicated that the
presence of dowels reduced the rate of faulting (2).

The distress found in plain jointed concrete
pavements in Georgia generally has been caused by
the presence of an erodible base or subgrade, infil-
tration of surface water into the pavement system,
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and excessive movement of the slab at the joints.
These conditions have led to faulted joints and
cracked slabs. A large program to rehabilitate these
deteriorated pavements in Georgia has been under way
since 1976. These efforts have consisted of reducing
slab deflections by filling any voids under the
pavement with grout, replacing broken slabs, reseal-
ing joints and grinding the surface to restore ride-
ability and skid resistance, or overlaying with as-
phaltic concrete,

The problem of providing a positive load transfer
across the joint was not addressed in the rehabili-
tation efforts mainly because of the lack of a via-
ble cost-effective method of providing load transfer
and reducing corner deflection in existing pave-
ments. It is likely that the life of a large per-
centage of the rehabilitated pavements could be ex-
tended if load transfer across the joint could be
established by positive means. /

Research into this area has been started during
the last several years in France and the United
States. A report published by FHWA in 1977 contained
conceptual proposals for two load transfer devices
that could be placed in existing concrete pavement
joints (3).

In 1980 the Georgia Department of Transportation
received a contract from the Federal Highway Admin-
istration to place and evaluate the performance of
load transfer devices on in-service concrete pave-
ments. The objective of the research project was to
develop construction procedures for restoring load
transfer in existing concrete pavements and to eval-
uate the effectiveness of the restoration methods.

The objectives of the study were to be accom-
plished through installation of various load trans-—
fer devices and monitoring the performance of these
devices under actual Interstate traffic conditions.

DESIGN AND PERFORMANCE OF TEST SITE

The location that was selected for the test site was
on I-75 in the southbound lane approximately 40 mi
south of Atlanta. The average daily traffic (ADT) on
the test area is 15,000 to 17,000 vehicles per day
with 19 percent heavy trucks.

The pavement in the test area is a 9-in. plain
jointed concrete pavement with 30-ft joint spacing.
The base course is a 3-in. bituminous stabilized
soil aggregate on top of a 5-in. layer of granular
subbase. The shoulder consists of a 6-in. cement-
stabilized graded aggregate with a 1 1/2-in. as-
phaltic concrete topping. The pavement was opened to
traffic about 1967.

This section was rehabilitated in 1976 by DOT
maintenance forces because of the severe faulting
and pumping that were taking place. The rehabilita-
tion consisted of undersealing, spall repair, re-
placement of broken slabs, addition of edge drains,
sealing of transverse joints, and grinding. Annual
surveys conducted on this section have shown a sig-
nificant increase in the faulting 1level in some
areas since rehabilitation. There also has been an
increase in the number of broken slabs and replaced
slabs and visual signs of slab movement in the gen-
eral area since the rehabilitation was completed in
1976.

EXPERIMENTAL LAYOUT

The test sections were designed to examine variables
such as patching materials, types of load transfer
devices, and number of devices or dowel bars per
joint. The patching materials used in the sections
were polymer concrete, rapid set materials, and high
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early strength portland cement concrete. The load
transfer devices consisted of split pipe, figure
eight, vee, and dowel bars. The interactions of
these variables as used in the research project are
given in Table 1., In addition, 10 control sections
ranging from 3 to 17 joints in size were placed
throughout the project. The deflection data obtained
on the control joints were used as a guide to deter-
mine whether the load transfer devices were effec-
tively minimizing the differential deflection across
a joint and reducing the total deflections of a slab.

TABLE 1 Load Transfer Test Section Variables

Type Devices Test
of per No. of Section
Device Patching Material Joint Joints No.
Split pipe Bonded with epoxy 4 6 1
Figure eight Bonded with epoxy 4 20 2and 3
Vee Polymer concrete 4 10 4
Double vee Polymer concrete 4 5 5
4 35 5, 30,
31
3 20 6
2 20 7
4 every 39 22
other
joint
Set-45, Roadpatch, 4 30 17,18
Horn 240 19
4 98 20,27
29
Portland cement con- 3 45 25
crete 2 44 23
Double bars Set-45, Roadpatch, 8 30 8,9,10
Horn 240
Polymer concrete 8 10 12
8 20 11,14
5 5 15
Portland cement con- 5 10 34
crete
4 5 16
3 10 33

PATCHING MATERIALS AND LOAD TRANSFER DEVICES

A combination of five types of load transfer devices
and seven patching materials was used in the test
installations. All but two of the seven patching
materials were used in short sections specifically
placed to evaluate those materials.

The success or failure of a load transfer system
depends on the performance of both the load transfer
device and the patching materials. The following
criteria must be met for a load transfer system to
provide long-term performance:

1. The patching material and device must have
sufficient strength to carry the required load;

2. Sufficient bond must be achieved between the
device and the patching material to carry the re-
quired load;

3. Sufficient bond must be achieved between the
patching material and the existing concrete to carry
the required load;

4. The device must be able to accommodate move-
ment caused by thermal movement of the concrete
slabs;

5. The bond between the device and the patching
material must be sufficient to withstand the forces
due to thermal movement of the concrete slabs;

6. The patching materials must have little or no
shrinkage during curing; shrinkage of the patching
material can cause weakening or failure of the bond
with the existing concrete; and
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7. The patching material must develop strength
rapidly so that traffic can be allowed on the slabs
in a reasonable length of time (3 to 4 hr).

Patching Materials

Three types of patching materials were used to se-
cure the load transfer devices: special quick-set-
ting materials, polymer concretes, and high early
strength portland cement concrete. The special
quick-setting materials consisted of two brands of
magnesium phosphate-based materials (Set 45 and Horn
240) and one fiberglass-reinforced portland cement-
based material (Road Patch). The polymer concretes
consisted of three brands of methyl methacrylate-
based material (Concresive, Silikal, and Crylcon).
The portland cement concrete used Type III cement,
calcium chloride, and aluminum powder to improve
setting times and reduce shrinkage.

A thorough laboratory evaluation or trial instal-
lation should be made of any patching material that
is to be used in a load transfer system. Working
time, bond strength, rapid early strength gain, and
shrinkage are prime factors that must be evaluated
before a patching material is chosen.

Load Transfer Devices

Georgia Split Pipe Device

This device was developed by the Georgia DOT Office
of Materials and Research personnel and is shown in
Figure 1. To install these devices the two sides of
the "split pipe" are epoxied to either side of the
4-in.-diameter core hole and the epoxy is allowed to
set. The top and bottom plates rest on the top and
bottom edges of the two split pipe pieces. The four
bolts are tightened and the load transfer between
the slabs is carried by the four bolts and the epoxy
bond between the split pipe pieces and the concrete
core hole surfaces. Thermal expansion movement is
accommodated by the slippage of the top and bottom
plates on the end of the split pipe pieces.

)
g @\@ = 4" dia,

o g (e _—
nfle

1/2" bolts 9 1/2" long
heads welded to bottom
/16" plate.

FIGURE 1 Georgia split pipe device.
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FIGURE 2 Figure eight device.

Figure Eight Device

This device is a single piece cylindrical metal
shell formed in the shape of the numeral eight as
shown in Figure 2. The device is installed in a
4-in.-diameter core hole and epoxy is used to bond
the device to the walls of the core hole. The center
of the device and the indentations on the side are
filled with foam to keep out debris. The device has
previously been used experimentally in France (4).

Vee Load Transfer Device

This type of load transfer device was first proposed
in a report published by FHWA in 1977 (3) along with
the figure eight device. The device consists of a
1/4-in.-thick steel plate bent into the shape of a V
as shown in Figure 3. The device is not commercially
available and was specially fabricated for this re-
search project.

To be able to install the vee device, two 6-in.-
diameter core holes have to be drilled and then
filled with a patching material after installation.
The vee portion was filled with urethane foam and a
thin layer of polyethelyne foam was placed around
the outside of the V to allow for expansion and con-
traction of the slab. An additional piece of foam
was used to reestablish the joint.

Double Vee Load Transfer Device

This device 1is essentially two vee devices placed
back to back "and downsized to accommodate installa-
tion in a 6-in. core hole. The device was designed
and initially tested at the University of Illinois
(5) and is now commercially available under the
trade name of LTD Plus. Some minor additional design
changes to the device shown in Figure 4 have taken
place since its use in this research project. The
center section of the device is filled with foam to
keep out debris and a thin foam pad is placed around
the outside of the vee portion to allow for expan-
sion and contraction. The devices used in this proj-
ect are epoxy coated to prevent rusting and current
devices are manufactured from stainless steel.
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Dowel Bars

Dowel bars are the most widely used load transfer
device in new construction and were also used on
this research project. The dowel bars were plastic-
coated steel bars 18 in. long and 1 1/4 in. in diam-
eter. The dowel bars were placed on chairs in the
slots. Foam material was used to reestablish the
joint over the bar when the patching material was
placed.

CONSTRUCTION OF TEST SECTIONS

The first 22 test sections were constructed during
the summer of 1981 and the remaining sections were
placed during 1982. The 1982 test installation pro-
cedures were based on the most promising results
from the 1981 installation.

The construction consisted of coring holes for
all the devices or cutting slots for placement of
the dowels. Four-in.-diameter holes were cut for the
split pipe and figure eight devices. Six-in.-diameter
holes were cut for the double vee devices, and two
overlapping 6-in. holes were cut for the vee device.
The slots were cut using a single bladed saw making
four passes approximately 1 in. apart.

Placement of the devices and patching materials
was done in accordance with the manufacturer's rec-
ommended procedures regarding cleaning the concrete,
mixing time, use of primers, and so forth. The joint
over each device was reestablished with a 1/2-in.-
thick closed cell foam material during placement of
the patching material.

Problems were encountered in 1981 with the place-
ment of some of the polymer concrete. Some chemical
components of the polymer concrete are sensitive to
heat and had deteriorated. This chemical deteriora-
tion caused this polymer concrete to stay uncured.
The low viscosity of the ligquid component of the
polymer concrete also posed a problem. This 1liquid
component drained out of the polymer mix under the
slab. This left a weak material near the top of the
core hole. This problem became apparent after the
1981 installations when the material above the load
transfer devices showed signs of raveling under
traffic. This problem with the polymer concrete lig-
uid component repeated itself in the Silikal test
section in 1982. The 1liquid component "ran out" of
the solid components, reducing to some degree the
effectiveness of the material.

When the Crylcon test section was placed, precau-
tions were taken to avoid the run out problem. Plas-
ter was mixed and placed in the bottom of holes to
seal any cracks and loose base material. When the
Crylcon polymer concrete was placed in the holes run
out did not occur and all material placed cured
properly.

It was initially believed that a carbide-tipped
cutting tool could be used successfully to cut slots
for dowel bars in concrete at a reasonable rate of
production.

A special mandrel was built by the CMI Corpora-
tion for a Rotomill PR-275-RT, which was owned by
the Georgia Department of Transportation. The man-
drel contained four rows of cutting teeth designed
to cut slots 5 1/2 in. deep, 4 1/2 in. wide, and 15
in. apart center to center.

Before the Rotomill was placed on the Interstate
test sections, a trial installation was attempted on
US-41 near Macon, Georgia, in May 1981. One pass of
four slots each was made in three joints before the
trial was halted. Several problems were immediately
apparent:

* The maximum depth of the slots that could be
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cut was 3 1/2 to 4 in. due to physical restraints of
the Rotomill.

* Excessive spalling occurred at the edges of
the slots and at the joints themselves, which would
make patching of the slots difficult.

¢ The machine endured excessive vibration dur-
ing the cutting process, which could have damaged
the equipment if cutting had been done on a long-
term basis. The excessive vibration could possibly
have been overcome by the use of a larger and heav-
ier machine, The weight of the PR=-275 was approxi-
mately 37,500 lb.

* Bn excessive amount of water and debris was
left on the pavement. Cutting the slots with the
Rotomill would make it necessary to place the dowels
and patch the slots before opening the road to traf-
fic because of the width of the slots. The threat of
inclement weather would also hamper construction be-
cause workers would have to be sure that the slots
could be patched before work was begun.

In light of these factors, it was concluded that
cutting slots using carbide-tipped cutting equipment
was not feasible.
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Slots were cut in the concrete pavement on the
actual test sections on I-75 using 30-in.-diameter
diamond blade saws. The slots were cut 5 1/2 in.
deep and approximately 3 1/2 in. wide, and were cen-—
tered across the joints at the spacings indicated in
Table 2. The length of the slots was such that the
bottom of the slots was 20 to 24 in. long.

The slots were generally cut with a single blade
saw, Four cuts were made per slot, leaving three
"fins." After sawing, the slots are left open to
traffic, with the fins in place, for several days
while other slots are being sawed. These fins had a
life expectancy of one week or less before they be-
gan to break out and the open slot became a hazard
to traffic.

Both the sawing of the slots and the manual re-
moval of the fins was a time-consuming process be-
cause no equipment was available to do this opera-
tion on a production basis.

DATA COLLECTION PROCEDURES

The performance of the test sections was monitored
through deflection measurements and visual observa-

TABLE 2 Load Transfer Test Section Device Spacing

TEST SECTION
TYPE DEVICE NUMBER SPACING OF DEVICES
Split Pipe 1 ro— e e —o—
Figure Eight 2 and 3 ro——s a3 o J.
Vee 4 Fe— o> o @ {
5 re———a 2 e —e—|
5, 30, 31 g’_....i..._‘-’__...’_'_|
§ o—eo——e |
7 2 e—e i
=
— 2 4.5°* 2
Double Vee 22 = ——=& & ——|
17, 18, 19 z Feole— o o |
- - - [~
20, 27,29 |2 [e—e—> @ o—i
- =
25 E; r' @ 3 o 5 PN ‘4
23 reo—e &
8. 9. 10 “g15'15 g 15'gst 158181
12 "fas'is" s sl as"lis ] as
11. 14 “pesYas Jashas 19 st 0 Y
]5 ‘7“ ‘ " ‘all ‘BII IaII
Dowel Bars 34 - 2
llzlll|8’|l'alll|alll _l
16 L | ] | ] |} g
lI|I|g|l|’l|'
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tions. Deflection measurements were made using a
weight truck with a 20-kip load on a dual-tired sin-
gle rear axle.

The procedure for measuring the slab movement was
to position dial gauges on both corners at the joint
and zero the gauges. The dial gauges were mounted on
a frame that sat on the shoulder. A loaded truck was
then slowly moved forward onto the slab until the
rear wheels were positioned within 3 in. of the
transverse joint and close to the shoulder joint.
The deflection on the loaded side and on the un-
loaded side of the joint was then recorded. The
truck then moved ahead slightly to position the rear
wheels Jjust past the joint and the deflection at
both corners was once again recorded.

Horizontal 3joint movement was measured at 100
joints in the test area to determine if any of the
load transfer devices were restraining contraction
and expansion movements. This horizontal movement
was measured using pins set in the concrete across
the joints.

Close-up visual examinations were made of each
load transfer installation during each evaluation
period to determine bond failures and spalling,
cracking, or subsidence of the patching material.
The condition of the concrete pavement slabs in the
entire experimental area was also noted on strip
charts during each performance evaluation.,

PERFORMANCE

Load Transfer Capabilities

The main criterion for evaluating the performance of
the load transfer devices is of course their effec-
tiveness in lessening the effects of the discontinu-
ity in concrete pavement that is caused by the pres-
ence of a joint. A standard method for determining
this effectiveness is to compare the deflection of
the loaded side of a joint to the deflection of the
unioaded side of the joint under a static or dynamic
load.

The amount of load transfer can be calculated by
a method first used by Teller and Sutherland (6):

LT% = [(2 Du)/(D1 + Du)] x 100 1)
where
LT = load transfer as a percentage,

Du deflection of unloaded slab, and
D1 = deflection of loaded slab.

Joint efficiency is also used to describe the
amount of discontinuity caused by a joint and is de-
fined as follows:

JE% = (Du/DI) x 100 (2

Jointed concrete pavements in the field are con-
stantly in vertical motion caused by changing tem-
perature gradients in the concrete slab throughout a
day. Slab corners are curled upward during morning
hours and therefore lose contact with the subbase,
and the reverse happens in the afternoon hours. The
amount of load transfer that exists can change dras-
tically throughout the day so that deflection mea-
surements must be made several times during the day
to determine load transfer values. If only one set
of readings is to be obtained, the testing should be
confined to the early morning hours when the highest
deflections are likely to be encountered. Compari-
sons between test installations are only valid when
the measurements are made at the time of maximum de-
flections and not when the slabs are curled down and

Transportation Research Record 1043

in maximum contact with the subbase. This is espe-
cially true for pavements that have been under traf-
fic for some time and have developed small voids
under the slab corners.

The location of the load at the joint for which
the load transfer is to be determined is important
because the slab at the approach side of the joint
usually does not contain as large a void as could be
the case under the leave side of the joint. In gen-
eral, the deflections measured on the approach side
of the joint are less than the deflections obtained
on the leave side.

The manner in which the load transfer and joint
efficiency ratios are calculated causes the results
to be highly dependent on the magnitude of the de-
flections as shown in the hypothetical example that
follows.

Joint
Deflection (mils) Effi- Load
Test Loaded Unloaded ciency Transfer
Location Side Side (%) (%)
1 6 1 17 29
2 10 5 50 87
3 35 30 86 92

The difference in deflections for all three
joints in the preceding example is 5 mils, but the
joint efficiency or load transfer becomes increas=-
ingly better with higher deflection levels.

From a performance standpoint, Test Location 1 in
the example would be more desirable because it has
low deflection levels yet fails to provide effective
load transfer by the definitions given in Equations
1l and 2. The equations are meaningless for low de-
flection 1levels and a different approach must be
used in analyzing the effectiveness of the various
load transfer devices that were installed as part of
this research project.

Because joint efficiency and load transfer per-
centages were not considered the best approach for
analysis, another method was used. The deflection
data obtained for this research project were ana-
lyzed in terms of maximum deflections and in terms
of differential deflection between loaded and un-
loaded slab corners.

Deflections were obtained during three evaluation
periods, January 1982, September 1982, and March
1983. Three sets of tests were made each time; one
series was made early in the morning generally
starting at 7:00 a.m., a second series of tests was
run mid-morning starting at 10:00 a.m., and a third
set was made in early afternoon starting at 1:00
p.m. The series of tests was done so as to be able
to detect the changing deflection and load transfer
conditions of the Jjoints as they were affected by
temperature changes and time of day.

The effects of seasonal changes on the load
transfer conditions were evident from the three se-
ries of tests that were conducted at different times
of the year and clearly showed that the higher de-
flections were obtained in September 1982 and always
occurred in the early morning test series for all
three evaluation periods. The deflections obtained
with the load on the leave side of the joint also
were generally larger than the deflection obtained
on the approach side when loaded. The deflection
data also show that the vertical movement measured
in the early afternoon is generally negligible re-
gardless of the magnitude of the movement measured
in the early morning (Figure 5). Performance cgompar-
isons of the various load transfer systems were
therefore based on deflections measured during the
early morning hours when significant slab movements
are likely to take place.
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FIGURE 5 Deflection levels of leave slab corners, September 1982.

A low differential deflection value could indi-
cate one of two conditions:

1. The loaded slab is in contact with the base
and has a low total deflection value and transfer of
load by means of a device is not necessary.

2, The 1load is being transferred across the
joint to a large extent even though the maximum de-
flection of the slab may be large.

The field data also showed that, when there is a
significant amount of interlock between adjoining
slabs through mechanical or other means, the differ-
ential deflections are small and do not change much
throughout the day regardless of the magnitude of
the actual deflection.

The critical data for analysis are the deflec-
tions obtained during the early morning testing with
the load placed on the leave side of the joint. The
average differential deflection values for each test
section are shown in Figure 6 for the March 1983
test period with the load placed on the leave slab.
The bar charts in Figure 6 clearly show that all the
sections with the dowel bars were performing well
along with 10 of the 14 sections containing double
vee devices. Section 4, containing the vee device,
shows good performance on the bar chart; however,
the data are suspect for this section for March 1983
because the deflection difference obtained in Sep-
tember 1982 was 35 mils. The March 1983 readings
were generally much less than those obtained in Sep-
tember 1982 for sections showing poor performance.
For the sections with good performance there gener-
ally was not much difference between the September
1982 and March 1983 differential deflection values.
This is an indication of the seasonal influence on
sections with 1little or no mechanical interlock.
When adequate mechanical interlock is present, the

seasonal influences are minimized in a manner simi-
lar to that noted previously for daily temperature
cycle changes.

The discussion so far has been confined to aver-
age deflection values for each test section. An av-
erage value, however, can be artificially inflated
by a few poor-performing joints within a test sec-
tion when only a small number of joints make up the
section. The percentage of joints with a differen-
tial deflection value of 10 mils or less for each
test section is given in Table 3 for the case with
the load on the leave slab and early morning test
results. The values for September 1982 for Sections
23 and higher, excluding control sections, represent
initial values because they were obtained soon after
construction.

The sections containing dowel bars are all per-
forming well compared to the control sections re-
gardless of the number of dowels per joint. Little
difference can be noted between the sections with
the split pipe, figure eight, and vee device and the
control sections, which are all performing poorly.

The performance of the sections with the double
vee devices varies: half of the sections show good
performance and half of the sections show marginal
to poor performance.

Horizontal Joint Movement Restrictions

Horizontal joint movement measurements were made to
determine if any of the load transfer devices would
prevent the joint from functioning in a normal man-~
ner with respect to daily and seasonal temperature
changes. Joint movement data are similar to deflec-
tion data in that they can vary from joint to joint
and from day to day for a joint over the same tem-
perature range.
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FIGURE 6 Differential deflection values in early morning on leave slab, March 1983.

TABLE 3 Percentage of Joints with Differential
Deflections of 10 Mils or Less—Load on Leave

Stab
D1-Du

Test Section September 1982 March 1983
Double vee

5 85 95
6 70 65
7 20 30
17 70 70
18 50 40
19 90 100
20 90 90
22 71 76
23 95 75
25 98 98
27 95 93
29 100 91
30 90 90
31 90 90
Dowel bars

8 90 100
9 60 90
10 R0 90
11 100 90
12 80 100
14 100 100
15 100 100
16 80 100
33 90 100
34 100 90
Miscellaneous

1 0 50
2 17 42
3 0 50
4 20 100
Control

10A 33 33
13 0 20
18A 17 17
21 0 33
24 0 10
26 90 80
28 0 10
32 0 38
35 50 80

Note: DI = deflection of loaded slab and Du = defleciion of un-

loaded slab,

The resistance to opening or closing of a joint
by the various load transfer devices is of concern
because slab cracking can occur if the expansion and
contraction movements cannot be accommodated at the
joints. It is also important because excessive
stress can cause a bond failure of the patching ma-
terial thereby rendering the load transfer device
useless.

The general indication from the joint movement
data is that double vee devices and dowel bars do
not excessively restrict horizontal joint movement.
Bond failure had already taken place for the split
pipe, figure eight, and vee devices when the first
tests were made in January 1982. The bond failure
could have been caused by excessive restraint of the
joint movement, failure of the patching materials,
installation problems, or other causes.

No detailed analysis of horizontal movement
trends and variations will be made in this paper be-
cause the only reason for obtaining the data was to
determine excessive restraint of horizontal joint
movement imparted by the load transfer devices.

Visual Observations of Load Transfer
Device Installations

Each of the load transfer installations was visually
evaluated during each testing period. The items of
concern are visible separations between the patching
material and the devices or the pavement, loss of
patching material, and cracking of the patching ma-
terial.

Visual observations of the test sections have
shown problems with disbonding between the patching
material and the pavement on many of the double vee
installations and on some of the dowel bar slots.
The double vee installations with Horn 240 patching
material have experienced cracking located over the
fins of the device. Some transverse cracking at the
end of the bars has been noted in the dowel instal-
lation with plain portland cement concrete as the
patching material. To date, the best performing ma-
terials with the double vee are two polymers and
plain portland cement concrete.

Reduction in Deflection Levels

One of the objectives of the research project was to
determine if corner deflections of concrete slabs



Gulden and Brown

would be reduced by placing load transfer devices in
the joint.

Determination of the amount of reduction that can
be expected when load transfer systems are installed
was a difficult proposition because the magnitude of
joint deflection changes from day to day and from
location to location even within short distances.

An estimate was made by comparing the deflection
levels of "failing" joints to "good" joints within a
section and by comparing the average deflection
levels of joints that were performing well to con-
trol sections in the immediate vicinity. For compar-
ison purposes a joint was considered to have failed
to provide adequate load transfer when the differen-
tial deflection was more than 10 mils. The analysis
was based on deflections obtained during the early
morning testing conducted in March 1983 and only
those joints where the load transfer systems are
performing well were included in the analysis.

The short-term performance data indicate that a
definite reduction in deflection levels can be ob-
tained using mechanical load transfer. A reduction
ranging from 50 to 75 percent was obtained in the
dowel sections, and similar reductions were measured
in the double vee sections, which were still per-
forming well. To enhance the long-term performance
of the joint, it is advisable to stabilize exces-
sively moving slabs through undersealing before load
transfer devices or dowel bars are installed. In
Georgia a deflection value of more than 0.030 in. is
considered excessive on the basis of past experience
with undersealing of concrete pavements.

Overall Performance

A rating of the performance of the various installa-
tions is given in Table 4. These ratings are based
on the authors' interpretation of the percentage of
joints having differential deflection values of 10
mils or less, the average differential deflection
values, and the visual appearance of the installa-
tion obtained during the last comprehensive evalu-
ation conducted in March 1983. The split pipe, fig-
ure eight, and vee devices all failed within the
first winter and their performance rating is not in-
cluded in Table 4.
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A visual condition survey conducted in June 1984
indicated additional bond failures in the various
test sections. The visual ratings indicate overall
performance of the test sections and do not mean
that each individual joint has failed in a "mar-
ginal" or "poor" performing section.

The ratings do indicate that the dowel sections
are generally performing better than the sections
with other load transfer devices. All the ratings
are based on only 3 years of traffic, and long-term
performance of any of the installations now rated as
"good" is still in question.

CONCLUSIONS

1. The success or failure of a load transfer
system depends on both the device and the patching
material. The patching material must develop suffi-
cient strength and bond to allow the device to open
and close and to withstand the vertical stresses im-
parted by the loads. The load transfer device must
be able to accommodate horizontal joint movements
without disbonding the patching material.

2. Commonly used formulas for calculating load
transfer and joint efficiency are inadequate for
conveying the true effect of a load transfer system.
These formulas cause the load transfer value to be
highly dependent on the magnitude of the deflection
levels. The difference in deflection between the
loaded and unloaded slab is a better indicator of
the performance of the joint.

3. Analysis of the effectiveness of any load
transfer at a joint should be based only on the de-
flection levels that are present during the early
morning hours when significant slab movements are
likely to take place.

4, The sections with the split pipe device, the
vee device, and the figure eight device and some of
the sections with the double vee have failed to pro-
vide adequate load transfer by the criteria used in
this study.

5. The sections with the dowel bars, regardless
of the number of bars per Jjoint, are performing
better than the other sections after 2 and 3 years
of traffic although some failures are occurring.
Horizontal joint movement measurements indicate that

TABLE 4 Performance Ratings of Test Sections

Test Devices March 1983
Section per Performance June 1984
Patching Material Type of Device No. Joint Rating Visual Rating
Set 45 Double vee 17 4 Marginal Marginal
Dowels 8 8 Good Good
Road Patch Double vee 18 4 Poor Poor
Dowels 9 8 Good Good
Horn 240 Double vee 19 4 Good Poor
Dowels 10 8 Good Marginal
Concresive Double vee 5 4 Good Poor
6 3 Marginal Poor
7 2 Poor Poor
22 4 Marginal Poor
Dowels 12 8 Good Good
Crylcon Double vee 30 4 Good Good
Silikal Double vee 31 4 Good Marginal
Portland cement Double vee 20 4 Good Good
23 2 Marginal Marginal
25 3 Good Marginal
27 4 Good Marginal
29 4 Good Marginal
Dowels 11 8 Good Marginal
14 8 Good Good
15 5 Good Good
16 4 Good Good
33 3 Good Marginal
34 - Good Good
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the dowel bars and the double vee devices do not
excessively restrict horizontal joint movement. Bond
failures had already taken place for the split pipe,
figure eight, and vee devices when the first hori-
zontal movement measurements were made during the
first winter cycle.

6. The short-term performance data indicate that
a definite reduction in deflection levels can be ob-
tained using dowel bars or double vee devices. The
amount of reduction on the research sections ranged
from 50 to 75 percent when the deflection levels of
the good performing test sections were compared to
control sections in the immediate vicinity. These
data are based on short-term performance only.

RECOMMENDATIONS

1. The type of patching material to be used with
a load transfer device must be given careful consid-
eration and laboratory tests should be conducted on
new materials to determine ultimate bond strength,
rate of strength gain, working time, and other fac-
tors before any material is used on a construction
project.

2. It is recommended that the core hole walls or
slot walls be grooved or a rough wall be provided in
load transfer installations to reduce the dependency
on the bond between the patching material and the
existing concrete to carry the load.

3. The core hole or slot must be thoroughly
sealed on the bottom and along the side when polymer
concrete is used as the patching material to prevent
drainage of the liguid component in the polymer con-
crete mix.

4, Retrofitted load transfer installations
should not be installed to reduce excessive deflec-
tions in slabs but should be placed to prevent high
deflections from reccurring when slabs have been
stabilized. !

It is desirable that vertical slab movement in
excess of 0.030 in. measured during early morning
hours be reduced through undersealing before the
installation of any load transfer devices.

5. It is recommended that for dowel installa-
tions three dowels be placed in the outside wheel-
path and two dowels be placed in the inside wheel-
path with a dowel spacing similar to Test Section
34. When long-term performance data have been ob-
tained it may be possible to eliminate the load
transfer devices in the inside wheelpath. Four
double vee devices per joint should he used on fu-
ture installations.

6. Any future installations should be placed on
an experimental basis until long-term performance
data can be obtained on the current test sections.
New installations are encouraged to provide addi-
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tional performance data under a variety of traffic,
weather, and design conditions.
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Lateral Placement of Truck Wheels Within

Highway Lanes

P.R. SHANKAR and CLYDE E. LEE

ABSTRACT

In recognition of the need for representative statistical data on the lateral
placement of truck wheels within highway lanes, a video camera was used in a
following vehicle to record rear-view images of trucks operating on multilane
highways in Texas. Analysis of the data set that resulted from evaluating these
images produced four frequency distributions of lateral wheel positions that
are definitive for two different truck types and for two roadway alignment con-
ditions. A single frequency distribution could not be used to describe the ob-
served placement patterns with acceptable accuracy. To illustrate the effects
of laterally distributed traffic loading on the design thickness of rigid pave-

ments, computations were made for 1,

10, and 20 million repetitions of loads

concentrated at the pavement edge and for the same number of loads distributed
laterally in accordance with a representative frequency distribution. A thick-
ness reduction of about 15 percent could be realized if the lateral distribu-
tion of loads were incorporated into the design process.

Increasing numbers of trucks on the highways coupled
with the tendency to move heavier loads on each
truck indicate a need for improved traffic data and
for more refined pavement design procedures that
take into account the magnitude of critical wheel
loads that will be applied to pavement structures,
their frequency of occurrence, and their lateral
distribution among and within the lanes of multilane
highways. Most pavement design procedures currently
in use employ estimates of the directional and the
lanewise distribution of mixed traffic loading, but
none of the procedures accounts directly for the
effects of varying lateral placement of wheel loads
within the lane.

To illustrate the relative importance of lateral
load placement in rigid pavement design, it is
worthwhile to recall Westergaard's analysis of
stresses in the pavement slab. In his work, Wester-
gaard (1) considered three cases of load applica-
tion: (a) corner, (b) edge, and (c) interior loca-
tion. For typical highway pavements, his equations
indicate that the maximum tensile stress in the slab
due to edge loading will be approximately 1.5 times
that for interior loading and that maximum deflec-—
tions will be about three times as great for the
respective loading positions. Pickett and Ray, cited
in Yoder and Witczak (2), extended Westergaard's
original theoretical work and developed influence
charts for solving the general equations. Their work
also shows that wheel loads applied at the pavement
edge cause considerably higher stresses in the slab
than do the same loads positioned laterally further
away from the edge.

A pavement design procedure should recognize the
stochastic nature of lateral wheel 1load placement
within the lane, generally between these extreme lo-
cations, and account for the cumulative effects of
different levels of stress and different numbers of
repetitions of the various stresses that result.
None of the popular pavement design procedures eval-
uvates the effects of lateral wheel placement di-
rectly. The AASHTO Interim Guide (3), which is
widely used for design purposes, estimates the over-
all effects of various amounts of mixed traffic

through an empirical correlation of the observed
pavement performance at the AASHO Road Test with the
known amount of controlled truck traffic that was
applied to pavement test sections there. The actual
lateral distribution of truck traffic at the road
test was not incorporated as a variable into the
definitive cause and effect equations that were de-
veloped.

Few statistical data are available on the lateral
placement of truck wheels within the traffic lane.
Most research studies that have produced quantita-
tive information about wheel placement have been
directed toward identifying driver behavior patterns
and determining the relationship between vehicle
width and the effective width of the highway lane
(4-6). An extensive series of studies on lateral
placement of vehicles in highway lanes was conducted
by the Bureau of Public Roads in the 1950s using a
segmented switch on the road surface (7). This gave
incremental measurements of wheel location only at a
single point along the roadway. Photographic tech-
niques have been used to record the varying lateral
position of vehicles moving along the roadway
(8-10) , but none of these studies has concentrated
on characterizing the patterns of truck wheel place-
ment within the lane on multilane highways. This in-
formation is needed for pavement design and perfor-
mance evaluation.

With the overall objective of defining a repre-
sentative frequency distribution for the lateral
placement of truck wheels with respect to the pave-
ment edge on multilane highways in Texas, video pho-
tography was chosen as the most appropriate means
for obtaining an adequate data set under actual
traffic operating conditions. A sampling plan was
devised, and a practicable data reduction procedure
was developed. Analysis of the video-taped data
showed that a single frequency distribution could
not be used to represent the various patterns of
lateral placement of truck wheels within the lane
with acceptable accuracy; therefore, four different
frequency distributions were defined. Each distribu-
tion describes the observed pattern of lateral wheel
placement for a particular set of traffic and road-
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way alignment circumstances that can be easily iden-
tified when designing or evaluating sections of
pavement. To demonstrate the applicability of this
type of traffic loading information in design, a
series of computations was made. Results of these
computations are given later in this paper. Signifi-
cant reduction in the design thickness of rigid
pavement slabs was indicated when stress calcula-
tions were based on the observed lateral distribu-
tions of wheel T1nads rather than on the asanmption
that all loads would occur at the pavement edge.

DATA COLLECTION AND REDUCTION

Because a continuous record of wheel placement for
individual trucks as they traveled along the roadway
was desired, a video camera mounted in a following
van was used to record the rear-view image of trucks
on two selected multilane (in each direction) high-
ways. The sampled sections included a 26-mi segment
of I-35 near Austin and a 16-mi segment of US-59
north of Houston. About 6 hr of video recordings of
the movements of some 50 different trucks on care-
fully chosen sections of these highways with various
alignments, cross sections, and pavement types were
obtained during daylight hours. The time during
which each individual truck was followed varied from
about 2 to 20 min. An attempt was made to include
various types of trucks in the sample, roughly in
proportion to the percentages registered in Texas.
Measurement of the lateral distance between the
right edge of the truck tire image and the left side
of the pavement edge line was made from the replayed
images on a video monitor with the aid of a grid
placed on the curved screen. The known width of the
lane between the marked edge lines and lane lines
was used to scale the measurements. A detailed de-
scription of the construction of the grid, which was
used to correct for the inherent distortion in the
video image, and the measuring technique that was
used for data reduction is given elsewhere (ll). It
was also possible to note from the video images
other factors such as traffic, pavement condition,
and ramps or shoulders that might have influenced
the driver's choice of lateral position at any given
time.

ANALYSIS OF DATA

The objective of the analysis was to use the avail-
able data to define a representative frequency dis-~
tribution, or a set of frequency distributions, of
lateral placement of truck wheels on sections of
multilane highways in Texas. The resulting frequency
distributions were to be presented in a form that
could be used in pavement design with relative ease.

In addition to the video image of the rear view
of trucks that were followed, a visual image of the
date and time (in l-sec increments) was recorded.
Thus the wheel placement pattern of each truck could
be enumerated at exact l-sec intervals throughout
the time that the truck was followed. To reduce all
the recorded data at each l-sec interval was prohib-
itive and unnecessary; therefore, a systematic data
sampling procedure was devised. The sampling rates
were 5- to l0-sec intervals on roadway sections with
straight horizontal alignment and 2- to 5=-sec inter-
vals on sections with horizontal curvature. A uni-
form small-interval sampling rate was not always
feasible because the broken lane line markings some-
times did not appear in the video image at the se-
lected time for sampling. An evaluation of the
selected sampling rates, as described in detail
elsewhere (ll), showed that the rates were entirely
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adequate to place the observed wheel position prop-
erly in the appropriate 1-ft interval that would
subsequently be recommended for inclusion in a pave-
ment design procedure.

Table 1 gives all the individual trucks that were
observed, the truck type, the time during which each

TABLE 1 Observations of Truck Wheel Placement

Truck Identi- Total Time No, of Ob-
fication No, Type Followed {sec) servations
1 3-S2 417 44
2 2-axle 501 61
3 3-82 241 19
4 3-S2 560 68
5 2-axle 326 35
6 3-axle 242 29
7 3-82 664 86
8 3-82 382 51
9 3-S2 751 88
10 3-axle 435 42
11 2-axle 622 89
12 2-axle 255 39
13 2-axle 425 42
14 3-S2 641 33
15 3-82 1,027 89
16 3-82 925 95
17 3-S2 583 62
18 2-axle 223 23
19 3-axle 396 39
20 3-82 370 38
21 3-S2 110 29
22 3-axle 105 19
23 3-82 120 14
24 3-axle 180 15
25 3-S2 460 44
26 3-82 311 26
27 3-S2 349 33
28 3-S2 601 83
29 3-82 282 35
30 3-82 421 39
31 3-S2 109 17
32 3-82 372 36
33 3-82 943 159
34 3-S2 652 13
35 3-82 611 75
36 3-82 482 54
37 3-82 461 57
38 3-82 574 63
39 3-S2 423 33
40 3-82 867 95

was followed, and the number of measurements of
wheel placement that were made from the video re-
cordings. Table 2 gives a summary of the overall
characteristics of lateral wheel placement in terms
of mean position away from lane edge and observed
variance. To determine whether the duration of the
selected observation time on every truck was ade-
quate, each data set was tested for stability. Sta-
tistics of interest concerning a time-varying phe-
nomenon such as lateral wheel placement are said to
be stable in a statistical sense if they are not
affected significantly when the time origin of the
data set is shifted. All the selected observation
times and the duration of time that each truck was
followed proved to be adequate for estimating mean
values and variance of the lateral placement of
truck wheels within the highway lane because the
stability tests did not reveal significant dif-
ferences.

A number of factors can possibly cause the lat-
eral placement of truck wheels to vary at any given
location and time. The factors that were evaluated
in this study are given in Table 3 along with the
chosen levels of each factor. An analysis of vari-
ance (ANOVA) procedure was used to identify which of
the factors and which levels contributed signifi-
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TABLE 2 Overall Characteristics of Lateral
Wheel Placement for Trucks Observed

Truck Identi- Mean Placement Variance
fication No. (ft) (ft?)
Truck Type: 3-82
1 1.09 0.76
3 1.26 1.02
4 0.96 0.65
7 1.71 0.73
8 1.19 0.74
9 1.40 0,77
14 0.72 1.05
15 27 0.75
16 1.92 1,17
17 1.38 0.97
20 1.87 1,10
21 0.76 0.89
23 2.7 0.9
25 1.61 0.9
26 1:52 1.06
27 0.81 0.77
28 1.03 0.73
29 1.38 0.94
30 1.46 0.68
Fl 0.96 0.65
32 1.62 0.88
33 1.62 0.67
34 1.1§ 0.76
35 1.80 0.66
36 1,81 0.66
37 1.34 0.68
38 1.97 0.88
Truck Type: 3-Axle and 2-Axle
2 1.6 0.76
5 2.09 1.0
6 15 0.89
10 0.61 0.79
11 2.28 0.53
12 1.98 0.69
13 1.97 1.15
18 1.23 0.62

TABLE 3 Factors and Levels Included in
Sample

Factors Levels

Single unit
2-axle
3-axle
Tractor and semitrailer
3-82
2-S1
Straight
Downgrade
Upgrade
Left curve, level
Right curve, level
Left curve, downgrade
Right curve, downgrade
Left curve, upgrade
Right curve, downgrade
Rigid pavement (concrete)
Flexible pavement (asphalt)
Inside lane
Center lane
Outside lane

Truck type

Geometry

Pavement surface

Lanes

cantly to explaining the observed variability in
lateral wheel placement. Truck type and section
geometry were found to be significant influencing
factors, but pavement surface type and lane location
were not. Two types of trucks--single unit and trac-
tor and semitrailer--were found to have signifi-
cantly different frequency distributions of lateral
wheel placement. Also, two categories of roadway
geometry-—-straight sections and sections with hori-
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zontal curvature (regardless of vertical align-
ment)--exhibited different patterns of lateral wheel
placement. The details of the statistical analysis
are again given elsewhere (11).

It was necessary to establish four representative
frequency distributions for lateral truck wheel
placement within the highway lane. Table 4 gives the
percentages of truck wheel placements that were ob-
served to fall within the indicated 1-ft intervals
with respect to the right pavement edge for each
condition. Because no significant difference was
found between the placement patterns in the Austin
and in the Houston areas, it may be assumed that the
tabulated values are representative of general con-
ditions throughout the state. An expanded data set
would be needed to substantiate this assumption,
however.

TABLE 4 Frequency Distribution of Lateral Wheel
Placements for Different Truck Types and Roadway
Alignments

Wheel
Placement? Tractor and  Tractor and  Single-Unit Single-Unit
(midpoints Semitrailer Semitrailer  Truckson Trucks on
of interval)  on Straight  on Curved Straight Curved
in ft Sections Sections Sections Sections
-1.0 i® 0.5 3 2

0.0 12 14 16 20

1.0 38 35 20 25

2.0 38 34 41 36

3.0 10 16 19 16

4.0 1 0.5 1 1

IWheel placement is measured between the right-hand edge of the rear tire and
the inside edge of the lane or edge line.

bNumbers in the tuble denote the percentage of observation within each class
interval.

EFFECTS OF LATERAL WHEEL PLACEMENT ON DESIGN
THICKNESS OF RIGID PAVEMENTS

Design procedures for highway pavements have been
developed on the assumption that wheel loads are
applied at some standard or average lateral location
within the lane. The general AASHO Road Test equa-
tion (3), for example, characterizes traffic loading
only in terms of the number of single or tandem axle
loads and their respective magnitudes. The actual
lateral positions of the test truck wheels that oc-
curred during the road test were not incorporated
into the equation as a variable. In extending this
general empirical equation to handle conditions
other than those that existed at the road test, a
relationship was developed only between the observed
number of axle load applications of various types,
which produced a given terminal serviceability index
at the road test, and the ratio of the modulus of
rupture to the maximum tensile stress in the con-
crete slab as calculated by Spangler's equation for
corner loading. Thus the AASHO design equations and
nomographs do not allow for direct evaluation of the
effects of varying lateral distribution of traffic
wheel positions within the lane.

The lateral distribution of truck wheel loads of
different magnitudes and number of repetitions
across the pavement surface produces various levels
of stress, and therefore damaging effects, at any
selected point in the pavement slab. To illustrate
the relative effect of such lateral distribution of
load, design thicknesses for two loading conditions
have been determined--one for the edge loading con-
dition and another for the laterally distributed
loading condition.
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A finite element program (12) was used to calcu-
late the stresses, due to loads positioned at vari-
ous points on the surface of the slab, at different
points in a concrete pavement slab. By running the
program several times, with an 18-kip single axle
load positioned at a different place each time, the
various stress levels that would result at any se-
lected point in the slab from each load position
were identified. Then the cumulative damaging effect
af repeated applications of these various stress
levels at a critical point in the slab was assessed.
A pavement thickness that could accommodate a later-
ally distributed loading frequency pattern without
exceeding selected strength-to-stress ratios was
finally determined by successive approximation. For
comparison, the thickness required for repeated ap-
plications of an 18-kip single axle load, all in the
conventional edge loading position, was determined
using the same procedure.

Slab Model

A 12-ft by 12-ft slab was considered for evaluation
purposes. The slab was divided into 144 square ele-
ments so that each node was 1 ft away from the ad-
jacent node. The loads were imposed at the nodes,
and each node had associated with it a certain slab
stiffness and a subgrade stiffness. Figure 1 shows a
schematic of the arrangement of nodes and the posi-
tion of the wheel loads. The edge and corner condi-
tions of the slab were simulated by reducing the
stiffness of the slab and the spring support to one-
half or one-quarter of the original stiffness, re-
spectively, at the appropriate nodes. A computation
was then carried out by the program to determine the
stresses (both tensile and compressive) at all the
nodal points for each selected loading condition.

iContinuous
(12, 12)
« & & s+ s s s = s« = s« A
® o+ e = s+ & & o+ s+ a + A
Continuous 9Kk Wheel Load 9k
be— - . - . L— ._*
6 f1

- . . . . . . . . . . .

I —Edge of Siab

. . . . . . . . . .

. . . . . . . . . . .

F B EREEEE

(0,0)

I ft I .
Continuous

FIGURE 1 Finite element modeling of a slab subjected to an 18-
kip axle load.

Use of Vesic's Fatigue Model

Vesic and Saxena (13) used the AASHO Road Test data
to develop a fatigue model that incorporated several
different loading confiqurations on rigid pavements
of various thicknesses. A concrete slab 30 ft long
and 12 ft wide with a transverse joint in the center
was modeled in their analysis. Single axle and tan-
dem axle loads were positioned laterally as shown in
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Figure 2 (inset) and were shifted in nodal incre-
ments toward the joint. The resulting maximum ten-
sile stresses were then plotted against the distance
of the load from the joint. Figure 2 shows a sample
curve. Similar curves were developed for various
magnitudes of loads and pavement thicknesses. The
lateral placement of the outer wheel was always as-
sumed to be 2.5 ft away from the pavement edge (av-
erage wheel path) because AASHO Road Test data were
reported only for this condition.

The maximum tensile stress that occurred for dif-
ferent load magnitudes and for different pavement
thicknesses was then plotted against the number of
repetitions accommodated before the pavement reached
a present serviceability index of 2.5 (data avail-
able from AASHO Road Test). Vesic and Saxena found
that a unique relationship could be described as
follows:

N, = 225,000 (f./0)*
where

Ny = number of replications of an equivalent 18-
kip single axle load needed to reduce the
present serviceability index to a value (t),

fec = modulus of rupture (strength) of the con-
crete, and

¢ = maximum tensile stress in the concrete due
to axle loading. .
This fatigue model has been used to approximate

the effect of distributing wheel load repetitions
laterally across the pavement and to calculate the
cumulative damage. The slab model used for this pur-
pose was 12 ft by 12 ft, and no joints were present.
The basic load position case--that of applying all
the repetitions near the edge of the slab--to a cer-
tain extent is similar to the critical loading con-
dition of Vesic and Saxena with the axle near the
joint. The lateral shift case (i.e., shifting the
load repetitions laterally inward from the edge of
the slab) compares with Vesic's and Saxena's shift-
ing of the 1loading configuration longitudinally,
away from the transverse joint. Thus a stress dis-
tribution curve for the several loading configura-
tions in this analysis might resemble Vesic's and
Saxena's stress distribution curves shown in Figure
2. No empirical data concerning the fatigue effects
of loads positioned at various lateral positions in
the lane are known to exist. Thus an effort was made
in this evaluation to adhere as closely as possible
to Vesic's and Saxena's loading configuration so
that their fatigue model could be used to compare
the cumulative damage that might occur to the pave-
ment for laterally distributed loads. The actual
loading configurations and the modeling procedure
are described in further detail next.

Thickness Required for Repeated Application in the
Edye Loading Position (Case 1)

Vesic's and Saxena's fatigue model (13) , as shown
previously, was used to relate the number of repli-
cations to the allowable stress ratio. The terminal
serviceability index (t) was set at 2.5. The follow-
ing assumptions were made in applying this model:

* That the stress ratio is an adequate indica-
tor of the effect of the number of load repetitions
on reducing the present serviceability index and

* That the model is valid regardless of where
the loads are positioned and where the maximum ten-
sile stresses occur.
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FIGURE 2 Maximum tensile stress as a function of load position for Vesic’s model (13).

With these assumptions,
carried out:

the following procedure was

* Taking the number of replications of the
standard 18-kip single axle load that would occur at
the edge loading position before failure, the allow-
able stress ratio was calculated from the fatigue
model.

« A modulus of rupture (strength) of concrete
was taken as 650 psi, and the maximum allowable ten-
sile stress was calculated from the stress ratio.

The same finite element model (12) that was em-
ployed by Vesic and Saxena (13) was then used to
calculate the maximum tensile stress in a slab of
some trial thickness caused by an 18-kip single axle
load being placed at the center of the slab longi-
tudinally with the center of the outside wheel 1.0
ft from the edge of the slab. This maximum tensile
stress (under the outside wheel) was compared with
the maximum allowable tensile stress from the fa-
tigue model; then another trial thickness was chosen
so as to make the calculated stress more nearly
equal to the allowable stress for fatigue loading.
By making successive adjustments in slab thickness,
these stresses were made approximately equal. The
resulting thickness was that which would be needed
to sustain the chosen number of applications of an
18-kip single axle load in the edge loading position
(Case 1) while reducing the present serviceability
index to a value of 2.5.

Thickness Required for a Laterally Distributed
Application of Loads (Case 2)

The percentages given in Table 4 represent the fre-
quency of application of heavy axle loads in the
right lane of multilane highways at the designated
transverse locations in 1-ft intervals. Because the

distances indicated in the table were measured to
the outer wheel edge and the load is considered to
be applied at the center of the dual wheels, the
modeled loading position is 1 ft to the left of the
wheel position placement that'is shown in the table.

The lateral loading pattern used for comparison
with edge loading is similar to that for tractor and
semitrailer trucks on straight alignment and is dis-
tributed as follows:

* Right wheel 1 ft from the edge line: 10 per-
cent of total applications (edge loading); loading
coordinates were (5,6) and (11,6) each wheel carry-
ing 9 kips.

* Right wheel 2 ft from the edge line:
cent of applications;
and (10,6).

* Right wheel 3 ft from the edge line: 40 per-
cent of applications; loading coordinates were (3,6)
and (9,6).

* Right wheel 4 ft from the edge line:
cent of applications;
and (8,6).

40 per-
loading coordinates were (4,6)

10 per-
loading coordinates were (2,6)

The first step was to determine the magnitudes and
the locations of stresses in the slab caused by the

different 1loading positions. The stresses under
nodes (11,6), (10,6), (9,6), and (8,6) were tabu-
lated. The following values for pavement material

characteristics were used in the computer program:

E =5 x 10° psi = modulus of elasticity for con-
crete,

k = 100 psi/in. = modulus of subgrade reaction,
and

b 0.15 = Poisson's ratio for concrete.

An example of stresses for an 8-in.
is given in the following table.

slab thickness
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Loading

Position Tensile Stress Under Node (psi)
Left Right for Position

wheel Wheel (11,6) (10,6) (9,6) (8,6)
(5,6) (11,6) -330.6 =215.9 -155.9 -133.4
(4,6) (10,6) -208.4 -281.9 -189.8 ~141.7
(3,6) (9,6) -135.8 -180.2 -265.2 -180.0
(2,6) (8,6) -93.8 -118.8 -169.4 -258.6

To acconnt for the accumulated damage due to
these several loadings, the following procedure in-
corporating Minor's hypothesis was used.

Assuming that maximum cumulative damage for 10
million load applications occurs under node (10,6),
where 40 percent of the load repetitions occur, the
possible number of replications for the different
stress levels were calculated as follows:

Ly Stress at (10,6) due to loading at nodes
(10,6) and (4,6) = -281.9 psi.

2. Additional stress at (10,6) due to loading at
nodes (11,6) and (5,6) = -215.9 psi.

3. Additional stress at (10,6) due to loading at
nodes (9,6) and (3,6) = -180.2 psi.

4. Additional stress at (10,6) due to loading at
nodes (8,6) and (2,6) = -118.8 psi.

Each of these stresses has associated with it a
certain number of possible applications of 1load,
which can be calculated from the Vesic fatigue
model. The possible replications and the correspond-
ing actual replications are

Possible Actual
1= 6,350,000 4,000,000
2 = 18,500,000 1,000,000
3 = 38,100,000 4,000,000
4 = Very large 1,000,000
Total 10,000,000
The cumulative linear damage hypothesis (Minor's

hypothesis) states that the sum of the ratio of ac-
tual to theoretical (or possible) application for
each type of load must be equal to unity before
failure occurs. Assuming that failure refers to the
pavement reaching a present serviceability index of
2.5, the cumulative damage is as follows:

(4,000,000/6,350,000) + (1,000,000/18,500,000)
+(4,000,000/38,100,000) + negligible = 0.63
+0.05 + 0.10 + negligible ~. 0.80

Note that the cumulative damage index for an 8-in.
slab thickness was arrived at after trying several
other thicknesses. The actual procedure calls for
evaluating the cumulative damage for different
thicknesses until the sum of the ratios is close to
unity. In this case further iteration is possible
until the cumulative damage equals exactly 1, but
only minor change in the thickness would be required.

This procedure has been used to determine thick-
nesses needed to accommodate 1, 10, and 20 million
replications of the standard 18-kip single axle load
both for the edge loading case and for the laterally
distributed loading case using the material proper-

ties stated previously. For comparison, design
thicknesses have also been determined from the
AASHTO Interim Guide (3) nomographs. These values

are given in Table 5.

SUMMARY

Theoretical considerations have shown that there is
a considerable difference in the stresses calculated
for the edge loading case and for the interior load-
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TABLE 5 Design Thicknesses in Inches for Different
Lateral Loading Positions and Design Procedures

Total No, of 18-Kip Axles
(millions)

Condition 1 10 20

All loads edge location, Vesic 7.0 9.1 10.0
fatigue model

Laterally distributed loads, 6.0 7.8 RS
Texas study of tractor and
semitrailer trucks, straight
alignment, Vesic fatigue
model (see Table 4)

AASHTO Interim Guide (3) 5.9 8.8 9.9

ing case in the design of rigid highway pavements.
In practice, wheel loads are distributed laterally
across the lane in accordance with a frequency dis-
tribution pattern. Field studies, using a video re-
corder in a following vehicle, produced a data set
of representative truck wheel placements on multi-
lane highways in Texas. Analysis of these data re-
sulted in frequency distributions of wheel placement
for two truck types and for two horizontal alignment
conditions. To illustrate the possible application
of these distributions in pavement design, a proce-
dure was devised for evaluating the cumulative crit-
ical stress replications in a pavement slab. For one
case, all load replications were applied in the edge
loading position and a finite element program was
used to calculate the resulting stresses. For an-
other case, the finite element program was used to
determine the various maximum tensile stresses at
different points in the pavement slab and a fatigue
model by Vesic and Saxena (13) was used to relate
the stresses to allowable load repetitions. Using
Minor's linear damage hypothesis, a comparison of
the thicknesses required for 1, 10, and 20 million
load replications showed that reduction in the de-
sign pavement thickness of between 14 and 16 percent
could be realized when loads were distributed later-
ally according to a representative frequency distri-
bution. These results indicate that the lateral
distribution of load repetitions has significant
effects on the stress conditions in rigid pavements
and that design procedures shounld incorporate means
for recognizing the wvariability in lateral wheel
position within the lane. A computer program can be
easily devised to perform the calculations needed
for determining design thickness in accordance with
the procedures described.
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ILLI-PAVE Mechanistic Analysis of
AASHO Road Test Flexible Pavements

ROBERT P. ELLIOTT and MARSHALL R. THOMPSON

ABSTRACT

The stress-dependent, finite element pavement model known as ILLI-PAVE was used
to study the performance of AASHO Road Test flexible pavement sections. Analy-
ses were conducted to identify significant relationships between the appearance
of fatigue cracking in the asphalt concrete (AC) surface and the AC strain and
subgrade deviator stress predicted by ILLI-PAVE. Deflection and temperature
data from the road test were used with ILLI-PAVE to "back calculate" seasonal
variations in subgrade support and load-induced pavement stresses and strains.
The structural response-performance relationships identified explain the ob-
served behavior of the AASHO Road Test pavement sections in a realistic fash-
ion. Seasonal damage factors and weighting factors based on these relationships
provide a mechanistic explanation of the seasonal effects that is consistent
with experience. These results demonstrate that ILLI-PAVE is a powerful tool
for pavement design and analysis. It provides an adequate and valid representa-
tion of the structural behavior of conventional flexible pavements and can be
used to effectively evaluate nondestructive test (NDT) data and determine the
structural characteristics of existing pavement systems. ILLI-PAVE, therefore,
will serve as a sound basis for the development of mechanistic procedures for
the design of new flexible pavements and for the selection of rehabilitation
strategies for existing flexible pavements.

In a preliminary effort to select transfer functions
for a mechanistic flexible pavement design proce-
dure, the performance of the flexible pavement sec-
tions of Lane 1, Loop 4 of the AASHO Road Test was
studied. The mechanistic design procedure is to be
based on the structural response predictions
(stresses, strains, and deflections) of the stress-

dependent, finite element pavement model known as
ILLI-PAVE. This model was selected on the basis of
previous studies by Figueroa (1) and Hoffman and
Thompson (2) that showed that ILLI-PAVE provided
reliable and realistic predictions of the structural
behavior of pavement. Simplified equations, referred
to as ILLI-PAVE structural response algorithms, were
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developed (3) that predict the "critical® response
parameters for the standard 18-kip single axle load.
The AASHO Loop 4 pavement sections selected for
study had been subjected to 18-kip single axle loads
and thus were compatible with the stresses and
strains predicted by the ILLI-PAVE algorithms.

In mechanistic pavement design, the pavement sys-
tem is analyzed on the basis of the predicted struc-
tural response (stresses, strains, and deflections)
of the system to moving vehicle 1loads. Pavement
layer thicknesses (surface, base, and subbase) are
selected to resist the detrimental effects of these
predicted response parameters for some desired num-
ber of load repetitions. The relationships used for
thickness selection are collectively referred to as
transfer functions. Transfer functions relate struc-
tural response to pavement performance. However, be-
cause the predicted stresses, strains, and deforma-
tions for a given pavement are not the same for all
structural models, the transfer functions are "model
dependent" and must be developed for the model used
in the design procedure.

The AASHO Road Test pavements were studied to
identify significant relationships between the ap-
pearance of fatigue cracking in the AC surface and
the AC strain and subgrade deviator stress predicted
by the ILLI-PAVE structural response algorithms.
Flexible pavement cracking at the road test was di-
vided into three classes. The first to appear were
fine, disconnected hairline cracks called Class 1.
As these lengthened, widened, and connected to form
an alligator crack pattern, they were classified as
Class 2 cracks. The cracking was called Class 3 when
the crack edges became spalled and the individual
pieces loosened and moved under traffic. The analy-
ses discussed here were based on the appearance of
Class 1 cracks.
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MATERIAL CHARACTERIZATION

ILLI-PAVE includes stress-strain material character-
ization models that realistically represent the non-
linear, stress-dependent resilient behavior of gran-
ular materials and fine-grained soils. Included in
the model is a shear strength-based "stress adjust-
ment" feature that compensates for predicted
stresses that exceed the actual strength of the
granular base and subqrade materials (e.g., tensile
stresses in the granular base). This feature has
been described by Raad and Figueroca (4).

The basic relationship used to model the behavior
of granular base material is

Er=Ko" (6]
where

Er = resilient modulus of the material;
K,n = constants determined from laboratory test-
ing; and
6 = the sum of the three principal stresses,
g] + g3 + o3 (in triaxial testing
8 = g1 + 203).

The ILLI-PAVE algorithms were developed (3) using K
and n values for the AASHO Road Test granular mate-
rials reported by Traylor (5).

The behavior of fine-grained subgrade soil is
represented by two intersecting, arithmetic,
straight line relationships as shown in Figure 1.
The mathematical expression for the model is

Er=Eri +K1 - (Sd - Sdi) for Sd < Sdi 2)
and
Er=Eri + K2 - (Sd - Sdi) for Sd > Sdi 3)

Mox.

Eri

Resilient Modulus, Er

O o o s e o v s o | S VT

o
wn

Repeated Deviator Stress, Sd

FIGURE 1 Typical representation of the resilient modulus-repeated deviator stress

relationship for fine-grained soils.
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where

Er = resilient modulus,
Eri = resilient modulus at the "breakpoint"” be-
tween the two Er versus Sd slopes,
K1,K2 = slopes of the Er versus Sd relationship,
Sd = deviator stress, and
sdi = deviator stress at the breakpoint between
the ER versus Sd slopes.

The K1, K2, and Sdi values used in developing the
ILLI-PAVE algorithms were based on the results of an
extensive study of 1Illinois soils (including the
AASHO subgrade) by Thompson and Robnett (6).

Asphalt concrete (AC) is modeled in ILLI-PAVE as
a linear elastic solid. For this study, the AC modu-
lus (Eac) was calculated using the equation devel-
oped by the Asphalt Institute (7) with mix data re-
ported from the road test (8). Figure 2 shows a plot
of the temperature-Eac relationship used in the
analyses. For comparison, laboratory test results on
AC samples taken from the road test pavements and
reported by Austin Research Engineers (9) are shown.

ANALYSIS OF SUBGRADE VARIATION

Two types of algorithms were used in the study, de-
sign response algorithms and pavement analysis algo-
rithms. The design response algorithms predict the
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critical stress and strain in the pavement system
due to an 18-kip single axle load. The prediction is
made on the basis of the AC thickness, the granular
base thickness, the AC modulus, and the subgrade
Eri. The design response algorithms will serve as
the basis of the mechanistic design procedure.

The pavement analysis algorithms are for use in
analyzing the structural response of existing pave-

ments using nondestructive testing (NDT) data. The
NDT data are used to "back calculate" subgrade Eri
and to estimate the load-induced stresses and
strains.

For this study, the pavement analysis algorithms
were used to determine the apparent seasonal vari-
ation in the subgrade Eri during the road test. The
Benkelman beam deflection data from the road test
were converted to equivalent moving wheel load de-
flections by multiplying the deflection measurements
by 0.62. This conversion was based on speed-deflec-
tion studies conducted during the road test (8). AC
modulus variation was estimated using the average AC
temperature reported at the time of deflection test-
ing (Figure 3). These Eac values and the deflections
of each pavement section were used in the analysis
algorithms to estimate subgrade Eri's at the time of
testing. Only sections that had not yet cracked at
the time of testing were included in the analyses of
each period. The average Eri for all sections ana-
lyzed was selected as the Eri for each deflection
test date. Figure 4 shows a plot of seasonal vari-
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FIGURE 3 Trend of AC modulus during AASHO Road Test.

ation in subgrade Eri. The Eac and Eri trends shown
in Figures 3 and 4 were subsequently used with the
design response algorithms for the structural re-
sponse~per formance analyses.

EFFECT OF GRANULAR TYPE ON STRUCTURAL RESPONSE

ILLI-PAVE model analyses based on K and n values
typical of crushed stone and gravel base courses
showed that the type of granular material has only a
limited effect on the structural response (stresses,
strains, and deflections) of the pavement system
(3). For design purposes, the response differences
were not deemed sufficient to warrant including
granular type as a variable in the ILLI-PAVE algo-
rithms. Therefore only base thickness, with no dif-
ferentiation for material type, was included.
Deflection data from the AASHO Road Test were
analyzed to determine the validity of this decision.
Both gravel and crushed stone were used in the road
test flexible pavements. The crushed stone was re-
ferred to as the base course and the gravel was
called the subbase. In Loop 4, base course thick-
nesses were 0, 3, and 6 in. Subbase thicknesses were
4, 8, and 12 in. Each possible combination of these
thicknesses was used with AC thicknesses of 3, 4,
and 5 in., Deflection data gathered during the early
phases of the test (before significant damage was
done to any of the pavements) were analyzed to de-
termine the relative effect of each type of granular
material on structural response. For the 3-in. AC
sections, data from the first two measurement peri-
ods were used. Data from the first three periods
were used for the 4- and 5-in. thicknesses.
Correlation and regression analyses were con-
ducted using the measured deflections as the depen-
dent variable and the thickness of granular material
as the independent variable. Two types of analyses
were made, one using the total, combined granular
thickness (crushed stone plus gravel) as a single

independent variable and the other using the two
thicknesses as separate independent variables. The
data for each AC thickness were analyzed individ-
ually to eliminate any thickness interaction effect.

Comparison of the correlation coefficients and
standard errors of estimate for the two types of
analysis were used as an indication of the relative
significance of separating or combining the thick-
nesses in terms of structural response. Table 1
gives the results of the analyses. In general, the
correlation coefficients were slightly higher when
the separate thicknesses were used; however, stan-
dard errors of estimate were nearly the same for
both cases with an equal split between the separate
and combined thickness analyses in the number that
produced the lower standard error of estimate (four
each). These results demonstrate that the type of
granular material has little effect on structural
response of pavement.

This should not be interpreted to imply that the
type and quality of granular material do not in-
fluence pavement performance. The structural re-

TABLE 1 Analysis of Early AASHO Road Test Data for the
Relative Effects of Granular Base and Subbase

Section Standard Error of
Asphalt Testing Correlation Coefficient Estimate
Thickness Index

(in.) Day Separate® Combined®  Separate? Combined®
3 827 0.84 0.81 14.5 14.4
3 871 0.80 0.79 16.6 16.0
4 827 0.91 0.83 6.3 8.0
4 871 0.89 0,71 4.1 6.0
4 997 0.87 0.64 11.3 16.6
5 827 0.78 0.78 7.9 7.4
5 871 0.79 0.72 5.9 6.2
S 997 0.83 0.83 6.1 542

“The thickness of base and subbase were treated as two independent varinhles,
bHase andl subbase thicknesses were added and treated us a single independent variable,
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sponse may be similar but the relationships between
response and performance will differ. Differing de-
sign criteria related to performance (or differing
transfer functions) must be established for various
types and qualities of base.

ASPHALT STRAIN VERSUS CRACKING

Fatigue Relationships for Asphalt Concrete

Except for temperature cracks and long-term weather-
ing cracks, AC surface cracking in conventional
flexible pavements is normally considered to be as-
sociated with fatique. Thus there should be some
relationship between the radial strain at the bottom
of the AC layer and the number of load repetitions
to crack appearance. Laboratory testing indicates
that the relationship can be expressed in the form:

N=K - eac? @
where
N = number of load repetitions to cracking,
K = multiplication constant determined by test-
ing,
eac = magnitude of load-induced strain, and
a = power constant determined by testing.

Laboratory testing is conducted under controlled
conditions in which the temperature of the mix does
not vary and either the applied stress or the in-
duced strain is held constant. In actual pavements
each of these items changes continuously over the
life of the pavement, complicating the behavioral
relationships. For the AASHO pavements, this is
somewhat simplified because the loading was con-
stant. However, with the seasonal variations in sub-
grade support conditions and the changes in AC modu-

lus due to temperature fluctuations, the AC strain
variations over the life of the pavements are quite
large and complicated.

Research reported by Bonnaure et al. (10) and by
Finn et al. (l11) indicate that the fatigue effect of
the load-induced strain is a function not only of
the strain magnitude but also of the modulus of the
AC. This has been expressed as fatigue equations
having the general form:

N=K - eac® - Eac? )
where Eac is the AC dynamic stiffness modulus and b
is a power constant determined by testing.

Equation 5 quantifies some of the AC temperature
variation effects but does not address the problems
associated with variations in the strain value it-
self. To account for the strain variations, Miner's
hypothesis of damage accumulation has been used with
reasonable success with numerous materials including
AC (12). This hypothesis together with the general
fatigue egquation shown previously was employed in
analyzing the road test pavements.

Miner's hypothesis can be expressed mathemati-
cally in terms of relative damage factors, Cracking
is expected to occur when the sum of the damage fac~-

tors equals one. The equation for the damage factors
is

Di = ni/Ni ©)
where
Di = relative damage during some period i,
ni = number of load applications during the pe-
riod, and
Ni = total number of load applications the pave-

ment could carry for the strain induced under
the conditions prevailing during the period.
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In Equation 6 Ni is determined by a fatigue equa-
tion of the form shown previously and is a function
of the load-induced strain (eac) and AC modulus. The
object of the analyses was to select appropriate
values for the fatigue equation constants K, a, and
b. The approach taken in the analyses was to (a)
select reasonable estimates of the appropriate val-
ues for a and b, (b) use these values with the road
test data and the design algorithm for AC strain to
calculate average Ks for each combination of a and b
for all sections, and (c) select the K, a, and b
combination that provides the best prediction of the
actual data.

Selection of a and b Values for Fatigue Analysis

Three tentative values were selected for b. These
were ~0.854, -1.4, and -1.8. The first value was se-
lected on the basis of Finn's analysis (12) of the
fatigue behavior of the road test pavements. The
other two values were taken from the fatigue equa-
tions reported by Bonnaure et al. (10).

Preliminary estimates of the a constant were made
using the deflection-based performance equations
from the AASHO Road Test (8) with the deflection al-
gorithm developed in another study (3). Two perfor-
mance-deflection equations were available from the
road test. One was for the number of load applica-
tions to a present serviceability index of 2.5 (the
point at which most major highways are rehabili-
tated); the other was to a present serviceability
index of 1.5 (the point at which the road test pave-
ments were removed from test). The equations are

log N2.5=9.40 + 1.32 - log L - 3.25 - log dsn )
and

log N1.5=10.18 + 1.36 - log L - 3.64 - log dsn ®)
where

N2.5 and N1.5 = number of axle load applications
to a present serviceability index
of 2.5 and 1.5, respectively;
axle load in kips; and

spring normal Benkelman beam de-
flection.

L
dsn

As discussed previously, Benkelman beam deflec-
tions from the road test were converted for purposes
of analysis to equivalent dynamic deflections by
multiplying by 0.62. Substituting this conversion
and the standard 18,000-1b (18-kip) axle load value
into Equations 7 and 8 yields

log N2.5=10.3822 - 3.25 - log Do ©)
and
log N1.5 = 11.1315 = 3.64 - log Do (10)

where Do is the dynamic surface deflection in mils.
One algorithm has been developed (3) to estimate
AC strain (eac) based on surface deflection. This
algorithm is
log eac=-5.0898 + 1.1126 - logDo ~ SEE=0.115 R?=0.79 (11)
where eac is tensile strain in the bottom of the AC,
in inches per inch. Solving for log Do and substi-
tuting this into Equations 9 and 10, performance
equations in the form of AC fatigue equations are
obtained. These equations are
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log N2.5 = ~4.4856 — 2.92 - log eac (12)
and
log N1.5 = -5.5204 - 3,27 - log eac (13)

The constants 2.92 and 3.27 are analogous to the
a constant of the fatigue equation. These values
were taken as an approximation of the value for a
that would best represent the fatigue properties of
the AASHO Road Test mixes.

Two values for a in this general range were sub-
sequently selected for use in the analyses. These
were 3.16 and 3.29. The 3.16 value was taken from
work reported by Thompson (13), and the 3.29 value
came from the fatigue equation developed by the As-
phalt Institute (7) in their analysis of the AASHO
Road Test.

Determination of K Coefficient

A computer analysis program was developed for deter-
mining fatigue equation K coefficients. The program
analyzed each AASHO pavement section from Lane 1
Loop 4 using all combinations of the a and b values
selected. The program was based on Miner's hypothe-
sis of accumulated damage and used the AC strain de-
sign algorithm. Algorithm inputs were the material
thicknesses of each section and AC modulus and sub-
grade Eri's for each analysis period.

For purposes of analysis, the total time of the
road test was divided into as many discrete periods
as possible. The number of periods and their length
were dictated by the time between deflection testing
during the road test. In general, 2-week periods
were used. The controlling factor was the date on
which surface deflections were measured and reported
because these data were used to estimate the sub-
grade Eri. Each analysis period then was the time
between successive dates of deflection measurement.

AC modulus valucs for each analysis period were
determined using the Asphalt Institute equation and
the average measured AC temperature during the pe-
riod. Eri values were selected on the basis of the
work discussed under "Analysis of Subgrade Vari-
ation." For analysis periods from the start of the
road test until late in the second spring, the aver-
age of the section Eri values was selected as the
best estimate of the day of test Eri; and the aver-
age of two consecutive days of test Eri's was se-
lected as the subgrade Eri for thc analysis period.
By late in the second spring, only four analysis
sections remained that had not developed cracking.
This number was not considered sufficient to provide
a good Eri estimate. For the remainder of the analy-
sis periods, Eri values were selected on the basis
of the seasonal trend of values established from the
earlier periods.

Table 2 gives the end dates of the analysis pe-
riods, the modulus values used for each period, and
the total number of 18-kip single axle loads applied
to the road test pavements to the end of the pericd.

The analysis program calculated damage factors
(Di) for each pavement section during each analysis
period using the number of axle applications during
the period (ni) and the fatique equation (Ni) with
the K coefficient set equal to 1.0. For those pe-
riods in which the Fri is listed as "frozen," the
damage factor was set equal to zero. Each section's
damage factors were accumulated until the total num-~
ber of axle applications equaled that reported for
the occurrence of cracking.

With the K coefficient set equal to 1.0, each
section's damage factor sum provided an estimate of
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TABLE 2 Material and Load Application Data Used in Analysis of AASHO Road Test Pavement Sections

Period End Date Total Axle Loads  Eac (ksi)  Eri (ksi) Period End Date Total Axle Loads  Eac (ksi)  Eri (ksi)
10/7/58 400 622 5.0 12/16/59 375,440 1,818 6.8
11/3/58 1,280 964 5.4 12/30/59 385,800 1,860 7.0
11/14/58 3,760 1,000 59 12/30/59 385,800 1,860 7.0
12/3/58 11,620 1,607 6.3 1/13/60 407,960 1,818 Frozen
12/24/58 25,460 1,900 6.7 1/27/60 445,200 2,423 Frozen
12/31/58 28,920 1,800 7.0 2/10/60 480,940 2,348 3.4
1/14/59 35,660 2,059 Frozen 2/24/60 507,280 2,423 1.9
2/4/59 52,300 2,060 Frozen 3/9/60 542,380 2,459 1.3
2/25/59 69,920 1,508 Frozen 3/23/60 572,360 2,230 1.2
3/11/59 75,780 1,300 132 4/6 /60 603,460 1,610 1.3
3/27/59 79,600 1,116 12 4/20/60 636,040 1,037 13
4/8/59 86,120 1,054 1.1 5/4/60 671,200 624 1.6
4/22/59 97,580 964 2.3 5/18/60 707,180 938 1.9
5/6/59 106,620 535 3.3 6/1/60 735,100 488 2.2
5/20/59 119,360 556 2.8 6/15/60 774,440 448 2.5
6/3/59 136,220 420 2.5 6/29/60 809,760 392 2.8
6/10/59 143,660 250 2.3 7/13/60 836,320 257 3.1
T41J59 169,140 262 2:3 7/27/60 871,400 211 3.5
7/29/59 201,120 225 3.2 8/10/60 905,780 222 3.8
8/12/59 219,040 275 3.9 8/24/60 932,040 327 4.1
9/9/59 251,920 312 4.3 9/7/60 953,860 327 44
9/23/59 273,900 553 5:2 9/21/60 988,480 701 4.7
10/5/59 292,480 675 6.1 10/5/60 1,213,360 649 5.0
10/21/59 306,042 1,004 7.2 11/2/60 1,085,900 1,179 5.4
11/4/59 324,720 1,216 7.1 11/16/60 1,103,840 1,408 5.9
11/18/59 338,160 1,734 5.2 11/30/60 1,113,760 1,528 6.3
12/2/59 354,400 1,901 5.6

the K coefficient appropriate to that section and
combination of a and b coefficients. That is, if
that value were used for K, the sum of the damage
factors for the section would be 1.0. The average of
the damage factor sums for all sections for each a
and b combination was selected as the best overall
estimate of the K coefficient.

Damage factor sums for each a and b combination
were subsequently determined for all sections using
these K coefficients. The means and standard devi-
ations of the damage factor sums were then calcu-
lated. The means, of course, were all 1.0 because of
the method used to select K. The variation in the
standard deviations was relatively small, ranging
from 1.05 to 1.09. The a and b combination producing
the lowest standard deviation was selected. The re-
sulting equation is
log N =2.2340 - 3,16 * log eac - 1.4 + log Eac

SEE=040  R?=0.53 (14)

where

N

predicted number of 18,000-1b axle load ap-
plications to crack appearance;

predicted AC strain, in inches per inch; and
dynamic stiffness modulus of the AC, in psi.

eac
Eac

A plot of the actual versus predicted numbers of
load applications using this equation is shown in
Figure 5.

SUBGRADE DEVIATOR STRESS VERSUS LOAD APPLICATIONS

It is generally recognized, and the Road Test re-
sults confirm, that spring is the most critical time
of year in terms of distress development in conven-—
tional flexible pavements. In recognition of this,
the relationship between crack development and sub-
grade deviator stress was studied in terms of the
predicted stress for typical spring conditions at
the road test.

A subgrade deviator stress for each pavement sec-
tion was predicted for typical spring conditions.

The modulus values used to represent spring condi-
tions (Eac = 1,340 ksi and Eri = 1.4 ksi) were se-
lected on the basis of an analysis of seasonal load
damage effects (3).

The predicted stresses were then related to the
number of 18-kip single axle loads applied to each
section before Class 1 cracking was observed. This
produced the following equation:
log N=7.2558 - 0.6378 * sd

SEE = 0.23 R2=0.82 (15)

where

N = number of 18-kip single axle applications and
sd = predicted subgrade deviator stress.

The correlation coefficient for this equation is
0.908; and the standard error of estimate is 0.233,
In terms of typical pavement life predictive equa-
tions, these two statistical parameters show the
equation and relationship to be quite good. Figure 6
shows a plot of the predicted versus actual number
of load applications for the analysis sections using
this equation.

MODIFIED FATIGUE RELATIONSHIP

For comparison purposes, the 18-kip single axle ap-
plications to Class 1 AC cracking were predicted
using the subgrade deviator stress relationship
(Equation 15) and the AC strain relationship (Equa-
tion 14). These two predictions were then compared
to the actual numbers of applications. The deviator
stress-based prediction was closer to the actual
number more frequently than was the AC strain-based
prediction. This was particularly true for the thin-
ner pavement sections for which the strain-based
prediction was always high. For all sections less
than 15 in. in total thickness, the subgrade devia-
tor stress provided the closer prediction.

On the basis of this observation, it was con-
cluded that fatigue was probably not the major cause
of cracking in pavements having a total thickness
(AC plus granular) of less than 15 in. Cracking in
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FIGURE 5 Comparison of actual versus predicted 18,000-1b axle applications
to Class 1 cracking based on asphalt strain.

these pavements probably was controlled by excess
permanent deformation and strain due to overstress-
ing the granular materials and subgrade. Indeed, all
of the sections developed significant surface rut-
ting before cracking became apparent, suggesting
that permanent deformation and strain (as opposed to
the resilient AC radial strain predicted by the al-

gorithms) played a major role in the behavior of all
the sections.

To provide a better predictor of fatigue-type
crack development, another analysis was conducted
using only those sections having a total (AC plus
granular) thickness of 15 in. or more. This analysis

was conducted in a manner identical to that de-
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FIGURE 6 Comparison of actual versus predicted 18,000-1b axle applications
to Class 1 cracking based on subgrade deviator stress.
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scribed under "Determination of K Coefficient." The
same a (3.16) and b (l1.4) constants were used in the
analysis to solve for the K coefficient. The equa-
tion produced is

log N =2.,4136 - 3.16 - log eac ~ 1.4 - log Eac

SEE=030  R?=025 16)

Figure 7 shows a plot of the actual versus pre-
dicted number of load applications for the analysis
sections using this equation. The modified equation
provides a better prediction for the sections that
withstood a greater number of load applications be-
fore Class 1 cracking was observed.

SEASONAL LOAD-DAMAGE EFFECTS

Equation 16 was used to evaluate the seasonal load-
damage effects on the Loop 4 AASHO Road Test flex-
ible pavements. For this analysis, relative damage
factors (Di) were determined for each pavement de-
sign on a weekly basis using a constant traffic vol-
ume. Weekly Eri and AC modulus values were selected
from examination of the seasonal trends identified
for the road test (Figures 3 and 4). On the basis of
frost penetration data from the road test, a 7-week
period was selected to represent frozen subgrade
conditions. During this time, a 0.0 relative damage
factor was assigned. Table 3 gives the weekly AC
modulus and Eri values used in the analysis.

The seasonal damage factors are the sum of the
weekly factors for each season. In this analysis,
the seasons were defined as periods of 13 consecu-
tive weeks with the first week of spring being the
first week following the 7 weeks of frozen subgrade.
The seasonal periods are given in Table 3.

Results are given in Table 4. Although all AC and
base thickness combinations from Loop 4 pavements
were examined, only the AC thickness had an effect
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the total number of load applications (N) increased
with thickness of granular material, the relative
seasonal effect was the same for any single AC
thickness.

Additional analyses were performed for AC thick-
nesses of from 2 to 6 in. using the weighting factor
concept established by Gomez-Achecar and Thompson
(14) . Under this concept, a weighting factor (WFi)
for any time period is determined by the equation

WFi= Nf/Nai 17)
where

Nf = total number of load repetitions to failure
over the pavement's normal life and

Nai = number of load repetitions to failure if the
conditions (stiffness moduli) during the
period prevailed throughout the life of the
pavement.

Weekly weighting factors determined for AC pave-
ment surfacing thicknesses of 2 to 6 in. are shown
in Figure 8. The trends displayed in this fiqure are
consistent with the seasonal relationships normally
accepted on the basis of pavement performance obser—
vation.

For conventional flexible pavements (AC surface
on a granular base), spring is generally recognized
as the critical time of year in terms of load-
induced damage. At the AASHO Road Test, the first
observation of cracking was normally reported in the
spring and most of the sections taken out of test
failed during the spring. The second most severe
season is normally considered to be fall, followed
by summer. Winter, at least in the northern states,
is normally the least severe due to frozen condi-
tions. It is also generally recognized that the rel-
ative seasonal severity shifts as the AC thickness
increases. Summer is the most critical for full-

on the relative seasonal damage factors. Although depth (AC for the entire thickness) pavements. Ac-
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FIGURE 7 Comparison of actual versus predicted 18,000-1b axle applications
to Class 1 cracking based on modified AC strain equation,
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TABLE 3 Weekly AC Modulus and Subgrade Eri Values Used in Relative Seasonal Effect Analysis

Asphalt Eac Subgrade Eri Asphalt Eac Subgrade Eri

Midweek Date  (ksi) (ksi) Season Midweek Date  (ksi) (ksi) Season
1/3 2,250 Frozen Winter 7/4 290 3.1 Summer
1/10 2,380 Frozen Winter 7/11 260 3.2 Summer
1/17 2,420 Frozen Winter 7/18 250 3.4 Summer
1/24 2,450 Frozen Winter 7/25 240 3.6 Summer
1/31 2,430 Frozen Winter 8/1 250 3.7 Summer
2/7 2,400 Frozen Winter 8/8 270 3.9 Summer
2/14 2,350 krozen Winter 8/15 290 4.0 Summer
2/21 2,280 1.2 Spring 8/22 310 4.2 Fall
2/28 2,240 1.2 Spring 8/29 350 4.3 Fall

3/7 1,950 1.2 Spring 9/5 390 4.5 Fall
3/14 1,770 1.2 Spring 9/12 430 4.6 Fall
3/21 1,600 1.2 Spring 9/19 500 4.8 Fall
3/28 1,440 1.2 Spring 9/26 580 5.0 Fall

4/4 1,300 1.2 Spring 10/3 660 5.1 Fall
4/11 1,150 1.2 Spring 10/10 750 5.3 Fall
4/18 1,040 1.4 Spring 10/17 850 5.4 Fall
4/25 910 1.5 Spring 10/24 970 5.6 Fall

5/2 810 1.7 Spring 10/31 1,080 5.7 Fall

5/9 730 1.8 Spring 11/7 1,180 59 Fall
5/16 650 2.0 Spring 11/14 1,310 6.1 Fall
5/23 580 2.1 Summer 11/21 1,430 6.2 Winter
5/30 500 2.3 Summer 11/28 1,560 6.4 Winter
6/6 450 25 Summer 12/5 1,700 6.5 Winter
6/13 400 256 Summer 12/12 1,820 6.7 Winter
6/20 360 2.8 Summer 12/19 1,950 6.8 Winter
6/27 310 2.9 Summer 12/26 2,100 7.0 Winter

TABLE 4 Relative Damage Factors by Season of the Year Based on Fatigue Analysis

Thickness (in.)

Seasonal Relative Damage Factors

Thickness (in,)

Seasonal Relative Damage Factors

Asphalt Base Spring Summer Fall Winter Asphalt Base Spring Summer  Fall Winter
3 4 42 .16 23 .19 4 12 .38 .21 25 .16
3 7 42 .16 .23 .19 4 14 .38 21 25 .16
3 8 42 .16 23 .19 4 15 .38 21 25 .16
3 10 42 .16 23 .19 4 18 .38 21 25 .16
3 11 42 .16 23 .19 5 4 .34 .26 27 13
3 12 42 .16 23 .19 5 T .34 .26 27 13
3 14 42 16 .23 .19 5 8 .34 .26 27 3
3 15 42 .16 23 .19 5 10 .34 .26 27 Jd3
3 18 42 16 23 19 5 11 .34 .26 27 A3
4 4 38 21 25 .16 5 12 34 .26 27 13
4 7 38 21 28 .16 5 14 34 .26 27 o3
4 8 .38 21 25 .16 5 15 .34 .26 27 13
4 10 .38 21 .25 .16 5 18 .34 .26 27 13
4 11 .38 21 .25 .16
L W T U T Ll L ¥ T
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FIGURE 8 Seasonal weighting factors for various thicknesses of AC
surfacing.
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cording to Figure 8, the shift in critical seasons
from spring to summer occurs at about 6 in. of AC.

The damage factor analysis results given in Table
4 also directly correspond to these general seasonal
relationships. For each AC thickness (3, 4, and 5
in.), the spring season produced the highest rela-
tive damage factor and winter the lowest. The fall
damage factor is the second highest for the 3- and
4-in. surfaces. As expected, with increased thick-
ness the spring damage factor decreases and the sum-
mer factor increases.

CONCLUSIONS

The analyses reported in this paper demonstrate that
the ILLI-PAVE structural model and algorithms pro-
vide an adequate and valid representation of the
structural behavior of conventional flexible pave-
ments. The structural response-performance relation-
ships explain the observed behavior of the AASHO
Road Test pavement sections in a realistic fashion.
Seasonal damage factors and weighting factors based
on these relationships provide a mechanistic expla-
nation of seasonal effects that is consistent with
experience.

The analyses also demonstrate that the ILLI-PAVE
analysis algorithms can be used to effectively eval-
uate NDT data and determine the structural charac-
teristics of existing pavement systems. ILLI-PAVE,
therefore, is a powerful tool for pavement design
and analysis. It will serve as a sound basis for the
development of mechanistic procedures for the design
of new flexible pavements and for the selection of
rehabilitation strategies for existing flexible
pavements.
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ILLI-PAVE-Based Response Algorithms for
Design of Conventional Flexible Pavements

MARSHALL R. THOMPSON and ROBERT P. ELLIOTT

ABSTRACT

In a mechanistic design procedure a structural model is used to predict pavement
responses (stresses, strains, displacements). The ILLI-PAVE structural model con-
siders nonlinear, stress-dependent resilient modulus material models and failure
criteria for granular materials and fine-grained soils. The computational tech-
niques of the ILLI-PAVE computer program are too costly, complex, and cumbersome
to be used for routine design. To incorporate ILLI-PAVE structural model concepts
into a mechanistic design concept, simplified analysis algorithms that reliably
predict ILLI-PAVE response solutions for typical flexible pavements are needed.
ILLI-PAVE~based design algorithms for conventional flexible pavements [asphalt
concrete (AC) surface plus granular base and subbase] are presented for AC radial
strain, surface deflection, subgrade deviator stress, subgrade deviator stress
ratio, subgrade vertical strain, and subgrade deflection. Pertinent design algo-
rithm inputs are AC thickness, AC modulus, granular layer thickness, and subgrade
resilient modulus (Egj). Additional algorithms relating AC radial strain and
subgrade deviator stress ratio and surface deflection are also presented. The al-
gorithms are sufficiently accurate for inclusion in mechanistic design procedures.

The various components of a mechanistic design pro-
cedure for conventional [asphalt concrete (AC) gran-
ular base and subbase] flexible pavements are shown
in Figure 1. In this paper emphasis is placed on
materials characterization, the structural model,
and pavement response components. Concepts for a
mechanistic design procedure based on the ILLI-PAVE
structural model (1) and design algorithms developed
from a comprehensive ILLI-PAVE data base (2) are
presented. Development of a design procedure based
on these concepts should include consideration of
climatic effects and the establishment of appropriate
transfer functions.

Climatic effects (temperature, moisture, freeze-
thaw) can be considered by quantifying their effects
on material characteristics (resilient moduli and
shear strength). Such considerations should be based
on an extensive study of local climatic and soil
conditions.

INPUTS
MATERIALS CHARACTERIZATION

Transfer functions relating pavement response and
pavement performance are not proposed. Typical
transfer functions consider pavement responses re-
lated to subgrade permanent strain (subgrade resil-
ient strain, subgrade stress, subgrade stress ratio)
and AC fatigue (AC strain). Transfer functions should
be developed on the basis of consideration of the
paving materials, soils, climate, and so forth rele-
vant to local conditions. Laboratory testing infor-
mation and field performance data are essential in-
puts to calibrating a transfer function.

Transfer functions are an important part of a
total mechanistic design procedure. Transfer func-
tions appropriate for use with the ILLI-PAVE proced-
ure are not necessarily compatible with linear elas-
tic (or other) analysis procedures.

The analyses and algorithms presented in this
paper are only for 18,000-1lb single axle load condi-
tions. Mixed traffic should be converted to equiva-
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«
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FIGURE 1 Components of a mechanistic design procedure.
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lent 18,000-1b single axle loads when the ILLI-PAVE
procedure is incorporated into a comprehensive design
procedure.

ILLI-PAVE

In ILLI-PAVE (1) the pavement is considered an axi-
symmetric solid of revolution. Nonlinear, stress-de-
pendent resilient modulus material models and failure

criteria for granular materials and fine-grained
soils (1-3) are incorporated into ILLI-PAVE. The
principal stresses in the granular and subgrade

layers are modified at the end of each iteration so
that they do not exceed the strength of the materials
as defined by the Mohr-Coulomb theory of failure.

Studies comparing measured and ILLI-PAVE-predicted
load deformation responses reported by Raad and
Figueroa (1), Suddath and Thompson (4), Traylor (5),
Hoffman and Thompson (6), Gomez and Thompson (7), and
Elliott and Thompson (8) yielded favorable results.
The ILLI-PAVE approach has been successfully used in
developing a highway flexible pavement overlay design
procedure based on nondestructive testing data
analyses (9), as well as mechanistic thickness design
procedures for secondary road flexible pavements (10)
and soil-lime layers (ll). Gomez and Thompson (7)
and Elliott and Thompson (8) successfully used ILLI-~
PAVE procedures to analyze the pavement responses
and predict the performance of the AC plus bituminous
treated granular base sections (the "Base Type
Studies") and the Loop 4 flexible pavement sections
of the AASHO Road Test.

Although the computational technigues of the
ILLI-PAVE computer program are too costly, complex,
and cumbersome to be used for routine design, sim-
plified analysis algorithms that reliably predict
ILLI-PAVE response solutions for typical flexible
pavements have been developed (8) to incorporate
ILLI-PAVE structural model concepts into a mechanis-
tic design concept. The algorithms can be easily
programmed for inexpensive calculator or computer
applications.

SOILS AND MATERIAL CHARACTERIZATION
General
The resilient behavior of a soil or material is an
important property for pavement analysis and design.
A commonly used measure of resilient response is the
resilient modulus defined by
Ep =op/é
where

ER = resilient modulus,

ap repeated deviator stress, and
€ recoverable axial strain.

Repeated unconfined compression or triaxial test-
ing procedures are often used to evaluate the resil-
ient moduli of fine-grained soils and granular
materials. Resilient moduli are stress dependent:
fine-grained soils experience resilient modulus de-
creases with increasing stress, whereas granular
materials stiffen with increasing stress level.

Granular Materials

Granular materials stiffen as the stress level in-
creases. Repeated load triaxial testing is used to
characterize the resilient behavior of granular

b1

materials. Resilient modulus is a function of the

applied stress state:

Eg =Ko"
where
ER = resilient modulus,
K, n = experimentally derived factors, and
6 = first stress invariant = a3 + 0p + a3.

Note that 8 = o7 + 203 in a standard triaxial com-
pression test.

Figure 2 shows an Eg-96 relation for a sandy
gravel. Rada and Witczak (12) have summarized and

statistically analyzed extensive published resilient
modulus data for a broad range of granular materials,
The average values and ranges for K and n are given
in Table 1 and shown in Figure 3 for several granular
materials and coarse-grained soils. The relation be-
tween K and n developed by Rada and Witczak is shown
in Figure 4.

The granular material model used in this study is
Egr = 9,000 g0.33 (6 and ER in psi). The values are
typical for dense-graded crushed stone base materials
and the AASHO crushed stone base (5). Other pertinent
data for the crushed stone are given in Table 2.

Fine-Grained Soils

Two stress-dependent behavior models have been pro-
posed for describing the stress softening behavior
of fine-grained soils. The arithmetic model is shown
in Figures 5 and 6, and the semilog model is shown
in Figure 7. Extensive resilient laboratory testing,
nondestructive pavement testing, and pavement analy-
sis and design studies at the University of Illinois
have indicated that the arithmetic model (Figure 5)
is adequate for flexible pavement analysis and design
activities.

In the arithmetic model, the value of the resil-
ient modulus at the breakpoint in the bilinear curve,
EgR; (Figure 5), is a good indicator of a soil's
resilient behavior. The slope values, K; and Ky,
display less variability and influence pavement
structural response to a smaller degree than Egj.
Thompson and Robnett (13) developed simplified pro-
cedures for estimating the resilient behavior of
fine-grained soils based on soil classification, soil
properties, and moisture content.

Four fine-grained subgrade types (very soft, soft,
medium, and stiff) are included in this study. Per-
tinent subgrade properties and characteristics are
given in Table 2. Resilient moduli-repeated deviator
stress level relations used in the ILLI-PAVE model
are shown in Figure 8.

Asphalt Concrete

A constant linear resilient modulus is used to rep-
resent the AC layer. AC modulus-temperature relations
must be considered in selecting modulus values. Pro-
cedures for establishing AC modulus-pavement tem-
perature relations are presented by the Asphalt
Institute (14) and Shell (l5) design procedures. The
AC modulus values selected for this study are con-
sistent with the range of AC moduli and temperatures
expected to be encountered in Illinois. The modulus
values and other properties used in the analyses are
given in Table 2.

DESIGN ALGORITHM DEVELOPMENT

Elliott and Thompson (8) have demonstrated that type
of aggregate base material (crushed stone or gravel)



52

oo
80
T0
2
@ %0
w P
o 40 ‘L—&(
3 e
E -
o 30 Ay —
= v
i~ /
@
2 o
@ 7
e
Egp* 2182 6°7
[}
] 20 30 40 50 60 70 80 100
8 = o+ 203, psi
FIGURE 2 Resilient modulus-0 relation for a sandy gravel
[AASHTO A-1-b(0)].
TABLE 1 Typical Resilient Property Data (12)
K (psi) n
Granular No. of
Material Data Standard Standard
Type Points Mean Deviation Mean Deviation
Silty sands 8 1,620 780 0.62 0.13
Sand-gravel 37 4,480 4,300 0.53 0.17
Sand-aggregate
blends 78 4,350 2,630 0.59 0.13
Crushed stone 115 7,210 7,490 0.45 023
Note: ER = KoM where Eg = resilient modulus (psi) and K, n = experimentally
derived factors from repeated triaxial testing dala,
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FIGURE 3 K and n relationships for various types of granular

materials identified by Rada and Witczak (12).

Transportation Research Record 1043

10°

104

K, psi

103

- Log K = 4.657-1.807 n 1
R2Z = 068
- SEE =022 : i
102 S5 S Y I [N [ T T S [
0.0 0.2 0.4 06 08 10 1.2
n

FIGURE 4 Relationship between K and n values for
granular materials identified by Rada and Witczak (12).

has a 1limited effect (10* percent) on ILLI-PAVE-
calculated structural response (AC strain, surface
deflection, subgrade deflection, subgrade strain,

and subgrade deviator stress). Thus ILLI-PAVE struc-
tural response algorithms were developed only for
the crushed stone base model. All ILLI-PAVE analyses
were based on a 9,000-1b circular load (80 psi pres-
sure) as a representation of one dual wheel of the
standard 18-kip (18,000-1b) single axle load.

Design response algorithms were developed as the
basis of a mechanistic design procedure. Algorithms
for predicting the following pavement responses were
established:

1. AC radial strain at the bottom of the AC sur-
face layer,

Moculus, Epg

Resilient

Repeated Deviator Stress, o

D
FIGURE 5 Arithmetic model for stress-dependent resilient
behavior of fine-grained soils.
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2,
3.

stress to unconfined compressive strength),

4.
5.
6.

TABLE 2 Summary of Material Properties for ILLI-PAVE Solutions
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Asphalt Concrete Subgrade
Crushed
40°F 70°F 100°F Stone Stiff Medium  Soft  Very Soft

Unit weight (pcf) 145.00 145.00 145.00 135.00 125.00 120.00 115.00 110.00
Lateral pressure

Coefficient at rest 0.37 0.67 0.85 0.60 0.82 0.82 0.82 0.82

Poisson’s ratio 0.27 0.40 0.46 0.38 0.45 0.45 0.45 0.45
Unconfined compression

strength (psi) 32.80 22.85 12,90 6.21

Deviator stress (psi)

Upper limit 32.80 22.85 12,90 6.21

Lower limit 2.00 2.00 2.00 2.00
K1 (ksi/psi) -1.11 -1.11 -1.11  -1.11
K2 (ksi/psi) -.178 -.178 -178 -.178
Deviator stress at break-

point (psi) 6.20 6.20 6.20 6.20

Eri (ksi) 12.34 7.68 3.02 1,00
E failure (ksi) 4.00 7.605 4716 1.827 1,00
E constant modulus (ksi) 1,400.00 500.00 100.00
Er model (psi) 9,0000°-33
Friction angle (degrees) 40,00 0.0 0.0 0.0 0.0
Cohesion (psi) 0,00 16.4 11.425 6.45 3.105

Subgrade deviator stress,
Subgrade stress ratio

Subgrade vertical strain,
Surface deflection, and
Subgrade deflection.

These responses are those generally used in various
(see Figure 1) relating pavement

(subgrade deviator transfer functions
response to pavement performance. Additional algo-

rithms relating AC radial strain and subgrade stress
ratio to surface deflection (all response parameters)
were also developed.

Resilient Modulus, Eg, ksi

l & 1 L 1 L] | ¥

IPAVA B

Optimum W-0.4%

Optimum W +1.8%

| ! | ] | ! | I

5 10 15 20

Repeated Deviator Stress, op, psi

FIGURE 6 Typical stress-dependent resilient behavior of a fine-grained soil [AASHTO

A-7-6(36)].
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Log Ep= 1.029-0.037¢cp

] | |

Log ER=1.182-0.021 o

| |

(o] 5 10 15

20 25 30 35

Repeated Deviator Stress, op, psi

FIGURE 7 Semilog model for stress-dependent resilient behavior of a fine-grained soil

[AASHTO A-7-6(36)].

Algorithms relating to AC and granular base and
subbase rutting were not developed. It is intended
that rut development within the AC portion of the
pavement system be controlled by the proper selection
of materials, mix design, and construction control.
Similarly, rutting in the granular layer or layers
is controlled by AC minimum thickness requirements
and appropriate specifications to govern gquality of,
and placement procedures for, granular material.

s
E 4
- Y -1 ksiZpsi | S
El T~ — o —
E:
\ "
2 \fnff
: S =
Z X\;\ -178 ksi/psi
@ —
o
\ Medium
\
4 \\ 2 Soft ___
T
L I | Very Soft
0 l i I
0 5 10 15 20 25 30 35

Repeated Deviator Stress, psi

FIGURE 8 Resilient modulus-deviator stress relations for
ILLI-PAVE subgrades.

Design Algorithms

The design algorithms were developed using the SPSS
stepwise regression program (l6). The regression
equation is developed in a series of steps by enter-
ing the independent (prediction parameters) variables
one at a time. At each step, the variable entered is
the one that makes the greatest improvement in the
prediction of the dependent variable (pavement re-
sponse parameter). The pavement factors included in
the analyses as independent variables were (a)
thickness of AC, (b) thickness of granular base
course, (c) AC modulus, and (d) subgrade Egj.

The ILLI-PAVE data base included information for
168 pavement configurations. These included AC thick=-
nesses of 1.5, 3, 5, and 8 in. Granular base thick-
nesses were 4, 6, 9, and 12 in. for AC thicknesses
of 1.5 and 3 in. For the 5- and 8-in. AC thicknesses,
granular base thicknesses were 18 and 24 in. These
thicknesses are represcntative of a broad range of
typical flexible pavement designs. Four levels of
subgrade moduli and strength (stiff, medium, soft,
and very soft) and three levels of AC modulus (1,400,
500, and 100 ksi) were evaluated for each combination
of AC and granular base thickness. The ILLI-PAVE
response data are presented elsewhere (8).

Even though AC thicknesses of 2 to 3 in. are not
uncommon on low~volume roads, the l.5-in. data were
not used in developing the algorithms for AC surfaced
roadways. Examination of the 1.5-in. data in com-
parison with the 3- to 8-in. data revealed that the
relative effect of AC thickness on some of the re-
sponse parameters changes in the 1.5- to 3-in.
thickness range.

For example, the strain in the bottom of the AC
layer generally decreases with an increase in thick-
ness, However, in most cases the strain in the 1.5-
in. thickness was less than in the 3-in. thickness.
It was concluded that inclusion of the 1l.5-in. data
would cause the algorithms to predict unconservative
(low) strain values in some cases. Conversely, it
was reasoned that exclusion of these data would per-
mit the developed algorithms to more accurately fit
the usual design thicknesses (3 to 5 in,) whereas
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300—

200—

Asphalt Strain, micro-inch/inch

Tac = Varable Eac = 500
Thbse = 12" -
Eri = 3.02

O—0O ILLIPAVE Model N
O——0 ILLIPAVE Algorithm

| I

100 N | ]

3

Asphalt Thickness, inches

FIGURE 9 Comparison of ILLI-PAVE model and algorithm predictions of AC
strain versus thickness for one design condition.

their extrapolation to lesser thicknesses would be

somewhat conservative.
To demonstrate this effect, ILLI-PAVE predictions

of AC strain for one design condition and AC thick-
nesses of 1.5 to 5 in. are shown in Figure 9. This
plot shows a transition in the strain-thickness re-
lationship at about 2.5 in. The cause of this tran-
sition has not been explored. A plausible explanation
is that above approximately 2.5 in. the AC layer
provides an "elastic structural layer" action, while
a thinner AC layer exhibits a "membrane type" be-
havior.

For purposes of comparison, Figure 9 also includes
a plot of the AC strains predicted by the developed
algorithm. The algorithm predictions compare quite

ASPHALT STRAIN ALGORITHM

well with the model predictions and exhibit a simi-
lar, but less pronounced, transition.

The algorithms are shown in Figure 10. Included
in the figure are the related statistical parameters
that indicate the accuracy and reliability of the
equations and the significance of the variables.

The various statistical parameters show that the
algorithms are excellent. The standard errors of
estimate and standard deviations of error are gen-
erally within the accuracy of the ILLI-PAVE model
itself as determined by comparing the results of
ILLI-PAVE analyses made using differing element mesh
configurations.

The algorithms should not be used to solve for
any of the independent variables. It might be tempt-

2,9496+,1289Tac-.5195(1og Thse)/Tac-.0807(log Eac)Tac-.0408(log Eri)

log eac =

Std.Er.

Coef, .0318 ,0048 .0828

Norm,

Coef 1,065 -.1378

R = <990 Std. Dev. of Error = 26.9

SUBGRADE DEVIATOR STRESS

log sd

Std.Er.

Coef .0383 ,0048 .0013 .0130
Norm.

Coef -.4458  -,4786

FIGURE 10 Algorithms.

-.3548
R = .985 Std. Dev. of Error = .901

.0015 .0089

=1.917 -.0688
Std. Err. of Est. = .03623 (1.087)

1.7694-.0735Tac-.0222Tbse-.2539(log Eac)+.0223Eri

L0014

.2900
Std. Err. of Est, = ,06007 (1.148)
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.3056+.0560Tac-.0222Tbse~.0495(1log Eac)Tac—.4242(log Eri)

log Sr =

Std.Er,

Coef. .0182 .0082 .0014

Norm.

Coef . 3105 -.4380 -.7897
R = .987 Std. Dev. of Error = ,0615

SUBGRADE VERTICAL STRAIN

.0025

.0149

—-.4800
Std. Err. of Est. = .06074 (1.150)

4,5040-,0738Tac-.0334Tbse-.3267(1log Eac)-.0231Eri

log ez =

Std.Er,

Coef ., .0392 ,0049 .0014

Norm.

Coef -.3591 -.5789 -.3664
R = .990 Std. Dev. of Error = l44

SURFACE DEFLECTION

log DO

Std.Er.

Coef . L0403 ,0060 .1048

Norm.

Coef L4796 -.1872

R = .974 Std. Dev, of Error = 3,47

SUBGRADE DEFLECTION

.0133

.0014

~.2404

Std. Err. of Est. = .0615 (1.152)

1.9692+.0465Tac-.5637(1log Tbse)/Tac-.0464(log Eac)Tac-.2079(log Eri)

.0019 0112

-1.383 -.4383
Std. Err. of Est. = .04586 (1.111)

log Ds =
2.0169+.0375Tac-1.095(1log Tbse)/Tac-.0405(log Eac)Tac-.2426(log Eri)
Std. Er.
Coef. .0549 . 0082 . 1430 .0026 .0153
Norm.
Coef. L4182 -.3920 =1.:297 ~-+5515
R = ,943 std. Dev. of Error = 3.56 Std. Err. of Est. = ,06258 (1.155)
ASPHALT STRAIN - DEFLECTION ALGORITHM
log eac =
.9102+1.1126 (log DO)
Std. Er.
Coef. .0803 .0591
Norm.
Coef. . 8889
R = .889 Std. Dev. of Error = 78.3 Std. Err. of Est, = .1147 (1.302)
SUBGRADE DEVIATOR STRESS RATIO - DEFLECTION ALGORITHM
log St =
-2.876+1.671(log DO)
R = 0.928 Std. Err. of Est. = 0.135 (1.36)
where:
eac = tensile strain in the bottom of the AC layer, in micro-in/in
ez = vertical strain at the top of the subgrade, in micro-in/in
sd = deviator stress at the top of the subgrade, in psi
Sr =

deviator stress/unconfined compressive strength ratio

DO = surface deflection at the point of loading, in mils
Ds = subgrade deflection under the point of loading, in mils
Tac = thickness of the AC layer, in inches

Tbse = thickness of aggregate base course, in inches

el

o

]
n

resilient modulus of the AC layer, in ksi

Eri = "breakpoint" resilient modulus of the subgrade, in ksi

FIGURE 10 continued.

ing to use the surface deflection design algorithm
as a pavement analysis tool to solve for or back
calculate the subgrade resilient modulus. The general
practice of using regression equations in this manner
is not correct and can lead to unnecessary errors.
The appropriate approach is to develop separate re-
gression equations using each desired unknown param-
eter as the dependent variable. Analysis algorithms
developed in this manner are reported elsewhere (8).

SUMMARY

ILLI-PAVE-based design algorithms for conventional
flexible pavements (AC surface plus granular base

and subbase) are presented. The algorithms are suf-
ficiently accurate for inclusion in mechanistic
design procedures. Pertinent design algorithm inputs
are AC thickness, AC modulus, granular layer thick-
ness, and subgrade EgRj. The algorithms should not
be extrapolated beyond the range of variables con-
sidered in the ILLI-PAVE data base unless check runs
are conducted with ILLI-PAVE to determine the valid-
ity of the algorithms in the area of extrapolation.

Factors relating to climate, traffic, and trans-
fer functions for local conditions must be appropri-
ately evaluated and included in the development of
a complete mechanistic design procedure.
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Investigation of Seasonal Load Restrictions in

Washington State

JOE P. MAHONEY, JO A. LARY, JAY SHARMA, and NEWTON JACKSON

ABSTRACT

Presented in the paper are the results of monitoring seasonal changes in surface
deflections, temperatures, moisture contents, and calculated layer moduli for six
test sites in the state of Washington. The goal of the data collection and analy-

sis was to evaluate the Washington State Department of Transportation

(WSDOT)

load restriction tables used on some state routes during the spring thaw. Further,
a criterion was developed to estimate when seasonal load restrictions need to be
applied to those pavement sections that require them. Extensive use was made in
the study of the WSDOT falling weight deflectometer to obtain pavement surface
deflection basins and of multilayered elastic computer programs to analyze the

data.

Pavement engineers throughout much of the United
States are faced with the recurring problem of weak-
ened pavement structures during the spring thaw. To
reduce the pavement deterioration that can occur
during this period, 1load restrictions for truck
traffic are often applied. A survey reported in
NCHRP Synthesis Report 26 (1,p.77) revealed that
slightly less than one-half of the states use sea-
sonal load restrictions. When such restrictions are
used, several questions arise and can include the
following:

1. Which pavement sections require load restric-
tions?

2, Wwhen should restrictions be applied and re-
moved?

3. For Washington State, are the present 1load
restrictions (developed in 1952) adequate, and how
do they affect groups such as freight and timber
hauling companies and school buses?

The current load restriction tables used in Wash-
ington State are summarized in Table 1 and can be
applied at two levels:

1. Emergency load restrictions and
2. Severe load restrictions.

TABLE 1 Current WSDOT Load Restriction Tables?

Conventional Tires Tubeless Tires

Allowable Gross Load (1b) Allowable Gioss Luad (1)

Tire Tire
Width Severe Width Severe
(in.) Emergency Emergency (in.) Emergency  Emergency

7.00 1,800 1,800 8-22.5 2,250 1,800

7.50 2,250 1,800 9-22.5 2,800 1,900

8.25 2,800 1,900 10-22.5 3,400 2,250

9.00 3,400 2,250 11-22.5 4,000 2,750
10.00 4,000 2,750 11-24.5 4,000 2,750
11.00° 4,500 3,000 12-22.5° 4,500 3,000

12.00¢ 4,500 12-24.5° 4,500

4L ast revised October 1957,
bOr more—severe emergency condition.
COr more—emergency condition.

To date, the Washington State Department of Trans-
portation (WSDOT) has applied such load restrictions
primarily on the basis of experience and occasionally
on the basis of either Benkelman beam or falling
weight deflectometer (FWD) pavement surface deflec-
tions. Most load restrictions are applied to low-
traffic-volume routes such as the Federal Aid secon-
dary system. Further, most counties use identical
load restrictions and application periods.

The overall objective of the reported research
was to evaluate the effect of freeze-thaw in pavement
layers on pavement structural capacity. More spe-
cifically the objectives were to

1. Measure the variation of base and subgrade
moisture content, frost depth and location, and
pavement deflection (surface and in situ);

2. Develop procedures for using easily obtained
data or otherwise provide for predicting when load
restrictions should be applied on a given pavement
structure; and

3. Determine an
criterion.

appropriate load restriction

To accomplish these objectives it was necessary to

1. Collect data at several test sites, including
measurement of

¢ Frost depth using frost tubes,

* Moisture contents using soil cells,

* Soil temperature using soil cells,

¢ Dynamic deflection basins using the FWD,

* Static deflections using a Benkelman beam, and

* Dynamic and static deflections using an exten-

someter permanently buried in the pavement
structure.

2. Collect weather data. These data, obtained
from National Oceanic and Atmospheric Administration
climatic reports or the WSDOT maintenance offices,
were used to calculate freezing indices and to esti-
mate depth of freeze using the modified Berggren
equation.

3. Obtain pavement samples. Samples of the base
and subgrade materials and cores of the asphalt con-
crete were obtained for laboratory resilient modulus
determination. At the time of sampling, the in situ
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FIGURE 1 Location of field test sites.

density and moisture content of the base and sub-
grade were determined.

FIELD STUDY
Site Selection

Test sites on existing WSDOT routes were chosen in
the central part of Washington (WSDOT District 2).
In this part of the state the design freezing index
is about 1,000 degree-days (Fahrenheit). Several
criteria were used as a basis for selecting the test
sites and include

1. The pavement must be located in an area of
potential deep frost and be plowed in the winter to
keep it free of snow;

2. Each test site should have a reasonable amount
of heavy truck traffic (weight but not necessarily
volume); and

Spokane

Wenatchee

G =Test Sile

3. The site locations should encompass a variety
of subgrade soil and drainage conditions.

Using these criteria as a partial basis, six 500-ft-
long test sites were selected (locations shown in
Figure 1) for deflection testing, and four of the
sites were instrumented. An overview of the signifi-
cant test site features is given in Table 2.

Data Collected

Field data were collected at the six test sites dur-
ing a 15-month period beginning in January 1982,
with special emphasis on the spring thaw period. The
following data were collected:

1. Pavement surface deflection using the FWD or
Benkelman beam, or both;
2. Extensometer readings;

TABLE 2 Principal Test Site Features
Subgrade
Traffic, 1982 (2)

State Route Percentage S —
and Mile Passing Percentage
Post Instrumentation Pavement Structure® Class 200 Sieve ADT Trucks
SR 97, MP 2 frost tubes 4-in, ACP A-1-a(0) 9 3,500 11

184 1 moisture tube®  4-in, CSTC

6-in, ballast

SR 2, MP 2 frost tubes 6-in. ACP A-1-b(0) 16 to 19 11,500 10

117 2 moisture tubes 17-in. gravel base

1 extensometer

SR 2, MP 2 frost tubes 2-in. ACP A-1-a(0) 9to 12 1,000

160 1 moisture tube 9-in. CSTC
SR 172, MP FWD testing 2.6-in. BST 180 6

2 6-in, gravel base
SR 172, MP FWD testing 2-in, BST 530 6

21 9-in, gravel base
SR 174, MP 2 frost tubes 0.5-in, BST A-1-b(0) 18 to 22 820 16

2 1 moisture tube 2-in, ACP

1 extensometer 10-in, gravel base

ANomenclature: ACP = asphalt concrete pavement, CSTC = crushed surfacing top course, and BST = bituminous surface treatment,

bEach moisture tube consisted of four mojsture cells,
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Asphalt
Concrete

Flexible tube for
retrieval and 1o
allow for expansion

FHemovaoie inner
PVC tube, 7/8" &

Permanently installed
outer polyethylene
tube, 1-1/4" @

Oflawa sand saturated
with 0.1 % solution
fluorescein dye

FIGURE 2 Schematic of in situ frost tube.

3. Pavement surface temperature;
4. Base and subgrade temperature;

5. Soil cell resistivity (for moisture content
determination); and
6. Depth of

tubes}).

frost penetration (using frost

Instrumentation

A primary objective of the study was to measure
changes in pavement strength over the project dura-
tion. To this end, four of the six test sites were
instrumented (as indicated in Table 2) with frost
tubes to measure depth of freezing and soil cells
(Soiltest MC 310A) to measure subgrade and base
course moisture contents and temperatures. Exten-
someters were installed at two sites to measure
pavement surface deflections. Paint marks were placed
on the pavement surface to facilitate repeating de-
flection testing at the same locations. Sketches of

Lead wire to Bison
measuring instrument

: \
/\ 3" @ aluminum plate
T
\ 1" @ Bison coils

/— 1"i.d. PVC pipe

| * I

Note: Top extensometer plate
embedded in cold mix,
I 3-1/2" from pavement
surface

;/_ 1/2" o sleel rod
_JL_ =
_\ 3" ¢ aluminum plate

FIGURE 3 Schematic drawing of extensometer,

typical frost tube and extensometer construction and
soil cell layout are shown as Figures 2-4.

Deflection Measurements

With the advent of computer programs that provide
for using pavement deflections to estimate in situ
pavement layer moduli, the usefulness of devices that
provide such measurements continues to increase.
Three approaches were used in the study to measure
pavement deflections:

1. Benkelman beam,
2. FWD, and
3. Extensometer.

odl Asphalt
Concrete

-

Removable cap

1-1/4" polyethylene tube
grouted in place

xcavation boundary

|-

A

FIGURE 4 Typical soil cell layout.
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The Benkelman beam was used to measure single-point
rebound deflections along with a single axle, dual
tire 18,000-1b axle load (quasi-static loading). The
FWD was used to measure deflection basins (with seven
sensors). The FWD can apply a dynamic load ranging
from 3,000 to 24,000 1b and simulates a vehicle mov-
ing at speeds greater than 30 mph. Finally, the ex-
tensometer was used to measure deflections under
various axle and tire loadings. The Benkelman beam
and FWD measurements were taken at 50-ft intervals
at each test site.

Typical Results

The type and range of the data collected from the
test sites will be illustrated by use of two of the
six test sites [SR 2, milepost (MP) 160 and SR 172,
MP 2].
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FWD Deflections

For the two selected test sites, the maximum pavement
deflection (first sensor) averaged over each test
site and normalized to a 9,000-1b load is plotted
versus time in Fiqures 5 (SR 2, MP 160) and 6 (SR
172, MP 2). According to these data, spring was the
period of highest deflection, as expected (similar
trends were observed for the four other test sites).
In general, maximum deflections were reached in late
February or early March. During the January 1984 site
visits, the measured deflections ranged from 9 to 20
percent of the previous summer values, which illus-
trates the increased stiffness of frozen pavement
layers.

Figures 5 and 6 were developed on the basis of
several site visits and corresponding data. These
trends (as plotted) mask the actual variations that
occurred at other times for which data are not
available.

Dellection, normalized
t0 9,000 Ib load

9 =
- 8 T 2577 subgrade moisture content
< € al 3 ft. depth
E7T @
I 7
€ =
S 6+ Z1
g S
.3 B Subgrade moisture conient
s 5T & at 4 ft. depth
= a
41 5t
3. o=

Base moisture content
at 1 ft. depth N
T~

Subgrade mwisture content
at 2 ft. depth

1984
Time

FIGURE 5 SR 2, MP 160—plot of FWD first sensor deflection and base and subgrade

moisture contents versus time.
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FIGURE 6 SR 172, MP 2—plot of FWD first sensor deflection versus time.
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Base and Subgrade Moisture Contents

It is generally accepted that soils (and asphalt
concrete) exhibit a decrease in strength with in-
creasing moisture content. To this end, soil resis-
tivity later coonvertsd to
moisture content when the appropriate laboratory
calibrations were completed. An example of the annual
change in soil moisture content is shown in Figure
5. Moicturc content tende to increase with depth (as
expected) and is most variable during the thawing
period (winter-spring 1984). Of significance is the
high moisture content of the base course, which was
essentially as high as the moisture content in the
subgrade located 2 ft below the measurement point in
the base. This will be further discussed later.

rem e

maansnrad and
was o

mcagsured an

soil

Temperature

As previously discussed, a variety of measurements
was made to relate air and pavement temperatures.
Soil cells were used to measure in situ soil tem-
peratures as well as soil resistivity for moisture
determination. Frost tubes were used in an attempt
to measure locations of frost up to a depth of 4 ft;
however, numerous problems arose with these and the
resulting data were of little use.

On the basis of air temperature data from the
nearest WSDOT maintenance facility, freezing indices
were calculated and are given in Table 3. These data
show the differences in just two winters (1982-1983
and 1983-1984). The design freezing indices (the
average of the three coldest winters out of the last
30 years of record) range between 900 and 1,100
degree-days through the part of Washington State
where the test sites are located (the mean freezing
index for a 30-year record is about 500 degree-days).
Thus the winter of 1982-1983 was slightly less severe
than average and the winter of 1983-1984 was above
average.

By use of the modified Berggren equation (3),
various estimates of the depth of ground freezing
were made. Assuming the pavement structure and the
upper portion of the subgrade can be characterized
as a homogeneous granular material (ygq = 130 pcf, w =
5 percent) for thermal purposes, depths of freeze
were calculated for the appropriate freezing indices
at each test site and are given in Table 3. Also
given in this table are the measured depths of frost
(soil cells). The calculated and measured values are
at least within the same range (recall that the soil
cells were placed at 1-ft intervals of depth, making
such comparisons quite approximate). Overall, the
temperature data and associated calculations suggest
that typical depths of freeze beneath the test sites
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are about 3 to 4 ft with maximum frost penetration
occurring in late January through mid-February. As
will be shown in the next section, relatively few
thawing degree days are required to place these
pavement structures in a "critical period."

DATA ANALYSIS

The method for determining pavement material proper-
ties and their variation with time for the six test
sites is described in this section. Further, devel-
opment of a temperature-based criterion for estab-
lishing when to apply load restrictions is presented
along with the procedure for determining the magni-
tude of restrictions.

Material Properties

The BISDEF computer program (4) was used along with
FWD data to estimate the moduli (or resilient moduli,
Mg) and the associated stress sensitivity relations
for the pavement layers. This program is based on
layered elastic theory and was developed at the U.S.
Army Corps of Engineers Waterways Experiment Station.
It uses the concept of minimizing the difference be-
tween the program-calculated and the measured de-
flection basins. The program varies the layer modulus
until a match is made between the input basin and
the BISDEF-predicted basin within a specific margin
of error.

The modulus for each pavement layer was estimated
for each site visit and test site. The program was
also used to calculate bulk stress at the middle of
the base course and bulk or deviator stress at the
top of the subgrade. Because a minimum of three
stress levels (or FWD load magnitudes) was used
during each site visit, it was possible to develop
the stress-sensitivity relationships (MR - 6 or My -
ag) for the base and subgrade layers. These relation-
ships were necessary for additional modeling, which
will be discussed later.

The required inputs for the BISDEF program were

1. Measured deflections (mils) and associated
distances from the center of the load (inches).

2. Range of modulus values for each layer (psi),

3. Initial estimate of the modulus value for each
layer (psi),

4. Thickness of each layer (inches),

5. Poisson's ratio for each layer,

6. Load stress (psi) and load radius (inches),
and

7. Points in the
stresses are desired.

pavement structure where

TABLE 3 Freezing Indices and Calculated Depth of Frost Penetration for the Six Test Sites

Freezing Index
(degree-days

Calculated Depth

Prohahle Date

Minimum Measured of Maximum

Test Site Winter Fahrenheit) of Frost (ft) Depth of Frost (ft) Depth of Frost?
SR 97, MP 184 1982-1983 475 33 Feb. 9, 1983
1983-1984 685 4.0 5 Jan, 23, 1984
SR 2, MP 117 1982-1983
1983-1984 510 34 3+ Jan, 23, 1984
SR 2, MP 160 1982-1983 400 3.1 Feb. 11, 1983
1983-1984 730 4.1 3+ Jan, 23, 1984
SR 172, MP 2 1982-1983 475 3.3 Feb. 15, 1983
1983-1984 745 4.2 Jan, 23, 1984
SR 172, MP 21 1982-1983 475 33 Feb. 15, 1983
1983-1984 745 4.2 Jan, 23, 1984
SR 174, MP 2 1982-1983 170 2.0 Jan, 5, 1983
1983-1984 470 33 2% Jan, 24, 1984

4pased on recorded temperature data,
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The measured deflections input to the program were
the average deflection basins over each test section
for each site visit. The input deflections were
selected from four of the FWD sensors and were lo-
cated at spacings of 0, 11.8, 25.6, and 47.2 in.
from the center of loading. An initial estimate of
each layer modulus was based on judgment and other
previously completed work. The load radius was that
of the FWD loading plate (5.9 in.) and the load
stresses were the actual stresses applied to the
pavement structure by the FWD.

The results of the BISDEF analysis are given in
Tables 4 and 5 for the two test sites used in this
paper to illustrate the study findings (SR 2, MP 160
in Table 4 and SR 172, MP 2 in Table 5). The stress

k1@ g

as coarse-grained materials

relationships

that behaved

presented are of the form Mgy =

for layers

-k i
and Mg = kjoq 2 for layers that behaved as fine-

grained materials (Mg decreasing with increasing
stress.) The SR 172, MP 2 test site was run as a
two-layer system with the bituminous surface treat-
ment and base course combined into one layer. This
was done because the computer program would not close
when the site was run as a three-layer system.

In general, for all test sites as well as the two
sites shown, the base and subgrade moduli were higher
for the August 1983 site visit than at other times
of the year (as might be expected). Further, the
pavement layer moduli were substantially higher when
frozen. An interesting trend for SR 2, MP 160 was
that the base modulus decreased 41 percent from
August 1983 to March 1984, but the subgrade modulus
on both dates was about the same. For SR 172, MP 2,
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the base modulus decreased about 27 percent and the
subgrade modulus 44 percent for the same time inter-
val (this test site had the largest decrease in sub-
grade modulus of the six). The maximum observed
decrease in modulus for the base was 78 percent
(August 1983 and March 1984 testing dates). For all
test sites (except SR 2, MP 117, which exhibited ex-
tensive fatigue cracking and was actually weaker
during the summer menths), the base course modulus
was reduced by an average of about 52 percent and
the subgrade modulus by about 23 percent.

Magnitude of Load Restrictions

The PSAD2A computer program (5) was used to calculate
deflections and strains under a given wheel load for
the summer (strongest condition) and the spring
(weakest condition) for each of the test sites. This
was done to determine the change in strains and de-
flections between the two cases so that a spring load
could be found that induced the same strains and de-
flections, and hence potential pavement damage, as
occurred in the summer under maximum loading.

Several input values were required for the PSAD2A
program and included for each layer

1. Poisson's ratio,

2. Dry density,

3. Thickness,

4. Stress-modulus
analysis), and

relationship (from BISDEF

L3

Because the vast majority of trucks uses tubeless
tires and the maximum wheel load is in part a func-

Initial estimate of modulus for each layer.

TABLE 4 SR 2, MP 160—Results of BISDEF Analysis for Determination of Resilient Moduli, Stresses, and Stress

Relationships for each Site Visit

Applied Subgrade Subgrade
Tempera- Stress AC Mg Base M Mg Base 8 0d Base Stress Subgrade Stress
Date ture (°F) (psi) (psi) (psi) (psi) (psi) (psi) Relationship Relationship
02/24/83 50 57.86 1,200,000 14,800 13,900 21.86 11.67 0.814 . -0.307
88.17 1,500,000 20,800 13,100 28.42 15.85 1 H660 229’862 o4
123.01 1,200,000 29,400 11,700 49.18 20.29 =0.962 =0.944
03/03/83 45 56.72 1,200,000 21,600 13,100 18.94 10.51 0.396 i ~0.118
83.06 1,200,000 24,400 13,000 26.53 14.96 JEsF050 1862 04
121.37 1,268,000 27,500 12,100 3475 20.38 2 =0.997 2 =0.791
03/09/83 47 $5.80 1,000,000 25,300 13,500 18.98 10.51 0.50890-327 5782 g, ~0-268
82.44 1,222,000 26,400 13,000 25.71 14.62 g il T8 O
116.70 1,300,000 30,000 11,500 31.02 18.74 2 =0.836 2 = 0.864
03/13/83 60 4270 1,100,000 15,200 10,000 13.90 7.27 — -
83.96 1,029,000 26,800 12,700 26.90 15.10 {2 ;7876 21,904 04
121.83 1,267,000 28,000 12,200 35.08 20.53 _ 2 _
152,87  1318.000 30,500 11,500 40.01 24.33 =ilgos 4220
03/24/83 40 58.52 2,155,000 16,800 13,000 17.84 9.90 o G
88.36 2,460,000 18,800 12,800 25.05 14.20 4,2450 21,088 04™ %
125.46 1,600,000 26,300 12,200 34,44 20.41 2 - 063
150.67 2,400,000 20,800 10,600 36.41 22.05 r? = 0.669 1" =0.632
08/17/83 72 80.08 931,000 28,300 11,100 23.08 13.50 01473 —
125.98 1,000,000 43,300 12,000 30.44 19,04 282 6,152 04
01/10/84 34 76.63
108.83
144,39
02/21/84 42 71.0 1,096,000 20,800 12,900 24,54 13.50 0.376 -0,197
95.7 1,140,000 23,000 12,200 30.73 17.30 6 2774 221’492 Gd
129.2 1,258,000 24,600 11,700 38.35 22.16 =0.988 =0.994
03/01/84 48 71.3 1,184,000 16,500 12,500 25.30 13.75 0.398 -0.287
95.9 1,327,000 18,800 11,800 31.05 17.31 i 26,576 04
125.8 1,462,000 19,300 11,000 37.60 21.46 r? =0.886 2 =0.994
03/09/84 60 66.6 972,000 24,700 12,800 22.26 12,39 0.554 ~0.282
91.0 552,000 30,400 12,000 30.80 16.83 i ey 26,1890
121.8 579,000 32,700 11,000 37.29 21.03 r? =0.984 220.968
03/21/84 49 66.0 658,000 30,300 12,900 22.53 12.36 0.151 ~0.122
93.3 819,000 29,600 12,600 30,00 16.86 i 18,5044 %6371
127.1 700,000 33,000 12,000 39.20 22,19 =0.536 2 =0,947
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TABLE 5 SR 172, MP 2—Results of BISDEF Analysis for Determination of Resilient Moduli, Stresses, and Stress

Relationships for each Site Visit

Applied
Tempoera- Stress 1st Layer Subgrade 1st Layer Subgrade 1st Layer Stress Subgrade Stress
Date ture (" F) (psi) Mp (psi) Mg (psi) 6 (psi) 04 (psi) Relationship Relationship
02/24/83 50 47.46 13,400 5,000 47.58 15.91 0.781 0.239
72.69 14.800 5,700 73.09 24.62 e 2,393 oy
103.32 24,300 5,700 97.88 28.70 r2=0.788 2 =0.937
03/03/83 38 49.54 25,900 5,800 46.72 13.55 vy 579 0,105 <7 - 0,024
71.65 28,000 5,900 67.02 19.03 12,2124 3457 04
105.24 29,900 5,900 97.54 27.07 2 =0.996 r2=0,741
03/09/83 47 47,95 28,800 6,800 45.45 13.34 0,209 -0.045
68.40 31,000 6,700 64.20 18.40 i 7,634 04
101.05 33,500 6,600 93.67 26.01 r? =0.999
03/17/83 39 49.22 21,200 6,600 48.25 15.34 §0.096 05 g,40:021
70.68 23,700 6,600 68.36 21.06 e 6,205 0y
102.86 22,800 6,700 100.23 31.43 r? =0.386 r? =0.806
08/17/83 75 74.70 26,000 8,600 73.76 23.85 ) Bia8E 0.0
105.82 29,000 8,600 103.09 32.32} 6,3930 8,600 04
01/10/84 34 72.84 371,100 59,900 65.82 17.08
104.21 348,300 59,300 94.82 25.06
143.49 326,800 50,500 128.97 32.96
03/01/84 46 56.8 23,700 4,500 52.39 14.36 0.817 0.258
78.5 32,000 4,800 70.38 17.86 s50g 2,258 i
110.0 39,200 5,100 96.80 23.27 12=0.982 2 =0.994
03/07/84 60 55.2 19,900 5,300 53.14 16.19 0.520 0.163
74.9 19,000 5,500 72.79 22.69 i 23350 3432
103.9 27,400 5,800 97.13 27.56 ?=0619 2 =0.935
03/21/84 50 57.1 28,400 6,000 53,42 15.20 0.173 o . ~0.093
71.6 27,000 5,800 72.80 20.82 B L
107.0 31,600 5,700 98.14 26.49 12 =0.432 12 =0.988
tion of tire width, it was decided that the following These pressures were found to be reasonable for

tire sizes would be used in the subsequent analysis:
8-22.5, 9-22,5, 1l0-22.5, 11-22.5, 12-24.5, 14-17.5,
and 16-22.5. Only single tires on single axles were
evaluated because these were considered to be the
most critical.

For the summer load cases, the maximum allowable
load per time would be input. This maximum was
determined by use of the Revised Code of Washington
(RCW) 46.44.042, which allows 550 1lb per inch width
of tire up to a tire width of 12 in. and 660 1lb per
inch width for tires 12 in. wide or wider. For ex-
ample, an 1ll-in.-wide tire can legally carry 6,050
lb and a 1l2-in.-wide tire 7,920 1lb. Corresponding
tire pressures were based on tire inflation pressures
recommended by the Tire and Rim Association, Inc.

TABLE 6 Tire Loads and Tire Pressures for the Spring

Condition
Percentage of Tire Pressure Load/Tire
Maximum Load Tire Size (psi) (1b)
100 8-22.5 105 4,400
9-22.5 115 4,950
10-22.5 105 5,500
11-22.5 100 6,050
12-24.5 115 7,920
14-17.5 100 9,240
16-22.5 920 10,000
75 8-22.5 80 3,300
9-22.5 75 3,712
10-22.5 70 4,125
11-22.5 65 4,538
12-24.5 80 5,940
14-17.5 100 6,930
16-22.5 75 7,500
50 8-22.5 55 2,200
9-22.5 55 2,475
10-22.5 55 2,750
11-22.5 65 3,025
12-24.5 65 3,960
14-17.5 65 4,620
16-22.5 S5 5,000

modeling purposes on the basis of a previous study
performed for WSDOT (6). The tire loads and pressures
for the summer condition (maximum condition) are
given in Table 6 (100 percent of maximum load).

For the spring condition, the following cases were
developed:

1. The maximum load and tire pressure as used
for the summer condition,

2. Seventy-five percent of the maximum load and
corresponding tire pressure as recommended by the
Tire and Rim Association, and

3. Fifty percent of the maximum load and the
recommended tire pressure.

The resulting tire loads and pressures are given in
Table 6.

The output parameters from PSAD2A, which were
evaluated for both the summer and spring analyses,
were

1. Surface deflection (§),

2. Horizontal strain at the bottom of the bi-
tuminous bound layer (eg).,

3. Vertical strain at the top of the base course
(eyp) » and

4., Vertical strain at the top of the subgrade

(eys)

When these deflections and strains had been calcu-
lated, the spring lcoad that caused the same damage
as the maximum allowable load during the summer was
computed. This was done by use of plots developed
from the previously listed program outputs for each
test site and tire size and is shown for SR 2, MP
160 and tire size 11-22.5 in Figure 7. This figure
was constructed as follows:

1. Surface deflection versus load was plotted
for the three loads used in the spring analysis and
a curve was fitted through the points and
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FIGURE 7 SR 2, MP 160—tire size 11-22.5.

2. Egr eygr and eys versus load were
plotted for the same three loads and the correspond-
ing curves were drawn.

The next step was to determine the spring load
that would result in the same deflections and strains
as did the summer case. This was done by entering
the plot (such as Figure 7) on the vertical axis with
8, ) EVBrs or EYS. A horizontal line
was then drawn to intersect the appropriate curve
and then drawn vertically down to the tire load axis.

The allowable spring wheel 1loads so determined
are given in Tables 7 and 8 for the two featured test
sites. For SR 2 and tires up to 12 in. wide, the re-
duction in allowable load is no more than about 20
percent (from summer to spring conditions). This re-
duction increases for 1l4- and 16-in. tires. For SR
172, the reduction in allowable load for the critical
criterion (surface deflection) is about 60 percent.

A comparison of the percentage reduction between just
these two pavement structures illustrates a basic
difference between SR 2, which was originally de-
signed to mitigate the effects of frost action, and
SR 172, which was not.

Finally, Table 9 gives the allowable spring load
and critical criterion for each tire size and test
site. The low~-volume routes such as SR 172 and SR
174 clearly have the largest reduction in allowable
loads, as would be expected. On the basis of this
type of analysis, actual load restrictions could be
varied for each site; however, from a practical
standpoint, this is not enforceable. If load re-
strictions are needed for a specific pavement struc-
ture, then only one or two levels of restrictions
should be considered. From the analysis a spring al-
lowable load of about 40 percent of the summer allow-
able appears reasonable (a' 60 percent reduction).

Interestingly, the corresponding allowable spring
TABLE 7 SR 2, MP 160—Spring Allowable Loads and Corresponding Percentage of the Maximum Legal Load
Maximum Spring Allow- Percentage Spring Allow- Percentage Spring Allow- Percentage Spring Allow- Percentage
Legal Tire able Load for of Maximum able Load for of Maximum able Load for of Maximum able Load for of Maximum
Tire Size  Load (lb) 8§ (1b) Legal Load € (Ib) Legal Load ey g (Ib) Legal Load eys (Ib) Legal Load
8-22.5 4,400 4,020 9 4,080 93 3,670 83 4,400 100
9-22.5 4,950 4,600 93 4,600 93 4,190 85 4,920 99
10-22.5 5,500 5,050 92 5,020 91 4,600 84 5,390 98
11-22.5 6,050 5,570 92 5,830 96 4,990 82 5,900 98
12-24.5 7,920 7,170 90 7,120 90 6,180 78 7,600 96
14-17.5 9,240 8,115 88 6,640 72 6,020 65 8,790 95
16-22.5 10,000 8,900 89 7,820 78 6,760 68 9,560 96

Note: 6 = surface deflection, e; = horizontal strain at the bottom of the asphalt concrete, ey g = vertical strain at the top of the base, and ey g = vertical strain at the top of the subgrade,

TABLE 8 SR 172, MP 2—Spring Allowable Loads and Corresponding Percentage

of the Maximum Legal Load

Maximum
Legal Spring Allow- Percentage Spring Allow- Percentage
Tire Load able load for 6  of Maximum able Load for of Maximum
Tire Size  (lb) (Ib) Legal Load eyg (Ib) Legal Load
8-22.5 4,400 1,820 41 2,330 53,
9-22.5 4,950 2,180 44 2,720 55
10-22.5 5,500 2,400 44 2,980 54
11-22,5 6,050 2,450 40 3,200 53
12-24.5 7,920 3,800 48 4,400 56
14-17.5 9,240 4,400 48 4,920 53
16-22.5 10,000 4,680 47 5,300 53

Note: 6 = surface deflection and eyg = vertical strain at the top of the subgrade,
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TABLE 9 Summary of the Critical Criteria and Corresponding
Spring Allowable Load for Each Tire Size Modeled

Percentage
Critical Cri-  Spring of Maxi-
terion for Allowable mum Legal
Tire Size  Site Each Site Load (1b) Load
8-22.5 SR 97, MP 183.48 ) 3,775 86
SR 2, MP 117.38 € 5,200 118
SR 2, MP 159.6 €y B 3,670 83
SR 172, MP 2.0 8 1,820 41(critical)
SR 172, MP 21.4 eve 2,400 54
SR 174, MP 2.0 €vy 3,130 71
9-22.5 SR 97, MP 183 .48 8 4,325 87
SR 2, MP 117,38 5 5,460 110
SR 2, MP 159.6 €vp 4,190 85
SR 172, MP 2.0 ) 2,180 44 (critical)
SR 172, MP 21.4 €V R 2,730 55
SR 174, MP 2.0 €vp 3,490 70
10-22.5 SR 97, MP 183.48 ) 4,900 80
SR 2, MP 117,38 5 6,230 113
SR 2, MP 159.6 €y p 4,600 84
SR 172, MP 2.0 8 2,400 44 (critical)
SR 172, MP 21.4 €y 2,750 50
SR 174, MP 2.0 €vp 3,700 67
11-22.5 SR 97, MP 183.48 § 4,875 80
SR 2, MP 117.38 8 6,770 112
SR 2, MP 159.6 €y p 4,990 82
SR 172, MP 2.0 § 2,450 40
SR 172, MP 21.4 €y p 2,290 38 (critical)
SR 174, MP 2.0 €vB 3,850 64
12-24.5 SR 97, MP 183.48 5 6,300 80
SR 2, MP 117.38 8 8,550 108
SR 2, MP 159.6 €vp 6,180 78
SR 172, MP 2.0 5 3,800 48
SR 172, MP 21 .4 €y p 3,600 45 (critical)
SR 174, MP 2.0 €y B 4,780 60
14-17.5 SR 97, MP 183.48 € 6,020 65
SR 2, MP 117.38 5 9,380 102
SR 2, MP 159.6 évp 6,020 65
SR 172, MP 2.0 8 4,400 48
SR 172, MP 21.4 €y R 3,460 37 (critical)
SR 174, MP 2.0 Evp 4,670 50
16-22.5 SR 97, MP 183.48 € 5,990 60
SR 2, MP 117.38 ) 11,100 111
SR 2, MP 159.6 €y g 6,760 68
SR 172, MP 2.0 1) 4,680 47
SR 172, MP 21.4 €y p 3,320 33 (critical)
SR 174, MP 2.0 evp 4,780 48

loads from this analysis fall within the range of
the current WSDOT load restrictions (Table 1).

Criterion for When to Apply Load Restrictions

A basic issue addressed in the study was when to es-
tablish load restrictions on a specific highway

30 =

Depth of Thaw (in)
n
o
|
|

>
|
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(assuming that load restrictions are necessary). A
criterion based on deflection measurements provides
ocrtainty ac to the need for load restrictions. At
least for the near future, it is impossible for WSDOT
equipment and personnel to be at all the necessary
locations during the potentially critical months of
January, February, and March. An alternative approach
is to use temperature data to estimate the depth of
thaw in a pavement and thus whether it is near or in
the critical period.

Figure 8 was prepared by calculating the depth of
thaw for various thaw indices using the modified
Berggren equation (3):

x = A [(48 kqyg n TI/LY"]
where

x = depth of thaw (ft),

A = dimensionless coefficient that corrects
formula for neglected effects of volumetric
heat,

kavg = average thermal conductivity of the soil
(Btu/hrefte+°F),

n = factor for converting air thawing index to
surface thawing index,

TI = air thawing index (degree-days, Fahren-
heit), and

L = soil latent heat (Btu/ft?).

The pavement structure was assumed to be homogeneous
and composed of either a coarse-grained or a fine-
grained soil (with corresponding dry densities of
130 and 100 pcf, respectively). An n = 1.5 was
assumed (dark bituminous surface) along with
A =0.7 for the fine-grained soil and A = 0.6
for the coarse-grained soil. The pavement surface
thickness was assumed to have a negligible effect on
the depth of thaw (other than color). As shown in
Figure 8 the depth of thaw for equal thawing indices
is clearly greater for coarse-grained soils than for
fine-grained soils. Further, it is reasonable to ex-
pect that the upper portions of all WSDOT pavement
structures will behave as coarse-grained soil. Thus
at an air Ti = 30 the depth of thaw will bc zbout
12 in. and at an air TI =~ 50 about 15 in. For most
pavement structures this would result in the surface
and base courses but not necessarily all of the sub-
grade being thawed.

The temperature data from the test sites and the
BISDEF analysis of FWD data reinforce the modified
Berggren calculations that the test sites reached
their critical condition after receiving about 50
degree-days of thawing temperature. Thus it was

w=5%
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J
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FIGURE 8 Air thawing index versus depth of thaw for thin asphalt surfaced

pavements.
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recommended that WSDOT tentatively adopt a TI = 30
degree-days to indicate pavement structures ap-
proaching a «critical condition and a TI = 50
degree-days to indicate pavement structures in a
critical condition. Clearly, pavement structure,
subgrade soil, and winter temperature history will
influence such criteria; however, WSDOT district
maintenance personnel in the numerous maintenance
offices record high and low daily temperatures for
other purposes each winter. Now this same, available
information can be used as a rule-of-thumb to assess
the need for load restrictions.

CONCLUSIONS
The following conclusions are warranted:

1. The falling weight deflectometer is an excel-
lent device for collecting the information required
to evaluate the structural capacity of pavements.
Further, Benkelman beam and FWD maximum deflections
correlated well; however, the deflection basins ob-
tainable with the FWD provide a significantly im-
proved ability to analyze pavement structure.

2. For the field test sites that normally require
seasonal load restrictions, the base course moduli
vary more than the subgrade moduli. The subgrade
moduli are relatively stable throughout the year
(except when frozen). The base course weakness is
due to excessive moisture available during the thaw-
ing period. The excessive moisture in the base course
is exacerbated by either a still frozen subgrade or
a low permeability subgrade soil (i.e.,, a water
drainage path is temporarily reduced or eliminated),
or both.

3. A multilayered elastic analysis computer pro-
gram (BISDEF) was used along with FWD data to char-
acterize the materials in the pavement layers for
each test site with time. Criteria were developed
that essentially reduce the allowable loads for a
summer condition to equivalent 1loads during the
critical period (spring thaw). On the basis of this
analysis for the more critical test sites, a reduc-
tion in legal loads of about 60 percent is required.
Further, the analysis tends to reinforce the current
WSDOT load restriction tables.

4. A criterion was developed that can be used to
determine when load restrictions should be initiated
on a pavement structure requiring such limitations
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(the criterion does not identify which pavements re-
quire load restrictions). The criterion is based on
thawing degree-days and can be readily used by the
WSDOT maintenance offices that record daily high and
low temperatures. Both field data and an analytical
procedure suggest that pavements susceptible to
weakening during the critical period will approach
this condition after a thawing index of 30 degree-
days has occurred and will be in the critical period
after accumulating 50 degree-days (one thawing
degree~day is equal to an average daily temperature
of 1°F above freezing). Clearly, site-specific de-
flection data are the single best criterion to use
in assessing the need for load restrictions, but de-
flection data can be expensive to obtain and diffi-
cult to get at the needed time. A temperature-based
criterion is the next best alternative (and the least
expensive) .
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Eflects of Higher Tire Pressures on Strain in
Thin AC Pavements

FREDDY L. ROBERTS and BARRY T. ROSSON

ABSTRACT

Since the o0il embargo of 1973 and the attendant increase in fuel prices, pressures
to increase truck sizes and weights have intensified. A second factor, which has
also been on the increase but which has been given little attention, is tire in-
flation pressures. Inflation pressures have increased from in the vicinity of 80
psi to a typical value of 120 psi found in Texas tire pressure surveys in 1984.
The objective of this paper is to evaluate the effect of this increase in tire
pressures on tensile strains in thin asphalt concrete pavements. To determine the
stress distribution between the tire and the road surface, the researchers used a
finite element computer program developed at Texas Transportation Institute to
study the effect of tire parameters on road surface friction forces. This computer
program was used to develop the vertical pressure distribution and the horizontal
surface shear forces for a free-rolling truck tire inflated to both 75 and 125
psi. A series of computer runs was made using ILLI-PAVE to determine the horizon-
tal tensile strains for asphalt concrete surfaces 1, 1.5, 2, and 4 in. thick over
an B8-in, granular base with three different moduli and a subgrade soil that is
stress sensitive with an initial modulus of 10 ksi. This series of runs showed
that increased truck tire pressures increase tensile strain and attendant fatigue
cracking dramatically, that some thin pavement structures cannot provide adequate
service, and that design procedures must be upgraded to consider pavement mate-

rials that can resist these high tensile strains. In general, to provide adequate
service, materials should be either thin and flexible or thick and stiff.

During the last few years, pressure on legislatures
has concentrated on either increasing gross vehicle
weights from current levels to more than 100,000 1b
or increasing the size of trailers, or both. Concern
over the effects of these increases on pavement
deterioration has been so great that highway engi-
neers have largely ignored in their analyses another
factor that has also been on the increase: tire in-
flation pressures. With the increased cost for fuel
and the desire to reduce rolling resistance and in-
crease fuel economies, tire manufacturers have
responded by designing and marketing both bias and
radial tires that operate at higher inflation pres-
sures. This means that pavements that were designed
for 70,000- to 80,000-1b gross vehicle weight (GVW)
vehicles carrying loads on tires inflated to 75 to
80 psi are now carrying heavier loads at signifi-
cantly increased tire pressures. To determine the
current levels of tire pressures and their effects
on Texas highways the Texas State Department of
Highways and Public Transportation (SDHPT) contracted
with the Texas Transportation Institute (TTI) to
perform two research projects. The first project is
to determine typical tire inflation pressures, their
contact pressure distributions, and their effects on
highway pavements. The second project includes eval-
uation and design of thin asphalt concrete (AC)
pavements including evaluation of suitable materials
with which to build these thin pavements. This paper
includes portions of both of these studies.

TIRE MODELS IN PAVEMENT ANALYSIS
Initial analyses of the states of stress in solid

bodies involved the use of point load on uniform
elastic materials of semi-infinite extent; later

analysis techniques included strip loads of finite
width and infinite length. As analysis of pavement
systems became more sophisticated, Westergaard and
Burmister extended the analysis to include more than
one layer and also began to model the tire as a
circle of uniform vertical pressure with no curface
shear forces. This tire model continued to be used
in the highway design community until the last few
years. More recently highway engineers have begun to
use finite element models developed by tire carcass
designers to define the stress conditions that occur
at the tire-pavement interface.

Tielking Tire Model

The finite element tire model used in this study was
originally developed during an analytical and ex-
perimental investigation of tire-pavement interaction
(1) to provide the capability for calculating the
distributions of sliding velocity and normal pressure
in the tire-pavement contact interface. A relatively
general, nonlinear finite element shell-of-revolution
computer program (2,3) was chosen as the foundation
for the finite element tire model. A Fourier trans-
form procedure for solving the shell contact problems
of the foundation program was developed (4) and in-
corporated into the finite element program, giving
this tire model the unique capability of calculating
contact boundary and interface pressure distribution
for a specified tire deflection.

The shell elements used in the tire model are
orthotropic. A material property subroutine was
developed to generate orthotropic moduli from cord
and rubber property data and geometric data describ-
ing the ply structure of the tire carcass. Although
the shell elements are homogeneous and orthotropic,
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they are sensitive to details of carcass design in-
cluding tire materials and geometry.

The tire is modeled by an assemblage of axisym-
metric curved shell elements. The elements are con-
nected to form a meridian of arbitrary curvature and
are located at the carcass midsurface. Figure 1 shows
the assembly of 21 elements along the midsurface of
a G78-14 tire. A cylindrical coordinate system is
used, with r, w, and z indicating radial, circum-
ferential, and axial directions, respectively. Each
element forms a complete ring that is initially
axisymmetric with respect to 2z. The elements are
connected at nodal circles (numbered in Figure 1)
hereafter referred to as nodes.

N
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0| "0
1

— Nl
@

/

R (in.) G78-14

2
22

Z (in.)

FIGURE 1 Finite elements positioned on the tire carcass
midsurface.

The finite elements are homogeneous and ortho-
tropic with a set of moduli specified for each in-
dividual element. The orthotropic moduli for each
element are determined by the ply structure sur-
rounding the element.

The finite element model is clamped at the edges
(Node 22 in Figure 1), pressurized, and rotated to
induce centrifugal force loading. It is then brought
into contact with a rigid, frictionless surface per-
pendicular to the plane of symmetry (the r-9
plane). The contact surface (the pavement) is at the
specified loaded radius (Rf) measured from the
z-axis. The internal pressure, the angular velocity,
and the loaded radius are the only operating vari-
ables specified before contact deformation and pres-
sure in the contact region are calculated. Tielking
and Schapery (4) describe the mathematical procedures
used to calculate the contact pressure distribution
and deformation of the tire deflected against the
pavement.

The deflected shape of a nylon tire meridian
passing through the center of the contact region is
plotted in Figure 2 for tire deflection § = 0.9
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FIGURE 2 Deflected shape and tire contact pressure
distribution results from finite element tire model.

in. Figure 2 also shows both the inflated, unde~-
flected meridian and the calculated contact pres-
sure distribution along the meridian. The calculated
tire load is 850 1lb (for § = 0.9 in.).

This finite element tire model is believed to be
the first to have the capability of calculating the
contact pressure distribution in the footprint of a
deflected tire. This capability is important because
contact pressure has a profound influence on all as-
pects of tire performance. The finite element tire
model enables analytical investigations to be made
of how tire design variables influence contact pres-
sure distribution.

The rolling-tire results are calculated by super-
imposing the angular velocity of the rolling tire on
the solution for static contact against a friction-
less surface. The sliding velocities of points in
the contact region are calculated as outlined else-
where (5). The sliding velocity and the normal con-
tact pressure determine the friction coefficient at
each point in the footprint. The resultant braking
and driving and steering shear forces respond to
tire operating variables such as inflation pressure,
tire load, and slip angle through the influence of
these operating variables on the distribution of
sliding velocity in the footprint. Tire side force
is similarly obtained by summing the lateral shear
forces in the contact region.

Tire Selected for Study

For the study reported in this paper, a typical
10.00-20 bias-ply truck tire carcass was obtained;
the input data were developed by performing measure-
ments on a section of the tire; and the tire pressure
distributions were calculated. Figure 3 shows the



70

Transportation Research Record 1043

Vertical Contact Pressure for Inflation Mressure = 125 psi
Tire Load = 4500 1bs.

22 psi

7

Surface Shear Forces

FIGURE 3 Nonlinear vertical tire pressure distribution with lateral surface shear forces as

developed using finite element model by Tielking.

vertical and horizontal contact pressure distribu-
tions for this tire inflated to 125 psi.

Two tire pressures were selected for this analy-
sis, 75 and 125 psi. These two values were selected
because the first value represents a typical his-
torical value used for design and analysis of highway
pavement structures, and the second value represents
current inflation pressure on Texas highways as shown
by a field study conducted by TTI during the spring
and summer of 1984. Although the second value may
appear high to some readers, representatives £from
tire manufacturers indicate that within the next 5
years inflation pressures will continue to rise to
nearly 150 psi. The impetus for these higher values
is reduced rolling resistance, which produces reduced
vehicle operating costs.

PAVEMENT MODEL SELECTED FOR ANALYSIS

The computer program used for this analysis is a
modified version of ILLI-PAVE (6). This program was
chosen over two other programs, PLANE and CRANLAY,
because the modified version of ILLI-PAVE had more
flexible material property inputs and because tire
pressure distribution could be input in a variety of
ways.

The computer programs PLANE and CRANLAY were
written by Harrison, Wardle, and Gerrard in Australia
in 1972 (7). PLANE is an elastic layer theory program
that only considers a single layer of infinite depth
with material property inputs defined elastically in
two directions as orthorombic, cross-anisotropic, or
isotropic. The tire load is represented as a strip
of specified width and magnitude but infinite in ex-
tent. There are, however, 12 different load cases
that can occur in pairs: uniform and linear vertical
stress, uniform and linear lateral shear stress, and
displacement-defined loads.

CRANLAY is also an elastic layer theory program
with the capability of accepting up to five horizon-
tal layers with material properties defined as either
cross—~anisotropic or isotropic. Tire load is input
as a circular load of specified radius and magnitude.
CRANLAY has only two different load cases, which must
be run separately: uniform vertical pressure and
linear radial shear stress. Both programs output the
stresses, strains, and displacements in the layer or
layers of the system.

The third pavement program examined was ILLI-PAVE.
It is a version of a program written by Wilson (8-10)

that was modified and made user friendly by the re-
search staff of the Construction Engineering
Laboratory at Champaign, Illinois, in 1982. It is a
finite element program that models a pavement three
dimensionally by using a two-dimensional half space
of a finite solid of revolution. This rectangular
half space is divided into a set of rectangular ele-

ments connected at their nodal points. ILLI-PAVE
loading is of the "flexible plate" type (i.e., a
uniform circular contact pressure). The material

modular properties of ILLI-PAVE can be input as a
function of the minor principal stress, the deviator
stress, the first stress invariant, or simply as a
constant elastic modulus.

This program was selected because it had the
material property inputs that were needed and the
tire load input capabilities could be changed to al-
low nonuniform vertical pressure and lateral shear
pressures. This was accomplished by externally cal-
culating the U2 and UR lcad values and reading theom
directly into the program as input. The uniform con-
tact pressure of the original ILLI-PAVE was set to
approximately zero, and the UZ and UR values were
read in as the load input. UZ is the variable used
to define the vertical force or displacement at a
node on the surface, and UR is the variable used to
define the horizontal force or displacement at a
node. Because the UZ and UR values are generated ex-
ternally, any desired distribution of load in the
vertical or horizontal direction can be input. The
Uz and UR values were calculated using the pressure
distribution output from the Tielking tire model.

The ILLI-PAVE output gives the displacements of
nodes and stresses at the midpoint of the element.
Strains in the surface were calculated externally
using Hooke's law.

STUDY PARAMETERS

The basic objective of this paper is to evaluate the
effects of increased tire pressure on thin asphalt
concrete pavements that are typically used on the
Texas farm-to-market system. Therefore the following
series of material combinations and layer thicknesses
was used to determine the stress and strain state
for two different tire inflation pressures and a
4,500-1b single wheel load:

* Surface
Thickness: 1, 1.5, 2, and 4 in. and
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Elastic moduli: 50, 100, 200, 400, and 800 ksi.
* Base

Thickness: 8 in. and

Elastic moduli: stress-sensitive.

Typical Base

Equation 5 Modulus (psi)
18860V + 20,000
700090 +325 10,000
878790365 60,000

where 6 = bulk stress

* Subgrade
Thickness: infinite and
Elastic moduli: as defined in Figure 4.
Note: Only one subgrade soil was included in
this analysis.

The tire pressure distributions for most computer
runs were based on results from the model developed
by Tielking; however, several runs were made using
the uniform vertical pressure case. The primary dif-
ferences that occurred as a result of using these
two models are that the inflation pressure and con-
tact pressure are equal for the uniform vertical case
and that, when the Tielking model is used, the con-
tact pressure distribution is nonuniform and not
equal to the tire inflation pressure. Therefore the
tire contact radius for these two pressure cases is
different; the uniform pressure case is larger.

STUDY RESULTS

Several types of comparisons will be made using re-
sults from the ILLI-PAVE computer runs. These com-
parisons will include plots to show the effects of
tire pressure on horizontal tensile strain at the
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bottom of the surface, the effects of base modulus
on tensile strain, and the effects of both surface
thickness and modulus on strains. An additional
analysis is included to evaluate the effect of ten-
sile strains on predicted fatigue damage through the
use of a fatigue damage factor. Each analysis will
be presented separately in the following sections.

Tire Pressure Effects

The series of computer runs used in this analysis is
the same set described in the Study Parameters sec-
tion. All runs for this analysis included a 4,500-1b
load with nonuniform vertical pressure and with
lateral surface shear forces. To describe the effects
of tire pressure on tensile strain, Figures 5 and 6
have been prepared. Figure 5 shows the change in
tensile strain for a surface of varying thickness
and with a modulus of 400 ksi, and Figure 6 shows
the same information for a surface with a modulus of
50 ksi.

The increase in tire pressures produces increases
in the strain ranging from 20 to 30 percent for the
l-in. surface data in Figure 5 with the 30 percent
increase occurring for the stiffest base layer.
Notice that the effect of increased tire pressure
decreases with increasing surface thickness and that
the relative increase for a 4-in. surface is less
than 10 percent.

Figure 6 shows that at 75-psi inflation pressure
a surface 1 in. thick is in compression for the
moderate and strong bases and that the tensile strain
is low for the weak base. However, when the tire
pressure increases to 125 psi, the 1l-in. surface
still remains in compression for the moderate and
strong bases but the tensile strain increases dra-
matically for the weak base condition. For the low

| |

0 5 10

o -

15 20 o
Deviator Stress, psi

FIGURE 4 Resilient modulus-deviator stress relationship for subgrade soil.
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FIGURE 5 Effects of increased tire pressure on tensile strain for a surface

modulus of 400 ksi.

modulus base all the thicknesses experience strains
near or in excess of 0,001 in. per inch, which Moni-
smith says is the upper limit of linear bchavior of
these materials: "For strains exceeding 0.001
in./in., asphalt concrete mixtures are nonlinear,
rate dependent materials with different properties
in tension and compression" (1l).

The increases in strain for the 2-in. surface
range from about 30 to 55 percent for the weak to
strong bases, indicating the significance of the ef-
fect of increasing tire pressures on surfaces with
low moduli. Therefore it is important to recognize
that the general advice often given, to make thin
pavements flexible, must be conditioned by adding
that the surface thickness should be limited to less
than 1.5 in. for moderate and strong bases. Ex-
tremely flexible asphalt concrete materials should
probably not be used in combination with weak gran-

ular bases, especially because tire pressures have
increased substantially during the last few years.

For thick flexible surfaces, the increase in tire
pressure produces a smaller increase in tensile
strain than for thinner surfaces, but the increase
in strain for the more flexible surfaces, shown in
Figure 6, is much larger than that experienced by
the stiffer surfaces shown in Figure 5. In general,
as the surface thickness increases, the surface mod-
ulus is more important in determining the strain
level than the base modulus; however, as the surface
thickness decreases, the effect of the base modulus
becomes more significant.

Base Modulus Effects

The effects of base modulus are shown more clearly
in Figures 7 and 8, which contain plots of strain

Base Modul i
4 °© pp B — g %
7 7 0. 365
# A7 O 8787
Y
‘ // ! Tire Inflation Pressure
’ 3 ! 075 psi
3 4 A g ! 0125 psi
. / |
’ / | Eg - 90 ksi
L / -
' i 7 |
y <
= 2 I
: nL—-b_sl/"-’————)-w "
. - o,
%] - e -
wv
IS SReT= — - =
< C"'VC"/‘E.I_:)/' - /-.___.‘_/
= .y —
R o—" o)
(Y]
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= *C indicates that the surface is to increased tire inflation pressure
L in compression
0
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FIGURE 6 Effects of increased tire pressure on tensile strain for a surface modulus of 50 ksi.
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Base Moduli

Surface Moduli
®50 ksi
A100 ks
400 ksi

75 psi Tire Inflation
Pressure
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HORIZONTAL TENSILE STRAIN AT BOTTOM OF SURFACE (*10_6 in/in)

FIGURE 7 Effects of surface and base moduli on tensile strain at the bottom of the surface layer for
surface moduli of 50, 100, and 400 ksi and a tire pressure of 75 psi.

for four different surface moduli for each of three
different base moduli included in the study. In re-
viewing the plots of Figures 7 and 8, it is evident
that for the stiff and moderate base moduli the
l-in.~thick 50- and 100-ksi modulus surfaces are
either in compression or have tensile strains of
less than 50 microinches per inch. At these strain
levels those material combinations should perform
quite adequately in the field. Even for the low base
modulus and 50-ksi surface modulus the tensile strain
in the l-in. surface is low enough for quite satis-
factory field service. It should be noted that as
the tensile strain increases to levels of about 300
microinches per inch, the fatigue life can be ex-
pected to be reduced quite significantly.

The plots in Figure 8 show the interaction among
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compression

base modulus, surface modulus, and surface thick-
ness. For the 4-in. surface the strain is affected
more by surface modulus than by base modulus: for
the 400- and 800-ksi surfaces the strain values for
the three base conditions are clustered together,
but for the 50-ksi surface the strains for the dif-
ferent base moduli vary significantly but are still
widely separated from the other two sets of surface
modulus data. Note that at the 2-in. thickness the
data for the three surface moduli began to overlap
with the 50-ksi surface modulus covering almost the
whole range of the 2-in. data whereas for the other
surface moduli the different base stiffnesses begin
to cause the strain levels to spread out and to
overlap.

At the 1l-in. thickness the effect of surface

Base Moduli
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87870
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75 psi Tire Inflation
Pressure
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FIGURE 8 Effects of surface and base moduli on tensile strain at the bottom of the surface layer for
50, 400, and 800 ksi surface moduli and a tire pressure of 75 psi.
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modulus is slight compared to the ettect of the hase
modulus. Notice that in Fiqure 8 the points for the
400- and 800-ksi surfaces for each of the base modu-
1i are nearly on top of each other for the high and
moderate base moduli are quite close to each other
for the low base moduli. At the 1l-in. surface thick-
ness the .50-ksi surface is either in compression or
the strain level is at a quite acceptable level for
adequate performance for low-volume roadways.

The data for 50-ksi and 100-ksi surface moduli in
Figures 7 and 8 show that the base modulus effect is
greatest for the 2-in. surface thickness. For the
400- and 800-ksi surface moduli the base modulus ef-
fect is greatest for the 1l-in. surface thickness.
For the range of surface thicknesses between 1 and 2
in., there is considerable overlap of the strain at
the various combinations of surface and base moduli,
and these data indicate the sensitivity of tensile
strain to different combinations of thickness, sur-
face modulus, and base modulus.

Surface Modulus and Thickness Effects

To evaluate the effects of surface modulus on strains
for different base moduli and tire pressures, Figures
9-11 have been prepared. Each figure contains plots
of tensile strain (microinches per inch) at the bot-
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FIGURE 9 Tensile strain contours for 87876°:395 hase modulus.
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FIGURE 10 Tensile strain contours for 70006°-325 base modulus.

tom of the surface for each combination of surface
thickness and surface modulus. The plot on the top
of each figure is the strain for a 75-psi inflation
pressure, and on the bottom is strain for a 125-psi
inflation pressure. The contour lines on each figure
represent lines of equal strain.

To resist fatigue damage, the tensile strains in
the pavement structure must be kept fairly low, the
exact level depending on the total traffic to be
carried on the roadway and the characteristics of
the surfacing layer. Because low strains are desir-
able, the first analysis of the plots in Figures
9-11 involved identifying the low strain areas. For
purposes of discussion the authors have selected a
strain level of 300 microinches per inch as a level
below which reasonably adequate performance can be
achieved and above which performance begins to be
significantly impaired.

Strain levels below 300 occur in both the upper
right and the lower left corners in Figures 9 and
10, but only in the upper right corner in Figure 11.
Notice also that increasing tire pressure from 75 to
125 psi results in higher strain levels being wedged
between the areas of low strain level thereby com-
pressing and driving these low strain levels more
toward opposite corners. Increased tire pressure for
the weak base condition (Figure 1l) resulted in there
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FIGURE 11 Tensile strain contours for 48860°-239 base modulus.

being no strain level below 300 for the low-modulus
surface combinations in the bottom left corner.

Review of the isostrain lines in Figures 9-11 1led
the authors to conclude that for thin asphalt con-
crete surfaces the surface moduli should be low and
the base moduli for the flexible bases should be
high. Only with this combination of materials can
tensile strains be reduced to levels that will pro-
vide adequate fatique resistance.

The strain levels for surface thickness of 1.5 to
2 in. are quite high except for the high base modulus
combined with surface moduli of more than 300 ksi.
At these strain levels reduced service life will oc-
cur but pavements with several years of life should
result, depending on the traffic levels. For the
moderate and weak bases, these high tire pressures
produce strains too high to provide even marginal
lengths of service life.

To provide a more definite indication of the ef-
fects of the interaction between tire pressure and
surface thickness and moduli on fatigue cracking, an
analysis was conducted to estimate the additional
fatigue damage produced by the increase in tire
pressure from 75 to 125 psi. To perform this analy-
sis, a fatigue equation developed from AASHO Road
Test results was selected (12). The equation was de-
veloped by using the observed number of weighted 18-

75

kip equivalent single axle loads (ESALs) required to
produce Class 2 fatigue cracking, and the calculated
tensile strain at the bottom of the surface layer
was developed using ELSYM5. A regression analysis
produced the following eguation (12):

Wig = 9.7255 x 10715 (1/)5-16267

where

Wyg = number of weighted 18-kip axle loads before
Class 2 cracking and
e = transverse strain calculated using ELSYM5
for 27 AASHO test sections;
RZ = 0.9294.

To evaluate the additional damage produced by the
increase in tire pressure from 75 to 125 psi, a
fatigue damage factor was calculated. The fatigue
damage factor is a ratio of the number of 18-kip
ESALs that the pavement could sustain at the lower
tire pressure divided by the number that could be
carried at the higher tire pressure; that is,

FDF = (592/6P1)5.16267

where
FDF = fatique damage factor,
epl = strain at bottom of surface at tire pressure
Pl = 75 psi, and
ep2 = strain at bottom of surface at tire pressure

p2 = 125 psi.

These fatigue damage factors have been plotted
for each combination of surface modulus and thick-
ness and for each base modulus in Figures 12-14. In
studying these plots it must be remembered that
these factors are relative and not absolute. For ex-
ample, the fatigue damage factors for surface moduli
of 400 and 800 psi in all three figures are quite
similar. It could be erroneously concluded that to
minimize the effect of increased tire pressure,
stiffer pavement structures should be built. That
this conclusion is erroneous can be confirmed by
looking at Figures 10 and 11 that show that for 1-
and 1.5-in.-thick surfaces, the tensile strains are
greater than 500 microinches per inch, which is too
high for adequate fatique life.

These plots indicate the significance of the
interaction between surface modulus and thickness
and its effect on fatigue damage and indicate again
that thinner pavements should be as flexible as pos-
sible in order to be in compression and thereby by-
pass the problem of fatigue cracking. Notice that
the l-in.-thick surface with 50- and 100-ksi moduli
in Figure 12 is in compression. The data point out
the relative sensitivity of thin, lower modulus sur-
face materials to the effects of increased tire
pressure and the relative insensitivity of thick,
higher modulus materials to increased tire pressure.

CONCLUSIONS

On the basis of the limited results included in this
paper, the following tentative conclusions can be
drawn:

1. The granular base modulus significantly af-
fects the tensile strains experienced by thin asphalt
concrete pavements with the greatest effect at 1low
thicknesses.

2. The surface modulus significantly affects the
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FIGURE 12 Fatigue damage factor due to increasing tire pressure from 75 to 125 psi 878700365
base modulus.
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tensile strain at the bottom of the surface for thin
asphalt layers. A low surface modulus over strong
and moderate bases produced compression in the sur-
face, but as the surface modulus increased so did
tensile strains.

3. The effect of increased tire pressure on
strain was so great for the weak base modulus that
normal hot-mixed materials appear to be unsuitable.
Only thick layers of extremely stiff surfacing pro-
duced low enough strains for satisfactory fatigue
lives. The fatigue damage factors, calculated to show
the relative effect of increasing tire pressure from
75 to 125 psi, show that the greatest relative effect
occurs for low-modulus, thin surfaces.

4. The design of thin pavement structures must
include careful consideration of the interactions of
base modulus, surface thickness, and surface modulus
and their effect on tensile strains. This is es-
pecially true if the predominant failure mode for
these pavements is fatigue cracking.
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Viscoelastoplastic Model for Predicting
Performance of Asphaltic Mixtures

JACOB UZAN, ARIEH SIDES, and MORDECHAI PERL

ABSTRACT

A mechanistic model for predicting performance of asphalt mixtures in terms of
crack propagation rate, fatigue 1life assessment, and permanent deformation
characteristics is presented. The model is based on stress evaluation by the
finite element method and on a comprehensive viscoelastoplastic material law. A
critical octahedral shear strain is assumed to be the failure criterion. A com-
puter simulation of the resilient and residual deflections of uncracked beams
as well as a fatigue crack growth simulation of an initially cracked beam are
performed. These results are then compared with laboratory tests performed at
various load levels with varying periods of loading and unloading. The agree-
ment between the predicted and the measured performance of the sand-asphalt
mixture in terms of residual and resilient deflection, crack length versus num-
ber of load applications, and rest period effect on fatigue life is found to be
quite good. The simulation is then applied to predict rutting parameters, fa-

tigue life curves, and crack propagation rate versus stress intensity factor

for the sand-asphalt mixture.

The rational structural design of flexible pavements
is well established and has already reached the
stage of calibration and verification. In the cali-
bration phase it has been found that some aspects
related to material characterization, such as the
effects of the crack growth process and of the rest
period on the fatigue life of bituminous mixtures,
have been ignored. These effects are presently being
accounted for during the design procedure by the use
of correction factors that vary from 1 (where no
correction is needed) to 700 (1-4). It appears that
these correction factors are dependent on material
and load as well as on environmental conditions and
should therefore be determined specifically at each
particular site.

Extensive laboratory and field studies of bitumi-
nous mixture fatigue performance clearly indicate
that

* An increase of the rest period ratio prolongs
fatigue life by a factor of up to 25 (5-8);

* The main part of fatigue life consists of the
crack growth stage, which is considerably longer
than the crack initiation phase (2-3);

* The crack grows according to Paris' law
(9-12); and

* The testing program required for a complete
fatigue performance characterization is prohibi-

tively large and impractical.

From these results it is evident that a rational
and more accurate prediction model for fatigue life
of bituminous mixtures is required.

It is the purpose of this paper to present an im-
proved mechanistic model for fatigue crack growth
prediction incorporating the rest period effect. The
model is based on a comprehensive material law ac-
counting for the elastic, plastic, viscoelastic, and
viscoplastic strain components (13-14). Because
there are a limited number of different bituminous
mixtures, this model can also be used statewide to
optimize mix design.

Following the material characterization testing
program and the results, the proposed mechanistic
model for fatigue crack growth prediction is pre-
sented. Then numerical results and experimental ver-
ification for fatigue crack growth in sand-asphalt
are given including an analysis of the rest period
ratio effect.

MATERIAL CHARACTERIZATION

In the present ztudy it is crucial to decompose the
material's response to loading into time-dependent
and time-independent strain components as well as
into recoverable and irrecoverable ones. The repeti-
tive creep test is found to be most appropriate to
comply with this required resolution. Uniaxial com-
pressive and tensile repetitive creep tests are
therefore to be conducted at 25°C, using a sand-
asphalt mixture. Details of the mixture properties,
the experimental procedure, and Lhe results of the
compression tests are presented elsewhere (13). Re-
cently these experiments were supplemented by a se-
ries of tension tests to account for the different
responses of the mixture to tensile and compressive
loading. These results are published elsewhere (14).

The total strain (ey) is thus resolved into
its four components (Figure 1):
Er=€s H€p teye tEyp (1)

where

ce = elastic strain--recoverable and time inde-
pendent,
£p = plastic strain--irrecoverable and time inde-
pendent,
eye = Viscoelastic strain--recoverable and time
dependent, and
€yp = viscoplastic strain--irrecoverable and time
dependent.
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FIGURE 1 Schematic representation of the various strain components.

Each strain component is expressed as a function
of the stress level, loading time, and number of
repetitions as follows:

€. =0o/E @
€, = (o/H)N? 3)
€ve = (a1 0 a5 02} @)
€yp = (by 0 +byo?)Ty NP ©®)
where

= applied stress (MPa);

elastic modulus (MPa);

= plastic modulus (MPa);

number of load repetitions;

= time elapsing from the be-
ginning of the test (sec);

Tr, = loading time during each
cycle (sec); and
asajsagsa,b,by,bp,8 = material constants.

2T HEQ

The experimentally evaluated values for the various
parameters in Equations 2-5 are given in Table 1.

In the uniaxial creep repetitive tensile tests it
was found that the total strain at failure is in the
range of 0.8 to 2.2 percent for a stress level of
0.05 to 0.1 MPa. Similar results, 0.4 to 0.8 and 1.0
to 2.5 percent, are reported by Monismith et al.

TABLE 1 Material Constants of the Strain

Components
Unit Compression Tension
E MPa 613 590
H MPa 278.5 o0
a 0.35
a; MPa™! 8.9x107% 9.4x107%
a, MPa~? -5.0x107* 0
« 0 0.29 0.58
b 0.19 0.62
b, MPa~! 1.9x1072 5.9x%107*
b, MPa~? -8.4x107% 0
g 0.22 0.27

(15) and Tons and Krokosky (16) for constant strain
rate and creep tests of asphalt concrete at 25°C
{(77°F). For the case of high asphalt content and low
strain rate corresponding to the present testing
conditions, it appears that the uniaxial tensile
strain of failure is 0.8 to 2.5 percent. Because it
is intended to apply these values to multiaxial
loading, the failure strain is replaced by the crit-
ical octahedral shear strain corresponding values of
which are 1.1 to 3.3 percent (for a Poisson's ratio
of 0.4). To overcome the range of critical strain
experimentally measured, a parametric study of sen-
sitivity will be conducted.

FATIGUE CREEP CRACK GROWTH SIMULATION

A mechanistic model is developed for the simulation
of fatigue creep crack growth. Further on the simu-
lation is applied to the three-point bend specimen
(i.e., a simple supported beam loaded by a time-
varying uniformly distributed load applied at its
midspan). By superposing loading and unloading pe-
riods of different durations, the repetitive char-
acter of the cyclic loading is reproduced and vari-
ous rest period ratios are possible.

To make the simulation feasible the model was
simplified on the basis of the following assumptions:

1. The stress distribution in the specimen is
evaluated for a homogeneous, isotropic, linear elas-
tic material by the finite element method.

2. Equivalent 1loading and unloading moduli of
deformation are evaluated using the constitutive law
determined for the uniaxial compressive and tensile
repetitive creep test and on a strain energy consid-
eration.

3. Strains are evaluated using stresses and the
equivalent 1loading or unloading moduli of defor-
mation.

4, The crack is assumed to grow upward when the
octahedral shear strain in the vicinity of the crack
tip reaches its critical value.

5. The crack is extended by applying the unzip-
ping procedure, with an increment that eguals one
mesh size of the finite element grid.
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6. As the crack grows, the stress fleld ahead ol
the crack tip changes.

The equivalent number of cycles corresponding to the
new state of stress field is evaluated using a time-
hardening scheme (17).

It should be noted that assumptions 1 to 3 do not
strictly comply with the compatibility conditions of
continuum and thus neglect the stress redistribution
occurring in the beam. Experimental verification of
the adeguacy of these assumptions and approximations
will be presented in the next section. The failure
criterion is discussed separately.

The fatique creep crack growth simulation is in-
crementally performed. Each step is associated with
a specific crack size. Initially the beam is assumed
to have a small crack on its centerline, emanating
from its lower side, which is in tension. Further-
more, the heam is stress and strain free. During
subsequent steps, as the crack extends, the accumu-
lated strains and the number of cycles of each step
serve as initial conditions for the next one.

The simulation pursues the following algorithm
for the first step: for a given initial crack length
the stress distribution in the three-point bend
specimen is determined via the NONSAP finite element
code (18). (For details on the geometry of the spec-
imen and the finite element breakdown see Figure 2).
The stress along the centerline of the beam ahead of
the crack tip is evaluated at the nodal points and
is then averaged for each two adjacent elements to

y
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FIGURE 2 Geometry of the specimen and finite
element breakdown.
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provide a unique distribution of stress on the crack
line. Equivalent loading and unloading moduli of de-
formation representing the beam are cowputed using
the following equation, which is based on equal
strain energy considerations:

- o 82 2 "
1E= { 2 (1/E) [asz +of)" = o) o?&]i
A2 o oot
=1

©)
where
E = equivalent loading or unloading mod-
, ) ulus of deformation,
a§§) a ;’ = stress components (i denotes nodal
point number), and
E; = modulus of deformation at ith nodal
point evaluated by Equations 1-5,

Using the equivalent modulus and stress field the
incremental octahedral shear strain caused during
the nth loading cycle is evaluated at all nodal
points and is added to the previously accumulated
octahedral shear strain. The total octahedral shear
strain near the crack tip is compared with its as-
sumed critical value. If the critical value is not
reached, unloading is performed and the incremental
resilient octahedral shear strain is determined and
subtracted from the previously accumulated strain.
Cyclic loading and unloading are repeated for the
same crack length and stress distribution until the
total octahedral shear strain ahead of the tip
reaches its critical value. When this occurs the
crack is extended by one mesh size (one element
length) and stresses are reevaluated for the new
geometric configuration. The accumulated number of
load repetitions at all nodal points ahead of the
crack tip is replaced by an equivalent initial num-
ber of repetitions that corresponds to the accumu-
lated octahedral shear strain, the new state of
stress, and the new crack length. This updating pro-
cedure is based on a time-hardening scheme and is
independently performed for the plastic and visco-
plastic strain components. The ciack extension pro-
cedure described herein is then repeated until un-
stable crack length occurs.

For each crack length, the mode I stress inten-
sity factor (Kp) is evaluated from the finite ele-
ment solution via the vertical displacement of the
quarter point of the singular isoparametric element
(19,20, see Figure 2). The stress intensity factor
is used in the analysis.

Crack Growth Criterion

In the unzipping procedure, the crack is advanced by
one mesh size increments. It is obvious that the re-
sults of the analysis are dependent on the mesh size
and the distance from the crack tip at which the
strain is calculated.

Sensitivity analyses show that when the strain is
calculated at one-eighth of the mesh size ahead of
the crack tip, the numerical results of load repeti-
tion are almost independent of the mesh size. There-
fore, as a numerical stability consideration, the
point located one-eighth mesh size from the crack
tip is adopted in the simulation process.

The crack is extended as the mean octahedral
shear strain within the element ahead of the crack
tip reaches its critical value. Because the analysis
is performed employing the one-eighth point, the
fracture can be expressed as
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octahedral shear strain at the one-eighth

point and

octahedral shear strain at failure.

8l

EXPERIMENTAL VERIFICATION

A testing program was designed to provide verifica-
tion of the various assumptions and approximations
made throughout the simulation process. It includes
repetitive creep tests in bending of uncracked beams
and fatigue tests on initially cracked ones. The
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residual and the resilient deflections as well as
crack lengths for various load levels, loading and
unloading durations (T and TR, respectively), and
initial crack lengths were recorded as a function of
load cycle number. Some results are presented here-
after.

Residual Deflection of Uncracked Beams

The residual deflection of uncracked beams subjected
to a varying cyclic loading is shown in Figures 3
and 4. The results obtained when applying the first
load level serve to develop a procedure for deter-
mining the equivalent loading and unloading moduli.

The residual deflection at the beam midspan after
N loading cycles [6éggidual] is computed using the
following equation (21):

N N = —
sl{ilz\gdual = iz:l 8= iEI 8o [(EO/ESSI:)”) -(EO/ES: o)]

where
6o = deflection corresponding to the
finite element analysis;
E, = modulus of deformation corresponding
. . to finite element solution; and
Eig), Eéﬂ&o = equivalent loading and unloading

moduli of deformation, respectively.

The loading and unloading moduli necessary for
the numerical evaluation of the residual deflection
are calculated by four different methods: (a) com-
pressive material constants (Curve A); (b) tensile
material constants (Curve B); (c) bilinear material
equation (22, Curve C):

E=(4-Eiom- Eten)/(EcomV2 + Eten%)2 ©

where Egop and Egepn are the compression and tension
moduli of deformaiioi, for lcading or
unloading; and (d) from strain energy considerations
(Curve D) as expressed in Equation 6. The method of

fespectively,

Computation Results
° Experimental Results

) equal strain energy is found to be adequate and is
therefore adopted in the simulation process.
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sec).

The subsequent load levels are used to determine
which superposition method should be used in the
case of increasing load. In Figures 3 and 4 the re-
sidual deflection evaluated by both time- and
strain-hardening procedures is presented with the
experimental results. It can be seen that time hard-
ening is more adequate and fits the experimental re-
sults quite well. It should be mentioned that simi-
lar results were reported by Monismith (17).

Residual Deflection of Cracked Beams

Fatigue test results for cracked beams in bending

to an initially cracked beam subjected to different
load levels with various loading and unloading pe-
riods. The residual deflections were computed using
Equations 6 and 8. It can be seen that the simula-
tion prediction is good and is thus applicable to
the loading-to-unloading ratio effect on the pave-
ment.

Crack Length Versus Number of Cycles

Crack length versus the number of load repetitions
for various initial crack lengths, load levels, and
Tgr and Tp, are shown in Figures 8-13. For each partic-

are shown in Figures 5-7. These results correspond ular case three predicted curves are shown corre-
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sponding to y},é% = 2.8, 3.4, and 4.0 percent critical
octahedral shear strain. It appears that the pre-
dicted results are in better agreement with the ex-
perimental data for a critical octahedral shear
strain of 3.4 percent. It is worth mentioning that
this value corresponds to the upper limit of the
uniaxial tension test results reported previously.

Table 2 gives the predicted and experimental fa-
tigue life (Ng and Ny, respectively) and their ratio.
The ratio Np/NT is found to be in the range of 0.81
to 1.20 for all cases.

These results, although not yet fully verified,
support the validity of this simulation procedure,
which therefore might be used for permanent deforma-
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tion characterization and for fatigue life assess-
ment of the sand-asphalt mixture.

PERMANENT DEFORMATION OF SAND-ASPHALT MIXTURES

In permanent deformation analyses of pavements the
relevant parameters commonly used are a and
that describe the residual strain versus the number
of load repetitions (23-26). The test results (see
Figure 3) as well as the ones predicted (by Equa-
tions 1-6) given in Table 3 indicate that the value
of these parameters depends on the loading mode:
compression, tension, or bending. The values for the
bending mode case are as expected; they are situated
between those obtained in compression and those ob-
tained in tension. This conclusion points out that
the compressive creep test may be inadequate for de-
scribing the permanent deformation characteristics
of asphaltic materials.

FATIGUE LIFE PREDICTION

In the previous section it was shown that the model

ures 8=-13 and Table 2). In this section the fatigue
life prediction will be expressed in engineering
terms: bending tensile strain versus number of load
repetitions to failure, the effect of the rest pe-
riod, and Paris' law.

e=N Curve

Two predicted e-N curves simulated for two dif-
ferent loading periods together with experimental
results from Monismith et al. (27) and Pell and
Cooper (28) are shown in Figure 14. The predicted
values are in good agreement with those of Monismith
et al. for similar mixture stiffness.

Pell's and Cooper's results are well below the
predicted ones. However, Pell's and Cooper's results
were found by Witczak (29) to be on the conservative
side compared to most results reported in the liter-
ature. Thus it may be concluded that the prediction
is quite good.

Effect of Rest Period

The beneficial effect of the rest period between

predicts fatigue creep crack growth quite well (Fig- consecutive loading phases is well established
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FIGURE 12 Experimental and predicted a-N curve for a, = 10 mm.
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TABLE 2 Predicted and Experimental Crack Growth Repetitions
Initial
Loading Crack Load  Predicted Experimental
Period Length Level Fatigue Fatigue Life
Ty (sec) Tr/TL 2o (mm) P(N) Life Ny Nt Np/Nt
10 14,654 14,522-16,493  0.89-1.01
1.0 1.0 2.0 20 4,240 4,482-5,170 0.82-0.95
40 1,154 1,007-1,260 0.92-1.15
1.0 5.0 2.0 20 5,894 5,550 1.07
40 1,590 1,329 1.20
20 8,067 7,400 1.09
1.0 25.0 2.0 40 2,168 1,847 1.17
10 36,397 33,080-35,211 1.03-1.10
0.25 1.0 2.0 20 10,533 9,879-11,166  0.94-1.07
40 2,863 2,601 1.10
20 14,544 14,629 0.99
0.25 8.0 2.0 40 3,945 4,895 0.81
6.0 574 511 1.12
1.0 1.0 10.0 40 315 351 0.90
14.0 166 138 1.20
28 === | B | . I U (5-8). From Figures 9 and 10 and Table 2 it can be
I yiﬁfZ.B% 3.4% 40% - found that for a rest period ratio of 25 (TR/TL = 25)
24} ° ol and a load of 40 N, fatigue life is increased by a
| factor of 1.47 to 1.83 with respect to the experi-
= i mental results and by a factor of 1.9 with respect
EZO = =] to the predicted one. Furthermore, the results in
o i - Table 2 indicate that the effect of the rest period
::_‘6 P =40N ol depends on the loading duration.
o T, =Ty=10sec .
ol 1 G =14mm i
i * - TABLE 3 Test and Computed Results of the
g 8- Computation Results _ | « and u Parameters
i ° Experimental Results  _
o Compression Tension Bending
4}- —
Test Results, T = TR = 60 sec
o 1 ] P (N SR L | a 067 0.38 0.49
0 4 8 12 16 20 \ 24 M 0.72 0.43 0.60
NUMBER OF REPETITIONS,NxIO
Coimputed Resuils, Ty ~ TR — 0.1 sec
% . - 41 0.67 0.38 0.59
FIGURE 13 Experimental and predicted a-N curve for a, = 4 063 015 0.45
14 mm.
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FIGURE 14 Predicted tensile strain versus number of load repetitions.



Uzan et al.

87
axig 25 "'Iio s 5.0 100 50 .'.c,"o -
e - g,*2mm |
L
° TL=.Omm
= . )
T 10 T Ta / o’
£ —z| O ? '250 -
= T L / 5
= 4 i
3 / ]
h- / =
z J
° V4 -
= [}
< /
2 —io®
& ]
o i
z -t
n- -
X =
U —
<
[+ 4
(8] 2l
s
—_IO-S
W 3
h —
< -
z —
-4
0 , st N i
05 10 0.3 L0 02 0.4 1.0 . .32,0:0
STRESS INTENSITY FACTOR , KgxIO (Nxm )

FIGURE 15 Predicted da/dN versus K;j for various Tg /Ty, .

Paris' Law

Fatigue life prediction as well as crack repetition
in asphaltic material have recently been dealt with
using the fracture mechanics theory approach and in
particular Paris' law (9-12), that is,

dafdN = AK," (10)
where
a = crack length,
N = number of load applications,
Ki = mode I stress intensity factor, and
A,n = material constants.

The stress intensity factor as previously men-
tioned is evaluated from the finite element analy-
sis. The crack propagation rate (da/dN) can be cal-
culated both from the experimental results and from
the simulated a-N curve. Predicted relations between
the crack propagation rate and the stress intensity
factor are shown in Figures 15 and 16. From these
figures it can be seen that

1. The relation between da/dN and Ky is load
dependent to a certain extent. A similar dependence
is noted in the test results of Majidzadeh et al.
(9.12).

2. The curve consists of three distinguishable
segments for a small initial crack case, which tend
to become one line as initial crack length increases.

3. The crack growth rate depends on the initial
crack length (see Figure 16).

5xi0 T T I T TT1 T T T

"y B 7
L3
°
Y =
L")
~
E
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d AL
©
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T 2Tp=1.0sec 1

1 lllHI

RATE OF CRACK PROPAGATION

Qe>2mm

10 L 1

11iv||| I -

| 10

5
STRESS INTENSITY FACTOR,Krx 10*(Nxm™"2)

FIGURE 16 Predicted da/dN versus K; for various initial
crack lengths.
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An effort to include the loading level, the load-
ing and unloading durations, and the initial crack
length in oné Paric-like law ic precently being made.

SUMMARY

A mechanistic model for predicting performance of
sand-asphalt mixtures is presented and verified by
laboratory tests. The model is found to give good
results for a broad range of variables: load levels,
loading and unloading durations, and initial crack
lengths. It is shown that the model is adequate for
predicting permanent deformation characteristics and
the fatigue life of the sand-asphalt mixture used in
the present research. It can therefore be applied
confidently to the parametric study of the perfor-
mance of asphalt material with a limited test pro-
gram.
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Load Rating of Light Pavement Structures

KOON MENG CHUA and ROBERT L. LYTTON

As a result of increasing industrial and agricul-
tural activities, heavier trucks and higher traffic

ABSTRACT

A new approach to determining the damage that overweight vehicles can do to
light pavement structures is described. This procedure uses deflections mea-
sured with either the Dynaflect or the falling weight deflectometer to deter-
mine the number of passes of a specific load that will cause a critical level
of rut depth in a light pavement structure. This method was based on field
observations and ILLI-PAVE, a finite element pavement analysis program. In the
study, a hyperbolic curve is used to describe both the stress-softening and the
stress-hardening form of load deflection characteristics observed on 1light
pavements. A method of determining the nonlinear elastic material properties
for the base course and the subgrade using the falling weight deflectometer or
the Dynaflect was developed. From the data collected with the pavement dynamic
cone penetrometer, it appears that the stiffness of the granular base course
depends, not surprisingly, on the degree of compaction of the material. The
model adopted for accumulated permanent deformation due to repetitive loading
and reloading follows a hyperbolic-shaped load deflection curve with a linear
unloading path. Thick pavements, which are usually the stress-hardening type,
appear to be more resistant to rutting. The new approach is shown to be accu-
rate in predicting the development of rut depth with repeated loads applied by
a variety of different vehicles. A computer program is written to incorporate
the complete analysis method.

falling weight deflectometer (FWD) to determine the
number of passes of a specified load that will cause

volumes have accentuated the problem of load rating
and zoning of various farm-to-market roads that have
light pavement structures. In evaluating overweight
vehicle permit applications, the present practice in
Texas is to determine the gross allowable loads on
the 1light pavement structure by performing Texas
triaxial tests on cored samples (C. McDowell, Wheel
Load Stress Computations Related to Texas Highway
Department Triaxial Method of Flexible Pavement De-
sign, unpublished report of the Texas Highway De-
partment). A more efficient, nondestructive testing
method of determining damage to pavements by over-
weight vehicles is needed.

The new approach is a computerized procedure that
uses results obtained from the Dynaflect or the

a critical level of rut depth in a 1light pavement
structure. Conversely, the maximum allowable load on
a light pavement structure can be determined using
rut depth as a criterion for unacceptability. Rut
depths are caused by accumulating pavement deforma-
tion under repeated load applications. Each time a
load passes, the pavement fails to rebound as much
as it was deflected under load. Establishing the
difference between the loading and the unloading
path is critical to making a reliable prediction of
rut depth. Some of the advantages of the new ap-
proach are

1. Nondestructive testing (NDT) will reduce the
time and the manpower currently required to deter-
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mine the maximum load allowed on a pavement, will
expedite permit evaluation, and will reduce the
costs of the overall process;

2. Estimating the maximum allowable number of
applications of load on a pavement will assist in
planning and budgeting decisions that are related to
patterns of future development; and

3. The method will assist in evaluating the eco-
nomic impact of load-intensive industries on the
local road maintenance and rehabilitation budget.

DATA COLLECTION

This involved the nondestructive testing of 78 pave-
ment sections from 12 farm-to-market roads using the
Dynaflect and the falling weight deflectometer. In
addition, construction drawings were used to deter-
mine the layer thickness of those sections tested
and these were checked using a pavement dynamic cone
penetrometer, These data formed the basis for the
development of the determination of the load deflec-
tion model using the two nondestructive methods.

Location of Test Sites

The pavement sections tested are located in Brazos
and Burleson Counties of District 17 in a climate
where annual rainfall and evapotranspiration are
nearly balanced and hard freezes rarely occur. The
pavement sections are representative of some of the
weaker subgrade conditions that occur in the state.

Test Sections

The test sections were chosen to be at mileposts
(spaced 2 mi apart) along the farm-to-market roads.
These sections represent a diverse sampling. Some
were constructed or reconstructed as early as 1953
and as late as 1981. Table 1 gives the farm-to-
market (FM) roads that were tested, the base course
thicknesses, and the field-observed base course
material type. Figure 1 shows typical cross sections
of these roads. Base course thicknesses range from 4
to 14 in. Base course materials were found to con-
sist of crushed stone, river gravel, sandstone, and
iron ore. The surface courses or wearing courses,

TABLE 1 Relevant Construction Details of Test Sections in
District 17

Mile Post  Base Course Field Identified Base
Road Name No, Thickness (in.)  Course Material Type
Burleson County
FM 3058 2to 10 6 Crushed stone (caliche)
FM 908 10 8
FM 1361 6to 10 8
FM 2000 8toll 7 Crushed stone and sand-

stone

12 6 Gravel
FM 2155 2to4 6 River gravel
FM 50 2to4 1.5 River gravel

6tol6 7.8 Crushed stone
Brazos County
Old Spanish Road 2to4 14 Crushed stone (caliche)
FM 974 6to8 4 Crushed stone (iron ore)
FM 1179 4 6 Crushed stone and gravel
FM 1687 2 9 Gravel
FM 2038 8to 10 10 River gravel
FM 2776 Oto2 6 River gravel
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although originally intended to be only a surface
treatment course, were measured to be about an inch
thick. This is due to numerous seal coat applica-
tions.

The falling weight deflectometer and the Dyna-
flect were used on each section. Usually two or
three sections spaced about 10 ft apart were tested
at each of the selected mileposts. Measurements were
made at points between the wheelpaths where the
traffic is slight in order to obtain a more consis-
tent evaluation of the overall integrity of the
pavement.,

Falling Weight Deflectometer

The Dynatest B000 FWD test system (l1,2) was used in
this study. The FWD itself is a lightweight,
trailer-mounted unit. It can deliver an impulse load
of from 1,500 to 24,000 lb to a pavement. The im-
pulse is essentially a half sine curve with a dura-
tion of 25 to 30 milliseconds. The load is trans-
mitted to the pavement through a 12-in.-diameter
loading plate that rests on a thick rubber pad that
is in contact with the pavement surface. In princi-
ple, the force applied to the pavement is dependent
on the mass of the drop weights used, the height of
the drop, and the spring constant of the rubber pad
as well as that of the overall pavement. In prac-
tice, however, the applied force is changed by vary-
ing the mass of the drop weights or the height of
the drop, or both. The actual load relayed to the
pavement is measured by the load cell located just
above the loading plate. The deflection basin is ob-
tained by monitoring the deflections at seven loca-
tions on the pavement surface using velocity trans-
ducers. One of these is located in an opening in the
center of the loading plate.

In the tests the height of drop and the weight
were adjusted to produce four different load levels:
9,000, 11,000, 15,000, and 23,000 1lb, the exact mag-
nitude of which was registered by the load cell.
Figure 2 shows the locations of the deflection sen-
sors and a set of typical deflection basins observed
at the four different load levels.

Dynaflect

The Dynaflect (3) is the most commonly used NDT de-
vice in the United States for the purpose of pave-
ment evaluation and design. This equipment is a dy-
namic force generator mounted on a covered trailer.
The cyclic force is produced by a pair of counter-
rotating unbalanced flywheels, and this force oscil-
lates in a sine-wave fashion with an amplitude of
500 1b at a frequency of 8 cycles per second. This
force, together with the dead weight of the trailer,
which is about 1,600 1b, is transmitted to the
ground via two steel wheels placed 20 in. apart. The
peak-to-peak deflections are measured by five geo-
phones placed at 1-ft intervals with the first di-
rectly between the wheels., A typical deflection
basin is shown in Figure 3.

DATA ANALYSIS

After it was verified that ILLI-PAVE with appropri-
ately assumed material models can reproduce measured
deflection basins, the computer program was used to
generate deflection basins for four different load
levels with different combinations of assumed mate-
rial models for the base course and the subgrade;
different thicknesses of base course were used.
These finite element computations were made to simu-
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FIGURE 1 Typical cross sections of farm-to-market roads.
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FIGURE 2 Typical deflection basin—falling weight deflectometer.

late tests done witk) an FWD. It was assumed that the
last deflection sensor reading, which is 94.5 in.
from the center of the loading plate, is related to
subgrade material type.

After a procedure for identifying material models
from FWD deflection sensor readings had been devel-
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FIGURE 3 Typical deflection basin—Dynaflect.

oped, a load deformation equation was formulated for
each set of deflection sensor readings. A hyperbolic
load deflection model was adopted and a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>