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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 adequacy 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 jointed 
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 is 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
quacy 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 loss 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 is 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-
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veloped by Wilson I!), 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 
paveme11l features as joints, cracks, and load trans­
fer devices. 

The slab models are based on the classical theory 
of u. medium-thick plate supported by a Winkler fuun­
dation. Slab models have been developed by Tabatabaie 
and Barenberg (2), Huang and Wang (3,4), and Bhatia 
(_?.). 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 Cl> and the 
program developed by Huang and Wang (3,4). This fea­
ture is useful for the analysis of- fointed 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, 

(1) 

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

[Kl Juf=M 
where 

[K] overall stiffness matrix, 
{U} global displacement, and 
IP} global applied forces. 

(2) 

The solution to Equation 2 results in nodal dis­
placeme11Ls fur 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, which 
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. 

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 equations 
(_!!) as follows: 

a= 0.275 (I+ v) (P/h2) j4(log(Q/b)] + !.069f 

t.= (1/6Y') (I+ 0.4 v) (P/kQ2) 

t. = (P/kQ2
) [I. I - 0.88 (a/Q)] 

where 

(edge deflection) 

(corner deflection) 

a = maximum stress under the load; 
6 maximum deflection under the load; 
P applied load; 
a radius of a circular !J~ded area; 
b • (l.Ga 2 + H2 

- 0.675h) , for a < l.724h; 
b a, for a> l.724h; 
k modulus of subgrade support; 

(3) 

(4) 

(5) 

i radius of relative stiffness of the pavement 

h 
E 

with respect to subgrade given by i 
4[Eh'/12(1 - v 2 )K]; 
thickness of the concrete slab; 
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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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) square 
slab (Figure 2) was used in the finite element anal­
ysis. Westergaard assumed that the load was distrib­
uted uniformly over the area of a small circle. The 

.1 .::, 
~· 
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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 loading 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 6 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, 81.4, 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 pavem~t 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 = 200 pci (54.2 N/cm') 
Poisson's ratio of concrete= 0.20 
Twelve uniformly spaced dowels 
Dowel diameter = 1 1/4 in. (3.2 cm) 
Dowel spacing = 12 in. (30.5 cm) 

_ _____ 6J.5 fl. 

FIGURE 3 Loading configuration used in the parametric study. 
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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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FIGURE 5 Effect of dowel modulus of elasticity on pavement 
response: (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 x 10 6

, 29 x 10 6 , and 30 x 10 6 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 6

, 4.5 x 10 6 , and 5 x 10 6 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. 

Modulue of Subgrade Reaction 

The modulus of subgrade reaction values considered 
were 100, 200, 300, and 500 pci (27.2, 54.2, 81.6, 
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 Figure 6(c). 
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FIGURE 7 Effect of modulus of dowel-concrete interaetion on 
pavement response: (a) deflection at the joint under the tires, 
(b) stresses along the x-axis under the tires, and (c) percentage joint 
efficiency. 

Modulus of Dowel-Concrete Interaction 

The modulus values of dowel-concrete interaction 
considered were 2 x 10 5

, 5 x 10 5
, 10 x 10 5

, and 20 x 
10' pci (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 6 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. 
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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 variations 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. 

Figures 8 and 9 show, respectively, the absolute 
deflection and the joint efficiency versus the mod­
ulus of dowel-concrete interaction (G) for four dif­
ferent moduli of subgrade reaction (k): 200, 300, 
400, and 500 pci (54.4, 81.6, 108.8, and 135.5 

0.030 ----K=200 Pei 
-- -- K=300 Pei 

~ 0 .025-
-- - K=400 Pei 
---- K=500 Pei 

z 
0 

0 .020 t5 
w 
_J 

"- O.Ol5 w 
0 

w 
0.010 I-

::> 
_J ---- --------------------------· 
0 
(/) 0 .005 m 
<t 

0 .000-
0 250,000 500,000 750,000 ~000,000 

MOD OF DOWEL/CONCRETE INTERACTION, PCI 

FIGURE 8 Variation of surface deflection at the joint 6 in. (15.24 
cm) from the shoulder with the modulus of dowel-concrete 
interaction. 

100 

~ 60 ·· 

>" u 
~ 60 
u 
it 
w 40-
1-z 
6 .., 20· 

---- K=200 Pei 
----K=300 Pei 
---- K=400 Pei 
----K=500 Pei 

0 · ..... --~-~~-----~-----~-----~ 
0 250,000 500,000 750,000 1,000,000 

MOD OF DOWEL/CONCRETE INTERACTION, PCI 

FIGURE 9 Variation of amount of load transfer across the joint for 
first dowel from the shoulder with modulus of dowel-concrete 
interaction. 

Transportation Research Record 1043 

N/cm'). As shown in these figures, 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 reo;punse 
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 er i ter ion 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, 81.60, 
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 
(G): 0.1 x 10 6 , o.1s x 10", o.11s x lo•, 0.20 x 10 6 , 

0.25 x 10 6 , a.so x 10 6 , 0.75 x 10 6 , and 1.00 x 10 6 

pci (27.14, 40.7, 47.5, 54.2, 67.85, 135.70, 203.55, 
and 407.10 kN/cm'). This rigure, which is 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. 
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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 jointed 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 joint 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 Pav em en ts 

CHHOTE L. SARAF and B. FRANK McCULLOUGH 

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 
tn cnntrnl these cracks within t.he 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. 

Wide concrete pavements (two or more lanes in one 
direction) will develop longitudinal crackc 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 
these cracks in pavement is unsightly. Therefore 
longitudinal joints at reasonable spacing (12 ft or 
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 green 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. 

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 
require expensive repair and maintenance. 

The objective of this study was to investigate 
the development of longitudinal cracks in concrete 
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 t hat a wide concre t e 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, Fi and 
Fz, then, just before cracking occurs along y-y, 

if the distance 6 Wis small (I) 

The tensile forces F1 and Fz are resisted by 
the tensile strengths of the pavement sections along 
x-x and y-y. The tensile strength can be estimated by 

where 

tensile strengths of pavement sections 
along x-x and y-y, respectively; 

(2) 

(3) 

depths of pavement sections along x-x and 
y-y, respectively; 
assumed width of pavement sections; and 
unit tensile strength of concrete along 
sections x-x and y-y, respectively. 

If the pavement section cracks along y-y, then Fz > 
T2 and T1 > F1 (because the section did not crack 
along x-x), but F1 ~ Fz (Equation 1). Therefore it is 

evident that if the section along y-y cracked, the 
tensile strength of concrete along x-x (T1 ) should be 
greater than the tensile strength of concrete along 
y-y (Tz). Or T1 > Tz or T1/Tz > 1.0. Similarly, if 
cracking occurs along x-x, then T1/T2 .S. 1.0. 

If the ratio T1/Tz is represented by R, then to 
develop a longitudinal crack along the saw cut (x-x) , 
the following condition must exist: 

R .;; 1.0 (4) 
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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] (5) 

where P[R] represents the probability of the vari­
able R. 

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

STATISTICAL MODEL TO ESTIMATE THE PROBABILITY 
OF R FOR (R ,S_ 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 T1/Tz as indicated 
earlier (Equation 4), the following expressions can 
be written: 

(6) 

(see Equations 2 and 3) 

Taking the natural log (ln) of both sides of this 
equation gives 

In R =In D1 +In 11 - In D2 - In t2 (8) 

Assume that D1, Dz, t1, and t2 are independent ran­
dom variables such that ln D1 , ln Dz, ln t 1 , and ln 
t 2 are normally distributed. Then the variable ln 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 = DLI + tLI - DL2 - tL2 (9) 

(JO) S.D. ofln R = aRL = (abL 1 + afL 1 + af,L2 + afL2)'/' 

(assuming independence of ln Di, ln Dz, ln t1, and 
ln t2) 

where 

DLl,DL2,tLl,tL2 =mean values of ln D1, ln Dz, 
ln t 1 , and ln t 2 , respec­
tively, and 

cr~Ll•cr~Lz,cr~Ll•atLZ variances of ln D1 , ln Dz, 
ln t 1 , and ln t 2 , respec­
tively. 

Equations 9 and 10 fully describe the distribu­
tion parameters of ln R. Therefore the probability 
of R for (R .S. 1.0) can now be redefined as 

P [R ~ 1.0] = P [In R .;; 0.0] (11) 

This probability can be estimated with the help of 
the standard parameter Z [Z is N(O,l)], where the 
parameter Z is defined as 

Z =(In R- RL)/aRL 

or 

Z = (0 - RL)/aRL (if the probability for In R .; 0 is estimated) ( 12) 
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A standard table of normal distribution (!_) 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. 

P roject 2 

This project is also located near Houston, Texas, on 
TX-288 (outside the I-610 loop) , as shown in Figure 

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. 

PavPment. r.nrPR 4 in. in niamPtPr 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) 

DRL = (0.0195 2 + 0.237 2 + 0.04142 + 0.296 2)y' 

= 0.382 (see Equation IO) 

z = [0- (-0.167)] /0.382 

= 0.44 (see Equation 12) 

Using standard tables of normal distribution !.!.l, 

P [In R .;; O] = 67 percent 

Therefore the estimated probability of cracking 
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TABLE I Summary of Data Analysis 

Original Measurements 
Project 
No. 

2 

Item 

D1 
D1 
t1 
t1 
D1 
D1 
t1 
t1 

n 

8 
17 
19 
34 

6 
13 
12 
18 

Mean S.D. 

7.17 0.140 
9.37 0.375 

598 134 
549 147 

6.39 0.195 
9.19 0.200 

495 90 
497 92 

Transformed Re­
sults Using Loge 

Mean S.D. 

l.969 0.0195 
2.236 0.0414 
6.369 0.237 
6.269 0.296 
l.854 0.0303 
2.218 0.0219 
6.188 0.188 
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 

URL= (0.0303 2 + 0.02192 + 0.188 2 + 0.194 2 )Y, 

= 0.2727 

Z = [O - (-0.367)] /0.2727 

= 1.346 

Using standard tables of normal distribution, P 
[ln R .5_ OJ = 91 percent. 

Therefore the estimated probability of cracking 
along the saw-cut joint is 91 percent. The observed 
cracking was 99 percent (see Project Z 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 

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

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

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 ear lier) 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 
z. Concrete mix with limestone aggregate. 

Using Figure 3, if 90 percent longitudinal cracks is 
selected, then D1/Dz = 56 percent (river gravel mix) 
and D1/Dz = 71 percent (limestone mix) because saw­
cut depth= D1 - Dz= Dz(l - D1/Dz). Therefore de­
sired saw-cut depths are 

1. River gravel mix = 0.44 Dz and 
z. Limestone aggregate mix = 0.39 Dz. 

If it is assumed that Dz = 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 
lZ, which makes possible the estimation of the prob-

Saw - Cul 
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FIGURE 3 Effect of depth ratio on longitudinal cracking along saw cut. 



12 

ability of cracking along the saw-cut groove. As the 
value of Z increases, the probability of cracking 
increases (see standard table of normal distribu-
tion). Because Z is a ratio of RL and crRL• Equations 
9 and 10 can be used to rewrite Equation 12 as fol­
lows: 

A study of Equation 13 indicates that the numer­

ator will be largest when DLl and tLl arc omallcot. 
However, from a practical point of view, the tensile 
strength (tLl) alone cannot be reduced along the 
groove without changing tL2. Therefore the only pa-
rameter that can be controlled is DLl. This means 
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that the depth ratio (D1/D2) 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 Di, ln 
D2r ln t1, ln t 2), to reduce this quantity it will be 
necessary to obtain uniformity of thicknesses and 
concrete strengths (tensile) along the groove ann 
away from the groove. If it is possible to achieve 
this, considerable reduction in saw-cut depth can be 
ohtaim'!d, ilR Rhown in Figures 4 and 5, These figures 
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. 

Sow - C111 
t---.---'!'Long1tudmol 

c --------------
"O 

.2 
C1' 
c 

_3 60 
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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 
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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 in subsequent 
publications. To remedy this situation, 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. The correct form of these equations and 
their limitations have now been conclusively established. (b) Westergaard' s 
original equation for edge stress is incorrect. The long-ignored equation 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. In 
practice, the slab size required for the development 
of Westergaard responses is 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 (~). The 
ILLI-SLAB model is based on classical medium-thick 
plate theory, and employs the 4-noded, 12-degree-of­
freedom plate-bending element, known in finite ele­
ment literature as ACM or RPB12 (3). The Winkler­
type subgrade assumed by Westergaarcf is modeled as a 
uniform, distributed subgrade through an equivalent 
mass formulation (_!) • 

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" (2_). 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, cri 

Ordinary theory BSIOT= j[3P(l +µ)]/27rh 2
} [Qn (2£/a) 

+ 0.5 - 'Y] + BSI20T (la) 

Special theory BSIST = j[3P(l + µ)] /27Th2 f [Qn (2£/b) 

+ 0.5 - 'Y] + BSI2ST (lb) 

For square BSISQ = j [3P(l + µ)] /27rh 2 f [Qn (2£/c') 

+ 0.5 - 'Yl + BSilSQ (le) 

Supplomcnlary, <1 2 BSI20T = j [3P(l + µ)] /64h2
} [(a/£)2

] (Id) 
(ordinnry theory) 

Supplementary, <12 BSI2ST = j [3P(l + µ)] /64h2
} [(b/£)2

] (le) 
(special theory) 

Supplementary, a2 BSI2SQ = j [3P(l + µ)] /64h2
} [(c' /£)2] (If) 

(for square) 

Maximum deflection, .Si 

Circle DEFIC = (P/8kQ2 ) j 1 + (l/27T) [Qn (a/2£) 

+ 'Y- 5/4] (a/£)2 f (lg) 
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where 

P total applied load; 
E slab Young's modulus; 
µ slab Poisson's ratio; 
h slab thickness; 
k modulus of subqrade reaction; 
a = radius of circular load; 
c = side length of square load; 

£' {Eh'/[12(1 - µ 2 )k]} which is radius of rela­
tive stiffness; 

b [ (l.6a 2 + h 2
)

112 J - 0.675h 
if a < 1. 724h 

~ a if a > l.724h; 
c' (err/4-1;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 (!) • 

Equation la follows from Equation 50 given in 
1939, with the term [£n (U/a) - y] replacing the 
term [1n (2£/ya)] used by Westergaard (]). 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, 
a2 , first derived by Westergaard in 1939. This is 
calculated according to Equation ld, which is the 
same as Equation 6 in "Stresses in Concrete Runways 
of Airports" (].). 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 1" (7). Its contribution is 
usually small, but it is i~cluded because of its 
rigorous analytical nature. The effect of the size 
of the loaded area will be discussed further here­
after. 

Equation lb 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" (~), 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 (~)], 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 
1-c by a constant, c', related to the length of the 
side of the square, c, as follows: 

c' = (e"/4 - 1 /2%) c = 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
vid-;- a theoretical justification for this substitu­
tion by showing that, loaded by the same total load 
P, a square side c 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) I. Setting both axes of the el­
lipse to a, th~ equation can be compromised with 
Equation la provided that the following assumption 
is made. 

Qn 2 + 1/2-'Y ~ l/4Qn 12(1-µ 2
) 

For µ = 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 1 s constant, not slab Poisson's 
ratio, µ. Equation la is, therefore, more general 
than the 1948 equation. 

Equation lg 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, a3, to account for "the ef­
fects of a plausible redistribution" of subgrade 
reactions (12, 7). This was a semiempir ical 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 a3in 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 Si~e 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, 9-, of 23.16 in. was used with a mesh fine­
ness ratio (2a/h) of 1.8. An earlier study (&_) 
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/9- = 8. 0) than for bending stress 
(L/9- = 3.5). Surprisingly, deflection appears to 
be much more sensitive to slab size changes for 
(L/9-) 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 lg). 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 is 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 

k = 12 h . 

+ = 0.216 
...... _ 
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T 
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 equatioM presented by Westergaard are only the 
first one or two terms of a rapidly converging infi­
nite series. Westergaard's supplementary stress, a2, 
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 (11) state that 
the equations apply only when the radius of the 
loaded area is "small in comparison with t ." Scott 
(~) attributes this restriction to the fact that "in 
the derivation of the equation a term of approximate 
value 0.1 a 2/R. 2 was omitted." This cannot be the real 
cause of the restriction imposed by Timoshenko and 
Woinowsky-Kr ieger, because in most cases (even when 
the radius of the loaded area, a, is not "small in 
comparison with R.") 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 s lab s i ze , mesh fineness, 
and element aspect ratio effects, a large (L/R. = 
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, 
R.; if the load is circular, its radius, a, must be 
about O.lR.. As (c/R.) or (a/R.) 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 <.!l· 

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" 
(~). 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, ae 

Ordinary theory 
(semicircle) 

Special theory 
(semicircle) 

"New" formula 
(circle) 

"New" formula 
(semicircle) 

Simplified "new" 
formula (semicircle) 

Simplified "new" 
formula (circle) 

BSEWOT = 0.529 (1+ 0.54µ) (P/h2 ) [log 1 0 (Eh3 

+ka~)- 0.71) (2a) 

BSEWST = 0.529 (I + 0.54µ) (P/h2
) [log 10 (Eh 3 

+kb~)-0. 71 ] (2b) 

BSEIC= [3(1 +µ)P/rr(3 +µ)h 2 ) jQn(Eh3 /100ka4
) 

+ 1.84 - 4 µ/3 + [(J - µ)/2 ] 

+ 1.18 (I+ 2µ)(a/Q) f (2c) 

BSEIS = [3(1 + µ)P/71(3 + µ)h 2 ) [Qn (Eh3 /!00ka~) 

+ 3.84 - 4µ/3 + 0.5 (I + 2 µ) (a2/Q)) (2d) 

BSELS = (-6P/h2
) (I + 0.5 µ) [0.489 log1 o (a2/Q) 

- 0.091 - 0.027 (a2/Q)] (2e) 

BSELC = (-6P/h2 )(1 + 0,5µ) [0.489 log10 (a/.1') 

- 0.012 - 0.063 (a/Q)) (21) 

Maximum defl ection, 6e 

Original formula DEFEW = (1 /6'h) (I + 0.4µ) (P/kQ2) (2g) 

"New" formula DEFEIC = ( j P[(2 + l.2µ)v, ) f / [(Eh 3 k)y' J) [ l 
(circle) - (0.76 + 0.4µ) (a/Q)) (2h) 

"N ewu formula DEFEJS =(j P[(2 + J.2µf'lf / [(Eh 3k)y, J) [ l 
(semicircle) - (0.323 + 0.17µ) (o2 /Q)) (2i) 

Simplified "new" DE FELS= (1 /6'1' ) (I + 0.4µ) (P/kQ2) [ 1 
formula (semicircle) - 0.323 (1 + 0.5µ) (a2 /.1')) (2j) 

Simplified "new" DEFELC = (1/6"') (I+ 0.4µ) (P/kQ2 ) [l 
formula (circle) - 0.760 (1 + 0.5µ)(a/.1')) (2k) 

2ha = 0.6 

i = 9_33 

0.3 0.4 

c 
T 

FIGURE 2 Effect of size of loaded area on maximum interior loading responses. 
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where 

a2 radius of semicircle, 
b 2 [(l.6a2 + h 2 ) 112J - 0.675h 

if a 2 < 1. 724h 
a2 if a 2 > l.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" (g). 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 lengths of both the major and minor 
semiaxes of the ellipse to a or a 2 leads to the 
corresponding solutions for a circle radius, a, or a 
semicircle radius, a2, given by Equations 2c and 
2d. 

Losberg (_~) 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 µ appears in these equations. 
Losberg (~) stated that his simplified equations 
"are well applicable, for the small µ-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 is Westergaard's original equation 
for edge deflection (~),and Equations 2h and 2i can 
be obtained from his 1948 paper (!Q), 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 

Deflection, De (mils) 
k h 
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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 WES! through WESV and were 
obtained using WESTER, which incorporates Equations 
2. 

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 justified 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/~) 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/l = 5.0) is 
higher than for maximum interior stress (L/~ = 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." 

Bending Stress, De (psi) 

Run No, (psi/in,) (in,) WES! WESI! WESIII WESIV WESV WES! WESII WESIII WESIV WESV 

I 50 12 112.7 104,8 99 .7 758 661 638 992 980 
2 200 12 56,4 50,8 47.3 638 541 519 831 822 
3 500 12 35 ,7 31,3 28.4 559 462 440 726 720 
4 50 16 73 ,2 Same as WES! 69.0 66.4 468 413 401 615 607 
5 200 16 36,6 33.7 31.8 401 346 334 524 517 
6 500 16 23.2 20.8 19.4 357 302 289 464 459 
7 50 20 52.4 49.8 48.2 320 281 277 422 417 
8 200 20 26.2 24.4 23.3 277 238 234 363 359 
9 500 20 16.6 15.2 14.3 249 210 206 325 321 

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, lie Bending Stress, Ge 

k h WESV ILLI-SLAB ILLl-SLAB WESV ILLI-SLAB H-51 IL LI-SLAB 
Run No. (psi/in.) (in.) (L/Q) (mils) (mils) WESV (psi) (psi) (psi) WESV 

I 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 iuu 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 lLLI-SLAB solution: slab= 25 x 25 ft, (L/Jl) = 3.30 to 8.61, E = S x 106 psi,µ= 0,15, P = so,ooo lb, p = 222.2 psi, and A= 15 x 15 in . 
(edge). For the Westergaard solution (WESV), "New" formulas, circular load, "ordinary" theory: p = 222.2 psi, E = 5 x 106 psi, andµ= 0.15, For 
the H-51 solution: SO points arc used to approximate tire print. 
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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 question 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 (.!!,) 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 (19) 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 cas es 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 semiempir ical 
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 

Westergaard (5) 

Stress 

<le= (3P/h2 ) Goldbeck (25), Older (26) 

<le= (3P/h2) [1- (ai/Q)0 •
6

] Westergaard (5) 

(3a) 

(3b) 

(3c) 
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Uc= (3P/h2
) [I - (a/Q)0

·
6

] Bradbury (15) (3d) 

u0 = (3P/h2
) [I - (ai/Q)l. 2

] Kelley (16), Teller and Sutherland(J3) (3e) 

u0 = (3.2P/h2
) [I - (ai/Q)] Spangler (28) (31) 

u0 = (4.2P/h 2
) (I - j [(a/Q)v'] /[0.925 + 0.22 (a/Q)] f) Pickett (23) (3g) 

Distance to point of maximum stress along corner 
angle bisector 

Westergaard (5) (3h) 

where 

a = radius of circular load tangent to both edges 
at corner and 
distance to point of action of resultant 
along corner angle bisector 
(21/2)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" (£!). 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, ac, due to a concen­
trated load, P, acting at the corner of a slab, of 
thickness h (3 .. ~ .. ~) • 

A few years later, Westergaard (~) 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 a1 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 a1 
and Jl" (presumably (a1/Jl) is not much greater than 
O. l] • 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, (6ckll 2/P) (ach'/P) and (a/Jl) or (a1/Jl) for a 
circular, or (c/Jl) 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 

1. 20 

1 .. 10 

1 .. 00 

Westergaard : 
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8,= k:' {1.205 - 0.69 <f >} 
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R 

FIGURE 4 Comparison of ILLI-SLAB and Westergaard corner 
deflections. 
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plotted with the corresponding (c/Jl) 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, 6c, obtained using the finite 
element method (Figure 4). This line has the follow­
ing equation: 

60 = (P/kQ2
) [1.205 - 0.69 (c/Q)] (4) 

where c 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 par,t 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, 
ac, curve fitting suggested the following equation: 

(5) 

The Goldbeck-Older equation is obviously a rough 
approximation of the theoretical solution, much more 
so at high values of (c/Jl). This is 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 pie-
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FIGURE 5 Nondimensional maximum bending stress for corner loading. 

tllre of the theoretical sollltion, the Westergaard 
eqllation represents a considerable improvement over 
the Goldbeck-Older one. The finite element method 
gives reslllts that fall between those predicted by 
Westergaard (5) and those predicted by Bradbury 
(15). Note that the empirical modifications to the 
wE;;tergaard formllla proposed in the last 60 years-­
with the exception of BradbtJry's--have tended to in­
crease the discrepancy between calclllated and theo­
retical stresses. These modified expressions are 
mllch closer to the Goldbeck-Older eqtJation than to 
the theoretical sollltion. Scott (~) points ollt that 
"experimental indications are that the corner stres­
ses experienced in practice are higher than the 
Westergaard eqtJation indicates." Note, however, 
that, in the model tests mentioned previotJsly, mea­
Sllred maxi mum corner stresses "were only 65 to 75 
percent as great as those determined from the 
Westergaard equation" (2 2). The very significant 
limitations of the Winkler-sllbgrade 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
clllsive field data, it is prlldent to design for a 
higher corner stress than indicated by Westergaard's 
formllla (Equation 3c). 

Location of Maximum Stress 

The results from a selected number of ILLI-SLAB runs 
are given in Table 3, where X1 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 llsually gives a somewhat 
greater distance than Westergaard. On the other 
hand, model tests suggest values about 85 percent of 
Westergaard's (~).Curve fitting throllgh the values 
of x1 obtained by extrapolation from ILLI-SLAB, 
resulted in the following equation: 

(6) 

This best-fit eqtJation indicates that the inflllence 
of the radills of relative stiffness, JC, is much 
greater than that of the size of the loaded area. 
Westergaard' s equation suggests that these two pa­
rameters contribllte equally to the determination of 
X1• 

Slab Size Requ irements f or Corner Load ing 
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 eqtJations. The validity of any conclu­
R ions drawn from such a r:omparison is not r:onsidP.rP.d 
to be greatly affected by the numerical acctJracy of 
the proposed formulas. The patterns observed in Fig­
llre 6 are the same as those observed for the other 
loading conditions. Once again, stresses converge 
faster, requiring a minimum (L/1 ) value of about 

Location of Uc, X1 (in.) 

lLLl-SLAB 
Q c Equivalent a 

Run No. (in.) (in.) (in.) Equation 3h At Node By Extrapolation Proposed Equation 

COOl 3 J.07 2.5 1.41 15.74 18.03 18.50 18.33 
C002 31.07 5.0 2.82 22.26 25.50 22.93 22.88 
C003 31.07 7.5 4.23 27.27 30.41 26.00 26.05 
C004 36.95 5.0 2.82 24.28 25.50 25.45 25.34 
coos 26.13 5.0 2.82 20.42 20.62 20.67 20.66 
C006 22.92 5.0 2.82 19.12 18.03 19.11 19.12 
COO? 38.56' 5.0 2.82 24.80 25.50 26.10 25.99 
COil 31.07 5.0 2.82 22.26 25.50 22.93 22.88 
CT3 31.07 10.0 6.56 33.96 28.28 28.42 28.56 

Note: Equivalent a = (c/rry2
), Equation 3h: X l = 21(a 1 12)

112 J. a 1 = (2
1
/a) a, and proposed equation: X 1 = 1.80 c 0· 

32 
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FIGURE 6 Effect of slab size on maximum corner loading responses. 

Effect of Size of Loaded Area 
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4.0, and are less sensitive to changes in {L/lt) 
than are deflections. The latter are extremely sen­
sitive even to small changes for {L/lt-), smaller 
than about 3.0. Infinite slab deflection requires an 
(L/lt) ratio of at least 5 .o. Slab size require­
ments established during this study are summarized 
in Table 4. 

Figure 7 shows finite element corner loading re­
sponses as a function of {c/lt), where c is the 
side length of the applied square load. Responses 
are normalized with respect to the values obtained 
using proposed Equations 4 and 5. 
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TABLE 4 Slab Size Requirements for Westergaard 
Responses Based on the Finite Element Method 

Load Placement 

Interior 
Edge 
Corner 

(L/Q) Values for 

Maximum Deflection Maximum Bending Stress 

8.0 3.5 
8.0 5.0 
5.0 4.0 

Note: L == least slab dimension and~== radius of relative stiffness. 
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FIGURE 7 Effect of size of loaded area on maximum corner responses. 
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Deflections are not very sensitive to changes in 
(c/Jt), but stresses diverge from the "theoretical" 
values as (c/Jt) exceeds about 0. 2. The trend ex­
hibited by corner stresses is the reverse of that 
for interior loading. The effect of (c/Jt) 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 rnisftpplied in subsequent publications. To 
remedy this situation, 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 lirni tat ions have now been conclusively estab­
lished (Equations 1-3). 

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

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

4. Slab size requirements for the development of 
Westergaard responses have also been established 
(Table 4). 
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Existing 

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-lb 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 (1). 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 posit i ve means of load transfer is 
a factor that contr i butes 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 join ts. 
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 (~). 

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 

'rht! loca tiun that was selected fur 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
otabilized 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 under sealing, 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 level 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 minimizinq the differential deflection across 
a joint and reducing the total deflections of a slab. 

TABLE 1 Load Tra!lllfer Test Section Variables 

Type 
of 
Device 

Split pipe 
Figure eight 
Vee 
Double vee 

Double bars 

Patching Material 

Bonded with epoxy 
Bonded with epoxy 
Polymer concrete 
Polymer concrete 

Set-45, Roadpatch, 
Horn 240 

Portland cement con­
crete 

Set-45, Roadpatch, 
Horn 240 

Polymer concrete 

Portland cement con­
crete 

Devices 
per 
Joint 

4 
4 
4 
4 
4 

3 
2 
4 every 

other 
joint 

4 

4 

3 
2 
8 

8 
8 
5 
5 

4 
3 

No. of 
Joints 

6 
20 
10 
5 

35 

20 
20 
39 

30 

98 

45 
44 
30 

JO 
20 

5 
10 

s 
10 

PATCHING MATERIALS AND LOAD TRANSFER DEVICES 

Test 
Section 
No. 

2 and 3 
4 
5 
5, 30, 

31 
6 
7 
22 

17,18 
19 

20,27 
29 

25 
23 
8,9, 10 

12 
11,14 
15 
34 

16 
33 

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. 

3/8" 

FIGURE 1 Georgia split pipe device . 

4" dia. 
2" rad. O.D. 

8" 

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

1/0" and 3/16" 

FIGURE 2 Figure eight device. 

Figure Eight Device 

7 in . 

closed cell 
polyet~ylene foam 
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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 (i_). 

Vee Load Transfer Device 

This type of load transfer device was first proposed 
in a report published by FHWA in 1977 Cll 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 is 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 
(~) 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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7 1n. 

closed ce11 
polyethylene foam 

FIGURE 3 Vee device. 

!.. I 
'z" 7 

FIGURE 4 Double vee device. 
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core holes 

closed eel l 
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joint 
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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 manuf11ct11n~r'R 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 liquid component of the 
polymer concrete also posed a problem. This liquid 
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 liq­
uid component repeated itself in the Silikal test 
section in 1982. The liquid 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. 

• An 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 l 11·· 3' • 3 . • 3' • I 

Figure Eight 2 and 3 ti'• ~· • ~' • J' • I 

Vee 4 , ... 3' • 3' • 3' • I 

5 1' '• 3' • 3' • 3 . • I 

5' 30, 31 ,1·· 2 . • 4.5' • 2. • I 

6 l''e 2' • 5. • I 

7 I.LI I"• 2·· I L'J 
Cl 
~ 

Double Vee 22 I- I"• 
2. 4. 5. 2' • I z • • w 

;::; 
1''• 2·· 4. 5 . 2. 

17' 18, 19 > • • I ;;: 
I.LI 

I"• 2' •.s• 2. 
20, 27, 29 Cl • • • I ...... 

~ 

~ I' '• 3·· 5' • I 25 o 

23 11 ·· 2·· I 

B, 9, 10 ~"I 15111511 I' s"I' '5' I '''I' ff' I 1511 I 

12 t!!" 11s'l15" 11 s"I• s" I 15"11s"115"1 I 

11' 14 r I l5"1' s" 1•5'·1• s" I '''ll5"l '9'I I 

" I " " I "I " I 15 111 .•a lu .•a .u I 

Dowel Bars 34 " I "I II I , 15 u 5. ~ 5" I I 

16 112",1a"l1a"l1a"I I 

33 f'l• 5'fu"I I 
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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 just past the joint and the deflection at 
both corners was once again recorded. 

Horizontal joint 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 s l abs 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 
unloaded 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 (~): 

LT%= [(2 Du)/(Dl +Du)] x 100 (1) 

where 

LT load transfer as a percentage, 
Du deflection of unloaded slab, and 
Dl 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 1 ikely to be encountered. Compar i­
sons between test installations are only valid when 
the measurements a r e made at the t i me o f max i mum 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 larg~ 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) Eff i- Load 

Test Loaded Unloaded ciency Transfer 
Location ~ 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 
1 and 2. The equations are meaningless for low de­
flection levels 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 1902, September 1902, and March 
1983. Three sets of tests were made each time i one 
series was made early in the morning generally 
starting at 7:00 ;i.m., " 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 joints 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 compar­
isons of the various load transfer systems were 
therefore based on deflections measured during the 
early morning hours when significant slab movements 
are likely t o ta ke 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 load 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 little 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 
Slab 

DI-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 80 90 
11 100 90 
12 80 100 
14 100 JOO 
15 100 100 
16 80 100 
33 90 JOO 
34 100 90 

Miscellaneous 

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

Control 

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

Note: DI~ deflection of loaded slab and Du::::: deflection 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 tr;msverse 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 
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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 
o f 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. i s 
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 i n 
this study. 

5. The sections with the dowel bars, regardless 
of the number of bars per joint, 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 

Cry Icon 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 II 8 Good Marginal 
14 8 Good Good 
15 5 Good Good 
16 4 Good Good 
33 3 Good Marginal 
34 5 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 liquid 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 
exce ss 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 be usen 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 (!l 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 load 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
uates the effects of lateral wheel placement di­
rectly. The AASHTO Interim Guide (}), 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 
pla~ement of vehicles in highway lanes was conducted 
by the Bureau of Public Roads in the 1950s using a 
segmented switch on the road surface (ll· 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 
o~ 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 ~valuation. 

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 whPPl lrnins rilthPr t.h;rn on thP nRR11mption 
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 (11). 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 1-sec increments) was recorded. 
Thus the wheel placement patt.ern of each truck couln 
be enumerated at exact 1-sec intervals throughout 
the time that the truck was followed. To reduce all 
the recorded data at each 1-sec interval was prohib­
itive and unnecessaryi therefore, a systematic data 
sampling procedure was devised. The sampling rates 
were 5- to 10-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 (11), 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
fication No, 

J 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
lY 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Type 

3-S2 
2-axle 
3-S2 
3-S2 
2-axle 
3-axle 
3-S2 
3-S2 
3-S2 
3-axle 
2-axle 
2-axle 
2-axle 
3-S2 
3-S2 
3-S2 
3-S2 
2-axle 
3-axle 
3-S2 
3-S2 
3-axle 
3-S2 
3-axle 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 
3-S2 

Total Time 
Followed (sec) 

417 
501 
241 
560 
326 
242 
664 
382 
751 
435 
622 
255 
425 
641 

1,027 
925 
583 
223 
396 
370 
110 
105 
120 
180 
460 
311 
349 
601 
282 
421 
109 
372 
943 
652 
611 
482 
461 
574 
423 
867 

No , of Ob­
servations 

44 
61 
l 9 
68 
35 
29 
86 
51 
88 
42 
89 
39 
42 
33 
89 
95 
62 
23 
39 
38 
29 
19 
14 
15 
44 
26 
33 
83 
35 
39 
17 
36 

159 
73 
75 
54 
57 
63 
33 
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 
character is tics 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 var i­
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 ldenti- Mean Pia cern en t Variance 
fication No. (ft) (ft 2 ) 

Truck Type: 3-S2 

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 l.05 
l 5 1.27 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 l.61 0.9 
26 1.5 2 1.06 
27 0.81 0.77 
28 1.03 0.73 
29 1.38 0.94 
30 1.46 0,68 
31 0.96 0,65 
32 1.62 0.88 
33 1.62 0.67 
34 1.15 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 1.5 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 

Truck type 

Geometry 

Pavement surface 

Lanes 

Levels 

Single unit 
2-axle 
3-axle 

Tractor and semitrailer 
3-S2 
2-Sl 

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 

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)--exhibi ted 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 
Placement3 Tractor and Tractor and Single-Unit Single-Unit 
(midpoints Semitrailer Semitrailer Trucks on Trucks on 
of interval) on Straight on Curved Straight Curved 
in ft Sections Sections Sections Sections 

-1.0 lb 0.5 3 2 
0.0 12 14 16 20 
1.0 38 35 20 25 
2.0 38 34 41 36 
3.0 JO 16 19 16 
4.0 1 0.5 1 1 

aW11eel 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 table 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 i~ 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 
of rPpPAtPn ApplicAtionR of thPRP various strPss 
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. Figura 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. 

t Continuous 

-----~------~----- (12, 12) 

Continuous : skjWhee1 ~ad 
6 ft 

I !~._~------~-----~~__. 
10,o>H 

lft I Con I inuous 

Edge of Slab 

FIGURE I Finite element modeling of a slab su~jected to an 18-
kip axle load. 

Use of vesic's Fatigue Model 

Vesic and Saxena (.!l,) used the AASHO Road Test data 
to develop a fatigue model that incorporated several 
different loading configurations 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 

Transportation Research Record 1043 

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 (fc/a)4 

where 

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

fc modulus of rupture (strength) of the con­
crete, and 

cr = 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 loading 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 
Edge 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 (1 3). 

With these assumptions, the following procedure was 
carried out: 

• 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 (.!1_) 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 l ft to the left of the 
wheel position placement that · is shown in the table. 

The lateral loading pattern used for compar i son 
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: 40 per­
cent of applications; loading coordinates were (4,6) 
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: 10 per­
cent of applications; loading coordinates were (2,6) 
and (8,6). 

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

k 

5 x 10 6 psi 
crete, 
100 psi/in. 
and 

modulus of elasticity for con-

modulus of subgrade reaction, 

µ 0.15 =Poisson's ratio for concrete. 

An example of stresses for an 8-in. slab thickness 
is given in the following table. 
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Loading 
Position Tensile Stress Under Node (psi) 
Left Right for Position 
Wheel ~ (11,6) ..lli..L.§1 -12.ill ~ 
(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 ;ir.r.onnt. fnr the accl1mulated dama')e 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: 

1. 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 load, 
which can be calculated from the Vesic fatigue 
model. The possible replications and the correspond­
ing actual replications are 

Possible 
1 6,350,000 
2 18,500,000 
3 38,100,000 
4 Very large 
Total 

Actual 
4,000,000 
1,000,000 
4,000,000 
1,000,000 

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: 

(4,000,000/6,35U,UUU) + (l,UUU,UUU/18,)00,000) 

+ ( 4,000,000/38, I 00,000) +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
nP.SSP.R nP.P.ded 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 (.2_) 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 

Condition 

All loads edge location, Vesic 
fatigue model 

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

AASHTO Interim Guide (J} 

Total No. or 18-Kip Axles 
(millions) 

10 20 

7.0 9. 1 10.0 

6.0 7.R 

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 shonl d incorporatP. means 
for recognizing the variability 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-PA VE 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 (NOT) 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 <!.l 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 <ll that predict the "er itical" 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 movinq vehicle loads. 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 des ign 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-
1 inear, 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 Figueroa (_!). 

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

Er= KO" (I) 

where 

Er resilient modulus of the material; 
K,n constants determined from laboratory test­

ing; and 
the sum of the three principal stresses, 
cr1 + crz + cr3 (in triaxial testing 
0 = cr 1 + 2cr 3). 

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

The behavior of fine-g~ained 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 +KI · (Sd - Sdi) for Sd < Sdi (2) 

and 

Er = Eri + K2 · (Sd - Sdi) for Sd > Sdi (3) 

Repeated Dev iator Stress . Sd 

FIGURE I Typical representation of the resilient modulwi-repeated deviator stress 
relationship for fine-grained soils. 
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where 

Er 
Eri 

Kl,K2 
Sd 

Sdi 

resilient modulus, 
resilient modulus at the "breakpoint" be­
tween the two Er versus Sd slopes, 
slopes of the Er versus Sd relationship, 
deviator stress, and 
deviator stress at the breakpoint between 
the ER versus Sd slopes. 

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

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 <ll with mix data re­
ported from the road test (~).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 <ll 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 aver~ge 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-

Test Results Reported in 
Reference 9 

80 100 120 

Mix Temperature, °F 

FIGURE 2 AC mix temperature-modulus relationship used in analysis 
of AASHO Road Test sections. 
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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-performance 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 O, 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, 
anu 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 l Analysis of Early AASHO Road Test Data for the 
Relative Effects of Granular Base and Suhhase 

Section Standard Error of 
Asphalt Testing Correlation Coefficient Estimate 
Thickness Index 
(in.) Day Separatea Combinedb Separate• Combinedb 

3 827 0.84 0.81 14.S 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 l l.3 16.6 
s 827 0.78 0.78 7,9 7.4 
s 871 0.79 0.72 5.9 6.2 
s 997 0.83 0.83 6.1 5.7 

81'hc thi~kne a.s of ban and subb~Ho were tr11H1ted as two independent Ytulnhles. 
bfbs:c anti s ub base lhlcknesses W'Of C addeJ i:. 11 d treated :ts ~ single indi:pcndvnt variable . 
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FIGURE 4 Trend of subgrade Eri during AASHO Road Test. 

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 Re l a tionships f or Asphalt Concr ete 

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 fatigue. 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' (4) 

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 i terns 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. (11) indicate that the fatigueeffect 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 b (5) 

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 equation 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 
i s 

Di = ni/Ni (6) 

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. 

Select i on 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. (!.Q_). 

Preliminary estimates of the a constant were made 
using the deflection-based performance equations 
from the AASHO Road Test (.!!_) with the deflection al­
gorithm developed in another study (}). 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 (7) 

and 

log N 1.5 = I 0.18 + 1.36 · log L - 3.64 · log dsn (8) 

where 

N2.S and Nl.5 

L 
dsn 

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. 

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-lb (18-kip) axle load value 
into Equations 7 and 8 yields 

log N2.5 = 10.3822 - 3.25 ·log Do (9) 

and 

logNl.5 = 11.1315-3.64 ·log Do (10) 

where Do is the dynamic surface deflection in mils . 
One algorithm has been developed (}) to estimate 

AC strain (eac) based on surface deflection. This 
algorithm is 

log eac = -5.0898 + 1.1126 ·log Do SEE=0.115 R 2 =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 Nl.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 fllt.i911e 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 <2.> 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
g rade 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 Er i. Each analysis period then was the time 
between successive dates of deflection measurement. 

AC moduluc valucG 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 Er i's was se­
lected as the subgrade Er i for the analycic 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, Er i 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 period. 

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 fatigue equation (Ni) with 
the K coefficient set equal to 1.0. For those pe­
riods in which the F.ri 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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TABLE2 Material and Load Application Data Used in Analysis of AASHO Road Test Pavement Sections 

Period End Date Total Axle Loads Eac (ksi) Eri (ksi) 

10/7/58 400 622 5.0 
11/3/58 1,280 964 5.4 
11/14/58 3,760 1,000 5.9 
12/3/58 11,620 1,607 6.3 
12/24/58 25,460 1,900 6.7 
12/31/58 28 ,920 1,800 7.0 
1/14/59 35,660 2,059 Frozen 
2/4/59 52,300 2,060 Frozen 
2/25/59 69,920 1,508 Frozen 
3/11/59 75,780 1,300 1.2 
3/27 /59 79,600 1,116 1.2 
4/8/59 86,120 1,054 I.I 
4/22/59 97,580 964 2.3 
5/6/5 9 106 ,620 535 3.3 
5/20/59 119,360 556 2.8 
6/3/59 136,220 420 2.5 
6/10/59 143,660 250 2.3 
7 /l /5 9 169,140 262 2.3 
7/29/59 201,120 225 3.2 
8/12/59 219,040 275 3.9 
9/9/59 251,920 312 4.3 
9/23/59 273,900 553 5.2 
10/5/59 292,480 675 6.1 
10/21/59 306,042 1,004 7.2 
11/4/59 324,720 1,216 7.1 
11/18/59 338, 160 1,734 5.2 
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 

where 

SEE= 0.40 R2 = 0.53 (14) 

N predicted number of 18,000-lb axle load ap­
plications to crack appearance; 

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

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
t ion was predicted for typical spring conditions. 

Period End Date Total Axle Loads Eac (ksi) Eri (ksi) 

12/ 16/59 375,440 1,818 6.8 
12/30/59 385,800 1,860 7.0 
12/30/59 385,800 1,860 7.0 
1/13/60 407 ,960 1,818 Frozen 
1/27/60 445,200 2,423 Frozen 
2/10/60 480,940 2,348 3.4 
2/24/60 507 ,280 2,423 1.9 
3/9/60 542,380 2,459 1.3 
3/23/60 572,360 2,230 1.2 
4/6/60 603,460 1,610 1.3 
4/20/60 636,040 1,037 1.3 
5/4/60 671,200 624 1.6 
5/18/60 707,180 938 1.9 
6/l /60 735,100 488 2.2 
6/15/60 774,440 448 2.5 
6/29/60 809,760 392 2.8 
7/13/60 836,320 257 3,1 
7/27/60 871,400 211 3.5 
8/10/60 905 ,780 222 3.8 
8/24/60 932,040 327 4.1 
9/7 /60 953,860 327 4.4 
9/21/60 988,480 701 4.7 
10/5/60 1,213,360 649 5,0 
11/2/60 1,085,900 1,179 5.4 
11/16/60 1,103,840 1,408 5.9 
I I /30/60 1,113,760 1,528 6.3 

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 (I 5) 

where 

N 
sd 

number of 18-kip single axle applications and 
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-lb 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-

Prediction Equation: 

loo N = 7.2558 - 0.6378 sd 
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FIGURE 6 Comparison of actual versus predicted 18,000-lb axle applications 
to Class I cracking based on subgrade deviator stress. 
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scribed under "Determination of K Coefficient." The 
same a (3.16) and b (1.4) 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 = 0.30 R2 = 0.25 (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 l 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 Er i 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 a.a 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 
on the relative seasonal damage factors. Although 

Prediction Equation: 
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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) 
f-;;; 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 figure 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 er i tical 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
depth (AC for the entire thickness) pavements. Ac-

loQ N = 2.4136 - 3.16 log eac - 1.4 log Eac 
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FIGURE 7 Comparison of actual versus predicted 18,000-lb axle applications 
to Class 1 cracking based on modified AC strain equation. 
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TABLE 3 Weekly AC Modulus and Suhgrade Eri Values Used in Relative Seasonal Effect Analysis 

Asphalt Eac Subgrade Eri Asphalt Eac Su bgrade Eri 
Midweek Date (ksi) (ksi) Season Midweek Date (ksi) (ksi) Season 

l /3 2,250 Frozen Winter 7/4 290 3.1 Summer 
1/10 2,380 Frozen Winter 7 /11 260 3.2 Summer 
l/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 hozen Winter 8/1' 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 5.9 Fall 
5/16 650 2.0 Spring 11/14 1,310 6.1 Fall 
5/23 580 2.1 Summer ll /21 1,430 6.2 Winter 
5/30 500 2.3 Summer 11 /28 1,560 6.4 Winter 
6/6 450 2.5 Summer 12/5 l ,700 6.5 Winter 
6/13 400 2.6 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 Relatiye 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 .1 6 .23 .19 5 7 .34 .26 .27 .13 
3 14 .42 .16 .23 .19 5 8 .3~ .26 .27 .13 
3 15 .42 .16 .23 .19 5 10 .34 .26 .27 .13 
3 18 .42 .16 .23 .19 5 11 .34 .26 .27 ,13 
4 4 .38 .21 .25 .16 5 12 .34 .26 .27 . 13 
4 7 .38 .21 .25 .16 5 14 .34 .26 .27 . 13 
4 8 .38 .21 .25 .16 5 15 .34 .26 .27 . 13 
4 IO .38 .21 .25 .16 5 18 .34 .26 .27 . 13 
4 11 .38 .21 .25 .16 
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FIGURE 8 Seasonal weighting factors for various thicknesses of AC 

surfacing. 
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cording to Figure B, the shift in er i ti cal 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 (ERil. 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 (~) 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 
PAVING MATERIALS 

SUBGRADE SOILS 

TRAFFIC 

CLIMATE 

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-lb single axle load condi­
tions. Mixed traffic should be converted to equiva-

STRUCTURAL 
MODEL 

PAVEMENT RESPONSES 

TRANSFER FUNCTIONS· 

PAVEMENT 
PERFORMANCE 

FINAL DESIGN 

"' :z: 
!::! 
....... 

"" "" .... 
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:z: 
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FIGURE I Components of a mechanistic design procedure. 
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lent 18 ,000-lb 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
symmetr ic solid of revolution. Nonlinear, stress-de­
pendent resilient modulus material models and failure 
criteria for granular materials and fine-grained 
soils (l-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 Cll, Suddath and Thompson (i), Traylor (2), 
Hoffman and Thompson (~),Gomez and Thompson Ill, 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 (11). Gomez and Thompson (7) 
and Elliott and Thompso0-(~) 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 techniques 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 (~) 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 

where 

ER resilient modulus, 
aD repeated deviator stress, and 
t r 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 tr iaxial testing is used to 
characterize the resilient behavior of granular 
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materials. Resilient modulus is a function of the 
applied stress state: 

where 

ER resilient modulus, 
K, n = experimentally derived factors, and 

first stress invariant = a1 + a2 + a3. 

Note that e = a1 + 2a 3 in a standard triaxial com­
pression test. 

Figure 2 shows an ER-e 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 
ER= 9,000 e0.33 (0 and ER in psi) . The values are 
typical for dense-graded crushed stone base materials 
and the AASHO crushed stone base (5). Other pert i nent 
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, 
ERi (Figure 5), is a good indicator of a soil's 
resilient behavior . The slope values, Ki and K2 , 
display less variability a nd influence pavement 
structural response to a smaller degree than ERi. 
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 (15) 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 

c 
.! 

"' GI 
a: 

100 

eo 
10 

40 

30 

zo 

IA' 
V'r 

v -
/ 

v v 
,) 

)" 

ER• 2182 8°•7 

zo 30 4 o 50 60 10 eo 
8 = u 1+ 2u 3 , psi 

FIGURE 2 Resilient modulus-IJ relation for a sandy gravel 
[AASHTO A-1-b(O)). 

TABLE 1 Typical Resilient Property Data (1 2) 

K (psi) n 
Granular No. of 

100 

Material Data Standard Standard 
Type roints 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 0 23 

Note: ER = KO" where ER = resilient modulus (psi) and K, n =ex perimentally 
derived factors from repeated triaxial testing dala. 

II> 
c.. 

Legend : 
A Si lty Sands 
B Sand Gravels 
C Sand Aggregate Blends 
D Crushed Slone 
E L imerock 
F Slog 
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FIGURE 3 Kand n relationships for various types of granular 
materials identified by Rada and Witczak (12). 
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FIGURE 4 Relationship between Kand n values for 
granular materials identified by Rada and Witczak (12) . 

has a limited 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-lb circular load (80 psi pres­
sure) as a representation of one dual wheel of the 
standard 18-kip (18,000-lb) single axle load. 

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

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

Ir 
w 

vi 
..2 
:J 
u 
0 
~ 

'E 
Cl> 

·;;; 
QI 
a:: 

I 
- ------,K2 

Repeated Deviotor Stress, c; 
0 

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

stress 
4. 
5. 
6. 

TABLE 2 Summary of Material Properties for 1111-P A VE Solutions 

Unit weight (pcf) 
Lateral pressure 

Coefficient at rest 
Poisson's ratio 

Unconfined compression 
strength (psi) 

Deviator stress (psi) 
Upper limit 
Lower limit 

Kl (ksi/psi) 
K2 (ksi/psi) 
Deviator stress at break-

point (psi) 
Eri (ksi) 
E failure (ksi) 
E constant modulus (ksi) 
Er model (psi) 
Friction angle (degrees) 
Cohesion (psi) 

Subgrade deviator stress, 
Subgrade stress ratio 
to unconfined compressive 
Subgrade vertical strain, 
Surface deflection, and 
Subgrade deflection. 

12 

10 

"' .,.; 

a: 
w 

"' 8 

-= ::I 
-c 
0 

:::!! -c: 
Cl> 

6 

"' Cl> 
a: 

4 

Asphalt Concrete 

40°F 70°F 100°F 

145.00 145 .00 145.00 

0.37 0.67 0.85 
0.27 0.40 0.46 

1,400.00 500.00 100.00 

(subgrade 
strength), 

deviator 

Subgrade 
Crushed 
Stone Stiff Medium Soft Very Soft 

135.00 125.00 120.00 115.00 110.00 

0.60 0.82 0.82 0.82 0.82 
0.38 0.45 0.45 0.45 0.45 

32.80 22.85 12.90 6.21 

32.80 22.85 12.90 6.21 
2.00 2.00 2.00 2.00 
-1.11 -1.11 -I.I I -I.I I 
-.178 -.178 -.178 -.178 

6.20 6.20 6.20 6.20 
12.34 7.68 3.02 1.00 

4.00 7.605 4.716 1.827 I.DO 

9,00011°· 33 

40.00 0.0 0.0 o.o 0.0 
0.00 16.4 11.425 6.45 3.105 

These responses are those generally used in various 
transfer functions (see Figure 1) relating pavement 
response to pavement performance. Additional algo­
rithms relating AC radial strain and subgrade stress 
ratio to surface deflection (all response parameters) 
were also developed. 

IPAVA 8 

Opt imum W-0.4 % 

Repeated Deviator Stress, cr 0 , psi 

FIGURE 6 Typical stress-dependent resilient behavior of a fine-grained soil [AASHTO 
A-7-6(36)]. 
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FIGURE 7 Semilog model for stress-dependent resilient behavior o f 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 mt 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 quality of, 
and placement procedures for, granular material. 
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FIGURE 8 Resilient modulus-deviator stress relations for 
ILLI-P A VE subgrades. 

Des i gn Algorithms 

The design algorithms were developed using the SPSS 
stepwise regression program (16). 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, (bl thickness of granular base 
course, (c) AC modulus, and (d) subgrade ERi· 

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 i n. These 
thicknesses are repreacntative 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 (l,400, 
500, and 100 ksi) were evalua t ed for each combination 
of AC and granular base thic kness. The ILLI-PAVE 
response data are presented elsewhere (~) • 

Even though AC thicknesses of 2 to 3 in. are not 
uncommon on low-volume roads, the 1.5-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 1.5-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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FIGURE 9 Comparison of ILLI-PA VE model and algorithm preclictions 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 

log eac = 

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( log Tbse) /Tac-. 0807( log Eac )Tac-. 0408( log Eri) 
Std. Er. 
Coef . .0318 .0048 .0828 .001 5 .0089 
Norm. 
Coef 
R = .990 

1.065 -.1378 
Std. Dev . ' of Error 26. 9 

SUBGRADE DEVIATOR STRESS 

log sd = 

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

1. 7694-. 0735Tac-. 0222Tbse-. 2539( log Eac )+. 0223Eri 
Std.Er. 
Coef. .0383 .0048 .0013 .0130 .0014 
Norm. 
Coef 
R c .985 

-.4458 -.4786 -.3548 .2900 
Std. Dev. of Error = .901 Std. Err. of Est . • .06007 (l,148) 

FIGURE IO Algorithms. 
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SUBGRADE DEVIATOR STRESS RATIO 

log Sr = 
.3056+.0560Tac-.0222Tbse-.0495( log Eac)Tac-.4242(log Eri) 

Std.Er. 
Coef. 
Norm,. 
Coef. 
R = .987 

.0182 .0082 .0014 .0025 . 0149 

.3105 -.4380 -. 789 7 -.4800 
Std. Dev. of Error = .0615 Std. Err. of Est. 

SUBGRADE VERTICAL STRAIN 

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

Std.Er. 
Coef. .0392 .0049 .0014 .0133 . 0014 
Norma 
Coef 
R = .990 

-.359 1 -.5789 -.3664 -. 2404 
Std. De v . o f Error = 144 Std . Err. of Est. 

SURFACE DEFLECTION 

log DO = 

.06074 (1.150) 

.0615 ( 1.152) 

l. 9692+.0465Tac-.5637( log Tbse )/Tac-.0464( log Eac )Tac-.2079( log Eri) 
Std.Er. 
Coef. .0403 .0060 .1048 .0019 .0112 
Norm~ 

Coef .4796 -.1872 -1.383 -.4383 
R = • 974 Std. Dev. of Error 3.47 Std. Err. of Est. = .04586 (1.111) 

SUBGRADE DEFLECTION 

log Ds = 

2. 0169+. 03 75Tac-l. 095 (log Tbse) /Tac-. 0405 (log Eac)Tac-. 24 26 (log Eri) 
Std. Er. 
Coef. .0549 .0082 .1430 .0026 . 0153 
Norm. 
Coef. .4182 - . 3920 -1.297 -.5515 
R = .943 Std. Dev. of Error = 3.56 Std. Err. of Est. .06258 (l.155) 

ASPHALT STRAIN - DEFLECTION ALGORITHM 

log eac = 

.9102+1.1126 (log DO) 
Std. Er. 
Coef. . 0803 .0591 
Norm. 
Coef. . 8~89 
R = .889 Std. Dev. of Error= 78.3 Std. Err. of Est. • .1147 (1.302) 

SUBGRADE DEVIATOR STRESS l{ATIO - DEFLECTION ALGORITHM 

log Sr = 

-2. 876+1. 67l(log DO) 
R = 0.928 Std. Err. of Est. 0.135 (l.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 compre ssive 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 

Eac resilient modulus of the AC layer, in ksi 

Eri 11 breakpoint 11 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 (~)· 

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 ERi. 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. 

SUMMARY 

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

conventional 
granular base 

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 mechanist ic des i gn procedure. 
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Investigation of Seasonal Load Restrictions 1n 
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, load 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. When should restrictions be applied and re­
moved? 

3. For Washington State, are the present load 
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 l 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 (lb) Allowaule Gwss Luad (lb) 
Tire 
Width Severe 
(in. ) Emergency Emergency 

7.00 1,800 1,800 
7.50 2,250 1,800 
8.25 2,800 1,900 
9.00 3,400 2,250 

10.00 4,000 2,750 
11.oob 4,500 3,000 
12.00C 4,500 

aLast revjsed October 1957. 
bor more-severe emergency condition. 
CQr more-emergency condition. 

Tire 
Width Severe 
(in.) Emergency Emergency 

8-22.5 2,250 1,800 
9-22.5 2,800 1,900 

10-22.5 3,400 2,250 
11-22.5 4,000 2,750 
11-24.5 4,000 2,750 
12-22.5b 4,500 3,000 
I 2-24.5c 4,500 

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 appropriate load restriction 
criterion. 

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 defleclions 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 l Location of field test sites. 

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

FIELD STUDY 

Site Se l ecti o n 

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 
i s about 1,000 degree-days (Fahrenheit). Several 
criteria were used as a basis for selecting the test 
sites and include 

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

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

TABLE 2 Principal Test Site Features 

State Route 
and Mile 
Post Instrumentation Pavement Structure• 

SR 97, MP 2 frost tubes 4-in. ACP 
184 I moisture tubeb 4-in. CSTC 

6-in. ballast 
SR 2, MP 2 frost tubes 6-in. ACP 

117 2 moisture tubes 17-in. gravel base 
1 extensometer 

SR 2, MP 2 frost tubes 2-in. ACP 
160 1 moisture tube 9-in. CSTC 

SR 172, MP FWD testing 2.6-in. BST 
2 6-in. gravel base 

SR 172, MP FWD testing 2-in. BST 
21 9-in . gravel base 

SR174,MP 2 frost tubes 0.5-in. BST 
2 1 moisture tube 2-in. ACP 

1 extensometer 10-in. gravel base 
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Spokane 

~ =TestSite 

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 l) 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 bothi 

2. Extensometer readings; 

Sub grade 
Traffic, 1982 (2) 

Percentage 
Passing Percentage 

Class 200 Sieve ADT Trucks 

A-1-a(O) 9 3,500 11 

A-1-b(O) 16 to 19 11 ,500 10 

A-1-a(O) 9 to 12 1,000 

180 6 

530 6 

A-1-b(O) 18 to 22 820 16 

8Nomencl~ tura: ACP = asphalt con ere te pavomont, CSTC =crushed surfadng top course, and BST = bi luminous surface tree tmenl. 
b£ach mois tLJte tube consisted of four moi:11urc cells. 
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Asphalt 
Concrete 
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Flexible tube lor 
retrieval and to 
allow for expansion 

RemovabiB inmH 
PVC tube, 7/8" 111 

Permanently installed 
outer polyethylene 
tube, 1-1/4" 111 

Ottawa sand saturaled 
wilh 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 frost penetration (using frost 

tubes). 

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 freezin<J and s o il cells 
(Soiltest MC 310A) to measure subgrade and base 
course moisture contents and temperatures. Exten­
someters we re 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" 0 aluminum plate 

1" 0 Bison coils 

1" i.d. PVC pipe 

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

1/2" 0 sleel rod 

3" 0 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. 

Soil r.ells 

FIGURE 4 Typical soil cell layout . 

Removable cap 

1-114" polyethylene tube 
grouted in place 
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The Benkelman beam was used to measure single-point 
rebound deflections along with a single axle, dual 
tire 18,000-lb 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 lb 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. 

Typica l 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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11 Deflection, normalized 
to 9,000 lb load 

10 30 

9 

8 25 

~ :£ 
"? 
~ 

~ 20 
.2 

Subgrade moisture content u 
_gi at 4 ft . depth Q; 
0 

~ 15 

c: 7 
" c: 
0 
() 6 
~ 
:0 

.11i 
0 

::::; 

4 

3 Basa moisture content 
at 1 ft . depth 

10 

Subgrade moisture content 
at 2 ft . depth 

o 5 
F M A M 

1983 

61 

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-lb load is plotted 
versus time in Figures 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 
several site visits and 
trends (as plotted) mask 
occurred at other times 
available. 

A s 0 N D F 

developed on the basis of 
corresponding data. These 
the actual variations that 

for which data are not 

M 
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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~ to 9, 000 lb load 
~ 
c: 40 
.ll 

~ 
Q; 
0 
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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 ~a~ mca~ured and later converted to soil 
moisture content when the appropriate laboratory 
calibrations were completed. An example of the annual 
change in soil moisture content is shown in Figure 
5. Moioture content tends to increase with depth (a» 
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. 

Temperature 

As previously discussed, a variety of measurements 
was made to relate air and pavement temperatures. 
Soil celis 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 (ya = 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 pAvPmPnt matPrial proper­
ties and their variation with time for the six test 
sites is described in this section. Further, devel­
opment of a temper a ture-based er i ter ion for es tab-
1 ish ing when to apply load restrictions is presented 
along with the procedure for determining the magni­
tude of restrictions. 

Material Properties 

The BISDEF computer program !il was used along with 
FWD data to estimate the moduli (or resilient moduli, 
MR) 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 - 8 or MR -
aa) 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 pavement structure where 

stresses are desired. 

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

Freezing Index 
(degree-days 

Test Site Winter Fahrenheit) 

SR 97, MP 184 1982-1983 475 
1983-1984 685 

SR 2, MP 1 17 1982-1983 
1983-1984 510 

SR 2, MP 160 1982-1983 400 
IY83-1 984 '/30 

SR 172, MP 2 1982-1983 475 
1983-1984 745 

SR 172, MP 21 1982-1983 475 
1983-1984 745 

SR 174, MP 2 1982-1983 170 
1983-1984 470 

asased on recorded temperature data. 

Calculated Depth 
of Frost (ft) 

3.3 
4,0 

3.4 
3.1 
4.1 
3.3 
4.2 
3,3 
4.2 
2.0 
3.3 

Minimum Measured 
Depth of Frost (ft) 

s 
3+ 

3+ 

2+ 

Prolrnhle Date 
of Maximum 
Depth of Frost' 

Feb. 9, 1983 
Jan. 23 , 1984 

Jan. 23, 1984 
Feb. 11, 1983 
Jan. 23, 1984 
Feb. 15, 1983 
Jan , 23, 1984 
Feb. 15, 1983 
Jan. 23, 1984 
Jan. 5, 1983 
Jan. 24, 1984 
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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 O, 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 

relationships presented are of the form MR = k1ek2 

for layers that behaved as coarse-grained materials 
-k2 and MR = k1crd for layers that behaved as fine-

grained materials (MR 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 f or the same time inter­
val (this test site had the largest decrease in sub­
grade modulus of the six). The maximum observed 
decrease i n modulu s for the base· was 78 percent 
(August 1983 and March 1984 testing dates). For all 
test sites (except SR 2 , MP 117, whi ch exhibited ex­
tensive fatigue crack i ng and was actually weaker 
during the summer month s ), the base course modulus 
was reduced by an average of about 52 percent and 
the s ubgrade 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 sununer (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 sununer under maximum loading. 

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

l . Poisson's ratio, 
2. Dry density, 
3. Thickness, 
4. Stress-modulus relationship (from BIS DEF 

analysis) , and 
5. Initial estimate of modulus for each layer. 

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

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 MR Base MR MR Base 0 Oct 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 1 1,26600,814 29,862 Oct -0.307 
88.17 1,500,000 20,800 13,100 28.42 15.85 

r2 = 0.962 r2 = 0.944 123.01 1,200,000 29,400 11,700 49. 18 20.29 
03/03/83 45 56.72 l ,200,000 21,600 13,100 18.94 10.51 J 6,70600.396 17,462 Oct-O.J ! 8 

83.06 l ,200,000 24,400 13,000 26 .53 14.96 
121.37 1,268,000 27,500 12,100 34.75 20.38 r2 = 0.997 r2 = 0.791 

03/09 /83 47 55.80 l,000,000 25,300 13 ,500 18.98 10.51 l 9,50880.327 25,782 Oct - 0·268 
82.44 1,222,000 26,400 13,000 25.7 1 14.62 

116.70 1,300,000 30,000 11,500 31.02 18.74 r2 = 0.836 r2 = 0.864 

03/13/83 60 42.70 I, 100,000 15,200 10,000 13 .90 7.27 
{ 2,78700.65 8 21,904 Oct -O. I 9 9 

83.96 1,029,000 26,800 12,700 26.90 15.10 
121.83 1,267,000 28,000 12,200 35.08 20.53 

r2 = 0.953 r2 = 0.926 152.87 1,318,000 30,500 11,500 40.01 24.33 
03/24/83 40 58,52 2,155,000 16,800 13,000 17.84 9.90 

{ 4,24580.4 74 21,088 Oct-0. 20l 88.36 2,460 ,000 18,800 12,800 25.05 14.20 
125.46 1,600,000 26,300 12,200 34.44 20.41 

r2 = 0.669 r2 = 0.632 150.67 2,400,000 20,800 10,600 36.41 22.05 
08/17/83 72 80.08 931,000 28,800 11,100 23.08 13.50 } 282&' ·473 6,152 Oct0 ,227 

125.98 1,000,000 43,300 12,000 30.44 19.04 

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 ~ 6,27780. 376 21,492 od- 0·197 
95.7 1,140,000 23,000 12,200 30.73 17.30 

r2 = 0.988 r2 = 0.994 129.2 1,258,000 24,600 11,700 38.35 22.16 
03/01/84 48 71.3 1,184,000 16,500 12,500 25.30 13.75 1 4,62800, 39 8 26,576 Oct-0· 287 

95.9 1,327,000 18,800 11,800 31.05 17.31 
125.8 1,462,000 19,300 11,000 37.60 21.46 r2 = 0.886 r2 = 0.994 

03/09/84 60 66.6 972,000 24,700 12,800 22.26 12 ,39 J 4,4618°·
554 26,189 Oct-0.282 

91.0 552,000 30,400 12,000 30.80 16.83 
121.8 579,000 32, 700 11,000 37.29 21.03 r 2 = 0.984 r2 = 0.968 

03/21/84 49 66.0 658 ,000 30,300 12,900 22.53 12.36 l 18,5040°· 1 5 
J 17,637 Oct-0 .! 22 

93.3 819,000 29,600 12,600 30.00 16.86 
127.1 700,000 33,000 12,000 39.20 22.19 r2 = 0.536 r2 = 0,947 
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TABLES SR 172, MP 2-Results of BISDEF Analysis for Determination of Resilient Moduli, Stresses, and Stress 
Relationships for each Site Visit 

Applied 
Temp~ra- Stress !st Layer Subgrade 

Dat~ t11rP- ( F) (psi) Mp_ (psi) MR (psi) 

02/24/83 50 47.46 13,400 5,000 
72.6 9 14,800 5,700 

103 .32 24,300 5,700 

03/03/83 38 49.54 25,900 5,800 
71.65 28,000 5,900 

105 .24 29,900 5,900 

03/09/83 47 47.95 28,800 6,800 
68.40 31,000 6,700 

101.05 33,500 6,600 

03/17/83 39 49.22 21,200 6,600 
70.6 8 23,700 6,600 

102.86 22,800 6,700 

08/17/83 75 74.70 26,000 8,600 
105 .82 29,000 8,600 

01/10/84 34 72.84 371,100 59,900 
104.21 348,300 59,300 
143.49 326,800 50,500 

03/01/84 46 56.8 23,700 4,500 
78.5 32,000 4,800 

110.0 39,200 5,100 

03/07 /84 60 55.2 19,900 5 ,300 
74.9 19,000 5,500 

103.9 27,400 5,800 

03/21 /84 50 57.1 28,400 6,000 
77.6 27 ,000 5,800 

107.0 31,600 5,700 

tion of tire width, it was decided that the following 
tire sizes would be used in the subsequent analysis: 
8-22.5, 9-22.5, 10-22.5, 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 
r.ios t er i ti cal. 

For the sununer 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 lb per inch width 
of tire up to a tire width of 12 in. and 660 lb per 
inch width for tires 12 in. wide or wider. For ex­
ample, an 11-in.-wide tire can legally carry 6,050 
lb and a 12-in.-wide tire 7 ,920 lb. Corresponding 
tire pressures were based on tire inflation pressures 
reconunended by the Tire and Rim Association, Inc. 

TABLE 6 Tire Loads and Tire Pressures for the Spring 
Condition 

Percen tagc of 
Maximum Load 

100 

75 

50 

Tfrc Size 

8-22.5 
9-22.5 

10-22.5 
11-22.5 
12-24.5 
14-17.5 
16-22.5 
8-22.5 
9-22.5 

10-22.5 
l l-22.5 
12-24.5 
14-17.5 
16-22.5 
8-22.5 
9-22.5 

10-22.5 
11-22.5 
12-24.5 
14-17.5 
16-22.5 

Tire Pressure Load/Tire 
(psi) (lb) 

105 4,400 
115 4,950 
105 5,500 
JOO 6,050 
115 7,920 
100 9,240 
90 10,000 
80 3,300 
75 3,712 
70 4,J :!) 
65 4,538 
80 5,940 

100 6,930 
75 7,500 
55 2,200 
55 2,475 
55 2,750 
65 3,025 
65 3,960 
65 4,620 
55 5 ,000 

!st Layer Subgrade I st Layer Stress Subgrade Stress 
0 (psi) ad (psi) Relationship Relationship 

47.58 15.91 l 61300.?81 2,593 ad o.2 39 
73.09 24.62 
97.88 28.70 r2 = 0.788 r2 = 0.937 

4G.72 13.55 j 12,21:100.195 o,45 7 ad 
0·024 

67.02 19 .03 
97.54 27.07 r2 = 0.996 r 2 =0 ,74 1 

45.45 13.34 1 12,97800,209 7,634 ad - 0.045 
64.20 18.40 
93.67 26.01 r 2 = 0.999 

48.25 15.34 1 14,99500.096 6,205 a d 0,02 I 
68.36 21.06 

100.23 31.43 r 2 = 0.386 r 2 = 0.806 

73 .76 23.85 } 6,39300.326 8,600 ad 
0·0 

103.09 32.32 

65.82 17.08 
94.82 25 .06 

128 .97 32.96 

52.39 14.36 ! 9528°· 8 J? 2,268 ado.25s 
70.38 17 .86 
96.80 23.27 r2 = 0.982 r2 = 0.994 

53.14 16.19 1 2,35500.520 3,352 ad0.163 
72.79 22.69 
97 .13 27.56 r2 =0.619 r2 = 0.935 

53,42 15.20 13,7610°· 173 7,71 9 ad-0.093 
72.80 20.82 
98.14 26.49 r2 =0.432 r2 = 0.988 

These pressures were found to be reasonable for 
modeling purposes on the basis of a previous study 
performed for WSOOT (&_). The tire loads and pressures 
for the sununer 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 sununer condition, 

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

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

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

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

1. Surface deflection (o), 
2. Horizontal strain at the bottom of the bi­

tuminous bound layer (Etl, 
3. Vertical strain at the top of the base course 

<'val, and 
4. Vertical strain at the top of the subgrade 

<'vs> 

When these deflections and strains had been calcu­
lated, the spring load that. r.aused the same damage 
as the maximum allowable load during the sununer 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 load s 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, £t1 £VB• and £VS 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 
6, £t, £VB• or £VS• 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 loads 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 14- 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- Percent age Spring Allow- Percentage Spring Allow- Percentage Spring Allow- Percentage 
Legal Tire able Load for of Maximum able Load For of Maxjmum able Load for of Maximum able Load for of Maximum 

Tire Size Load (lb) 0 (lb) Legal Load fr (lb) Legal Load fy B (lb) Legal Load fvs (lb) Legal Load 

8-22.5 4 ,400 4,020 91 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 9 1 4,600 84 5,390 98 
I 1-22.5 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 8,1 15 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 =su rface denection, et= horizontal s train at the bottom of the asphalt concrete, eva = vert ical strain at the top of the base, and evs =ver tical s train 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 o of Maximum able Load for of Maximum 

Tire Size (lb) (lb) Legal Load evs (lb) 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: 0 = surface den cc tion and evs =vertical strain at the top of the subgrnde, 
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TABLE I) Swnmary of the Critical Criteria and Corresponding 
Spring Allowable Load for Each Tire Size Modeled 

Tire Size Site 

8-22.S SR 97, MP 183.48 
SR 2, MP 117.38 
SR 2, MP 159.6 
SR 172, MP 2.0 
SR 172, MP 21.4 
SR 174, MP 2,0 

9-22.S SR 97, MP 183.48 
SR 2, MP 117,38 
SR 2, MP 159.6 
SR 172, MP 2.0 
SR 172, MP 21.4 
SR 174, MP 2.0 

10-22.S SR 97, MP 183.48 
SR 2, MP 117,38 
SR 2, MP 159,6 
SR 172, MP 2.0 
SR 172, MP 21.4 
SR t 74, MP 2.0 

11-22.S SR 97, MP 183.48 
SR 2, MP 117.38 
SR 2, MP 159.6 
SR 172, MP 2.0 
SR 172, MP 21.4 
SR 174, MP 2.0 

12-24.S SR 97, MP 183.48 
SR 2, MP 117.38 
SR 2, MP 159.6 
SR 172, MP 2.0 
SR 172, MP 21 .4 
SR 174, MP 2.0 

14- 17.5 SR 97, MP 183.48 
SR2, MP117.38 
SR 2, MP 159.6 
SR 172, MP 2.0 
SR 172, MP 21.4 
SR 174, MP 2.0 

16-22.S SR 97, MP 183.48 
SR 2, MP 117.38 
SR 2, MP 159.6 
SR 172, MP 2.0 
SR J 72, MP 21.4 
SR 174, MP 2.0 

Critical Cri- Spring 
terion for Allow able 
Each Site Load (lb) 

0 3,775 
e, s,200 
€y B 3,670 
0 1,820 
€y B 2,400 
€y!J 3,130 

0 4,325 
ll 5,460 
eve 4,190 
5 2,180 
€y B 2,730 
€y B 3,490 

5 4,900 
5 6 ,230 
€y B 4,600 
0 2,400 
€y B 2,750 
€y B 3,700 

5 4,875 
0 6,770 
fy B 4,990 
5 2,450 
€y B 2,290 
€y B 3,850 

0 6,300 
0 8~50 
€y9 6,180 
6 3,800 
€y B 3,600 
€y B 4,780 

e1 6,020 
5 9,380 
€y B 6,020 
0 4,400 
€y9 3,460 
€y B 4,670 

f t 5,990 
6 11 , 100 
€y9 6,760 
6 4,680 
fy B 3,320 
€y B 4,780 

Percentage 
of Maxi­
mum Legal 
Load 

86 
118 
83 
4 1 (critical) 
54 
7 ! 

87 
110 
85 
44 (critical) 
55 
70 

80 
113 
84 
44 (critical) 
50 
67 
80 

112 
82 
40 
38 (critical) 
64 

80 
108 
78 
48 
45 (critical) 
60 

65 
102 
65 
48 
37 (critical) 
so 
60 

Ill 
68 
47 
33 (critical) 
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 
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(assuminq that load restrictions are necessary). A 
criterion based on deflection measurements provides 
ocrtilinty ar: to the need for load rliliotrictions. 1\t 

l east for the near future, it is impossible for WSDOT 
equipment and personnel to be at all the necessary 
locations during the potentially er i tical months of 
January, February , and March. An alternative approach 
i s to us e 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 (]) : 

X = A [(48 kavg n TI /L)Vi ] 

where 

x = depth of thaw (ft), 
A dimensionless coefficient that corrects 

formula for neglected effects of volumetric 

n = 

heat, 
average thermal conductivity of the soil 
(Btu/ hr•ft•°F), 
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 equa l thawing indices 
is clearly greater for coarse-gra ined soils than for 
fine-grained soils. Further, it is reasonable to ex­
pect that the upper portions of all WSDOT pavement 
struct ures will behave as coarse-grained soil. Thus 
at an alL TI ~ 30 tlJe aepth of than will be about 
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 t ha wed. 

The temperature data from the test sites and the 
BISDEF analysis of FWD data reinforce the modified 
Berggren calcula tions that the test sites r eached 
their critical condi t ion after receiving about 50 

degree-days of thawing temperature. Thus it was 

W=5% 

h d • 130 pcl 

I 
J 
1 
} yd - 100 pct 

J 

100 125 150 
Air Thawing Index ('F-Oays) 

FIGURE 8 Air thawing index versus depth of thaw for thin asphalt surfaced 
pavements. 
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reconunended that WSOOT tentatively adopt a TI ~ 30 
degree-days to indicate pavement structures ap­
proaching a er i tical 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 
sununer condition to equivalent loads 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 
WSOOT 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). 

REFERENCES 

1. T.C. Johnson, R.L. Berg, K.L. Carey, and C.W. 
Kaplar. Roadway Design in Seasonal Frost Areas. 
NCHRP Synthesis of Highway Practice 26. TRB, Na­
tional Research Council, Washington, D.C., 1974. 

2. 1982 Annual Traffic Report. Washington State De­
partment of Transportation, Olympia, 1982. 

3. Calculation Methods for Determination of Depths 
of Freeze and Thaw in Soils--Emergency Construc­
tion. Technical Manual 5-892-6. Department of the 
Army, Sept. 1966. 

4. A.J, Bush III. Nondestructive Testing for Light 
Aircraft Pavements. Report FAA-RD-80-9-II. U.S. 
Army Corps of Engineers, Nov. 1980. 

5. R.G. Hicks, J.D. Swait, Jr., and E.O. Chastain. 
Use of Layered Theory in the Design and Evaluation 
of Pavement Systems. 3rd ed. Department of Civil 
Engineering, Oregon State University, Corvallis, 
Jan. 1978. 

6. J. Sharma, J. Hallin, and J.P. Mahoney. Evaluation 
of Present Legislation and Regulations on Tire 
Sizes, Configurations, and Load Limits. Report 
WA-RD-59.1. Washington State Department of Trans­
portation, Olympia, July 1983. 

Publication of this paper sponsored by Conuni ttee on 
Flexible Pavements. 



68 Transportation Research Record 1043 

Effects of Higher Tire Pressures on Strain 
Thin AC Pavements 

. 
Ill 

FREDDY L. ROBERTS and BARRY T. ROSSON 

ABSTRACT 

Since the oil 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 8-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 lb 
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
f lat ion 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-lb 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, Thie 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 
0ii:cle of uniform vertical pLessurc nith 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 
(!_) 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 ele-;;;e-;;t 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
metr ic 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 z. The elements are 
connected at nodal circles (numbered in Figure 1) 
hereafter referred to as nodes. 
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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-e 
plane). The contact surface (the pavement) is at the 
specified loaded radius (Ri ) 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
sur e in the contact region are calculated. Tielking 
and Schapery (4) describe the mathematical procedures 
used to calcu~te 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 o = 0.9 
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FIGURE 2 Deflected shape and tire contact pressure 
distribution results from finite element tire model. 
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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 lb (for o = 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 pr~ssure 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 
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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 dis tr ibu­
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. Al though 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 (.!!_-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-

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-lb 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. 

Equation 
4 886eU • 239 
700000.325 
878700,365 

Typical Base 
Modulus (psi) 
20,000 
40,000 
60,000 

where 0 = 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 occur red 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-lb 
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. F igu.re 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 
1-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 1-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 

Oeviator Stress, psi 

FIG URE 4 Resilient modulus-deviator stress relationship for suhgrade soil. 
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Tire Inflation Pressure 
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ES = 400 ks i 

-----> Indicates incrcao:;c in ~train due 
to increased tire inflation pressure 
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HORIZONTAL TENSILE STRAIN AT BOTTOM OF SURFACE (•10- 6 in/ in) 

FIG URE 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 behavior 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" (11). 

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-
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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 

Indicates increase in strain due 
to increased tire inflation pressure 

Base Moduli 
48860 o.239 

-- 0.325 
----- 7000(1 O JG" 
..... 8787 0 . ·" 

Tire Inflation Pressure 
o 75 ps 1 
El 125 psi 

50 ks i 

200 400 600 800 1000 1200 1400 1600 1800 

HORIZONTAL TENSILE STRA!tl AT BOTTOM OF SURFACE (•10-
6 

in/in) 

FIGURE 6 Effects of increased tire pressure on tensile strain for a surface modulus of 50 ksi. 
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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 B, it is evident 
that for the stiff and moderate base moduli the 
1-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 1-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 
micro inches per inch, the fatigue life can be ex­
pected to be reduced quite significantly. 

The plots in Figure B show the interaction among 

"' ~ 2 
z 
"' u 

"' .... 

*C indicates that the surface is in 
compres sion 

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 BOO-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 1-in. thickness the effect of surface 

Base Moduli 
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--- -- 7000 0 0.325 
..•.• B787 0 0.365 

Surface Moduli 
0 50 ks I 
GJ 400 ksi 
A BDO ksi 

75 psi Tire Inflati on 
Pressure 

200 400 600 800 1000 1200 1400 

HORIZONTAL TENSILE STRAIN AT BOTTOM OF SURFACE (*10- 6 in/in) 

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 ha~e 
modulus. Notice that in Fiqure 8 the points for the 
400- and 800-ksi surfaces for each of the base modu­
li 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 1-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 greetest for the 1-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
f ace modulus, and base modulus. 

Surface Modulus and Thickness Ef.fects 

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 10 Tensile strain contours for 70000°· 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 character is tics 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 11) 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 led 
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 fatigue 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 equation (12): 

w1s = 9.1255 x io-15 Cl/£)5.16267 

where 

w1s number of weighted lS-kip axle loads before 
Class 2 cracking and 

£ = transverse strain calculated using ELSYM5 
for 27 AASHO test sections; 

R' 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 lS-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, 

where 

FDF fatigue damage factor, 

'pl strain at bottom of surface at tire pressure 
pl = 75 psi, and 

'p2 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 
m1n1m1ze 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 l­
and 1.5-in.-thick surfaces, the tensile strains are 
greater than 500 microinches per inch, which is too 
high for adequate fatigue 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 1-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: 

l. The granular base modulus significantly af­
fects the tensile strains experienced by thin asphalt 
concrete pavements with the greatest effect at low 
thicknesses. 

2. The surface modulus significantly affects the 
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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 th in pavement s tr uctur es 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 MORDEC...:HAl PEHL 

ABSTRACT 

A mechanistic model for predicting performance or <osphalt mixtures in terms of 
crack propagation rate, fatigue life 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 matP.r i nl 
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 (2-~) ; 

• The main part of fatigue life consists of the 
crack growth stage, which is considerably longer 
than the crack initiation phase (~--~_) ; 

• The crack grows according to Par is' 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 study it is cr1_1cial tn aP.compoRe 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, <ond Lhe results of the 
compression tests are presented elsewhere (Q) • 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 (~). 

The total strain (£t) is thus resolved into 
its four components (Figure 1): 

where 

£p 

£ve 

£vp 

(J) 

elastic strain--recoverable and time inde­
pendent, 
plastic strain--irrecoverable and time inde­
pendent, 
viscoelastic strain--recoverable and time 
dependent, and 
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: 

€e = o/E 

where 

a= applied stress (MPa); 
E elastic modulus (MPa) ; 
H plastic modulus (MPa) ; 

(2) 

(3) 

(4) 

(5) 

N number of load repetitions; 
t time elapsing from the be-

g inning of the test (sec); 
TL loading time during each 

cycle (sec) ; and 
a,a1,a2,a,b,b1,b2,B material constants. 

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 a. 8 to 2. 2 percent for a stress level of 
a.as to a.l MPa. Similar results, a.4 to o.s and 1.0 
to 2.5 percent, are reported by Monismith et al. 

TABLE 1 Material Constante of the Strain 
Components 

Unit Compression Tension 

E MP a 613 590 
H MP a 278.5 

0.35 
•1 MPa- 1 8.9 x 10-4 9.4 x 10-4 

•2 MPa-2 -5.0 x 10-4 0 
a 0 0.29 0.58 
b 0.19 0.62 
b1 MPa-1 1.9 x 10- 3 5.9 x 10-4 

b2 MPa-2 -8.4 x 10-4 0 
f3 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 a.a 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 loading 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 loading 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 t he unzip­
ping procedur e , with an increment that equals one 
mesh size of the finite element grid. 
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6. As the crack grows, the strP.ss tield ahead ur 
thP r.rRr.k 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 nated 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 vedfication of 
the adequacy of these assumptions and approximations 
will be presented in the next section . The failur e 
criterion is discussed separately . 

The fatigue creep crack growth sl111ulaLion is in­
crementally performed . Eacb step is associated with 
a specific crack size. I nitially the beam is a·ssumed 
to have a small crack on its centerline , emanating 
from its lower side, which is in tension . Further­
more, the beam 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 

~ 
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A-lsoparametric Singular Element . [19) 

B- lsopametric Transition Element (20) 

FIGURE 2 Geometry of the specimen and finite 
element breakdown. 
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provide a unique diotribution of stress on th e crRr.k 
l i n.e . Equ ivalent loading and unloading modul i of de­
formation i:epresenting the beam are cumpul1<u using 
the following equation, which is based on equal 
strain energy considerations: 

1/E = 1 i~Y/EJ [a~il2 + a}i/ - 2µa~1i a}iJ J ~ 
-c ~ 1~ 1 [an2 

+ a~i/ - 2µa~1i aN] f 
where 

(6) 

E eyuivalent loading or unlouding mod­
ulus of deformation, 
stress components (i denotes nodal 
point number), and 
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 configurati on. 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 per formed for the plastic and visco­
plastic scrain component:::;. Tt1e cr-ack eAtenaion pro­
cedure described herein is then r:epeated until un­
stable crack length occurs. 

For each crack length, the mode I stress inten­
sity factor (Kr) is evaluated from the fini te ele­
ment solution via the vertical displacement of the 
quarter point of the singular isoparametric element 
(,!2.,19_, see Figure 2). The stress intensity factor 
iB UB~d 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 critic a l value. Because the analysis 
is performed employing the one-eighth point, the 
fracture can be expressed as 
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where 

Y~6~ 

yg~t 

(7) EXPERIMENTAL VERIFICATION 

octahedral shear strain at the one-eighth 

A testing program was designed to provide ver ifica­
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 

point and 
octahedral 

E 

shear strain at failure. 
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FIGURE 5 Experimental and computed residual deflection for initially cracked beam 
(TL =TR = 1.0 sec). 

residual and the resilient deflections as well as 
crack lengths for various load levels, loading and 
unloading durations (TL 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 [6J~~idua1J is computed using the 
following equation (~lJ: 

• 5•10 
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(8) 

10 
NUMBER 

where 

ECN) i(N) 
~o ' -un.i,o 

deflection corresponding to the 
finite element analysis; 
modulus of deformation corresponding 
to finite element solution; and 
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); (bJ tensile 
material constants (Curve BJ; (c) bilinear material 
equation (22, Curve C): 

(9) 

where Ecom and Eten are the compression and tension 
muu.u.L.L or Ueforma Lion, t:espit:ctively, for loading or 
unloading; and (dJ from strain energy considerations 
(Curve DJ as expressed in Equation 6. The method of 
equal strain energy is found to be adequate and is 
therefore adopted in the simulation process • 
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E Kperimental Results 
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20N • 

FIGURE 6 Experimental and computed residual deflection for initially cracked beam (TR /TL = 
25.0). 
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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). 

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 

Residual Deflection of Cracked Beams Crack length versus the number of load repetitions 
for various initial crack lengths, load levels, and 
TR and TL are shown in Figures 8-13. For each partic­
ular case three predicted curves are shown corre-

Fatigue test results for cracked beams in bending 
are shown in Figures 5-7. These results correspond 
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FIGURE 9 Experimental and predicted a-N curve for P = 40 N. 

spending to Y5~i = 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 (NT and NP' respectively) and their ratio. 
The ratio Np/Mr 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 miqht be used for oermanent 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 µ 
that describe the residual strain versus the number 
of load repetitions (23-.~.§_). 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 
predicts fatigue creep crack growth quite well (Fig-

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. 

<-N Curve 

Two predicted <-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 T4. The predicted 
values a~ 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 (~) 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 
consecutive loading phases is well established 
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TABLE2 Predicted and Experimental Crack Growth Repetitions 

Initial 
Loading Crack Load 
Period Length Level 
h (sec) TR/TL a 0 (mm) P(N) 

10 
1.0 1.0 2.0 20 

40 
1.0 5.0 2.0 20 

40 
20 

1.0 25.0 2.0 40 
10 

0.25 1.0 2.0 20 
40 
20 

0.25 8.0 2.0 40 
6.0 

1.0 1.0 10.0 40 
14.0 

3.4% 4.0% 

• 

TL =TR=l.Osec 

Oo =14mm 

Computation Results 

Experimental Resulls 

8 12 16 20 24 
NUMBER OF REPETITIONS,N~I0 1 

Predicted Experimental 
Fatigue Fatigue Life 
Life Np NT Np/NT 

14,654 14,522-16,493 0.89-1.01 
4,240 4,482-5,170 0.82-0.95 
1,154 1,007-1,260 0.92-1.15 
5,894 5,550 1.07 
1,590 1,329 1.20 
8,067 7,400 1.09 
2,168 1,847 1.17 

36,397 33,080-35,211 l.03-1.10 
10,533 9,879-11,166 0.94-1.07 
2,863 2,601 1.10 

14,544 14,629 0.99 
3,945 4,895 0.81 

574 511 1.12 
315 351 0.90 
166 138 1.20 

(5-8). From Figures 9 and 10 and Table 2 it can be 
fou;:;-d that for a rest period ratio of 25 (TRf'TL = 25) 
and a load of 40 N, fatigue life is increased by a 
factor of 1.47 to 1.83 with respect to the experi­
mental results and by a factor of 1. 9 with respect 
to the predicted one. Furthermore, the results in 
Table 2 indicate that the effect of the rest period 
depends on the loading duration. 

TABLE 3 Teet and Computed Results of the 
a and µ Parameters 

Compression Tension 

Test Results, TL = TR = 60 sec 

a 0.67 
µ 0.72 

0.38 
0.43 

Con1putcd ResuHs, TL - TR - 0. i St::l:'. 

Bending 

0.49 
0.60 

FIGURE 13 Experimental and predicted a-N curve for a 0 = 
14mm. 

a 0.67 
µ 0.63 

0.38 
0.15 

0.59 
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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 (2_-g), that is, 

(10) 

where 

a crack length, 
N number of load applications, 

Kr mode r 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 Kr is load 
dependent to a certain extent. A similar dependence 
is noted in the test results of Maj idzadeh et al. 
(i,g). 

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) • 
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An effort to include the loading level, the load­
ing and unloading durations, and the initial crack 
length in one I'urio-like luw io preoently 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 

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 light 
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. 

As a result of increasing industrial and agricul­
tural activities, heavier trucks and higher traffic 
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 light pavement structure by performing Texas 
tr iaxial 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 

falling weight deflectometer (FWD) to determine the 
number of passes of a specified load that will cause 
a critical level of rut depth in a light 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 procP.ssi 

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 developmenti 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, 

TADLE 1 Relevant Consb'Uction Details of Test Sections in 
District 17 

Road Name 

Burleson County 

FM 3058 
FM 908 
FM 1361 
FM 2000 

FM 2155 
FM 50 

Brazos County 

Old Spanish Road 
FM 974 
FM 1179 
FM 1687 
FM 2038 
FM 2776 

Mile Post Base Course Field Identified Base 
No. Thickness (in.) Course Material Type 

2 to 10 
10 
6 to 10 
8 to 10 

12 
2 to 4 
2 to 4 
6 to 16 

2 to 4 
6 to 8 
4 
2 
8 to 10 
0 to 2 

6 
8 
8 
7 

6 
6 
7.5 
7.5 

14 
4 
6 
9 

10 
6 

Crushed stone (caliche) 

Crushed stone and sand-
stone 

Gravel 
River gravel 
River gravel 
Crushed stone 

Crushed stone (caliche) 
Crushed stone (iron ore) 
Crushed stone and gravel 
Gravel 
River gravel 
River grave] 
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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. 

Falllllg W!!l9l1 t Deflecto111eteL 

The Dynatest 8000 FWD test system (~,~) 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 pr inci­
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 lb, 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 <ll is the most commonly used NOT 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 unbalanc~d flywheels, and this force oscil­
lates in a sine-wave fashion with an amplitude of 
500 lb at a frequency of 8 cycles per second. This 
force, together with the dead weight of the trailer, 
which is about 1,600 lb, 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 i 
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 aone wit~ an FWD. It was assumed tha t 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 means of 
determining the unknown coefficients was established. 

The load rating or rutting model used is one that 
allows for a linear unloading path in the load de­
flection curve. The reloading path was assumed to be 
the same as the loading path. The gradient of the 
unloading path was determined from actual rut depth 
and the number of passes of a known load, or esti­
mated from a formulation presented in this study, 
which was based on backcalculation from observed rut 
depths. Finally, on the basis of comparisons of de­
flection basins from the FWD and the Dynaflect, a 
correlation between the first and the last deflec­
tion sensor readings of both instruments was made. 

The analytical approach adopted, the analytical 
tools used, and the assumptions made are discussed 
in the next section. 

ILLI-PAVE: Finite Element Analysis 

ILLI-PAVE (4,5) is a finite element program that 
models an a;;-yrnmetr ical· solid of revolution as shown 
in Figure 4 and allows for linear as well as non-
1 inear stress-dependent elastic moduli for granular 
and fine-grained soils. This program has been shown 

LOAD 

c: ..... 
'-....._ 7 

'---- / 

Surface Course 

-linearly elastic modulus 

Base Course 
-elastic modulus 

where I) - bulk stress 

K1, K 2 - constants 

Subgrade 
-elastic modulus E 

where "d - devlator stress 

FIGURE 4 ILLI-PAVE model: finite element pavement analysis 
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to be adequate in predicting the response of flex­
ible pavement to load (§_) • 

For the analyses done in this study, a mesh of 
121 elements was used. The elements were smallest 
nearest the pavement surface to allow for greater 
accuracy in computation. To allow for an adequate 
simulation of the boundary conditions, it was sug­
gested (7) that the depth of the mesh be at least 50 
times th~ radius of the circular loading plate of 
the FWD, which is 6 in., and that the horizontal ex­
tent be at least 12 times that radius away from the 
center of the loading plate. In this case, to accom­
modate the last FWD deflection sensor, a width of 96 
in. was ui;ed. However, from the analyses made at 
about 11,000 lb loading, vertical stresses caused by 
the load input appear to be negligible beyond a 
depth of about 12 times the radius of the loading 
plate. 

How ILLI-PAVE was used in this study and the 
material models that were input are described in the 
following subsections. 

Pavement Material Models 

The farm-to-market roads encountered generally have 
three distinct layers: a surface course, a base 
course, and a subgrade. Some older roads were found 
to have a subbase consisting of the old road base 
that was partly scarified and then overlaid with new 
base course material. The subgrade material was 
found to vary consistently along the road. 

A pavement dynamic cone penetrometer (DCP) (!!_) 
was introduced to check the thickness of pavement 
layers by detecting when the stiffness changed. This 
device consists of a steel rod with a 60-degree cone 
of tempered steel at one end. A sliding hammer of 
about 17.6 lb falling from a height of 22.6 in. pro­
vided the consistent impact load required to pene­
trate the pavement. The penetration given as inches 
per blow gives an indication of the stiffness of the 
pavement layers. This instrument was found to be 
useful for comparing the stiffnesses of the base 
courses encountered in this study. Figur" i; ,,how" 
the DCP. 

The 1-in.-thick surface courses did not contrib­
ute much to the pavement in terms of rig id i ty but 

E 
E 

"' "' "' 

.. --- HANDLE 

HAMMER IBkyl 

111 ·~-- 1smm cf> STEEL ROD 

MEASURING ROD WITH 
ADJUSTABLE SCALE 

1r--i:=i.--- LOWER SPRING CLIP 

~---- CONE 

FIGURE 5 Dynamic cone penetrometer (8) . 
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were never the lees included in the mu.ter ial modeling 
in recognition of their presence. An assumed modulus 
was used tor this material in all of the analyses 
because the actual value of the modulus has virtu­
ally no influence on the results. The base course 
thicknesses used in the simulation were taken from 
construction drawings. However, the thicknesses 
found using the DCP differed from the design value 
by as much as 5 in. for an 8-in.-thick base course. 
However, in most cases the difference was much less. 
In the ILL I-PAVE analyses, the subbase course, if 
any, was considered as part of the base course be­
cause its material type did not appear to be dif­
ferent. As a point of interest, from the DCP data it 
appeared that most old pavements show a distinct in­
terfacial layer between the base course and the sub­
grade. This might be due to infiltration of fines 
from the subgrade into the base course layer as well 
as to the presence of moisture. 

Base course materials were found to be of the 
granular, unbound type. Using the DCP it was found 
that knowledge of the material hardness and shape is 
not sufficient to categorize its load deflection be­
havior. Figure 6 shows the rate of penetration of 
the DCP into a few pavements with different base 
course materials. It appeared that the major deter­
mining factor of the stiffness of the material is 
the unit weight, that is, the degree of compaction 
of the material. This had been realized earlier (~). 
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FIGURE 6 Comparison of pavement stiffnesses using the dynamic 
cone penetrometer. 

The elastic modulus of the base course material 
was expressed as 

where 

(!) 

the bulk stress or the first stress invari ­
ant and 
the unknown coefficient defining the ma­
terial. 

This value shall 
hereafter. The range 
be between 0. 30 and 

be referred to as the K1 -value 
of K2-values was reported to 
0.60 (lOill,pp.256-266). Most 
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FIGURE 7 Base course material models. 

analyses using ILLI-PAVE (! 1 10) 
from 0.30 to 0.33 for this value. 
sons, in this study a value of 
This reduces to one the number 

adopt a range of 
For practical rea-
0. 33 was assumed. 
of factors to be 

identified in the base course material. Subsequent 
analyses showed that this is an adequate assumption. 
Figure 7 shows the assumed base material model. 

Four nonlinear elastic moduli, shown in Figure 8, 
were used to describe the subgrade properties. They 
are for the very soft, soft, medium, and stiff sub­
g rades. These models had been successfully used be­
fore ILLI-PAVE (!,10). 
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Table 2 gives a summary of the pavement material 
properties used in the analyses with ILLI-PAVE. 
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FIGURE 8 Suhgrade soil material models. 

TABLE 2 Material Properties Used in ILLI-PAVE 

Sub grade 

Property Surface Course Base Course Stiff Medium Soft Very Soft 

Unit weight (pcf) 145.00 135,00 125.00 120.00 115.00 110.00 
Lateral pressure coefficient at rest 0.87 0 60 0.82 0.82 0.82 0.82 
Poisson's ratio 0.38 0.45 0.45 0.45 0.45 
Unconfined compressive strei;gth (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 

Deviator stress at breakpoint (psi) 6.20 6.20 6.20 6.20 
Initial elastic modulus (ksi) 12.34 7.68 3.02 1.00 
Elastic modulus at failure (ksi) 7.605 4.716 1.827 1.00 
Constant elastic modulus (psi) 30,000 
Elastic modulus model Linear See Figure 1 2 --- See Figure 13 -Friction angle (degrees) 40.0 0.0 0.0 0.0 o.o 
Cohesion (psi) 0.0 16.4 11.425 6.45 3.105 
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Generation of Deflection Basin Using ILLI-PAVE 

To obtain enough load deflection data to cover a 
wide spectrum of light pavement structures with dif­
ferent materials, a series of finite element com­
puter runs was made. These simulations included a 
combination of four subgrade types, that is, very 
soft, soft, medium, and stiff, and four base course 
material types with Ki-values of 10,000, 100 1 000, 
200, 000, and 300 ,000. In addition, four different 
base course thicknesses were used: 2, 6, 12, and 18 
in. For all of these combinations, four FWD loadings 
of 80, 100, 140, and 200 psi were used. The corre­
sponding loads were 8,765, 10,956, 15,339, and 
21,913 lb. In addition to this framework, other com­
binations were used as necessary. The results of 
these simulations were found to form a more than 
adequate pool of data from which important correla­
tions of various parameters were identified. 

Matching the Measured Deflection Basin 
Using ILLI-PAVE 

Previous study (6) had shown ILLI-PAVE to be ade­
quate in predicting the response of flexible pave­
ment to loads. That presupposes that appropriate 
material models are used to simulate the response of 
real pavements. 

In this study, measured deflection basins of 
farm-to-market road sections were successfully 
matched to show further that the program and the 
material models used in it are valid. The procedure 
was to adjust the input for subgrade and base course 
material characteristics to obtain field-measured 
deflection basins. Some difference in the curvature 
of the deflection basin was observed and was prob­
ably due to the lack of homogeneity of the base and 
the subgrade materials. Table 3 gives the results 
obtained for two of the sections that were matched. 

Load Deflection Model 

A hyperbolic relationship between the load and the 
deflection of the light pavement structtu;e was as­
sumed. Because the hyperbolic stress-strain rela­
tionship is true of most soil materials (12-!,!) and 
because the light pavement structures considered are 
composed of soil materials, it is reasonable to 
adopt this as the load deflection model. The general 
equation is 

P =/::,/(A+ Bl'.) (2) 

where 

P load and 
6 deflections. 

The constants A and B will hereafter be termed coef­
ficient A and coefficient B. 

Rewriting Equation 2 results in 

l'./P=A+Bl'. (3) 

A plot of 6/P versus 6 yields the straight line, 
shown in Figure 9, from which coefficients A and B 
are found. Equation 3 assumes a stress-softening be­
havior. However, extrapolation of field-measured 
maximum deflections for different loads showed that 
some pavements do stress harden. To allow for this, 
a modified hyperbolic load deflection equation was 
used. This expression is 

P/l'. = (l/A) + (l/C)P (4) 

where C is a constant. 
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TABLE 3 CompariHone of Measured Deflection Basins with ILLE­
p A VE Results 

Falling Vleight Oeflectometer 

Deflection Sensor 

#I • i e4 •5 i~ n 
um1111m 111mw llW llll!IHI" 

,. 

~ ~rea of O~flection Basin 

ROAD 

MILEPOST 

SECTION 

FWD LOAD (LBS) 

DEFLECTION (MILS) 

1 

2 

3 

@ SENSOR NO. 4 

5 

6 

7 

RATIO OF A1/AF 

MEASURED BASE 
COURSE THICKNESS 

(INS) 

BASE COURSE MODEL 
liHERE 6 = 
DEVIATOR STRESS (PSI) 

SUBGRADE MODEL 

A 

am AF - Field Measured 

[[] Al - ILLI-PAVE 

FM50 FM3058 

12 10 

2 1 

11473 11140 

Field ILLI-PAVE Field ILLI-PAVE 

26.57 26. 99 55.75 55. 60 

19.45 22. 57 44.61 43. 53 

16. 02 19.96 33. 50 35.70 

10.12 4.80 15. 59 18 . 37 

4. 57 2. 40 5. 71 5 . 72 

2. 40 2. 15 3.54 2. 67 
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DEFLECTION 6 

~ • A+ B6 p 

DEFLECTION 6 

Load Dellectlon Equation: 

p ___ 6"-_ 
IA+ B6l 

very soft 

FIGURE 9 Load deflection model-stress­
softening form. 
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A plot of P/6 versus P yields a straight line 
as shown in Figure 10 from which A and C are found. 
Careful examination of the hyperbolic equation shows 
that by putting B = -A/C into Equation 2, a stress­
hardening form of load deflection behavior results. 
Henceforth, these expressions are described as the 
stress-hardening and the stress-softening form of 
the hyperbolic load deflection equation for the 
pavements considered. 

p 

6 

T 
1/A 

DEFLECTION /::, 

P/6 · 1/A + 1/CP 

LOAD P 

Load Deflect Ion Equation' 

p - --=/::,'-­
IA+ B6) 

FIGURE 10 Load deflection model-stress­
hardening form. 

Load .Rating and Rutting Model 

A rut can be formally defined as (15) "a permanent 
deformation in and of the pavement-layers or sub­
grades caused by consolidation or lateral movement 
of the materials due to traffic loads." Because the 
farm-to-market roads being considered do not contain 
much thickness of asphaltic material to move later­
ally under loads, rutting due to consolidation is 
the primary concern. 

In considering the problem of rebound deformation 
under repetitive loading," the following information 
is of some relevance. In the loading and reloading 
of silica sand, Duncan and Chang (12) found that 
after the initial loading, the path-of which was 
hyperbolic, the unloading and reloading path could 
be approximated with a high degree of accuracy as 
linear and elastic. In another study, Raad and 
Figueroa (.!.§._) observed that the resilient behavior 
of granular base and subgrade were maintained even 
after large deformations. Larew and Leonards (!1_) 

suggested that the rebound reached an equilibrium 
value after approximately 1,000 repetitions. Thomp­
son and Robnett (18) thought that the size of the 
rebound was related to the moisture level. 

For the purpose of developing a load rating 
model, the rutting models shown in Figure 11 were 
assumed. The Type I model shows a stress-softening 
load deflection behavior and the Type II a stress­
hardening one. The unloading path was assumed to be 
linear. This path is expressed, using a multiplier, 
in terms of the initial slope or initial stiffness 

0 
< 
0 
-' 

0 
< 
0 
-' 

TYPE I 
Desired Load Level 

DEFLECTION 

TYPE II 
Desired Load Level 

DEFLECTION 

FIGURE 11 Load deflection model 
for repetitive loading (rutting) on 
pavement. 
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of the pavement. The multiplier is assumed to be in­
dependent of the load level and can be found if in­
formation about the measured rut depth caused by a 
known number of passes of a certain load is avail­
able. By using measured rut depths and the corre­
sponding number of 18-kip equivalent single axle 
loads (ESALs) on farm-to-market roads obtained from 
a previous Texas Transportation Institute project 
(_!2_) , estimated values for the multiplier can be ob­
tained. These are found to depend on the initial 
stiffnesses of the pavements, as will be shown later. 

SUMMARY OF RESULTS 

Description and Discussion of Load Rating Procedure 

Two approaches to the load rating procedure were de­
veloped. One is for use with a falling weight de­
flectometer and the other, which is based on the 
first, is for use with a Dynaflect. The two ap­
proaches are presented in depth in the following 
sections. Although they are described as if all of 
the data reduction is done by hand, the entire pro­
cess has been programmed and is done automatically. 

Procedure Using the Falling Weight Deflectometer 

1. Obtain the field-measured response of pave­
ment to an FWD pressure of about 100 psi that corre­
sponds to a load of about 10,956 lb. This loading 
will be referred to as the standard FWD load. The 
condition is necessary because much o-f this proce­
dure was developed on the basis of that load level. 

2. Adjust measured deflections at Sensors 1 and 
7 to their equivalent values at the standard FWD 
load. This can be done by multiplying the values by 
the ratio of 10,956 lb over the registered load 
transmitted to the pavement. A linear variation can 
be assumed because the departure is not expected to 
be large. These corrected deflections will be re­
ferred to as the FWD deflections in the rest of the 
procedural outline. 

3. Determine coefficient A of the load deflec­
tion equation. The stiffness of a pavement structure 
refers to the value obtained by dividing the applied 
load by the corresponding deflection at the point of 
loading. The overall stiffness is then the division 
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FWD-Falling Welghl 
Deflectometer 
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FSTFO-Overall Stiffness 
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0 250 500 750 1000 1250 1500 

OVERALL STIFFNESS (FROM FWD] (KIP/IN) 

FIGURE 12 Determination of initial slope (stiffness) of load deflection 
curve. 

of the standard FWD load by the maximum FWD deflec­
tion, which will be at Sensor 1. The initial stiff­
ness, which is the slope of the load deflection 
curve near a zero load, is then read from Figure 12 
and the inverse of this is the value of coefficient 
A. Figure 12 was derived from field-measured deflec­
tions. 

4. Determine the type of subgrade. With the FWD 
deflection at Sensor 7, from Figure 13, the type of 
subgrade soil model can be determined. Figure 13 was 
based on field-measured deflections. 
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FIGURE 13 Determination of subgrade soil model from 
deflection. 

0.7 

s. Determine the standard deflection. This is 
the maximum deflection that will be obtained if the 
particular pavement structure is resting on a very 
soft subgrade and loaded with a standard FWD load. 
This value can be obtained from Figure 14. This cor­
relation was derived from the ILLI-PAVE analyses and 
was found to match the field-measured values. 

6. Determine the base course material model. By 
interpolating from the curves shown in Figure 15, 
the Ki-value of the base course material can be 
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FIGURE 14 Determination of standard deflection. 

found. Necessary inputs will be the base course 
thickness and the FWD deflection at Sensor 1. These 
curves were based on the ILLI-PAVE analyses. 

7. Determine coefficient B of the load deflec­
tion equation. As can be seen from Figure 16, coef­
ficient B is dependent on the Ki-value of the base 
course material and the subgrade type. The positive 
value can be interpolated from the curves shown in 
the figure. Difference scales for the value of coef­
ficient B are given to adjust for the different sub­
grades encountered. This figure was based on ILLI­
PAVE analyses. For the negative value of coefficient 
B, refer to Figure 17. This value is a linear func­
tion of the value of coefficient A of the load de-



Chua and Lytton 

_, 
~ 
a: 
w 
I-
<( 

200,000 ::;; 
w 
(/) 
a: 
:::> 
0 
(.) 

w 
(/) 
<( 
CD 

LL 
100,000 0 

w 
:::> _, 
<( 

> 
I 

.z 

0 50 100 150 200 250 

DEFLECTION MEASURED AT FWD SENSOR NO. 1 

[FOR 100 PSI) !MILS) 

FWO - Falllng Weight Oelhtctornet er 

STD- Standard Dellecllon 
H-Base Gour!e Thickness Unsl 

K, . cc• sroCD -o.1 e34s 
For H ;J, s.o cc - 1012'

8778
H 

For H< 5,0 

CO •-295 40 7e - 0 .01753 1H 

CC - 1016.1791 H- 0 ,349993 

CD· -4 . 98760H - O 39432 

FIGURE 15 Determination of base course material model 
from FWD deflection. 

20 

Cii 
~ ..... 
I 

........ 
15 

w ...... 
(/) I( 

• io.ooo ...... . -..t,, • a: 
:::> - ~~"" 0 
(.) ' 
w 

10 (/) 
<( 
CD 

LL 
0 
(/) 
(/) 

w 5 
z 
~ 

~ 
I 
I-

0 
VALUE OF COEFFICIENT "B' I x 10-5 LB- 1> 

Still 
0 0.5 1.0 1.5 

Medium 
0 0.5 1.0 1.5 

Soft 
0 0.5 1.0 1.5 2.0 

Very Soft 
0 0 .5 1.0 

8 - Coellicienl 'B' or Load Oellectlon Equation 
H-Thl ckness ol Base Course 

K 1 -Coelllclent lor Base Course Material Model 

B • CE • CF x H + CG x H 2 

where CE· 1 36543 x 10·6 x K
1
0 , t85895 

1.5 2.0 

Cf - 315679 x 10·6 • 3.24823 x 10- 11 11 K 1 - 1.05093x10· 16 x K 1
2 

CG· -1-74666 x 10· 7 • 1,00162 x 10·11 x K1 •2. 3941x10· 17 
1t K12 

FIGURE 16 Determination of positive value of coefficient B. 

2.5 

97 

'CD _, 
ID 
I 
0 

-250 

~ -200 

i:JJ 

1-

15 -150 
ti 
u: 
LL 
w 
8 -100 
LL 
0 
w 
:::> _, 
<( 

> 

-50 

For A > 3.1 B - 29.9362 x 1 o·6 -9.66528 x A 

For A .; 3.1 B - 0.0 

0 5 10 15 20 25 30 

VALUE OF COEFFICIENT 'A' lx 10-6 INS/LB) 

FIGURE 17 Determination of negative value of 
coefficient B. 

flection equation. As a check, it was observed that 
for a positive value of coefficient B, if the calcu­
lated maximum deflection differs from the measured 
value by more than 20 percent, it should be replaced 
with a negative value that can be found from Figure 
17. This step was always found to provide a satis­
factory load deflection equation. Figure 17 shows a 
linear relation between the negative values of coef­
ficient B and coefficient A, both of which were cal­
culated from measured deflections. 

8. Determination of the multiplier for the ini­
tial slope. This multiplier when applied to the ini­
tial slope (stiffness) of the load deflection curve 
is the slope of the unloading path describing the 
deflection of the pavement after the passage of a 
wheel load. Sixty-four light pavement sections from 
five farm-to-market (FM) roads, namely FM 418 and FM 
365 in District 20, FM 665 in District 16, FM 612 in 
District 8, and FM 1381 in District 13, were used to 
backcalculate this multiplier. Values of this multi­
plier from these sections were found to vary from 
about 0.90 to 1.7. Figure 18 shows a method of esti­
mating this value. However, if the rut depth and the 
number of passes of a known load are available for a 
particular road, the multiplier can be backfigured 
from the equation 

Multiplier= llPm [A Pm/(! - B Pm)J -llm 

where 

Pm measured load and 
6m measured rut depth and measured number of 

passes of Pm· 

(5) 

9. Determine the allowable number of passes. The 
number of passes of a desired load that will cause a 
specified rut depth can be easily found from the 
following expression: 

Nx = Rx/ [llN - (A P,; /Mu!tiplier)] 

where 

allowable number of passes of a load equal 
to Px, 
specified rut depth, 
specified load, and 
AP/(l - BPxl. 

(6) 
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FIGURE 18 Determination of multiplier of the initial slope 
(stiffness) for the unloading path. 

In the case of a set of different loads considered 
as a single pass, as for that of a multiple axle 
truck, 

where n is the number of loads in the set. 

Procedure Using the Dynaflect 

1. Obtain field-measured response of pavement 
with a Dynaflect. 

2. Determine the equivalent FWD deflection for 
the reading at Dynaflect Sensor 1. Because this ap­
proach is based on that described earlier for the 
FWD, the maximum Dynaflect deflection must be corre­
lated with that of the FWD. Figure 19 shows the re-

~ 
a: 
~ 
c 750 s: 
u. 

DYN-Oynallect Oallection 

FWD-falling Weighl Oeflectomelet 

FSTFO-FWO Overall Slillness 
OSTFO-DYN Overall Stillness 
DYNO-DYN Oelleclion Al Sensor No. 1 

DSTFO • 1000/0YNO 

Transportation Research Record 1043 

lationship between overall stiffness of pRvemP.nt 
measured with a Dynaflect and that obtained from the 
FWIJ. 'l'he equivalent FWD deflection can be calculatetl 
from the following expression: 

FWD deflection= -7.24474 + (29.6906 x Dynaflect deflection) (7) 

3. Determine coefficient A of the load deflec­
tion equation. The equivalent FWD overall stiffness 
can be obtained from Figure 19. The initial stiff­
ness, which is the slope of the load deflection 
curve near a zero load, is then read from Figure 12 
and the inverse of this is the value of coefficient 
A. 

4. Determine the type of subgrade. This is found 
from Figure 13 using the Dynaflect reading at Sensor 
5. 

The remainder of the procedure 
Steps 5 through 9 for the falling 
tometer. 

Computer Program 

is identical to 
weight deflec-

A computer program, LOADRATE, written in FORTRAN, 
facilitates the load rating procedure developed in 
this study. This program can calculate the number of 
passes of a specified load that will cause a speci­
fied er i tical level of rut depth for every section 
for which a deflection basin is input and then give 
the average of the number of passes allowed for that 
particular road. The deflection basin can be that 
obtained using either a falling weight deflectometer 
or the Dynaflect. Figure 20 shows two computer out­
puts of a sample problem. It also is possible to 
print the material model of the base course and the 
subgrade for each section considered. 

Evaluation of the Accuracy of the Procedure 

In the correlation of data, regression analysis was 
used to get the best fit. The degree of accuracy of 
the simulated load deflection model can be seen in 
Figures 21-24. The figures compare the measured max­
imum deflections of the test sections with those ob­
tained in the procedure at three different load 
levels using FWD readings. It can be seen that the 
best result was obtained at the 11,000-lb load 
level. This was because the material models for the 
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Using the Falling Weight Deflectometer 

TEXAS HIGHWAY DEPARTMENT 
LOAD RATING OF LIGHT PAVEMENT 

JOB:SAMPLE PROBLEM 1 TYPE 2-S1-2 VEHICLE 

DISTRICT: ~7 COUN,.Y:BURLESON ROAD FM2000 
ALLOWABLE RUT(INSl: 0 75 
AXLE NUMBER WHEEL LOA9(tB51 

1 4COO 
2 9000. 
3 9000 . 
4 9000 
5 9000 . 

RECORDED RUT(INSJ : 0 . 00 LOAD( LBS) : 0 PASSES:C.00000 00 

DATE: 12120/1962 FALLING WEIGHT DEFLECTOMETER 

SECTION BASE DEFLECT!Of\JS 
NO THICKNESS l MI :..S l 

(INS) W1 W2 W3 W4 

8- 0 7 . 00 54 88 32 . 91 21 18 10 . 31 
8- 1 7 . 00 55 . 98 32.83 2 1 69 11 . 18 

10- 0 7 . 00 51 93 3~ . 83 22 44 11 . 65 
10- 1 7 00 53 . 74 34.09 23 . 27 12 , 36 
12- 0 G ()0 31 . 53 19 . 29 13 . 54 7 . 21 
12- 1 6 00 32 24 18 . 7t. 12 . 83 7 . 01 

AvERtiGE NU~BER OF PASSES TD CAUSE SPECIFIED RUT 

Using the Dynafle~t 

DATE: 3/ 1/ 1983 DYNAFLECT 

SECTION BASE DEFLECTIONS 
ND . THICKNESS (M!LS) 

(INS) W1 W2 W3 \114 

8- 0 7 . 00 2 13 1 . 53 1. 14 0.87 
8- 7 . 00 1 . 89 , 50 1. 14 0.86 

10- 0 7. 00 1 . 4 1 1. 08 0 . 74 0 55 
10- 7 . 00 1 , 47 14 0. 74 0.53 
12- 0 6 . 00 3 30 1 . 14 0 . 78 0 . 54 
12- 1 6 . 00 1 . 47 1 . 06 0. 78 0.54 

AVERAGE NUMBER CF PASSES TO CAUSE SPECIFIED RUT 

FIGURE 20 Computer printout for a sample problem. 

ws W6 ~'7 

5 04 2 87 2 . 17 
5 . 59 3 23 2 . 05 
5 . 00 2 . 44 1 . 20 
5 55 2.95 1 . 70 
4 , 02 2 . 60 1 . 30 
3 , 90 2 . 44 1. 20 

0 , 79CBD 03 

NO. CF 
ALLOWABLE 

W5 PASSES 

0 . 60 0 . 287D 03 
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base course and the subgrade were determined on the 
basis of a 100-psi loading from an FWD. At the 
24,000-lb load level the deviations were more pro­
nounced . At a lower load level the load deflection 
curve appears to closely match that obtained from 
the field data. It should be noted that the proce­
dure presented uses only one deflection basin. The 
accuracy of the approach using the FWD is an indica­
tion of the accuracy of the approach using the Dyna­
f lect because the latter was baaed on the former. 

order of magnitude could be reproduced. This might 
be avoided if some rut history were available to 
compute the multiplier. 

When evaluating the accuracy of the rutting 
model, it was observed that the analysis is quite 
sensitive to the value of the slope multiplier. 
Backcalculation of the number of passes for those 
sections used to derive the expression for the mul­
tiplier showed that, for certain cases, only the 

Sample Probl em 

To illustrate the use of this procedure in load rat­
ing light pavements, Figure 25 shows the results of 
the analysis with various types of trucks. Vehicles 
with weights at the current legal limits in Texas 
are compared with those proposed (20) • It can be 
seen that the number of passes of a particular vehi­
cle that will cause a certain rut depth, in this 
case 0.75 in., depends more on the load distribution 
on the axles than on the gross vehicle weight. Hence 
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FIGURE 21 Comparison of measured deflections with computed 
deflections at about 9,000 lb loading. 

it can be seen that, when a criterion or basis for 
measuring the level of damage is decided on, the 
procedure can be used as a tool for evaluation. 

SUMMARY AND CONCLUSIONS 

A new procedure for the load rating of light pave­
ment structures using the falling weight deflectom­
eter or the Dynaflect has been presented. A computer 
program was developed. In the course of the study, 
the following conclusions were drawn: 

1. It was found that light pavement structures, 
such as those commonly found in the farm-to-market 
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roads, show either a stress-softening form or a 
stress-hardening form of load deflection behavior. 

2. It was shown that a hyperbolic stress-strain 
relationship or load deflection may be used to dc­
scr ibe both the stress-softening and the stress­
hardening form of load deflection characteristics of 
light pavements. 

3. The ILLI-PAVE finite element pavement analy­
sis program was again verified and shown capable of 
simulating deflection basins of flexible light pave­
ment structures to match those measured in the field. 

4, A procedure for determining the nonlinear 
elastic material models for the base course and the 
subgrade using the falling weight deflectometer or 
the Dynaflect was developed. 
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5. A model of repetitive loading on pavements, 
which assumes a hyperbolic-shaped load deflection 
curve with a linear unloading path, was proposed. 
The slope of this unloading line was found to be 
smaller than the initial slope of the load deflec­
tion curve for the stress-softening type of pave­
ment, but it was larger for the stress-hardening 
type. 

6. Pavements with a thicker base course were 
usually found to show a stress-hardening form of 
load deflection behavior. This form is more resis­
tant to rutting than is the stress-softening form. 

7. It was shown that the proposed procedure is 
capable of reproducing the load deflection charac­
teristics of the pavement sections tested. 

8. The procedure calculates realistic rut depth 
histories for a variety of different vehicles. 
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In Situ Pavement Moduli from Dynaflect Deflection 

SHAKIR HUSAIN and K. P. GEORGE 

ABSTRACT 

A complete pavement evaluation entails not only a condition survey, including 
load testing, but also in situ material characterization. With the simplifying, 
but justifiable, assumption that pavement materials are elastic under muviny 
wheel loads, they are characterized by a modulus and Poisson's ratio. This 
study develops a methodology and computer program to determine the in situ 
elastic modulus for each layer in a multilayer flexible pavement. The surface 
deflection basin measured using the Dynaflect, or similar devices that employ 
five or more deflection sensors, would be the primary input data in the pro­
gram. Points on a two-dimensional surface deflection basin are fitted to field 
data. Iteration is required to match the measured with the computed points by 
adjusting the assumed values for the layer moduli. The Chevron program is used 
to predict deflections. A computerized pattern search technique, the mainstay 
of the iteration, accomplishes the task of matching the deflections by minimiz­
ing the sum of squared errors. The usefulness of the method is illustrated by 
comparing the outputs of this program with those of the "standard" OAF program 
developed for FHWA. Results are presented to show that the present method gives 
far more reasonable results than does the OAF program. Suggestions for improv­
ing the solution procedure when dealing with erratic or inconsistent deflection 
readings, or both, are discussed. The feasibility of using deflection data of 
other devices, for example falling weight deflectometer, in the present method 
is illustrated by example problems. 

A pavement undergoes deterioration with time and 
traffic; therefore, rehabilitation or even recon­
struction is required to extend its useful life. In 
situ structural strength (i.e., rema1n1ng life of 
existing pavement), if properly evaluated and ac­
counted for in the design procedure, aids in reduc­
ing rehabilitation construction expenses. A complete 
structural evaluation may determine the adequacy of 
the pavement and enables the engineer to predict its 

future service life with respect to the traffic us­
ing it. When pavement is found to be inadequate, the 
evaluation forms the basis for designing the im­
provements needed to provide service for a selected 
design period. 

It is both useful and relevant for an engineer to 
have knowledge of the inherent mechanical properties 
of a pavement structure in order to calculate vari­
ous responses (stresses and strains) throughout the 
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structure and to make a rational evaluation of its 
bearing capacity and useful structural lifetime in 
terms of traffic loading. Pavement response may be 
analyzed by the finite element method <.!J, elastic 
layer analysis based on Burmister 's theory (_~), the 
viscoelastic layer analysis (~_) , or other methods. 
One major difficulty in response analysis of pave­
ment structures lies in having to determine the 
structural properties, such as elastic moduli, of 
pavement materials. 

There are two possible methods for determining 
the elastic moduli of pavement materials. The first 
method is to conduct laboratory testing on either 
laboratory-compacted specimens or undisturbed sam­
ples taken from the pavement. Nondestructive testing 
is the second method. For example, surface deflec­
t ions or deflection basins under known loading con­
ditions, or both, have been widely used. Surface de­
flection basins may be determined using a Benkelman 
beam, Dynaflect, Road Rater, or other device. Be­
cause of its relatively higher degree of mobility, 
the Dynaflect is increasingly preferred for routine 
evaluation of highway pavements. 

The question of how to estimate the material pa­
rameters in situ from surface deflections now 
arises. This problem is complicated because the ma­
terial parameters are stress dependent. That is, the 
parameters estimated should preferably correspond to 
the magnitudes of stress or strain, or both, en­
countered under the actual loading condition the 
pavement is subjected to under wheel loads. 

Theoretical solutions for determining elastic 
moduli of multilayer systems have been found (!,~); 

for purposes of discussion, these solution proce­
dures are grouped as follows: those employing de­
flection data from Dynaflect or Road Rater (i-~) and 
those making use of such devices as a falling weight 
deflectometer (9,10). Because a large number of 
highway agencies-~ the United States rely on Dyna­
flect or Road Rater for pavement evaluation, a re­
view of the various methods related to those two de­
vices is presented. 

Vaswani (11) proposed a structural design proce­
dure based ~ Dynaflect maximum deflection (DMD). 
The method proposed by Jimenez (12) using Dynaflect 
deflections assumes that the elastic modulus of the 
asphalt concrete (AC) is known (if not, it is as­
sumed). This requirement constitutes the major limi­
tation of this approach. Majidzadeh et al. (13) re­
ported a system (designated the Ohio moduli program) 
that employs various combinations of Dynaflect de­
flection data such as the first sensor deflection 
(w1) plus the second sensor deflection (w2), w1 plus 
spreadabili ty, and so on. He also presented a nomo­
g raphic solution of in situ modulus calculations for 
two-layer flexible pavements. In the overlay design 
program called OAF, Maj idzadeh and Ilves (2) em­
ployed a deflection matching technique for determin­
ing the in situ layer stiffnesses. The in situ as­
phalt modulus is compensated for temperature; and 
the base, subbase, and subgrade moduli are corrected 
for stress effects when test loads differ from de­
sign loads. While using field data to substantiate 
the applicability of the procedure, they experienced 
difficulties and commented, "The computed asphalt 
layer stiffness shows a large variation, and in a 
few cases the asphalt is stiffer than steel; never­
theless the values are reasonable in a great major­
ity of the cases. • • • " 

DMD data in conjunction with a series of curves 
were used in an FHWA study (14) to evaluate the 
stress-dependent subgrade moduli. That the asphalt 
materials need to be characterized in the laboratory 
is a major drawback of this method. Irwin (_~) used 
multilayer elastic theor¥--the BISTRO computer 
program--in conjunction with Dynaflect deflection 
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data to estimate the moduli of pavement layers. 
Because of the trial-and-error approach adopted, the 
basic algorithm used is inefficient to say the 
least. Following Irwin's approach, Kilareski and 
Anani (~), employing the Road Rater deflection 
basin, proposed a deflection matching procedure that 
requires the use of the BISAR computer program in 
conjunction with a successive approximation proce­
dure. Kilareski and Anani, however, realized that 
many combinations of the elastic moduli yield de­
flections that match the observed ones. To obtain 
unique results, they introduced an additional condi­
tion of E1/E2 = 0.7 (E1 and E2 are moduli of first 
and second layers, respectively). Unfortunately, 
this ratio cannot be established a priori. Also, be­
cause the Dynaflect first sensor does not measure 
the deflection beneath the load, this program cannot 
be used with the Dynaflect. 

Lytton and his coworkers (15) have developed an­
other method, based on elastic---iayer theory, of pre­
dicting the layer moduli. This method makes use of 
an explicit expr~ssion for deflection, originally 
proposed by Vlasov and Leont' iev (16). The deflec­
tion equation is inverted by a nonlinear pattern 
search technique to determine the values of the 
layer moduli that would best fit the observed sur­
face deflections. No doubt, the computer program us­
ing this approach in conjunction with Dynaflect 
deflections is as efficient as the authors claim. 
However, before it can be applied to other pavement 
sections, the user must develop several constants, 
five in all, for which no method exists as yet. 
Therefore, the applicability of this method is also 
quite limited. 

To estimate the pavement material moduli, re­
searchers have developed computer programs. As 
Maj idzadeh et al. (1) concede, the OAF program in­
corporating the state of the art of deflection 
matching techniques has resulted in unsatisfactory 
modulus values, especially when the AC surfacing is 
underlaid by stiff cemented layers. The first objec­
tive of this study, therefore, is to develop a "gen­
eral" procedure for estimating in situ pavement 
layer moduli. The procedure, as is customary, uses 
the deflection response of pavement as the primary 
input. The entire deflection basin, rather than de­
flections at discrete locations, is used, however. A 
second objective is to demonstrate, with illustra­
tive examples, the versatility of the method com­
pared with the OAF program developed for FHWA. 

METHODOLOGY FOR DETERMINING IN SITU MODULI 

No direct, analytical solution exists that can 
uniquely determine the elastic moduli for a multi­
layer system from surface deflection measurements 
alone. A reverse solution is thus necessitated 
wherein a set of initial modulus values is "guessed" 
and the pavement response (deflections) is calcu­
lated using these values in conjunction with the 
Chevron program. The solution procedure requires 
that the assumed moduli be adjusted so that the ob­
jective function, which is the sum of squared dif­
ferences of measured and computed surface deflec­
t ions, tends to be a minimum. 

This is not exactly a simple process because a 
multilayer system has an infinity of elastic modulus 
combinations that can result in the same single sur­
face deflection. As indicated by other researchers 
(11~1 14), the problem is further compounded because 
the moduli of asphalt concrete are temperature sen­
sitive and those of granular and subgrade materials 
are stress dependent. 

Details of the method developed in this paper are 
presented in the following paragraphs. The flowchart 
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in Figure 1 summarizes the important features of the 
method. The various steps have been rationalized and 
streamlined through the procedure, called the In­
Situ Moduli Determination (IMD) program, described 
herein. 

the uniqueness of the solution. Puhn;o11'o; ratio of 
various layers is assumed from laboratory test data 
or a knowledge of the materials involved, or both. 

1. The pavement section is modeled by layers of 
uniform thickness (thickness preferably determined 
from construction or coring data) , the lowest of 
which is the semi-infinite subgrade. The upper layer 
is typically either asphalt bound or concrete, and 
the two intermediate layers ca.n be either cement 
bound or granular material, though this is not an 
exclusive structural makeup. 

3. Employing the elastic layer theory (Chevron) 
and the assumed values of the moduli, the deflection 
values wi (w1, w2 1 w3, w4, and w5) can be calculated. 
An error function is obtained by subtracting the pre­
dicted value of deflection (wi) from the observed 
value (wi). The square of the errors of all the 
sensor deflections results in the expression 

5 

e~ = 2: (w1 - V.ir) ' 
1 ~ 1 

(1) 

2. A set of initial modulus values must be as­
sumed. Although the initial values can be arbi­
trarily chosen, the closer the assumed values are to 
the correct moduli, the faster the convergence will 
be. Limiting the range of predicted moduli for each 
layer within certain plausible constraints assures 

To minimize the sum of squared errors, a computer­
ized pattern search in conjunction with the general 
gradient technique, as proposed by Lytton et al. 
( 15) , is used. Had the deflection been an explicit 
function of the moduli, the error function of Equa­
tion 1 could have been minimized by least square 
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techniques. The pattern search, replacing the simple 
least square analysis, therefore, permits the use of 
more realistic nonlinear equations that relate the 
observed values of deflection to the independent 
variables, modulus values in this instance. 

The program starts with the initial set of moduli 
and modifies these initial estimates by a preas­
signed value, designated as "step size," in subse­
quent iterations. Unlike other programs (8,10), the 
IMD program starts from the surface layer and pro­
ceeds to the subgrade; when through once, it is said 
to have completed a pass. For each modification of a 
given layer modulus, the square of error is calcu­
lated and compared with the error calculated in the 
preceding step; if it is smaller than the previous 
error, it replaces the earlier one and the corre­
sponding change in the layer modulus is incorpo­
rated. On completing a pass, if the difference in 
squared error before and after the pass falls below 
a specified criterion (<lo-z• in the algorithm), the 
program resorts to a pattern search whereby the step 
size is doubled. Alternatively, a step size reduc­
tion is instituted should the criterion for squared 
error not be satisfied. Whether the doubled step 
size, according to the pattern search, is acceptable 
or not is governed by the squared error er i ter ion. 
Step size is decreased as the solution procedure ad­
vances, eventually terminating the program when the 
step size reaches a small preassigned value desired 
by the programmer. A relevant flow diagram and other 
details of this calculation routine can be found 
elsewhere (17). The set of values thus obtained is 
the "best" estimate of the in situ layer moduli for 
given loading and environmental conditions. To re­
duce them to the standard conditions, however, some 
corrections must be made. 

Temperature Correction 

The temperature of the pavement fluctuates wi th di­
urnal and seasonal temperature variations. It is 
known that the modulus of AC decreases (consequently 
the deflection increases) with increase in pavement 
temperature (18). For the modulus values calculated 
at various temperatures to be comparable, they 
should be adjusted to a standard temperature, usu­
ally designated as the design temperature, conve­
niently chosen at 60°F in this study. 

Determination of the average temperature of the 
AC layer during field measurements is a prerequisite 
to making the corrections. Graphs (Figures 2a and 
2b) developed by Southgate (19) are recommended for 
this purpose. Figure 2a shoulClbe used for AC layers 
thicker than 2 in. and Figure 2b for AC layers 2 in. 
or less thick. 

The AC modulus at the test temperature is modi­
fied so that at the design temperature [60°F 
(15°C)], with the simplifying assumption, the dete­
riorated asphalt concrete exhibits a temperature de­
pendency identical to that of the original AC mix. 
Typical moduli-temperature relationships of AC mix­
tures are shown in Figure 3. Making use of Figure 3, 
effective modulus at design - temperature can be ob­
tained using the following equation: 

E 1 = E 1 · EDES/EEXP (2) 

where 

EEXP 

effective AC modulus at design temperature 
of 60°F (15°C), 
effective AC modulus at test temperature, 
modulus of original AC at design tempera­
ture, and 
modulus of original AC at test temperature. 
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Correction for Stress Dependency 

Because the moduli of s ubgrade materials and gran­
ular bases are stress dependent, the modulus com­
puted with Dynaflect deflection basin tends to be 
larger than that under a 9-kip (40-kN) wheel load. 
To overcome this apparent limitation of the Dyna­
flect, the calculated subgrade modulus is corrected 
for stress dependency. The relationships generally 
applicable for granular base (subbase) and s ubgrade 
material s are, respectively, 

-B 
Es = A,od 3 

where 

(3) 

(4) 

Es,Ess,Es moduli of base, subbase, and subgrade; 
A1 ,B1 = material constants for granular base; 
A2 ,B2 material constants for granular sub­

base; 
material constants for the subgrade ; 
(cr1 + cr 2 + cr 3)/3 in situ bulk stress; 

and 
cr 1 - (o2 + o3)/2 in situ deviatoric 
stress, in which 01, cr 2, and o3 are in 
situ principal stresses. 

The weight of ove rlaying layers and the static load 
of the deflection measuring device constitute the i n 
s itu s tress at a point. 

After the layer moduli have been determined, the 
Chevron program is used to compute the stress cr d and 
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FIGURE 3 Estimation of the asphalt concrete dynamic modulus as a function of mean 
pavement temperature. 

e for the Dynaflect loading so that the constants Alr 
A2, and A3 can be determined. Note that the constants 
Bl, B2, and B3 should be known and are, therefore, a 
known input to the program. 

The layer theory occasionally predicts tensile 
bulk stresses; in that event Equation 3 is not de­
fined; consequently, A1 and A2 cannot be determined. 
(Note that compressive stresses are assumed to be 
positive.) The base and the subbase moduli may then 
be corrected using the following empirical relation­
ship <.:?.>: 

(5) 

Input Data for IMO Program 

Data, primarily material properties and response de­
flections, constitute the input for the IMO program. 
Pavement layer thickness and material character is­
tics that include the "guessed" modulus values, 
Poisson's ratio, and the unit weights of each layer 
are the required material properties. Representative 
sensor deflections (five in all) comprise the re­
maining input data. A step-by-step procedure to pre­
pare the input data and a sample input-output of an 
example problem can be found elsewhere (!1.l • 

In summary, the IMO program uses a deflection 
matching technique to derive the in situ moduli of 
pavement layers. The computed AC modulus is subse­
quently corrected for temperature, and the base, 

subbase, and subgcade moduli, as 
corrected for stress dependency. 

COMPARATIVE STUDY OF IMO PROGRAM 

___ ,.:, __ ._,_ 
c1J:JJ:J..L.L\.,:QLJ.L.t:1 are 

The IMO program, as envisioned in this paper, en­
ables the engineer to estimate the mechanistic prop­
erties of a pavement system employing pavement de­
flection data. This section is intended to provide 
at least partial verification of the program. Also 
illustrated are the application of the program and 
its use in evaluating pavement layer moduli employ­
ing input data from devices such as the Dynaflect or 
the falling weight deflectometer (FWD). Several IMD 
solutions are obtained from Dynaflect data ascer­
tained from various sources. The following compari­
sons and evaluations establish the applicability of 
the program: 

1. Comparing the IMO solution with the "stan­
dard" OAF program output; 

2. Adjusting field deflection data to improve 
the solution procedure; and 

3. Adapting the IMO program to other deflection 
data, for instance those from the FWD. 

Comparison of IMO and OAF Solutions 

Five sets of Dynaflect data (1.), given in Table 1, 
are analyzed for layer moduli using the IMO as well 
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TABLE 1 Measured Dynaflect Deflection Data (7) 

Layer Thickness (in.) Deflection (mils) for Radial Distance of 
Section 
No. Location Surface Base Type of Data 10.00 in. 15.62 in. 26.00 in. 37.36 in. 49.03 in. 

Abondale, Arizona 
Before overlay 4.0 8,0 Measured I .458 0.990 0.690 0.456 0.334 

(gravel) Adjusted 1.450 1.100 0.690 0.456 0.310 
After overlay 4.0 + 2.0-in. 8.0 Measured 0.926 0.748 0.576 0.354 0.252 

overlay (gravel) Adjusted 0.926 0.800 0.550 0.380 0.260 
2 Benson, Arizona 

Before overlay 7.75 4,0 Measured I. I 80 0.668 0.430 0.249 0.140 
(gravei) Adjusted 0.950 0.668 0.430 0.250 0.160 

After overlay 7.75 + 1.75- 4.0 Measured 0.742 0.562 0.314 0.198 0.131 
in. overlay (grnvel) Adjusted 

3 Dead River, Arizona 
Before overlay 7.25 6.0 Measured 1.458 1.206 0.876 0.692 0.524 

(cement Adjusted 1.520 1.206 0.910 0.660 0.524 
treated) 

After overlay 7.25 + 3.25- 6.0 Measured 0.750 0.712 0.600 0.508 0.356 
in. overlay (cement Adjusted 0.820 0.750 0.620 0.480 0.356 

treated) 
4 Lupton, Arizona 

Before overlay 4.0 6.0 Measured 1.152 0.912 0.664 0.524 0.358 
(cement Adjusted 1.142 0.960 0.730 0.524 0.358 

treated) 
After overlay 4.0 + 3.5-in. 6.0 Measured 0.642 0.534 0.456 0.372 0.302 

overlay (cement Adjusted 0.622 0.564 0.456 0.362 0.302 
treated) 

5 Crazy Creek, Arizona 
Before overlay 4,0 6.0 Measured 1.597 1.300 0.890 0.580 0.426 

(cement 
treated) 

After overlay 4.0 + 2. 5-in. 6.0 Measured 0.860 0.718 0.598 0.470 0.333 
overlay (cement 

treated) 

Note: I in.= 25.4 mm; I mil= 0.0254 mm. 

as the OAF solutions, and the results are given in 
Table 2. Moduli before and after over lay also are 
compared in the table. Columns 6 and 10 list the ef­
fective thicknesses (heff) calculated in accor­
dance with the following equation, which was origi­
nally proposed by Odemark (~: 

also, the IMO program predicted moduli far better 
than those predicted by the OAF program. For ex­
ample, the OAF program predicted moduli of 5,779,000 
psi (39 846 MN/m') and 4,200 psi (29 MN/m 2 ), respec­
tively, for AC surface and gravel base compared with 
IMO-estimated values of 70,000 psi (483 MN/m 2 ) and 
91,400 psi (630 MN/m 2

). The reasonableness of the 
solutions is further assessed by comparing the ef­
fective thickness of a given pavement before and 
after overlay. It is gratifying to note that the 
difference between before and after effective thick­
nesses is approximately equivalent to the overlay 
thickness as listed in column 2 of Table 1. Effec­
tive thicknesses calculated in accordance with the 
OAF program do not meet this requirement, however. 
The foregoing results suggest that the !MD program 
can provide reasonable engineering solutions for 
flexible pavement systems of all types: full depth, 
gravel base, or cemented base. 

k-1 

herf = :E h; (E;/10,000) 1 13 

i=I 

where k is the number of layers and Ei is the mod­
ulus of the i th layer. For comparison purposes a 
10 ,000-psi (69-MN/m') (21) subgrade is adopted in 
calculating the effective-thickness. 

The OAF program consistently failed to predict 
the moduli of the cement-treated base (CTB) layer of 
a stabilized pavement. Without exception, the IMD 
program did predict reasonably accurate modulus 
values for the CTB layer. For gravel base pavements, 

TABLE 2 Comparison of IMD and OAF Solutions 

!MD Solution 

Surface Base 
Section Modulus Modulus 
No. Location Overlay (psi) (psi) 

Abondale, Before 70,000 91,400 
Arizona After 250,000 45,100 

2 Benson, Before 70,000 12,700 
Arizona After 83,800 42,700 

3 Dead River, Before 462,800 102,200 
Arizona After 162,000 499,900 

4 Lupton, Before 500,000 264,000 
Arizona After 271,900 500,000 

5 Crazy Creek, Before 174,900 89,900 
Arizona After 500,000 292,900 

Note: 1 psi= 6.89 kPa and 1 in. = 25.4 mm. 

OAF Solution 

Subgrade Surface Base Sub grade 
Modulus he ff Modulus Modulus Modulus he ff 
(psi) (in.) (psi) (psi) (psi) (in.) 

6,300 24 5,779,000 4,200 11,700 39 
6,800 31 239,000 77,900 7,600 33 
7,800 19 100,000 15,700 8,500 21 

10,300 26 443,000 5,100 16,100 37 
5,100 39 117,000 5,100 
7,300 49 412,000 7,400 
6,900 33 241,000 7,100 
9,400 45 458,000 10,400 
4,900 23 109,000 5,400 
8,800 45 350,000 8,200 
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Adjusting Field Deflection to Tmprove Rol11tion 

Although the IMO program is a valuable tool for as­
sessing pavement condition, in the event that incon­
sistent data (deflection readings describing the de­
flection basin) are input to the program, it can 
produce completely misleading results that could 
lead to erroneous conclusions. In the case of pave­
ments, the deflection data are often subject to 
fairly wide ranges of interpretation simply because 
the engineer is working with materials that have 
been altered in varying degrees by the forces of na­
ture. Therefore, it should be emphasized, as with 
most other types of numerical analysis, that the 
final results are as valid as the data used as input 
to the computations. 

To even out systematic measurement errors, it is 
advised that several (no fewer than 10) sets of de­
flection readings be ascertained from the field with 
the mean values serving as input data for the IMD 
program. Nonetheless, the engineer should attempt a 
quick check of the reasonableness of the sensor de­
flections. The sensor readings defining a deflection 
basin might be satisfactory provided that (a) the 
deflection basin conforms to a concave (upward) sur­
face in a log-log plot and (b) the rim of the basin 
(defined by sensor deflections w5 and w4 with or 
without w3) approaches a straight line in the same 
plot. 

To illustrate the correction procedure, reference 
is made to Table 1, in which the raw deflection 
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data, as well a5 the siame data after adju5tment in 
accordance with the foregoing discussion, are given. 
How the raw data of sections 3 and 4 are adjusted is 
graphically shown in Figure 4. The modulus values 
computed using the IMD program, with the raw and ad­
justed deflection basin, are given in Table 3. It is 
encouraging to note that slight adjustments in the 
deflection bowl have improved the predicted modulus 
values of AC surface and gravel or the cement­
treated layer of pavements, 1 (B), 2 (B) , 2 (A) , and 
3 (B). Several other results derived from deflection 
data (l), though not reported here in the interest 
of brevity, suggest that smoothing of the deflection 
bowl causes a decrease in the AC modulus with a cor­
responding increase in the modulus of the cement­
treated layer; the effective thickness remains 
nearly the same. 

As revealed by the results in Table 3, the modu­
lus value of cement-treated base layer is increased 
after overlaying. This increase may be attributed to 
the enhancement of structural integrity of the pave­
ment. 

Layer Moduli Using IMD Program with FWD Data 

Whether deflection data, other than 
generated data, can be input in the IMD 
examined in this section. Due in part to 
tility, the falling weight deflectometer 
for comparison. Recent investigations 

00 Observed Deflections 

Ajusted Deflection 
Basin 

40 70 100 

Dynaflect­
progr am is 
its versa-
is chosen 
(!Q) have 

Geophone Location• (In.) 

FIGURE 4 Comparison of Dynaflect deflection readings with the 
adjwted deflection basin. 
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TABLE 3 Improving In Situ Moduli by Modifying Deflection Basin 

!MD Solution for Measured Deflection 
Data 

!MD Solution for Adjusted Deflection 
Data 

Surface Base 
Section Modulus Modulus 
No. Location Overlay (psi) (psi) 

Benson, Before 70,000 12,700 
Arizona After 83,800 42,700 

2 Dead River, Before 463,000 102,000 
Arizona After 162,000 500,000 

3 Lupton, Before 500,000 264,000 
Arizona After 272,000 500,000 

Note: I psi= 6.89 kPa and I in. = 25.4 mm. 

shown that the FWD loading system simulates the ef­
fect of a moving 9-kip (40-kN) wheel load and does 
so in terms of load intensity and, to a lesser ex­
tent, duration or time of loading (for a specific 
point on the pavement). To use the FWD deflection 
data in the IMO program, however, one modification 
must be made; that is, substitute the appropriate 
FWD load for the Dynaflect load. 

The FWD data, as given in Table 4 (10), are input 
in the IMO program and in situ moduli are calculated 
and are given in Table 5. Tabulated for comparison 
purposes are the moduli calculated using the in situ 
stress-dependent elastic moduli, four-layer (ISSEM 
4) program of Dynatest (10). The AC modulus of 
875,900 psi (6038 MN/m 2 ) ~ 64.4°F (18°C) better 
corroborates the results reported elsewhere (13), 
including those of the authors of the ISSEM 4 pro­
gram (10). Only AC modulus is temperature dependent, 
as indicated by the data in Table 5. The moduli of 
the layers, which include the base, subbase, and 
subgrade, however, are poorly predicted by the IMO 
program. See the first column of Table 4 for each 
temperature. As has been discussed in the previous 
section, the deflection basin is smoothed by 
slightly correcting the last sensor deflection 
(Table 4) with substantial improvement in the entire 
output (Table 5). Further improvement is sought by 
treating the pavement as a three-layer problem. It 

Subgrade Surface Base Sub grade 
Modulus he ff Modulus Modulus Modulus he ff 
(psi) (in.) (psi) (psi) (psi) (in.) 

7,800 19 70,000 57,900 8,800 22 
10,300 26 

5,100 39 208,800 90,000 4,800 32 
7,300 49 332,000 90,000 7,100 46 
6,900 33 330,600 499,500 6,800 35 
9,400 45 300,000 500,000 9,400 45 

is encouraging to note that all of the IMO-predicted 
moduli, with the AC modulus approaching the pub­
lished values (13), show good agreement with those 
of the ISSEM 4 solution. The near equality of the ef­
fective thicknesses estimated with the two sets of 
modulus values (compare columns 6 and 11 of Table 5) 
may be offered as further proof of the overall 
agreement between the two solution procedures. 

CONCLUDING REMARKS 

A methodology and algorithm (the IMO program) for 
the evaluation of in situ moduli of individual pave­
ment layers on the basis of measured Dynaflect de­
flections were presented. The algorithm is based on 
a deflection matching technique in conjunction with 
a multilayer elastic analysis such as Chevron. The 
deflection equation is inverted by a nonlinear pat­
tern search technique to determine the values of the 
layer moduli that would best fit the observed sur­
face deflections. 

The applicability of the program is illustrated 
by comparing solutions with those of the standard 
OAF program <ll· Several comparisons, of which only 
a few are reported here, suggest that the IMO pro­
gram predicts more realistic modulus values than 
does the OAF program. In addition, the IMO program 

TABLE 4 Falling Weight Deflectometer Data for AC Surface= 7.0 in., Lime 
Rock Base= 10.43 in., and Suhhase = 12.20 in. (10) 

Falling Weight Radial Distance (in.) 
Temperature Deflectometer 
(°F) Data 0.00 12.00 17.72 29.50 47.24 

64.4 Deflection (mils) 8.070 5.905 4.645 3.031 1.614 
8.070' 5 .905' 4.645' 3.031 a 2.000' 

80.6 Deflection (mils) 7.047 4.173 3.149 2.027 1.181 

8
Adjusted deflections. 

TABLE 5 Layer Moduli Using IMD Program with Falling Weight Deflectometer Data Listed in Table 4 

Layer Mo du Ii (!MD Solution) Layer Moduli (ISSEM 4 Solution) 

Surface Base Sub base Subgrade Surface • Base Sub base Subgrade 
Tempera- Modulus Modulus Modulus Modulus he ff Modulus Modulus Modulus Modulus he ff 
ture (°F) (psi) (psi) (psi) (psi) (in.) (psi) (psi) (psi) (psi) (in.) 

64.4 875,000 89,100 9,200 63,000 65 1,027,000 68,000 29,000 29,000 70 
757,400 87 ,500 20,000 39,300 67' 
753,000 70,000 33,200 68b 

80.6 566,000 67,100 59,600 66,300 69 586,400 91,000 49,000 45 ,000 69 
544,400 79,600 52,400 69 

Note: 1 in.= 25.4 mm, l psi= 6,89 kPa, and °C = (F - 32) (5/9). 
8 Four-Jayer solution with adjusted deflections. 
bThree-layer solution, 
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is amenable to solution by deflection data from the 
falling weight de'flectometer. 

A few poinlers may help Lo improve Lhe solulion 
procedure. First, the deflection data, if erroneous, 
should be corrected; and second, special attention 
should be paid to modeling the pavement. A set of 
consistent sensor readings would have the deflection 
basin conform to a concave (upward) surface in a 
log-log plot, and the rim of the basin approaches a 
straight line in the same plot. Experience also in­
dicates that problems arise when the first and sec­
ond sensor deflections are nearly equal, perhaps be­
cause of erroneous field data. Thin wearing surfaces 
do not contribute substantially to the strength of 
the pavement structure. For this reason, a wide 
range of modulus values may fit to satisfy deflec­
tion; therefore, this layer may be combined with an 
adjacent layer of similar characteristics. Finally, 
many pavement systems of more than three layers may 
well be solved using a three-layer model. For pave­
ments of four or more layers the authors suggest re­
ducing the system initially to a three-layer model; 
if it does not lend itself to solution, a four-layer 
model may be tried. 
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Discussion 
Waheed Uddin* 

Determination of in situ Young's moduli of pavement 
layers based on dynamic deflection basins is an area 
of growing interest for researchers involved in non-

*7201 Hart Lane, Apt. 2085, Austin, Tex. 78731 
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destructive testing of pavements. At the TRB 64th 
Annual Meeting, two other papers (.!_,ll were pre­
sented that were also based on the inverse applica­
tion of layered linear elastic theor y to match mea­
sured deflection basins. A summary of different 
self-iterative computer programs is presented by 
Uddin et al. (1) . 

As pointed -out by Uddin et al. (.!_), nearly all 
procedures require "guess" moduli in input data. The 
IMD program described by the authors is no exception 
and will produce user-dependent results. The moduli 
determined by the authors are apparently reasonable 
compared with OAF solutions but are not necessarily 
unique. The criterion selected by the authors for 
assuring uniqueness is "to limit the range of pre­
dicted moduli for each layer within certain plausi­
ble constraints." In other words, the proposed cri­
terion for uniqueness is itself use r dependent. It 
is interesting to examine the range of moduli se­
lected by the authors for their example problems of 
Tables 2, 4, and 5. 

Some other aspects that would be of interest in 
this self-iterative procedure are reproducibility of 
results if the limits of modulus ranges are changed, 
an example of the validity of the procedure for a 
pavement of known material properties, and an ex­
ample for applicability to rigid pavements. A dis­
cussion of these points by the authors is warranted. 
In the !MD program, temperature correction for the 
AC layer is applied before stress sensitivity is 
taken into account. In the writer's opinion, it is 
not appropriate to call the final moduli in situ 
moduli if the test temperature is different from the 
design temperature. A logical approach is to deter­
mine in situ moduli at test temperature before cor­
recting AC modulus to the standard temperature (1). 

The authors apparently believe the misconception 
that a Dynaflect basin will result in higher moduli 
than those expected under a heavier design wheel 
load. This belief is not supported by any definitive 
field evidence. Bush and Alexander (2) describe re­
sults of a comparative study of a Dyn~flect and sev­
eral heavy load falling weight deflectometers. For 
almost all test areas, the subgrade moduli deter­
mined from the Dynaflect basin are comparable to the 
values evaluated for other heavier NDT devices. The 
writer's research experience at the University of 
Texas at Austin also does not show any definite 
trend of higher subgrade moduli predicted for a Dy­
naflect compared to those for a heavier falling 
weight deflectometer. The stress sensitivity ap­
proach for correction of Dynaflect moduli is based 
on laboratory resilient modulus (MR) relation­
ships. In general, the effects of loading mode and 
device dependency are ignored in th is approach. A 
reasonable and rational method for deriving effec­
tive moduli of pavement layers is to perform an 
equivalent linear analysis based on the approach of 
strain sensitivity (1,3). This approach eliminates 
any laboratory MR tests to determine material con­
stants, and the problem of tensile bulk stress does 
not arise. 

The moduli determined from FWD basins (Table 5) 
are yet another example of the nonuniqueness of !MD 
solutions. For the first FWD basin, the !MD program 
produced widely scattered moduli (33,200, 39,300, 
and 63,000) for the subgrade. The IMD program is de­
signed for a semi-infinite subgrade. In the case of 
a rock layer at a shallow depth, this assumption 
will result in an overpredicted subgrade modulus (_!). 

The Dynaflect system has been subjected to accu­
racy checks and repeatability tests in numerous 
studies and has been found a reliable device. It is 
unexpected that measuring 10 basins and smoothing 
the resulting average basin for IMD analysis, as 
recommended by the authors, will be favored by any 
agency for routine use. It appears that the authors 
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have experienced considerable variations and signif­
icant repeatability errors in their deflection basin 
data. Malfunctioning of the NDT device or its de­
flection measuring sys tem could result in erroneous 
data. In the opinion of the authors, nearly same 
values of Sensor 1 and Sensor 2 deflections (low 
values of SCI) indicate erroneous field data. How­
ever, experience in Texas (_!) shows that very small 
and even zero values of SCI are possible on rigid 
pavements. 

Any smoothing or adjustment in a measured deflec­
tion basin should be avoided in the writer's opin­
ion. The computer program could easily be modified 
to converge on a smoothed basin. The shape of a de­
flection basin i s an important feature of pavement 
response and an indicator of the structural integ­
rity of pavement layers. Figure 5 shows examples of 
different basin s hapes based on the Dynaflect data. 
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FIGURE 5 Examples of variations in deflection basin shapes 
(Dynaflect ). 

These basins are unique responses of these pavements 
and any alteration in measured deflections is not 
justifiable. Figure 4 would definitely be more use­
ful if the authors had also plotted theoretical de­
flections corresponding to the iteration in which 
the IMD program converged in each case. 
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Authors' Closure 
The authors wish to thank Uddin for his interest in 
the paper and offer the following comments. 

In Uddin's interesting discussion, the authors 
are asked to examine the range of moduli selected 
initially for example problems of Tables 2, 4, and 
5. It is significant to report that despite the 
values assumed in the routine, the IMO program pre­
dicted more or less the same in situ moduli. Another 
point concerns the reproducibility of results if the 
limits of modulus ranges are changed. The purpose of 
setting limits is to prevent the solution procedure 
from entering a nonfeasible region. As and when this 
happened, the program printed out a message to this 
effect. If limits are set, however, this problem is 
altogether eliminated. Concerning the validity of 
the IMO program, the authors wish to indicate that 
the program has been verified for pavements of known 
material properties. 

The discusser's comment that the corrected moduli 
should be designated as the final moduli has some 
merit. The authors, however, contend that the name 
"in situ moduli" is appropriate because these moduli 
are truly field values. 
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The discusser asserts that the nubgradc modulus 
determined from Dynaflect basin is comparable to the 
values evaluated by other heavier NOT devices in­
cluding the falling weight deflectometer. Several 
previous studies have suggested (1,2), and the 
authors concur with them, that subgr:id~ modulus of 
resilience is stress dependent. To the discusser's 
comment that strain sensitivity should be preferred 
to stress sensitivity relations to correct the mod­
uli of particulate materials, the authors offer the 
explanation that the latter approach has a proven 
record of providing satisfactory results. 

Citing different moduli obtained from four- and 
three-layer solutions, the discusser comments that 
IMO solutions may not be unique. The authors do rec­
ommend a three-layer solution as a first choice for 
any problem. The example cited in the paper serves 
to reinforce this contention because the three-layer 
solution resulted in a modulus of 33,200 psi, which 
compares well with the ISSEM 4 modulus of 29,000 psi. 

Whether a zero SCI value can be observed in flex­
ible pavements is another question raised by the 
discusser. The authors wish to reaffirm their con­
tention that, unlike in rigid pavements, SCI in 
flexible pavements is neither zero nor very small as 
suggested by the discusser. 

The smoothing of the deflection basin proposed by 
the authors has as its sole purpose detecting and 
delineating erroneous sensor readings. Modifying the 
computer program to converge on a smoothed basin, as 
suggested by the discusser, is certainly a viable 
alternative. 
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Use of Dynamic Analysis 1n Predicting 

Field Multilayer Pavement Moduli 

MICHAEL S. MAMLOUK 

ABSTRACT 

The response of a multilayer pavement system to dynamic loading excitations is 
discussed and compared with the static response. Field Road Rater deflection data 
previously obtained at the Pennsylvania Transportation Research Facility are used 
to backcalculate pavement layer stiffnesses using the elastodynamic technique. 
Sets of layer moduli and fundamental frequencies are developed for five sections 
of the test track. The amount of error associated with the use of the static 
analysis commonly used is also evaluated. The dynamic analysis incorporates the 
inertial effect (radiation damping and resonance) of the pavement structure that 
cannot be included within static analyses. Simply replacing the Young's modulus 
in a static analysis by the resilient modulus or the dynamic modulus does not 
change it to a dynamic analysis. Unless the inertia of the system is considered 
in the interpretation of the dynamic response of pavements, misleading results 
may develop. 

Surface deflection measurements of pavements have 
gained wide acceptance in the past few decades. Un­
like laboratory testing, the deflection measurement 
technique is fast and relatively accurate and can be 
used to evaluate the structural condition of a pave­
ment system with a minimum of disturbance and cost. 
In this technique a load is applied to the pavement 
and the surface deflection is measured. With the ex­
ception of Benkelman beam and California continuous 
deflectometer, most of the deflection measurement 
devices are dynamic in nature. Among such devices 
are the Dynaflect, the Road Rater, various vibrators, 
and the falling weight deflectometer. The first three 
devices impart steady-state (harmonic) loading with 
either constant or variable frequencies, and the 
latter device imparts impulsive (transient) loading. 
In the case of harmonic loadings, peak-to-peak de­
flections are measured at several distances from the 
load from which the envelope of the surface movement 
is determined. 

Mechanistic analyses of the data obtained from 
dynamic loading devices have hitherto been based on 
elastostatic and viscoelastostatic models <!-.§.l in 
which, obviously, the inertia of the pavement plays 
no part. Several computer programs are currently used 
in analyzing the dynamic response of pavement. These 
programs are based on static analyses such as Chev­
ron, VESYS, BISTRO, BISAR, and so forth. Thus it is 
tacitly assumed that the dynamic response of pavement 
structures is similar (if not identical) to the 
static response. 

The stress-strain relations of isotropic elastic 
materials are expressed in terms of moduli (Young's 
modulus, shear modulus, etc.). Stress-strain moduli 
such as the resilient modulus and the dynamic modulus 
are sometimes used to interpret the inelastic and 
time-dependent response of materials. The resilient 
modulus represents the stress-strain relationship 
after many load repetitions (i.e., current modulus 
of the material, which is normally different from 
the initial value). On the other hand, the dynamic 
modulus is a frequency-dependent parameter obtained 
from dynamic loading tests on a finite specimen. 

The governing differential equations of elastody­
namics include the inertial effect (radiation damping 

and resonance) of the pavement structure that cannot 
be incorporated within static analyses. Simply re­
placing Young's modulus in a static analysis by the 
resilient modulus or the dynamic modulus is. insuffi­
cient to recover the elastodynamic equations. 

Backcalculated material properties are sensitive 
to minor changes in surface deflections. Thus use of 
an erroneous static analysis in backcalculating the 
material properties from dynamic surface deflections 
may result in large error magnifications. Although 
nonlinear elastic models of pavement structures <ll 
likely offer some improvement over linear elastic 
models, more significant modeling errors may result 
from neglecting the inertial response of pavements. 

The objective of this study is to use the elasto­
dynamic analysis in backcalculating the stiffnesses 
of various layers of an actual pavement structure 
(Pennsylvania Transportation Research Facility). 
Field surface deflections, which were previously ob­
tained using the Road Rater, are reanalyzed in the 
present study using dynamic analysis. The resonant 
frequencies of various pavement sections are deter­
mined. A comparison of static and dynamic analyses 
is presented. 

CONCEPT OF DYNAMIC ANALYSIS 

The governing equation for steady-state elastodynam­
ics is the Helmholtz equation <ll: 

µui,jj +(A+µ) Uj,ij + pw2u1; 0 

where 

Ar µ Lame's constants that are related to 
Young's modulus and Poisson's ratio, 

p mass density, 
w ; circular frequency of excitation, and 

(J) 

Ui ith cartesian component of the displacement 
vector. 

In Equation 1 Cartesian indicial notation, in which 
the subscripts range from 1 to 3, is assumed; addi­
tion is implied over repeated subscripts; and a comma 
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denotes differentiation with respect to the space 
variable (i.e., ui,j = au~/axj)· A~so, the displace­
ments are assumed to be time harmonic. 

The usual assumptions of material linearity and 
isotropy are invoked. Soil and pavement layers are 
assumed to be unbounded laterally but are underlaid 
by a rigid bedrock or incompressible layer at a fi­
nite depth. Full interface bonding (no slip) condi­
tions are assumed at the layer interfaces. 

In addition to the usual elastic constants 
(Young's modulus and Poisson's ratio) and the mass 
density, a fourth constant (damping ratio) may be 
specified to characterize the material damping (in­
ternal energy dfooipation) of each layer (8). In 
other words, the viscoelasticity of the pavement 
materials is considered through the use of the damp­
ing ratio. A typical value of 5 percent was assumed 
in this study (~). The damping of the materials can 
also be indirectly considered through the use of the 
complex modulus rather than the dynamic modulus 
without the viscous term. 

It should be noted that the material damping is 
virtually negligible because by far the major compo­
nent of energy dissipation in continua results from 
radiation (geometric) damping; that is, the disper­
sion of energy from the source of excitation to the 
far field. The radiation damping is implicitly in­
corporated in the elastodynamic solution. 

The solution of Equation 1 for a point load in a 
half-space can be expressed in the form: 

ui (x, w) = Gii (x, t w) Pi(~, w) (2) 

where 

the ith displacement component, 
Green's function (a mathematical solution 
used to reduce the order of integration if 
the boundary values are known) , 

Pj the jth load component, 
x coordinates of field point, 
~ coordinates of load point, and 
w = circular frequency of excitation. 

Analytical integration of the point load solution 
yields the disk load solution. However, no closed­
form solutions are available for excitation of 
layered systems. Therefore solutions must be obtained 
by numerical means. 

Kausel and Peek (1) have recently proposed a nu­
merical technique that renders the elastodynamic 
problem of layered systems tractable. The solution 
is based on the assumption that the displacement 
field is linear in the direction of layering between 
adjacent interfaces. Thus sufficiently thin layers 
must be specified to ensure the validity of this 
representation. In practice, artificial sublayers 
may be introduced to satisfy this requirement. More 
details about the dynamic behavior of materials are 
found elsewhere <1-11) • 

FIELD MEASUREMENTS 

Field measurements were obtained in March 1976 at 
the Pennsylvania Transportation Research Facility by 
Anani (5). The facility is a 1-mi, single-lane, 
oval-shaped, full-scale experimental highway. The 
construction, instrumentation, and operation of the 
research facility are discussed elsewhere <.!±J. 

In the present study, five test sections were 
considered: le, ld, 2, 7, and 9, which had similar 
surface temperature, moisture content, and cumulative 
equivalent axle loads (LEALs) at time of testing. 
Each pavement section consisted of four layers: sur-
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face, base, subbase, and subgrade, with material 
properties as given in Table 1. The layer thicknesses 
of the five test sections are given in Table 2. It 
should be noted that not enough information is 
available about the thickness of the compressible 
subgrade layer under the subbase and above the in­
compressible layer or the bedrock. A thickness of 20 
ft was assumed. 

TABLE I Material Properties of Test Sections 
of Pennsylvania Transportation Research 
Facility (12) 

Density 
Layer Material Type (lb/ft 3

) 

Surface Bituminous concrete 145 
Base Bituminous concrete 141 
Sub base Crushed limestone 141 
Subgrade Predominantly A- 7 soil 124 

TABLE 2 Layer Thicknesses of Test 
Sections of Pennsylvania Transportation 
Research Facility (12) 

Thickness (in.) 

Section Surface Base Sub base 

le l.5 6 8 
Id 1.5 6 6 
2 2,5 6 8 
7 1.5 8 8 
9 2.5 4 8 

Surface deflection measurements (~) were obtained 
using the Road Rater device, Model 400. The Road 
Rater had two loading plates (4 in. x 7 in. each) 
and four deflection measurement sensors (geophones) 
1 ft apart as shown in Figure 1. The Road Rater was 
operated to provide a simple harmonic loading with a 
frequency of 25 Hz and a peak-to-peak contact pres­
sure of 13 psi under each plate in addition to a 
static pressure of approximately 27 psi. The peak­
to-peak deflections were measured at each of the four 
geophone locations. Two sets of deflection readings 
obtained under approximately the same conditions from 
each test section were analyzed in the present study. 

r 7 in._l 
DIRECTION 

OFTRAFFfC 

<!.~ D ].; GEOPHONE 
•• ~ 1 NO 2 _ ____,HQ. 3 _ _ ,.,~(),_· :g do · <) - - ' ' 

- - o-...--LOADING PLATE 

\.- l2 in _..j. .. !2in. ___ ..j.._ll in _j 

FIGURE I Schematic diagram of the Road 
Rater. 

The surface temperature at the time of the measure­
ments was 64°F and the moisture content ranged be­
tween 20.1 and 20. 7 percent. The cumulative equiva­
lent axle load experienced by the pavements before 
the measurements ranged between 1,296 x 10' and 
1,336 x 10'. The Road Rater deflection readings 
(RR61, RR62 1 RR6 3 , and RR6 4) measured in an outward 
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direction in addition to other associated data are 
given in Table 3. 

BACKCALCULATION OF LAYER STIFFNESSES 

The inverse problem of determining material proper­
ties from the response of the pavement structure to 
surface loading (from nondestructive deflection 
testing) is not easy to solve. No direct theoretical 
solution is available in the literature to determine 
the material properties of a multilayered system if 
the surface deflections and the layer thicknesses 
are known. Therefore it is necessary to employ itera­
tive schemes based on the fact that surface deflec­
tions remote from the loaded area are primarily 
governed by the stiffness of the deeper layers. This 
has been indicated in several previous sensitivity 
analyses <.~_,§_). 

TABLE 3 Road Rater Deflection Measurements and Associated 
Data (5) 

Deflection Measurements Surface 
(x 10-6in.) Temper- Moisture 

ature Content ~EAL 

Section RRo 1 RR02 RR 03 RR04 (oF) (%) (x 1,000) 

le 645 457 285 167 64 20.1 1,296 
555 427 265 168 64 20 .7 l ,336 

Id 801 543 311 167 64 20 . 1 1,296 
661 474 266 162 64 20_7 1,336 

2 423 340 253 166 64 20.1 1,296 
446 355 247 182 64 20 .7 1,336 

7 410 333 247 177 64 20.1 1,296 
405 343 250 187 64 20.7 1,336 

9 817 558 266 140 64 20.1 1,296 
795 517 245 138 64 20.7 1,336 

Using the iteration technique, the number of 
unknown parameters must be less than or equal to the 
number of the measured surface deflections. Because 
there are only four geophones in the Road Rater used, 
the maximum number of unknown material properties 
that may be determined is four. If Poisson's ratios 
and material damping factors are assumed, the mate­
rial stiffnesses of the four layers may be calcu­
lated. The procedure, however, can be easily adapted 
for pavement systems with more than four layers if 
more sensors are used in each Road Rater run. 

An iterative process was used in this study to 
backcalculate the in situ layer moduli for the pave­
ments at the Pennsylvania Research Transportation 
Facility. The iterative procedure used here is simi­
lar to the procedure followed by Kilareski et al. 
(§_) , except that the dynamic analysis is used. A 
computer program, DYNAMIC, was developed for this 
purpose (see flow chart in Figure 2). The program 
starts with input of the Road Rater data (RR6 1 , RR62, 
RR63, and RR6 4). Initial layer moduli (E1 , E2 , E3, 
and E4) are assumed to represent the moduli of 
surface, base, subbase, and subgrade materials, 
respectively. Poisson's ratios of 0.35, 0.4, 0.4, 
and 0. 45 are assigned to the four layer materials, 
respectively. Surface deflections consistent with 
the assumed material properties are computed using 
the procedure developed by Kausel and Peek (9). The 
loading platens of the Road Rater device are- ideal­
ized by twin flexible circular plates (28 in.' 
each) spaced 10.5 in. center to center. 

The calculated deflections (61, 62, 63, and 64) 
are compared with the Road Rater deflection measure­
ments (RR61 1 RR62, RR6 3 , and RR6 4). The differences 
between the calculated and the measured deflections 

115 

are assumed to be entirely due to incorrectly as­
sumed E-values. The correction starts with the out­
ermost reading and the lowest layer (subgrade), with 
the assumption that the difference between 64 and 
RR6 4 is primarily due to an erroneous assumption for 
the subgrade modulus (E4). A new value of E4 is cal­
culated for the next iteration as follows: 

E;(ncw) = Ei(old) x [(RRo; + 0;)/2]/RRo; 

where 

measured deflection, 
calculated deflection, and 
4. 

(3) 

This method of correction adjusts only one-half 
of the discrepancy to assure a gradual convergence. 
This correction will reduce the value of E4 if the 
calculated deflection is too small, which implies 
that the assumed value of E4 is too large. 

The correction of E4 will influence all other 
calculated deflections, so the next interation pro­
duces a new set of 6-values. Using the newly com­
puted values of 6, the subbase modulus (E3 ) is 
adjusted using RR6 3 and 63 using Equation 3 with i = 

3. A new set of deflections is then computed using 
the new E3 value and previous E1, E2, and E4 values. 
The value of E2 is then adjusted followed by E1 using 
similar procedures. Thus, after four calculations 
have been made, a new set of moduli has been gener­
ated. This interative process is followed until the 
differences between the calculated and the measured 
deflections for all geophones are within a predeter­
mined tolerance (6to1> of 4 percent, which was found 
to provide reasonably accurate results. The percent­
age differences in deflection measurements 
[%6i(diff)l are calculated as follows: 

(4) 

where i takes values of 1, 2, 3, or 4, representing 
the deflection points under consideration. To reduce 
unnecessary computer calculations, some limitations 
were imposed as shown in Figure 2. 

RESULTS AND ANALYSIS 

Because the Road Rater deflection measurements were 
obtained at an operating frequency of 25 Hz in the 
field, that frequency was incorporated in the back­
calculation process. Using the aforementioned pro­
cedure, a set of layer moduli is obtained for each 
section of the test road analyzed. In addition to 
the dynamic analysis, a static analysis (with a fre­
quency of zero) is used to backcalculate the layer 
moduli of the same sections using the same field de­
flection measurements obtained at 25 Hz. The main 
reason for the static analysis was to estimate the 
amount of error made when using the static analysis 
in analyzing the dynamic response of pavements. The 
average moduli of various pavement sections obtained 
using static and dynamic analyses, as well as the 
amount of error, are given in Table 4. 

As the data in Table 4 indicate, the static 
analysis resulted in higher moduli for the upper two 
layers than those obtained from the dynamic analysis 
with average errors of 9 and 11 percent for the two 
layers, respectively. On the other hand, the static 
analysis resulted in a smaller subgrade modulus with 
an average error of 12 percent. The ratios of modu­
lus values using dynamic analysis to modulus values 
using static analysis for individual road sections 
and various layer materials are shown in Figure 3. A 
careful look at this figure would show that the mod-
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FIGURE 2 Flow diagram for the DYNAMIC computer program. 

TABLE 4 Average Moduli (ksi) of Various Layers 
Using Static and Dynamic Analyses 

Analysis 

Layer Static 

Surface 707 
Base 845 
Sub base 15 
Subgrade 29 
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FIGURE 3 Ratios of modulus values obtained using 
dynamic and static analyses for various road sections. 

uli of the top three layers were overestimated in 
some road sections and underestimated in other sec­
tions using static analysis, with no consistent 
trend. The modulus for the subgrade material, how­
ever, was always underestimated when static analysis 
was used. The largest amount of modulus overestima­
tion due to the use of static analysis was obtained 
for the surface of Section 7 with an average error 
of 21 percent, and the largest amount of modulus un­
derestimation was obtained for the subgrade of Sec­
tion 9 with an average error of 24 percent. No gen­
eral conclusion can be derived to evaluate the 
amount of error when static analysis is used because 
this error is a function of several factors includ­
ing layer thicknesses, material stiffnesses, and the 
Road Rater operating frequency. Although the amount 
of error due to the use of static analysis appears 
to be relatively small in this study, a more serious 
situation might occur if the operating frequency of 
the deflection measurement device were close to the 
natural vibration frequency of the pavement system 
as discussed in subsequent paragraphs. 

In the second step of the analysis the average 
layer moduli estimated from the two Road Rater mea­
surements for each road section using the dynamic 
analysis were considered. Using these moduli, the 
dynamic responses of various road sections were 
evaluated at different Road Rater operating frequen­
cies ranging from zero to 50 Hz. The ratios of dy­
namic surface deflection to static surface deflection 
for various road sections are shown in Figures 4-8, 
respectively. In each figure, four curves are shown 
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FIGURE 4 Dynamic-to-static deflection ratio for 
Section le at various frequencies and geophone 
locations. 
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FIGURE 5 Dynamic-to-static deflection ratio for 
Section ld at various frequencies and geophone 
locations. 

for various geophones of the Road Rater. From these 
figures it can be concluded that the dynamic re­
sponses of the pavement system are more apparent when 
the distance from the load is increased. This is in­
dicated by the gradual increase in the dynamic-to­
static deflection ratio from geophone 1 through geo­
phone 4 in all road sections. Therefore the amount 
of error made using static analysis in evaluating 
the dynamic response of pavement gets large when the 
deflection is measured at a large distance from the 
center of the load. 

A more serious finding is that the natural vibra-
tion frequencies (fundamental frequencies) fall 
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FIGURE 6 Dynamic-to-static deflection ratio for 
Section 2 at various frequencies and geophone 
locations. 
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FIGURE 7 Dynamic-to-static deflection ratio for 
Section 7 at various frequencies and geophone 
locations. 
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FIGURE 8 Dynamic-to-static deflection ratio for 
Section 9 at various frequencies and geophone 
locations. 
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within the common range of the operating frequency 
of the Road Rater. This is indicated by the large 
ratio of dynamic-to-static deflections (large magni­
fication factors). The resonant response of the 
pavement system occurs when the frequency of the ap­
plied load is equal to a natural vibration frequency 
of the pavement system. Note that for any pavement 
system there is a series of natural vibration fre­
quencies, namely first fundamental frequency, second 
fundamental frequency, and so forth. The first 
fundamental frequency can be defined as the lowest 
frequency at which the magnification factor reaches 
a local maximum. The subsequent fundamental frequen­
cies can be obtained at frequencies equal to the 
first fundamental frequency multiplied by certain 
factors that are functions of shear moduli, densi­
ties, Poisson's ratios, and thicknesses of various 
layers (~). The first fundamental frequency is 
usually the most important one because the magnifi­
cation factor is high at that frequency. In this 
study, the first fundamental frequencies of various 
road sections ranged between 13 and 16 Hz, and the 
second fundamental frequencies ranged between 30 and 
42 Hz as given in Table 5. The fundamental frequen­
cies of each road section are slightly changed at 
different geophone locations, especially the second 
fundamental frequency as indicated by the ranges 
given in Table 5. 

If the Road Rater is operated at or close to any 
fundamental frequency of the pavement system, espe­
cially the first one, a resonant response will occur 
that might be detected by the unsteady geophone 
readings resulting from the large vibration ampli­
tudes of the pavement surface. This resonant response 
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TART.F. ~ NRfmal FrP.IJllP.nr.iP.• 
(fundamental frequencies) of the 
Test Road Sections (Hz) 

Fundamental Frequency 

Section First Second 

le 14 34-35 
Id 14 34-35 
2 14 31-32 
7 13 30-31 
9 16 36-42 

was reported by some researchers [e.g., Sharpe et al. 
(l)]. It should be noted that the actual field reso­
n~nt frequencies of Pennsylvania Transportation Re­
search Facility sections might be slightly different 
from those obtained in this study because of the 
assumption of a subgrade thickness of 20 ft above a 
rigid layer. Other factors that might affect the 
resonant response include temperature, moisture con­
tent, random variation in material properties, and 
existence of cracks in asphalt concrete layers as 
well as various experimental errors. 

A large amount of error may occur when the de­
flection measurement device has only one operating 
frequency, The Dynaflect is such a device with a 
typical frequency of 8 Hz. If the natural frequency 
of the pavement system is equal or close to the 
operating frequency of the deflection measurement 
device, a resonant condition will occur. Unless 
dynamic analysis is used, misleading results may 
develop. 

Typical surface deflections were examined to 
further compare static and dynamic pavement re­
sponses. Figure 9 shows surface deflection under 
static and dynamic loads for Section 9. For the 
static case (using the dynamic solution with zero 
frequency) , a stress of 6. 5 psi was used on each 
Road Rater plate; a stress of ±6. 5 psi was used in 
the dynamic case as well as in the field study. It 
is noted that the difference between static and dy­
namic responses is not large for that road section. 
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FIGURE 9 Surface deflections for Section 
9 under (A) static load condition and (B) 
steady-state vibrating load condition at 25 
Hz. 

This happened because, accidentally, the magnifica­
tion factor at 25 Hz is close to unity as shown in 
Figure B. Larger amounts of error might occur due to 
the use of static analysis in other cases if the 
magnification factor were largely different from 
unity. This situation might occur at some combina-
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tions of layP.r thicknesses, material stiffnesses, 
and loading frequency. 

Fu1Lht!lll1U1t!, lr d i;tatlc.: luau li; a!'!'llt!u tu tht! 
pavement system, the pavement response will be in 
phase with the load. However, if a vibrating (har­
monic) load is superimposed on an initial static 
load, the instantaneous pavement response will be 
generally out of phase with the load because of both 
geometric and material dampings. In this case, the 
pavement surface at a point may be moving upward 
when the vibrating load is being increased. Indeed, 
the pavement surface takes a wave form propagating 
away from the load, When a Road Rater with two load­
ing plates is used, the surface waves will be similar 
to waves produced on a smooth surfa'Ce of water when 
two stones are simultaneously thrown into it. With 
the Road Rater geophones, only the peak-to-peak sur­
face deflections are recorded and no information is 
obtained regarding the instantaneous pavement re­
sponse or the out-of-phase condition. The dynamic 
response of the pavement can be represented by a 
complex number in which the real part represents the 
in-phase response and the imaginary part represents 
the 90-degree out-of-phase response. Resonance occurs 
when the response of the pavement system is 90 
degrees out of phase with the applied load and, con­
sequently, the applied load is exactly balanced by 
the damping force (10). 

The phase angle~ at various geophone locations 
for Section 9 at 25 Hz are given in Table 6. This 
indicates that the instantaneous deflection lags the 
instantaneous load, and this lag is different from 
one location to another. The instantaneous shape of 
the pavement surface when the load is zero and in­
creasing is shown in Figure 9. The instantaneous 
shape fluctuates between the peak-to-peak limits. 
It should be noted that the wave length of the in­
stantaneous surface shape for Section 9 is about 11 
ft, which is longer than the 3-ft distance considered 
in the present study. Thus no wave shape appears in 
Figure 9. 

TART.F. 6 Pha~" AnglP.• at Varions 
Geophone Locations for Test 
Section 9 at 25 Hz 

Geo phone 

I 
2 
3 
4 

SUMMARY AND CONCLUSIONS 

Phase Angle (degrees) 

-14.4 
-19.3 
-33.3 
-57.2 

In this study, the concept of dynamic response of 
the pavement is discussed and compared with the 
static response. Field Road Rater data that were ob­
tained at the Pennsylvania Transportation Research 
Facility during a previous study (~) are used in the 
present study to backcalculate the pavement layer 
moduli using elastodynamic analysis. Static analysis 
was also used and the associated error was evaluated. 
The resonant frequencies of the different sections 
of the test track are estimated. The following con­
clusions are obtained: 

1. The dynamic response of a multilayer pavement 
system is materially different from its static re­
sponse. Dynamic analysis incorporates the inertial 
effect (radiation damping and resonance) of the 
pavement structure, which cannot be incorporated 
within static analyses. Simply replacing Young's 
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modulus in a static analysis by the resilient modulus 
or the dynamic modulus is insufficient to recover 
the elastodynamic equations. 

2. If the operating frequency of the deflection 
measurement device (e.g., 25 Hz for the Road Rater 
and 8 Hz for the Dynaflect) coincides with one of 
the fundamental frequencies of the pavement system, 
a resonant condition will occur and a large magnifi­
cation of the deflection measurements will result. 
Unless dynamic analysis is used in the interpretation 
of the dynamic response of the pavement system, mis­
leading results may develop. Although the amount of 
error resulting from using the static analysis in 
this study did not exceed 24 percent, larger amounts 
of error may result in other cases with different 
operating frequencies of the deflection measurement 
device, different layer thickness, or different 
material properties (which might occur at different 
temperatures or moisture contents for the same 
materials). No simple relation between static and 
dynamic pavement responses exists. 

3. No "direct" mechanistic solution is currently 
available to backcalculate material properties from 
surface deflection data obtained by either static or 
dynamic loading. Iterative processes are usually 
used for this purpose. 

4. The number of deflection measurements for one 
run of the deflection measurement device should at 
least equal the number of unknown material proper­
ties. Because the material properties obtained are 
sensitive to any error in the deflection measure­
ments, a larger number of deflection data points may 
provide more accurate results. 

5. Further research is needed to study the tran­
sient loading of the pavement systems obtained from 
the path of vehicles or from the use of the falling 
weight deflectometer. 
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Discussion 

Waheed Uddin* 

Formulation of a dynamic response analysis for in­
terpretation of dynamic deflection basins is a sig­
nificant contribution to the state of the art. In 
addition to the author's paper, two more papers on 
this subject were presented during the 64th Annual 
Meeting of the Transportation Research Board (1,2). 
The author's elastodynamic analysis has been -u~ed 
only on Road Rater Model 400 deflection basins. The 
basic constitutive law in this analysis is still 
linear elasticity. Pavement materials and subgrade 
in the real world do not exhibit linear elastic be­
havior. Therefore caution should be exercised in ap­
plying the findings from the Road Rater study to 
other vibratory devices. The dynamic response of a 
pavement system is device dependent in addition to 
its known dependency on frequency and loading mode 
effects. Several aspects of the study need further 
elaboration: 

1. The author's static analysis is based on the 
formulation of his dynamic analysis at zero fre­
quency. How good is the static analysis? It can be 
judged only if the author provides a comparison with 
the well-established layered elastic theory. A com­
parison with responses predicted by ELSYM5 or BI SAR 
programs should be included. These programs have been 
validated in several studies by comparison with mea­
sured responses (]_). 

*7201 Hart Lane, Apt. 2085, Austin, Tex. 78731 



120 

2. The paper lacks any documentation of the va­
lidity of the proposed dynamic analysis. An appro­
priate way to vall<latt! lilt! aulhu1 's pi.:ocedui:e is to 
check the backcalculated moduli with some independent 
measurements of in situ dynamic moduli such as the 
SASW method (!) • 

3. A companion paper by the author (~, Figure 6) 
shows static deflection to be larger than dynamic 
deflection for a similar Road Rater study. This is 
contrary to the findings in this paper. Moreover, 
material damping can be quite significant for sub­
grade soils (2_) , which the author has totally ig­
nored. 

4. The selection of subgrade thickness appears 
to be arbitrary. A subgrade of 20 ft in thickness is 
assumed in this paper and 12.5 ft was assumed else­
where (~) • Both dynamic and static responses are 
significantly influenced if a rigid bottom is as­
sumed at a shallow depth. The resonance condition 
discussed by the author will probably be insignifi­
cant if a deeper subgrade is assumed. 

5, Several aspects of the backcalculation pro­
cedures need further clarification: (a) The procedure 
is user dependent because "guess" moduli are required 
as input. How is the uniqueness of derived moduli 
ensured? (b) What typical values of tolerance in E 
were used? (c) What is the validity of the procedure 
for a pavement with known properties? 

6. The peak-to-peak force generated by this model 
of Road Rater is smaller than the 1,000-lb force of 
a standard Dynaflect. Therefore shear strains in 
granular subbase-base and subgrade for Road Rater 
loading will be of low amplitude and the backcalcu­
lated moduli of these materials are maximum dynamic 
moduli. Determination of effective moduli corre­
sponding to standard design load conditions will re­
quire a procedure such as an equivalent linear 
analysis (6). This method is based on a strain sen­
sitivity approach used in earthquake engineering. 

7. It has been emphasized in this paper and 
elsewhere (~) that any NOT device operating at a 
frequency close to the fundamental frequency of 
pavement will result in large magnification of sur­
face deflections. How were the natural frequencies 

from the data in these two papers and related publi­
cations that the first natural frequency of pavements 
is generally above 10 Hz. The discussions in this 
paper and elsewhere (~) imply that the Dynaflect is 
inferior because it operates at a fixed frequency of 
8 Hz. A device operating at a lower frequency (e.g., 
Dynaflect) should not be susceptible to resonance 
condition. 

8. It turns out that the low excitation frequency 
is a merit and provides a rational justification for 
using static analysis to interpret the Dynaflect de­
flection basins. Uddin (7) has shown that, for all 
practical purposes, a static analysis of Dynaflect 
deflection basins using layered theory is a reason­
able approach because the peak-to-peak harmonic force 
of a Dynaflect can be considered as an equal pseudo­
static force. This is further confirmed by the re­
sults of an earlier study of the Texas Transporta­
tion Institute <.!!.>. The TTI study showed that the 
Dynaflect deflections measured at the surface are 
independent of the frequencies in the range of 6 to 
10 Hz. 
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Author's Closure 

The author would like to thank the discusser for his 
instructive comments on the paper. It should be noted 
that in this study, the term "deflection basin" was 
not used because, when a harmonic load is applied to 
pavements, the pavement surface takes on a wave form. 
Cu.rrentl~l r only the peak-to-peak deflections ar'= 
measured and no information is obtained regarding 
the instantaneous basin deflections. Replies to the 
discusser's comments follow in order: 

1. Al though not reported in the paper , pavement 
Section 9 of the Pennsylvania Transportation Re­
search Facility was analyzed using the computer pro­
gram with zero frequency and using the Chevron com­
puter program (with a very stiff semi-infinite layer 
underlying the subgrade). The deflections of the two 
programs did not differ by more than 5 percent. This 
is to be expected because the Helmholtz equation re­
duces to Navier's equation when the frequency is re­
duced to zero. The latter equation is, of course, 
the governing differential equation of elastostatics. 

2. The validity of the dynamic analysis has been 
established by Kausel and Peek (1). Verification of 
the applicability of the analysis-to pavement systems 
by the methods proposed by the discusser would be 
welcome. However, it should be pointed out that 
whereas dynamic analysis can easily reproduce real 
loading conditions, analyses and testing of a seismic 
nature will necessarily involve extrapolation to 
field conditions (as noted by the discusser, comment 
6). 

3. The dynamic deflection can be either smaller 
or larger than the corresponding static deflection 
depending on several factors such as the operating 
frequency of the loading device, material properties, 
layer thicknesses, number of layers, and depth to 
bedrock. Note that the author has not "totally ig-
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nored" material damping. A material damping ratio of 
5 percent was used (see discussion between Equations 
1 and 2). Further, radiation damping is believed to 
be more significant than material damping during 
dynamic vertical translation. 

4. That the pavement response is significantly 
influenced by the depth to bedrock has been discussed 
elsewhere (2,3). 

5. In the-backcalculation procedure, the initial 
modulus values affect the number of iterations re­
quired to reach a certain accuracy. In both static 
and dynamic analyses, there is no guarantee that the 
solutions are unique although the range of admissible 
solutions may be relatively narrow. A 3 percent 
tolerance in E was used in this study. Within the 
constraints of the assumed model (linearity), the 
solutions are thought to have greater validity than 
do those of models that ignore the dynamic effect. 

6. The author agrees with the discusser that test 
loading conditions should correspond as closely as 
possible with field conditions and that some appro­
priate method should be used to extrapolate test data 
in cases in which field conditions are not repli­
cated. However, this latter procedure is difficult 
to implement because many factors influence the 
response of a pavement system (as distinct from a 
single soil sample tested in the laboratory) in­
cluding, for example, cyclic loading, pavement layer 
thicknesses and stiffnesses, and subgrade material 
properties. Thus the best procedure appears to be to 
test pavement systems under design loads and analyze 
these data directly. The author's analysis is not 
restr'icted to low loading levels. 

7. The natural frequencies of pavements are 
functions of material properties: layer thicknesses, 
number of layers, and depth to bedrock. The first 
natural frequen.;:y of typical pavement sections can 
be below 10 Hz as demonstrated by Hoffman and Thomp­
son (4). For example, field tests (4) showed that 
the first natural frequency of "Sherrard" section 
with 4 in. of asphalt concrete surface and 14 in. of 
crushed stone base and an AASHTO A-4 (6) subgrade is 
between 8 and 10 Hz, whereas "Viola" section (Sta­
tions 13 and 18) with a 9-in. bituminous aggregate 
mixture surface and a 6-in. AASHTO A-6 (9) subgrade 
has a first natural frequency of 8 Hz. These examples 
show clearly that the Dynaflect may result in reso­
nating the pavement system, and unless dynamic 
analysis is used, misleading results may develop. 
The natural frequencies of the pavement sections in 
the current study were determined by running the 
computer program for various frequencies. By defini­
tion, the frequencies that resulted in relatively 
large deflections are the resonant frequencies. 

8. As discussed before, resonance may occur at 
low excitation frequencies under certain conditions. 
That these conditions were not encountered by Uddin 
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(_?.) and Cogill (2_) does not mean that they do not 
occur in practice [see Hoffman and Thompson (!_)). 

In conclusion, true dynamic analysis has a most 
useful role to play in pavement evaluation. It is 
the only means whereby the resonant condition can be 
predicted. Further, it shows clearly the range of 
validity of purely static analyses and thus serves 
to warn the user of such analyses of the conditions 
under which error may result. Of course, it is not 
proposed that the present analysis can cope with all 
the complexities of pavement response, but, in regard 
to one important factor (pavement inertia under dy­
namic loading), it is, the author hopes, a step for­
ward. 
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Pave111ent Thickness Designs Using Low-Strength 

(Pozzolanic) Base and Subbase Materials 

GARY W. SHARPE, ROBERT C. DEEN, HERBERT F. SOUTHGATE, and 

MARK ANDERSON 

ABSTRACT 

Information is presented on combining laboratory test data for pozzolanic base 
and subbase materials with elastic layer theory and a limiting strain criterion 
to determine thickness designs equivalent to conventional asphaltic concrete 
and crushed stone pavement structures. A summary of laboratory testing in Ken­
tucky is also presented. An example thickness design determination is given 
that includes an economic comparison of alternative designs with the conven­
tional asphaltic concrete and crushed stone thickness design. 

The use of pozzolans in cementing materials ante­
dates recorded history. Ancient Egyptians used a ce­
ment composed of calcined impure gypsum. The Greeks 
and Romans used calcined limestone and later devel­
oped pozzolanic cements by grinding together lime 
and a volcanic ash. The term pozzolana has been ex­
tended to include not only natural volcanic materi­
als but diatomaceous earths and other highly sili­
ceous rocks and artificial products. Pozzolans are 
defined as siliceous materials, even though they are 
not cementitious in themselves, because they contain 
constituents that will combine with lime in the 
presence of water at ordinary temperatures to form 
compounds that possess cementing properties. 

With the escalating costs of materials and con­
struction for highways and streets, many agencies 
charged with the responsibility of designing and 
constructin'] hiCJhways are using byproduct pozzolanic 
materials. Low-strength (pozzolanic) materials have 
been used fairly extensively in some areas of the 
United States as well as abroad. Until recently, the 
use of pozzolanic materials in highway and street 
construction in Kentucky was not often economically 
competitive with abundant supplies of high-quality 
aggregates. However, as costs of producing and pro­
cessing aggregate materials have increased, so hac 
the feasibility of using stabilized bases, particu­
larly pozzolanic base materials. To date, pozzolanic 
bases in Kentucky have been used primarily in low­
volume traffic situations. Mixtures that have been 
considered recently and evaluated to some degree in­
clude (a) lime kiln dust, fly ash, and dense-graded 
aggregate; (b) byproduct lime and dense-graded ag­
gregate; (c) lime kiln dust, fly ash, dense-graded 
aggregate, and sand; (d) lime kiln dust, fly ash, 
and limestone mine screenings (waste material from 
limestone quarrying operations); and (e) "scrubber 
sludge," quicklime, and dense-graded aggregate or 
pond ash. 

Pozzolanic base or subbase materials have been 
used on an experimental basis for a number of Lex­
ington, Kentucky, street projects. Two projects for 
the Kentucky Transportation Cabinet also are being 
evaluated. Performance experience currently is lim­
ited but evolutionary. Modifications in the designs 
presented in this paper may be required to reflect 
additional field experience. 

Current thickness design procedures for both 
rigid and flexible pavements in Kentucky have been 

developed using elastic layer theory matched with 
pavement performance histories. Flexible thickness 
design procedures (l,~l are supported by more than 
40 years of pavement performance experience and also 
have been related to AASHO Road Test data. Rigid 
pavement design procedures (~-2_) have been related 
to performance experience embodied in design proce­
dures of the Portland Cement Association (§.) and the 
AASHO Road Test (7,8). 

Thickness designs in Kentucky (both flexible and 
rigid) are based on limiting strain criteria. A 
strain-repetitions to failure er i ter ion for flexible 
pavements was developed by matching theoretically 
computed strains with repetitions determined from 
historic pavement performance data and previous em­
pirical thickness design procedures. For rigid pave­
ments a limiting strain criterion was developed and 

land Cement Association and AASHTO thickness design 
procedures. 

LOW-STRENGTH BASE AND SUBBASE MIXTURES 

Materials 

Kentucky specifications (.2_) cur.rently require pozzo­
lanic mixtures used as base components of pavement 
structures to have unconfined compressive strengths 
greater than 600 psi at 7 days when specimens are 
prepared and cured in accordance with ASTM C 593. 
Mixtures used for bases normally have three compo­
~ents: fly ash, a source of lime (hydrated lime, 
quicklime, or lime kiln dust), and an aggregate. 
Cement or cement kiln dust have been substituted for 
the lime source. 

Pozzolanic mixtures used as subbases are not gen­
erally required to have strengths as great as those 
for bases. There are no strength requirements in 
Kentucky for subbase applications. Recent experience 
on one project resulted in compressive strengths on 
the order of 300 psi at 7 days when cured according 
to ASTM C 593. Two mixtures that have potential as a 
subbase material have been investigated in the lab­
oratory: (a) scrubber sludge, aggregate, and some 
form of lime and (b) aggregate stabilized with bag­
house lime. Compressive strengths of 300 to 600 psi 
at 7 days when cured according to ASTM C 593 have 
been obtained. 
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Fly Ash 

The properties of fly ash will vary depending on 
sources and properties of coal burned at the spe­
cific facility under consideration. The range of 
typical properties of fly ash are illustrated else­
where (10). The fly ash is silt-sized spherical par­
ticles 0.015 to 0.050 mm in diameter. 

Sources of Lime 

Commercial sources of lime for use as a stabilizing 
material include quicklime and hydrated lime. Most 
highway agencies specify that lime materials shall 
meet requirements of ASTM C 207, Type N. Typical 
properties of limes used for stabilization are sum­
marized elsewhere (!Q_,11). 

The characteristics of lime and cement kiln dusts 
may vary significantly, depending on specifics for 
each producing location. Typical ranges of composi­
tion and physical properties of cement and lime kiln 
dusts are reported elsewhere (12). Lime kiln dusts 
used in Kentucky for laboratory and field analyses 
were within those typical ranges. 

Scrubber sludge is a waste material obtained with 
the use of scrubbers to remove fly ash and residue 
from coal-burning processes of electric generating 
power plants. Scrubber sludge (flue gas desulfuriza­
tion sludge) consists of fly ash and a lime dust 
slurry filter cake material. The filter cake is a 
compound of calcium sulfate and calcium sulfite. 
Quicklime or hydrated lime normally is added to the 
sludge for stabilization. Stabilization reactions 
begin almost immediately after the combination of 
fly ash and lime with the dewatered sludge. 

Aggregates 

Aggregates for both base and subbase pozzolanic mix­
tures that have been investigated included dense­
graded limestone aggregates, limestone mine screen­
ings (byproduct of limestone quarrying operations) , 
river sand, slag, and gravels. In addition, pond ash 
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waste material has been evaluated in the laboratory 
and may be an appropriate aggregate for a subbase. 
The predominant aggregate in Kentucky has been 
dense-graded limestone. 

Two types of aggregate--dense-graded limestone 
aggregate, which meets Kentucky specifications (.!l_), 

and pond ash (also called bottom ash)--have been 
used to prepare sludge-aggregate mixtures. Gradation 
tests as well as a slake durability test (Kentucky 
method) (!!_) were performed on the pond ash. The 
slake durability test resulted in 5 percent loss. 
Gradation specifications for dense-graded aggregate 
as well as gradations and characteristics of a pond 
ash material from one facility in Kentucky are shown 
in Figure 1. There was a disproportionate amount 
(outside specifications for compacted base) of plus-
1-in. material in the pond ash. The large size of 
the coarse particles is an indication that the pond 
ash might be more suitable as a subbase material 
than as a base material. 

Specimen Preparation 

All specimens for this study were prepared in gen­
eral accordance with ASTM C 593 (79) in 4-in.­
diameter by 4.6-in. molds. Deviations from that 
method involved the use of a 5. 5-lb hammer and a 
12-in. free-fall instead of the specified 10-lb ham­
mer and 18-in. drop. Moisture-density relationships 
were determined in accordance with ASTM D 698 (79) 
instead of ASTM D 1557 (79). Maximum dry density and 
optimum moisture content were determined using a 
polynomial curve-fitting procedure. A smoothing 
technique was used to eliminate localized changes in 
concavity. 

Initial mixtures contained high percentages of 
fine particles, and compaction procedures were 
varied from those specified in ASTM C 593(79), which 
are more applicable to coarse mixes. Even though 
subsequent specimens involved coarser mixes, compac­
tion techniques were kept constant so direct compar­
isons of engineering properties could be made. 

All specimens prepared for or obtained from base 
course mixtures were submerged in water for 4 hr be-
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fora tasting for compressive strengths, ac required 
by ASTM C 593(79). If slaking occurred, the materi­
als or mixture proportions, or both, were eliminated 
from consideration as pavement components. 

The only deviations from ASTM C 593 (79) occurred 
when aggregate-scrubber sludge mixtures were tested. 
It was not possible to submerge sludge specimens, 
because some began to slake immediately on submer­
gence. Slaking also prevented vacuum saturation or 
freeze-thaw testing. Strength testing of scrubber 
sludge was performed without submergence. This defi­
ciency, al though considered acceptable for material 
proposed as a subbase where confinement is provided 
by base and pavement layers, is not appropriate for 
base course construction. ASTM C 593(79) also speci­
fies accelerated curing at l00°F in a sealed con­
tainer. Other curing conditions included ambient 
curing and combinations of accelerated and ambient 
curing. Certainly, additional research is necessary 
to develop specifications and variations thereof to 
adequately reflect needed characterizations of mate­
rials for specific applications. 

Testing 

Unconfined compressive strength tests [ASTM C 
39(72)], splitting tensile strength tests [ASTM C 
496(71)], and tests for static-chord modulus [ASTM C 
469(65)] were performed. During compressive strength 
tests, additional information was obtained by mea­
suring deformation with deflection dial gauges. A 
four-point least-squares fitting technique was de­
veloped to calculate and plot the static-chord mod­
ulus of elasticity (Figure 2) from axial load and 
axial deformation data. 
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FIGURE 2 Example determination of 
static-chord modulus. 

Attempts were made to measure lateral deformation 
during compressive strength testing for the purpose 
of obtaining data from which Poisson's ratio could 
be estimated. Poisson's ratio was estimated from the 
ratio of the slopes of the axial stress-axial strain 
curve and the axial stress-lateral strain curves. 
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Techniques used to measure lateral strains, however, 
did not produce consistent and reliable results. 
There tore, the literature was searched to determine 
the experience of others (10,15). Values from 0.08 
to 0.3, depending on stress"""level as a percentage of 
the ultimate, were indicated. A Poisson's ratio of 
0 .15 was assumed for all pozzolanic base mixtures 
(16) until sufficient reliable test data for Ken­
tucky mixtures could be accumulated. A summary of 
results of recent laboratory analyses in Kentucky is 
given in Table 1. 

PAVEMENT THICKNESS DESIGN 

Design Methodologies 

Structural Number 

Other agencies have developed layer coefficients for 
pozzolanic base materials for use with the AASHTO 
interim guide for flexible pavement design (1). A 
review of the literature has indicated considerable 
variability among suggested layer coefficients for 
pozzolanic materials (!Q_,!l,18). The range of sug­
gested coefficients varies from 0.20 to 0.44 with 
most recommendations on the order of 0.28 to 0.30 
for pozzolanic base mixtures. Lesser 
structural coefficients are recommended 
strength materials used as subbases. 

Stress Ratio 

values for 
for lower 

Other thickness design procedures (19) use a failure 
criterion relating the ratio of flexural strength to 
modulus of rupture as a function of repetitions to 
failure. Flexural strength and modulus of rupture 
are determined from laboratory tests and analyses. 

Elastic Modulus for Pozzolans 

Ea:t"ly ~nl.cKness designs usin9 pozzolans in Kentuc;ky 
were restricted to low-volume city street applica­
tions (20) and related well to other design method­
ologies :-The same evaluations using thickness design 
procedures (based on static-chord modulus) for low­
fatigue city street applications resulted in some­
what unrealistic thickness requirements when applied 
to high-fatigue design levels. Comparisons with 
other design methodologies also indicated reasonable 
correlations at low fatigue levels but wide vari­
ations for high-fatigue applications. However, there 
was concern that elastic layer parameters determined 
from some laboratory and field analyses did not com­
pletely account for the characteristics of pozzo­
lanic materials. 

A literature review indicated a wide range of 
elastic moduli for low-strength base and subbase 
materials depending on specific procedures used to 
determine the parameters. All studies reviewed indi­
cated increasing elastic moduli for pozzolanic mate­
rials proportionate to increases in compressive 
strength or tensile strength, or both. However, mag­
nitudes of elastic moduli did vary considerably for 
similar compressive strengths. 

Initial estimates of elastic moduli in this study 
were determined by the static-chord method [ASTM C 
469 (65)] and generally were relatively low (30 ,000 
to 300 ,000 psi) (Figure 3). Elastic moduli for lime­
fly ash mixtures reported elsewhere (10) were on the 
order of 100,000 to 500,000 psi for similar levels 
of compressive stresses (see Figure 3). Even greater 
magnitudes of elastic moduli (1,600,000 to 3,300,000 
psi) have been reported by others (12). 
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TABLE 1 Strength Parameters for Variow Pozzolanic Mixtures and for Various Curing Conditions 

--····----------------·:·--------------------···-----------·----------------------,.. ... ..... _______________________________________________________ :_ 
MIXTURE COMPONENTS (percent) 

--------------------------------------------------- OPTIMUM MAXIMUM UNCONFINED MODULUS SPLITTING 
LIME BY- DENSE- MOISTURE DRY MIXTURE CURING COMPRESSIVE OF TENSILE 

FLY KILN PRODUCT SCRUBBER RIVER GRADED POND CONTENT DENSITY SOURCE CONDITION STRENGTH ELASTICITY STRENGTH 
ASH DUST LIME SLUDGE SAND AGGREGATE ASH (percent) (pcf) (a) (b) (psi) (psi) (pei) 

------------------- -----------------------------------------------------------------------------------------------------------
10 90 11. 8 126.2 field No. 1 186 14,453 
10 90 11.8 126.2 field No. 7 557 83,836 
15 85 9.5 143 .6 field No. 1 309 24,185 
15 85 9.5 143.6 field No. 7 670 37,526 
20 80 11. 7 133.5 field No. 1 264 18 ,067 
20 80 11. 7 133.5 field No. 7 560 29,029 
30 70 12.4 128.3 field No. 1 211 14,302 
30 70 12.4 128.3 Held No. 7 393 58,306 

100 43.7 71.6 field No. 3 71 9,564 
100 43.7 71.6 field No. 1 98 11,430 
100 43.7 71.6 field No. 6 166 21,369 
100 43 . 7 71.6 field No. 7 130 10,814 
100 43 . 7 71.6 field No. 11 155 21,007 

------------------------------------------------------------------------------------------------------------------------------10 90 10 .3 150.5 lab No. 99 8,870 13 
10 90 10.3 150.5 lab No. 826 77 ,471 62 
10 90 9.9 133.7 lab No. 153 7, 159 4 
10 90 9.9 133. 7 lab No. 286 26,124 10 
15 85 11.2 151.4 lab No. 160 10,285 7 
15 85 11.2 151.4 lab No. 646 59,187 68 
15 85 10.9 130.6 lab No. 189 7,782 6 
15 85 10.9 130.6 lab No. 275 17. 700 12 
20 80 11.0 132.9 lab No. 196 15,512 12 
20 80 11.0 132.8 lab No. 617 55,834 9 
20 80 11.8 124.9 lab No. 168 10,080 9 
20 80 11. 8 124.9 lab No. 254 17,576 

100 50.4 65.2 lab No. 107 9,508 
100 50.4 65 . 2 lab No . 207 14,955 

-----------------------------------------------------------------------------------------------------------------------------
12 88 6.5 142.1 lab No. 1 646 35,038 
12 88 6.5 142.1 lab No. 2 738 44,431 
16 84 7. 3 140 . 6 lab No. 1 636 23,295 
16 84 7.3 140 . 6 lab No. 2 515 25,157 
20 80 6.8 135.8 lab No. l 315 11,589 
20 80 6.8 135.8 lab No. 2 232 6 ,377 

--------------------------------------------------------------- -------------------- -- ----------------------------------------
8 8 84 5. 6 134.3 field No. 1 1,192 87,545 
8 8 84 5.6 134.3 field No. 4 922 74,445 
8 8 84 cores No. 9 585 62,980 
8 8 84 cores No. 10 1,570 216,524 
8 8 84 7.4 139.6 lab No. 1 1,987 166,618 226 
8 8 84 7.4 139.6 lab No. 2 2,403 202,027 
8 8 84 7 .4 139.6 lab No. 4 897 96 ,608 
8 8 84 7.4 139.6 lab No. 6 3,222 259,895 387 
8 8 84 7.4 139.6 lab No. 8 308 

5 5 90 7.5 139.2 lab No . 1 1,291 94,669 
5 5 90 7.5 139.2 lab No. 2 1,526 150,962 
5 5 90 7.5 139.6 lab No. 4 228 
5 5 90 7.5 139.6 lab No. 5 280 18,314 
6 4 90 6.4 146.3 lab No. 1 488 37,634 

10 10 80 8.0 133.l lab No . 1 296 17,619 
8 4 88 6.9 142.1 lab No. 1 I ,116 
8 6 86 8.1 150.8 lab No. 1 1,290 

8 8 10 74 7.5 141.0 lab No. 1 1,255 
8 8 10 74 7.5 141.0 lab No. 2 280 
6 8 10 74 7.5 141.0 lab No . 3 134 
8 8 10 74 7.5 141.0 lab No . 4 136 
8 8 25 59 7.6 138. 7 lab No. 1 1,272 
8 8 25 59 7.6 138. 7 lab No. 2 356 
8 8 25 59 7.6 138. 7 lab No. 3 82 
8 8 25 59 7.6 138. 7 lab No. 4 123 
6 8 50 34 7 .1 135.6 lab No. 1 923 
8 8 50 34 7 .1 135.6 lab No. 2 157 
8 8 50 34 7.1 135.6 lab No. 3 105 
8 8 50 34 7 .1 135.6 lab No. 4 79 

10 10 80 10.1 110.9 lab No. 1 89 9 ,139 
---------------------------------------------------------------------------- --------- ----------------------------------------8 

8 
8 
8 
8 
8 

a. 

b. 

c. 
d. 
e. 

8 42 42(c) 7 .o 138 .1 lab No. 1 349 14,956 
8 32 52 (d) 6.6 137.5 lab No. 1 157 4,237 
8 84(e) 8.0 135 .1 lab No . 6 1,317 127,193 
8 42 42(e) 7. 2 133.6 lab No . 1 1,194 
8 42 42(e) 7.2 133.6 lab No. 2 69 
8 42 42(e) 7.2 133.6 lab No. 3 439 

11 Lab 11 refers to samples mixed from dry components in the laboratory, "field" refers to samples mixed in the laboratory 
with components from a field situation, "cores" refers to •amples obtained by coring an existing pavement. 
Curing conditions : 

No. 1 7 days at 100 F in a sealed container (ASTM C 593-79) 
No. 2 7 daye at 100 F 1n a sealed container and then 7 days at room temperature in air 
No. 3 7 days at room temperature in a sealed container 
No. 4 14 days at room temperature in air 
No. 5 21 days at room temperature in a sealed container 
No. 6 28 daye at 100 F in a sealed container 
No. 7 7 daye at 100 F in a sealed container and then 21 days at room temperature in air 
No. 8 28 daye at room temperature in air 
No. 9 49 daye ambient curing (field conditions) followed by a 14 day soaking period 
No. 10 -- 132 daye ambient curing (field conditions) followed by a 14 day soaking period 
No. 11 -- 62 daya at room temperature in air 

No. 11 aggregate substituted for dense-graded aggregate. 
Aggregate substituted for dense-graded aggregate coneiete of 321 No. 11, 201 aggregate meal. 
Mines screenings eubetituted for dense-graded aggregate. 
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FIGURE 3 Modulus of elasticity versus 
compressive strength for various data sources. 

Least-squares regression analyses were used to 
evaluate trends of modulus of elasticity versus un­
confined compressive strength and tensile strength 
for the various sources of data (Figure 3). The Ken­
tucky relationship (for the static-chord modulus) is 
most conservative and was developed for a number of 
pozzolanic base mixtures evaluated in Kentucky. Re­
silient moduli presented in the FHWA report showed 
the greatest rate of change of modulus per unit of 
compressive stress whereas data from the NCHRP re­
port indicated a somewhat lesser rate of change. 
Data presented in the FHWA report (12) are resilient 
moduli determined by repeated load testing for a 
range of fly ash-kiln dust ratios and also a variety 
of sources of fly ash and kiln dusts (lime and ce­
ment kiln dusts). Figures 3 and 4 show trends of 
resi.1.ient moau.1.us as a function ot unconfined com­
pressive strength and splitting tensile strength for 
all data. Additional plots have been developed for 
specific mixture proportions or components. Elastic 
moduli presented elsewhere (l.Q_, Table 9) were deter-
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mined from plate load tests. Median moduli and com­
pressive strengths were used to develop the rela­
t . ionship shown in Fi')ure 3. The relationship of 
compressive strength versus modulus of elasticity 
based on data reported in the NCHRP synthesis was 
selected as a "middle-of-the-road" er i te·r ion to de­
termine design elastic moduli. Additional research 
is necessary to verify and refine this design cri­
terion. 

Kentucky laboratory analyses were based on ASTM C 
469(65) and resulting values were essentially static 
moduli of elasticity. A Model 400 Road Rater was 
used to obtain deflection measurements from in­
serv ice pozzolanic pavements. Deflection data indi­
cated considerable variability and are currently be­
ing evaluated in more detail. However, preliminary 
analyses indicate backcalculated moduli of 1 million 
to 3 million psi. 

Ahlberg and Barenburg (15) reported flexural 
moduli of elasticity from 1,500,000 to 2,500,000 
psi. Resilient moduli reported by Collins and Emery 
(12) varied from 370,000 to 3,300,000 psi. Others 
(10) have reported ranges of moduli from 100,000 psi 
at a compressive strength of 400 psi to a modulus of 
500,000 psi at a compressive strength of 1,000 psi. 

The modulus of elasticity of asphaltic concrete 
varies as a function of temperature and frequency of 
loading (21,22). On the other hand, granular cohe­
sionless materials have relatively constant moduli 
for frequencies of 0 .1 to 50 Hz (23). For a soil 
that may be considered to behave as a linear visco­
elastic solid, the elastic modulus is a function of 
frequency (24). Hardin and Black (25,26) have demon­
strated dramatic variations of elastic moduli of 
cohesive soils at low frequencies (less than 0.1 Hz) 
because of creep phenomena. This partly explains 
observed variations in elastic moduli from static 
and dynamic tests. Furthermore, it also has been 
demonstrated that modulus varies as a function of 
strain amplitude (~ 1±i 1~), which varies consider­
ably among test procedures. 

Static moduli were not considered representative 
of actual traffic loading conditions. Resilient 
moduli are determined on the basis of repeated load 
tests at 1 to 2 Hz. Road Rater deflections were ob­
tained at 25 Hz using a 600-lb-force dynamic load 
and a 1,670-lb-force static load. Others (15) esti­
mated elastic moduli from tests for flexural 
strength. In view of the significant variations of 
both frequency and strain amplitude of actual traf­
fic loadings, the need at this time for conservative 
design moduli is apparent. In addition, Kentucky 
thickness design procedures, although predicated on 
a limiting strain-repetitions criterion, were veri­
fied initially by Benkelman beam deflection behavior 
where rebound deflections were obtained at low 
(creep) vehicle speeds (0.5 to 1.0 Hz) for an 
18,000-lb axle load and were matched with theoreti­
cal deflections calculated using the Chevron N-layer 
program (27). Thus an interim criterion relating 
compressive strength and modulus of elasticity is 
shown in Figure 3. 

Suggested Des ign Methodology 

Thickness design procedures (flexible and rigid) in 
Kentucky have been developed on the basis of limit­
ing strain-repetitions er i ter ia. The flexible pave­
ment criterion limits vertical compressive strains 
at the top of the subgrade and the tensile strain at 
the bottom of the asphaltic concrete (1,2,28). The 
rigid pavement design er i ter ion is an e"ip~ession of 
a stress-ratio fatigue criterion (3-5) in terms of 
tensile strain versus repetitions for- various combi­
nations of modulus of elasticity and modulus of rup-



Sharpe et al. 

ture. The same approach was used to develop a ten­
sile strain-repetitions criterion for pozzolanic 
base materials (Figure 5). 

For the pozzolanic material, the ratio of flex­
ural stress to compressive stress at failure was 
estimated to be 0.25 at the ultimate compressive 
strength (15). Based on current Kentucky specifica­
tions of a minimum compressive strength of 600 psi, 
the flexural stress for pozzolanic base materials is 
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FIGURE 5 Limiting tensile strain at bottom of the 
pozzolanic base versus repetitions of an 18,000-lb 
axle load. 

150 psi. The minimum design modulus of elasticity 
from Figure 3 is 250,000 psi. The assumed Poisson's 
ratio of 0 .15 for pozzolanic materials (.!§_) is near 
the value used to develop rigid pavement designs in 
Kentucky. The shape of the fatigue envelope used by 
the Portland Cement Association (6) for portland ce­
ment concrete pavements was applied to pozzolanic 
materials and defines the relationship of ratio of 
allowable tensile stress to repetitions of an 
18,000-lb single axle load (3-5). The allowable ten­
sile stress versus repetitions-relationship for poz­
zolanic materials is the Portland Cement Association 
curve shifted according to the following relation­
ship: 

Tensile strain= (Flexural strength) x (Stress ratio).;. (Modulus of elasticity) 

where the stress ratio value corresponds to a spe­
cific value for repetitions of an 18,000-lb equiva­
lent axle load. More specifically, for pozzolanic 
base mixtures, 

Tensile strain= (150 psi) x (Stress ratio).;. (250,000 psi) 

These equations convert the ratio of allowable 
stress ratio to allowable tensile strain at the bot­
tom of the pozzolanic base (see Figure 5). The re­
sulting criterion, compared to one proposed by 
Thompson (19), is slightly more conservative. Expe­
rience with pozzolanic pavements in Kentucky has 
been limited; the proposed criterion also may be 
adjusted on the basis of field performance, 

Recent studies Cl-2.l have involved the applica­
tion of work and energy principles to combine all 
strain components into a single resultant. Strain 
energy density is the energy at a point in a body to 
resist the energy imposed on that body by an outside 
load and is equal and opposite to the work at that 
point, as defined by classical physics (29,30). The 
strain energy density for each point in the pavement 
structure must be summed (integrated) to obtain the 
total strain energy, which would equal the total 
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work caused by the external force. Strain energy 
density, or work, at a given location within the 
structure may be used as the basis of design instead 
of using a single strain, such as the vertical com­
pressive strain, as the criterion. Recent investiga­
tions of both flexible and rigid pavements have used 
concepts of equal work as the basis of thickness 
designs. 

To develop a design procedure that uses pozzolans 
in the pavement structure, the elastic layer theory 
embodied in the Chevron N-layer computer program 
(27) was used first to determine thickness require­
ments for conventional designs (1/3 asphaltic con­
crete and 2/3 crushed stone base) using traditional 
materials (1,2,28). Work at critical locations-­
bottom of th-; -asphaltic concrete or top of the sub­
grade, or both--was determined and used as the con­
trolling fatigue value for the respective materials 
at their critical locations. 

Elastic layer theory then was used to determine 
strains and work for a matrix of thicknesses of poz­
zolanic base (of varying moduli of elasticity) com­
bined with several thicknesses of asphaltic concrete 
surfacing. Results of those analyses were used to 
develop a series of graphs similar to Figures 6 and 
7. 

Determination of an equivalent structural thick­
ness design that uses pozzolans may be achieved by 
matching the critical strains and work for a conven­
tional pavement design with companion work and 
strains for some combination of thicknesses of as­
phaltic concrete surfacing and pozzolanic base. The 
work and the vertical compressive strain at the top 
of the subgrade for the control (conventional) pave­
ment were used in combination with Figures 6 and 7 
(and other simila r graphs) to determine thicknesses 
of pozzolanic bases corresponding to specific elas­
tic moduli and various thicknesses of asphaltic con­
crete surfacing. Thicknesses of pozzolanic bases 
will be slightly increased using a criterion based 
on work compared to vertical compressive strain. 
Resultant thicknesses of pozzolanic bases were used 
to develop Figure 8. The specific thickness of poz­
zolanic base may then be determined depending on the 
desired modulus of elasticity and the desired thick­
ness of asphaltic concrete surfacing. Modulus of 
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elasticity may be related to compressive strength by 
Figure 3. 

Design thicknesses (based on the work at the top 
of the subgrade) were checked against the limiting 
tensile strain criterion (1,2,28) at the bottom of 
the asphaltic concrete and- the limiting tensile 
strain at the bottom of the pozzolanic base (Figure 
5) to verify that fatigue of the asphaltic concrete 
and pozzolanic base was not controlling. Experience 
in Kentucky has shown that tensile strain at the 
bottom of the asphaltic concrete layer is normally 
not the controlling design criterion because the 
relatively "stiff" moduli of pozzolanic bases limit 
the magnitude of tensile strains at the interface 
between asphaltic concrete and pozzolanic base. 
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Phase 1 of the design procedure involves the deter­
mination of thickness requirements for a conven­
tional asphaltic concrete pavement. Consider, for 
example, the following design conditions: 

Design 18-kip equivalent axle loads (EALs) = 5 million 

Design subgrade =California bearing ratio (CBR) 9 

Using Kentucky thickness design curves, a conven-
tional asphaltic concrete pavement would be as fol­
lows: 

Asphaltic concrete surface or base, or both = 7 in. 

Dense-graded aggregate base= 14 in. 

In Phase 2, structurally equivalent designs using 
pozzolanic base materials are determined. Critical 
strains and work for conventional designs are deter­
mined using the Chevron N-layer computer program 
(Figures 6 and 7). Limiting strains corresponding to 
those of conventional structures may be used to de­
termine thickness requirements for pozzolanic bases 
for a constant thickness of asphaltic concrete. 
Analyses of a number of asphaltic concrete thick­
nesses may be used to develop Figure 8. The specific 
thickness design is based on estimated elastic mod­
ulus obtained from an analysis of compressive 
strength data (Figure 3). 

The major benefit associated with the use of a 
pozzolanic base is the substitution of a less expen­
sive material for a portion of a more expensive com­
ponent of the pavement structure. Pozzolanic bases 
may be especially advantageous as alternatives to 
very thick conventional asphaltic concrete pavements 
or thick full-depth asphaltic concrete pavements for 
which deep rutting may be a potential problem. Poz­
zolanic bases also may be a cost-effective alterna­
tive to some rigid pavements. This, however, has not 
been considered in Kentucky. 

OTHER FACTORS 

Effects of Curing 

Effects of curing were detected in the field by de­
flection measurements. Table 2 gives a summary of 
deflection data obtained directly on a 6-in. layer 
of lime kiln dust-fly ash-dense-graded aggregate 
base for three city street projects. Design propor­
tions for Sites 1 and 2 were the same: 8 percent 
1 ime kiln dust, 8 percent fly ash, and 84 percent 
dense-graded aggregate. Design proportions for Site 
3 were 6 percent lime kiln dust, 6 percent fly ash, 
and 88 percent dense-graded aggregate. Field deflec­
tion measurements were obtained at similar ages for 

TABLE 2 Road Rater Deflections 
on 6-in. Pozzolanic Bases 

Project No. 

2 

Deflections (in. x 10- 5 ) at 
Sensor Number 

2 

53.8 29.8 
118.5 46.0 
147.2 56.9 

3 

15.l 
24.8 
24.3 
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all sites: 7 to 9 days after placement. Prior labo­
ratory and field data indicated that subgrade condi­
tions were similar for the three projects (CBR 4). 

Site 1 was placed in mid-August and curing condi­
tions were favorable--temperatures ranged from 60° F 
to 80°F and the bituminous curing membrane was in 
good condition. Site 2 was placed in early November 
when air temperatures were much cooler (40°F to 
60°F). The bituminous curing membrane was not placed 
immediately after compaction. Site 3 was placed in 
early May. Air temperatures were unseasonably cool 
and rainfall was record setting. Site 3 was drenched 
immediately after placement of the bituminous curing 
membrane, and the membrane was washed away in some 
locations. In those areas, the surface of the base 
course was unbound or poorly bound. The site also 
was subjected to significant rainfall during the 
initial 7-day curing period. It is apparent from the 
deflection data that greater strengths resulted from 
more favorable curing conditions. Deflection data 
also indicated the influence of the bituminous cur­
ing membrane on proper curing and associated 
strength gains. 

Both laboratory (Table 1) and the field data 
(Table 2) indicated that high temperatures and mois­
ture retention are primary contributors to good cur­
ing and associated gains in strength. Thus placement 
of pozzolanic base materials is recommended when air 
temperatures are expected to be above 60°F for at 
least 7 days. Placement of a bituminous curing mem­
brane is apparently essential for the development of 
high early strengths. 

Autosenous Healing 

Another aspect associated with low-strength pozzo­
lanic base materials is the potential for reflective 
cracking of the overlying asphaltic concrete surfac­
ing. It is anticipated that greater amounts of 
cracking will occur during curing of higher strength 
pozzolans. 

Results of the deflection testing of the three 
test sites stimulated additional interest in the 
effects of curing and autogenous healing. A series 
of lime kiln dust-fly ash-dense-graded aggregate 
mixtures was prepared in 6-in.-diameter by 12-in. 
cylinders and cured at room temperature for 28 days. 
Compressive strengths of those specimens were 231 
psi for Mixture A and 209 psi for Mixture B. The 
aggregate portion for Mixture A consisted of 84 per­
cent dense-graded limestone; Mixture B contained 42 
percent sand and 42 percent limestone mine screen­
ings. The fine portions of both mixtures contained 8 
percent each of fly ash and lime kiln dust. That was 
considerably less than for specimens compacted and 
cured according to ASTM C 593 (4-in.-high by 4.6-
in.-diameter cylinder cured at 100°F for 7 days). 
Compressive strengths in those cases were 1,501 psi 
for Mixture A and 1,194 psi for Mixture B. The 6- by 
12-in. cylinders tested for compressive strengths at 
7 days were not destroyed but were sealed in plastic 
bags and cured to an age of 240 days. The cylinders 
were again subjected to compressive testing. Com­
pressive strengths at that time were 870 psi for 
Mixture A and 1,367 psi for Mixture B. Significant 
strength gains may be partly attributable to long­
term strength gain characteristics of pozzolanic 
materials and also to autogenous healing of the ini­
tial failure locations. 

Autogenous healing apparently occurs in pozzo­
lanic base specimens if they are left undisturbed 
and curing conditions remain favorable. However, 
conditions in the field may not be duplicated by 
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laboratory conditions. Autogenous healing of cracks 
in field installations may be slowed by stressing 
under traffic loadings. Field curing conditions 
(temperature and moisture) also may vary consider­
ably. 

CLOSING COMMENTS 

Experience in Kentucky with the performance and 
life-cycle costs of pozzolanic pavements has been 
almost nonexistent. Thickness design procedures for 
pozzolanic pavements have been developed by other 
agencies for other regions, but the extent to which 
Kentucky conditions are represented could not be 
determined at this time. This paper represents ini­
tial efforts to develop a thickness design method­
ology for pozzolanic pavements that is related to 
performance histories in Kentucky as well as to lab­
oratory test data characterizing the properties of 
pozzolans. It is anticipated that the procedures 
presented herein may be the nucleus for the develop­
ment of a complete set of thickness design curves 
using pozzolanic or other low-strength base mate­
rials. 

Additional research on and experience with life­
cycle costs, durability of materials, fatigue-shear 
strain relationships, and pavement performance will 
be necessary to refine procedures and methodologies 
for thickness design. Pavement sections are cur­
rently in place and are being monitored to provide 
such data for future analyses and refinements. Eco­
nomic analyses apparently indicate competitiveness 
with other materials for initial construction. 

A major criticism of pozzolanic pavements relates 
to reflective cracking of overlying asphaltic con­
crete layers associated with shrinkage cracking in 
the pozzolanic base. Additional evaluations are cur­
rently ongoing. One technique involves the use of 
stress-relief layers between the pozzolanic and the 
asphaltic concrete layers. Benefits are yet to be 
determined. 
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Deformation Characteristics of Granular Base 

Course in Flexible Pavements 

SAFW AN KHEDR 

ABSTRACT 

The results of a triaxial test program performed on untreated granular crushed 
limestone base course material are presented. Triaxial tests were performed 
with time-variable confining pressure that varied simultaneously with the ver­
tical dynamic loading. The test setup was designed to simulate the traffic­
induced stress state on the granular base in flexible pavements. Various levels 
of stress state were applied to samples of different moisture contents and rel­
ative densities. The analysis of permanent deformation results revealed that a 
power relationship existed between the rate of permanent strain accumulation 
and the applied number of loading cycles. Further, the exponential parameter m 
in the relationship was found to vary over a limited range for all tested sam­
ples. The intersection parameter A, which expressed the rutting susceptibility 
of the material, was found to be most sensitive to stress state and resilient 
modulus. Parameter A was expressed in a power relationship to the octahedral 
stress ratio and the resilient modulus. The resilient modulus variation was in­
vestigated and found to depend mainly on the stress state. For deviator stress 
higher than 10 psi, the resilient modulus had a power relationship with the 
first stress invariant. Furthermore, the exponent of that relationship is lin­
early interrelated with the logarithm of the intersection coefficient of the 
same relationship. 

A granular base course has a significant effect on 
the resilient deflection as well as on the residual 
deformation of a flexible pavement system (.!_) • The 
degree of significance depends on pavement design 
structure and environmental conditions. One example 
is incorporating a free-draining base course to fa­
cilitate proper drainage for the pavement. A free­
draining granular base, which contains a very low 
percentage of fines, may contribute to both resil­
ient and residual deformation of the pavement. 

The response of granular material under dynamic 
loading that simulates traffic is different from 
that under static loads, Therefore it should be 
tested under dynamic stresses of a magnitude ex­
pected in a pavement structure in order to charac­
terize the material for the evaluation of pavement 
response under traffic. This has been recognized by 
researchers since 1958 (~). Several investigators 
have reported experimental results obtained from 
such tests (l_-il. In these and other studies, ef­
forts were directed toward resilient or residual 
characterization, or both, of granular material. 

Barksdale (6) pioneered comprehensive experi­
mental research- to investigate the plastic deforma­
tion of a variety of granular materials. Ten dif­
ferent materials and blends were tested under 
constant confining pressure and uniaxial dynamic 
stress of triangular loading function. In his study 
Barksdale presented many conclusions that explained 
various points about deformations of granular mate­
rials and served as the basis for further refining 
research in the field. Some of these conclusions 
were: 

1. Plastic strain accumulated approximately log­
arithmically with the number of load applications. 

2. Threshold deviator dynamic stress existed be­
yond which the rate of strain accumulation tended to 
increase with the number of load repetitions. 

3. Plastic strain was almost proportional to de­
v iator dynamic stress at static confining pressure 
for small values of deviator stress. 

4. Plastic and elastic strains were strongly de­
pendent on confining pressure, undergoing a signifi­
cant decrease with increasing confining pressure. 

5. The plastic stress-strain curves exhibited a 
typical nonlinear response similar to those in mono­
tonic stress conditions. A hyperbolic expression was 
suggested to describe the curves: 

€a= [(a 1 - a3)/(kam1(1 - { [(a1 - a3 )Rr(l -sin</>)] 

7 (2 c cos</> t a3 sin <J>) f) 
where 

£a axial strain, 

(l) 

kcr~ relationship defining the initial tangent 
modulus as a function of the confining pres­
sure ( a3) (k and n are constants) , 

c = cohesion, 
~ angle of internal friction, and 

Rf a constant relating compressive strength to 
an asymptotic stress difference. 

Equation 1 was suggested at a particular number of 
loading repetitions. However, in applying Equation 1 
in a particular estimation of rut depth with pave­
ment performance life, an extensive testing program 
would be needed to calculate the parameters in the 
equation at various numbers of load repetitions. 

Allen ( 4) conducted a series of experiments on 
nine samples of granular material in which both 
time-variable and constant confining pressures were 
applied. Although his study was not intended to in­
vestigate permanent deformation, he made the general 
conunents that plastic strain decreased with increas­
ing material density and that crushed stone speci-
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mens experienced less plastic strain than the gravel 
specimen, which suffered the most plastic strain 
under the same stresses. 

A laboratory dynamic triaxial test was conducted 
by the National Crushed Stone Association (NCSA) (7) 
to study the characteristics of plastic deformati~n 
of graded aggregates. Kalcheff (7) reported that the 
plastic strains were greatly dependent on the degree 
of consolidation for the same gradation, the amount 
and type of fines in the gradation, the stress se­
quence and magnitude, and the moisture content for 
some types of fines. In keepinq with Barksdale's ob­
servation, Kalcheff noted that plastic strain accu­
mul atted apprmcimattely logarithmically with the number 
of load repetitions. 

In the flexible pavement model VESYS II (_~), it 
was suggested that the permanent deformation in 
flexible pavement layers be represented in the format 

Ea= IN' 

where 

Ea 
I 
s 

F(~J 

M 

permanent strain at N cycles, 
intercept coefficient, 
slope coefficient, 
permanent strain due to the Nth loading, 
fraction of total strain due to the Nth 
loading that is permanent, 
IS/Err 
1 - s, ana 
resilient strain. 

(2a) 

(2b ) 

(2c) 

The system incorporated Equations 2a, 2b, and 2c 
in a predictive technique that used the similarity 
between the permanent strain cumulative curve and 
the static creep curve. 

Numerous research efforts in the 1970s were de­
voted to the study of resilient deformations in 
granular materials as an element in flexible pave­
ments (4,5,7,9,lU). HicKs (~) and Allen (4i have 
reached,- in- separate efforts, similar conclusions 
about the resilient characteristics of granular ma­
terials. Some of these conclusions were 

1. The resilient response of granular materials 
was independent of the stress pulse duration (for a 
duration time range of 0.1 to 0.2 sec). 

7.. The resilient response of granular material 
was significantly affected by the applied stress 
history. However, the response was fairly steady and 
stable after approximately 100 cycles of constant 
stress-amplitude dynamic loading. 

3. Higher density material exhibited higher re­
silient modulus. 

4. The stress level and condition were the fac­
tors with most influence on the resilient properties 
of granular materials. They found that either 

or 

where 

MR 
k1,k2,k3,k4 

"3 
e 

resilient modulus, 
regression constants, 
confining pressure, and 

sum of principal stresses 

(3) 

(4) 
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would represent the modulus··stress state relation­
ship. Allen, however, found that Equation 3 had a 
higher correlation coefficient in the regression 
analysis. 

5. Allen observed that the constant confining 
pressure (CCP) tests generally overestimated the re­
silient Poisson's ratio compared with the results of 
the dynamic confining pressure (DCP) tests. He also 
observed that the resilient modulus calculated from 
CCP tests exceeded that computed from the DCP test. 
However, this conclusion was not verified for all 
nine samples tested . Therefore he concluded that the 
continued use of the CCP triaxial test as a means of 
characterizing granular materials was justified, 

The elastic layered solution has been frequently 
used as a technique for analyzing a flexible pave­
ment system that contains untreated granular base or 
subbase, or both. However, because of the unrealis­
tic tensile radial stresses calculated in these 
granular layers, and also because of the unrealis­
tically low radial pressures calculated when using 
elastoplastic theory in the finite element method, 
it can be seen that no model has been established 
that would describe and account for the behavior of 
such material as part of a flexible pavement system 
under real traffic loading (11) • All models in use 
characterize the granular layer as a continuum. It 
should instead be investigated as an assembly of 
oriented particles. The granular material can resist 
a certain amount of radial tensile stresses through 
the interparticle friction forces that are propor­
tional to the normal stresses at the particles' in­
terfaces. The development of these frictional forces 
will increase the material's tendency to slip. 
Therefore passive pressure due to adjacent overbur­
den will be mobilized and, consequently, the confin­
ing pressure will increase, causing higher strength 
(i.e., higher modulus) (11). Because of the cohe­
sionless nature of the untreated granular material, 
it should be tested under confinement pressure. Ex­
cept for a few studies <!,10), the confining pres­
sure was kept constant during the dynamic deviator 
loading in previous research efforts. Such a stress 
ar:rangernent (CCP) has the fullowiug Uisa.Uvantages; 

1. It does not simulate the in situ condition in 
which lateral pressure changes simultaneously with 
vertical pressure as a function of time (12) • 

2. The role of the confining pressUre in that 
stress arrangement is limited to conditioning stress 
and is not a direct reaction to vertical wheel load­
ing. 

3. in tr iaxial testing, there are two types or 
procedure: 

• Preconsolidate the sample under confining 
pressure before applying the dynamic vertical load, 
thus neglecting the effect of confining pressure on 
permanent deformation, and 

• Apply dynamic vertical 
neously with the constant confining 
thus overestimate the effect of a3 • 

loading simulta­
pressure (cr3) and 

4. In a triaxial cell, the confining pressure is 
applied on the sample in all directions, which means 
inducing unrealistic static overburden pressure in 
the vertical direction. 

There has been no report of a complete constitu­
tive equation that would describe permanent deforma­
tion in untreated granular material during pavement 
life. The residual characteristics of granular mate­
rial have not been investigated in experimentation 
that involved applying dynamic confining pressure 
that varied simultaneously with the axial pressure 
on a time scale to avoid the disadvantages previ­
ously mentioned. 
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The objectives of this study were to investigate 
the deformation mechanism of untreated granular rna­
ter ial in an experimental program that involved ap­
plying stress conditions compatible with those 
expected in flexible pavements. Analysis of the 
experimental results should lead to the development 
of a constitutive equation to describe the dynamic 
creep of the material. Such a constitutive equation 
would be used in schemes for predicting rutting of 
flexible pavements. 

EXPERIMENTAL PROGRAM 

A crushed limestone aggregate obtained from Franklin 
County, Ohio, with a maximum size of 3/4 in. and 
limestone fines, was subjected to a dynamic testing 
program. Figure 1 shows the material gradation used. 
The fines in the aggregate had a liquid limit of 15 
percent and nonplastic properties. The specific 
gravities measured were 2.57 and 2.64 for the coarse 
and fine portions, respectively. The compaction 
curves for the aggregate used are shown in Figure 2. 
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Standard compaction procedure, employing the modi­
fied compaction energy, was used in determining the 
maximum dry density curve. The minimum dry density 
test was run in accordance with AASHTO Tl9-70. The 
samples involved in the testing program were 4 in . 
in diameter and 7.5 in. in height, compacted at O, 
4, or 6 percent water contents to approximately con­
stant dry density of 130± pcf. 

The dynamic testing involved applying simulta­
neous time-variable confining and deviator stresses 
on the aggregate samples. The tests were carried out 
in a tr iaxial cell. Figure 3 shows a schema tic of 
the cell setup. The stresses were applied using two 
electronically connected material testing systems 
(MTSs) as shown in Figure 4. The first applied vari­
able confining pressure with stroke control through 
a hydraulic setup and an oil-water interface. The 
second applied the required deviator stress with 
load control synchronized with the confining pres­
sure. A haver-sine loading function was applied in 
both the vertical and the horizontal direction. The 
load frequency was one cycle per second with load 
duration of o.125 sec. However, the cycle duration 
was somewhat longer for the lateral pressure because 
of the pressure transfer mechanism from the MTS to 
the triaxial cell. The static components of the ver-

FIGURE 3 Triaxial testing arrangement. 
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TABLE 1 Physical and Ultimate Properties of Aggregate Samples tical and confining pressures were continuously 
maintained throughout the test. 

Sample 
No. 

II 
21 
31 
41 
51 
61 
62 
71 
81 
91 

101 
Ill 
121 
131 
141 
142 
151 
152 
161 
171 
172 
181 
182 
191 
192 
201 
211 
213 
221 
222 
231 
232 
233 
241 
242 

w 
(%) 

7.6 
4.6 
4.0 
4.04 
4.0 
3.93 
3.93 
4.03 
3.95 
5.96 
6.00 
5.90 
7.00 
4.19 
5.9 
5.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4.1 2 
4.12 
3.86 
3.86 
3.86 
3.73 
3.73 

'Yd 
(pcf) 

132.0 
130.0 
130.0 
130.0 
130.0 
130.I 
130. 1 
130.0 
130.1 
130.1 
130.0 
130.1 
128.8 
132.3 
130.I 
130.1 
131.1 
131.1 
130.0 
130.0 
130.0 
130.9 
130.9 
130.0 
130.0 
130.0 
130.0 
130.0 
129.9 
129.9 
130.2 
130.2 
130.2 
130.3 
130.3 

(ielative 
density) 

0 .95 
0.92 
0.95 
0.95 
0.95 
0.96 
0.96 
0.95 
0.96 
0.87 
0.87 
0.87 
0.8 2 
1.03 
0.87 
0.87 
0.92 
0.92 
0.8 5 
0.85 
0.85 
0.91 
0.91 
0.85 
0.85 
0.85 
0.85 
0.85 
0.94 
0.94 
0.97 
0.97 
0.97 
0.98 
0.98 

Height 
(in.) 

8.2 
6.75 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
6.94 
6.94 
7.75 
7.50 
7.50 
7.45 
7.45 
7 .50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 

Static 
Modulus 
(psi) 

10,935 

28,134 
10,900 
10,900 
3i,936 
34,959 
24,981 
28,457 
22,420 
21,656 
23,695 
16,388 
16,388 
10,840 
10,840 

9,390 
20,638 
20,638 
13,196 
13,196 
17,618 
17,618 
22,921 
16,970 
16,970 
21,018 
21,018 
20,619 
20,619 
20,619 
26,850 
26,850 

53.4 
55.6 
51.6 
54.7 
54.7 
57.4 
51.1 
64.3 
57 .8 
59.5 
59.0 
63.4 
64.4 
64.4 
54.4 
54.4 
52.4 
53.8 
53.8 
49.0 
49.0 
56.0 
56.0 
54.8 
56.3 
56 .3 
55 .4 
55.4 
61.7 
6 l.7 
61.7 
55.5 
55 .5 

The dynamic tests were performed at dynamic devi­
a tor stress levels of O, 5, 10, and 20 psi with dy­
namic confining pressures of 5, 10, and 15 psi ap­
plied to each group of samples having a specific 
water content. 

The permanent and elastic deformations were moni­
tored during every test for at least 4,000 load rep­
etitions. All deformations were recorded using Bison 
soil strain gauge coils (1- and 2-in. diameters) 
mountea on a Plexiglas measuring assembly . 

ANALYSIS OF RESULTS 

Residual Deformation 

Table 1 gives the physical and ultimate properties 
of the 24 tested samples. Tilble 2 givee the stress 
state at which each sample was tested for dynamic 
creep as well as its mechanical properties. Figure 5 
shows two typical examples of dynamic creep results 
expressed in the form log (Ep/N) versus log (N) , 
where EP is the permanent strain after N load rep­
etitions. Linear statistical regression of these 
results indicated the following equation: 

€p/N =Awm (5) 

where m is material parameter and A is material and 
stress-state parameter. 

Equat ion 5 was f ound to be applicable to all 
tested samples with correlation coefficients quite 
close to unity (correlatiun coefficients ranged from 

TARI.F. 2 Stress State and Mechanical Properties of Aii;gregate Samples 

Sample 
No. 

II 
21 
31 
41 
51 
61 
62 
71 
81 
91 

JOI 
Ill 
121 
131 
141 
142 
151 
152 
161 
171 
172 
181 
182 
191 
192 
201 
202 
211 
213 
221 
222 
231 
232 
233 
241 
242 

Lateral Pressure 
(psi) 

Static 

10.0 
1.33 
1.08 
4.94 
4.84 
l.73 
2.12 
2.00 
1.90 
1.13 
2.06 
1.88 
1.96 
1.08 
0.99 
1.03 
0.95 
1.00 
1.06 
1.95 
2.07 
1.80 
2.02 
0.95 
1.06 
2.03 
2.04 
0.89 
I 01 
1.95 
2.13 
0.30 
I.DO 
1.08 
1.98 
2.12 

Dynamic 

0 
8.25 
4.10 
0.0 
0.0 
4.07 
4.60 
8.07 

11.76 
4.28 

14.81 
10.30 
10.02 

5.11 
5.08 
4.85 
5.29 
5.03 
5.00 

14.00 
JS .JO 
10.44 
9.71 
5.00 
5.13 

10.20 
10.80 

5.10 
5.16 

10. J 5 
10.12 
12.35 

5.21 
5. 13 

10.40 
10.2 1 

Deviatoric 
Pressure (psi) 

Static 

0 .96 
2.87 
2.46 
1.69 
1.67 
l.35 
2.11 
2.60 
3.33 
2.25 
3.40 
2.68 
2.48 
2.38 
2.63 
2.69 
2.55 
2.86 
2.26 
2.68 
2.66 
2.25 
2.24 
2.32 
2.26 
2.12 
2.07 
2.29 
2.27 
2.14 
2.56 
2.46 
2.29 
2.27 
2.86 
2 .79 

Dynamic 

21.0 
18.10 
10.78 
24.30 
21.42 

1.16 
20.54 
10.33 
19 .95 
20.30 
18.84 
19.96 
11.20 
11.02 
0 
4.71 
0 
4.83 

10.95 
0 

18.48 
0 
9.50 
0 

20 .17 
0 

18.66 
0 

19.46 
0 
9.55 
0 
4.38 

19.78 
0 
8.96 

Octahedral Stress 
(psi) 

Normal 0 0 

14.28 
7 .69 

4.46 
11.45 
I l.S I 
18.41 
11.05 
21.09 
16.95 
13.75 

8.78 
5.08 
6.42 
5.29 
6.64 
8 .65 

14.00 
21.26 
10.44 
12.88 

5.00 
11.85 
10.20 
17.02 

5.10 
11 .65 
10.15 
13.30 
12.35 
6.67 

11.72 
10.40 
13 .20 

T 0 Shear 

8.85 
5.08 

0.55 
9.68 
4.87 
9.41 
9.57 
8.88 
9.4 1 
5.28 
5.19 
0 
2.22 
0 
2.28 
5.16 
0 
8.7 1 
0 
4.48 
0 
9.51 
0 
8.80 
0 
9.17 
0 
4.50 
0 
2.07 
9.32 
0 
4.22 

Poisson's 
Ratio v 

0.45 
0.45 
0.473 
0.45 
0.44 
0.5 
0.5 
0.374 
0 .337 
U.46 
0.406 
0.409 
0 .528 
0.55 
0.453 
0.453 
0 .54 
0.34 
0.716 
0.445 
0.445 
0.387 
0.387 
0.8 0 
0.80 
0.287 
0.287 
0.522 
0.56 
0.442 
0.442 
0.59 
0.59 
0.59 
0.452 
0.452 

44,000 
21,300 
20,200 
30,600 
36,400 
13,000 
28,300 
30,700 
38,500 
25,300 
35,100 
34,200 
24,500 
14,800 
45,200 
20,500 

6,800 
9,890 

17,100 
35,000 
29,600 
45,000 
30,300 

7,260 
17,800 
79,940 
34,500 

1,550 
27,000 
29,400 
33,000 
23,500 
24,300 
34,100 
50,000 
30,500 

2.597 
5.349 
5.146 
8.448 
8.05 
0.1395 
6.632 
2.188 
2.664 
5.483 
0.5938 
3.716 
4.666 
4.521 
0.08049 
3.984 
0.6455 
1.990 
8.367 
0.4432 
3.368 
6.435 
3.555 
6.278 
13.756 
0.4303 
4.277 
4.414 

37.663 
1.75 9 
0.5702 
0.4911 
0.21 92 
2.488 
l.l 33 
0.3279 

m 

0.688 
0.817 
0.903 
0.899 
0.908 
0.608 
0.900 
0 .838 
0.831 
0.812 
U.725 
0.827 
0.859 
0.864 
0.559 
0.909 
0.743 
0.765 
0.767 
0.806 
0.814 
0.902 
0.743 
0.705 
0.746 
0.861 
0.777 
0.903 
0.873 
0.875 
0.741 
0.671 
0.725 
0.800 
0.822 
0.699 
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FIGURE 5 Rate of permanent strain 
accumulation versus number of load 
repetitions. 

0.93 to 1.0). It should be pointed out that the re­
sults shown in Figure 5 are for Sample 121, which 
was tested under dynamic confining pressure (DCP) , 
and for Sample 51, which was tested under constant 
confining pressure (CCP). The indicated high values 
of the correlation coefficients and the extremely 
high values of the statistic F* for the test results 
strongly suggest that Equation 5 accurately repre­
sents dynamic creep for granular material. However, 
a closer look at the regression residuals suggested 
that the data points on the log (Ep/N) versus log 
(N) graph tended to form a very flat convex curve 
that could be approximated by a straight line. A 
schematic (Figure 6) magnifies this trend. Neverthe­
less, this observation does not reduce the signifi­
cance of Equation 5 accurately describing the test 
results. Data obtained by Chou (11) and Barksdale 

z: 
' 0. 
w 

"' 0 
-' 

EQUATION (3) 

DATA TREND 

LOG N 

FIGURE 6 Data trend and model 
representation. 

(_§) were analyzed and found to be consistent with 
the same conclusion. Equation 5 verified the VESYS 
(!!) suggestion presented in Equation 2. 

In general, permanent deformation was found to 
increase with increasing deviator stress and de­
creasing confining pressure, resilient modulus, 
water content, static initial modulus, angle of in­
ternal friction, and relative density within the 

135 

ranges considered in this study. Resilient Poisson's 
ratio had no apparent effect on permanent defor­
mation. 

Similar trends were observed for samples tested 
under zero deviator stress , defined in this paper as 
dynamic consolidation , except that higher dynamic 
confining pressure resulted in more sample consoli­
dation. Permanent deformation cumulation wa s ob­
served even for those samples the resilient Pois­
son's ratios of which were larger than O. 5. The 
dynamic consolidation followed Equation 5 as well. 
However, the mechanism of dynamic creep, which is 
mainly due to shear straining, was different from 
that of dynamic consolidation, which was attributed 
to volumetric changes. Because dynamic consolidation 
was of no practical significance to pavement perfor­
mance, it was not investigated any further. 

From Equation 5, a complete evaluation of param­
eters m and A should be sufficient to characterize 
the residual behavior of the granular material. 
Table 2 gives the values of m and A for each sample. 
They were calculated using linear r egression analy­
sis of test data . Samples 11, 41 , and 51, which were 
tested under CCP and were not included in the analy­
sis, are discussed in the following sections. 

Parameter m in Equation 5 is the s lope of the 
linear relationship between log (cp/N) and log 
(N). It was found to vary within the general range 
of 0.7 to 0 . 9 (Figure 7) . The overall average value 
of m is 0.804 with a standard deviation of 0.067. 

1.0 

0.9 - • • • • • • ' • 
0.8 - I 
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• • • 
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• 
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FIGURE 7 Parameter m versus deviator stress. 

Multiple regression analysis of m versus resil­
ient modulus (MR), deviator stress (01 - 03)i confin­
ing pressure (03), octahedral s hear [ ; 0 = (2 1 2i (01 -
o3)/3l, octahedral normal [ o0 = (o1 + 2o 3J/3), wate r 
content (w), relative density (yr), and angle of in­
ternal friction ( $ ) t'evealed that m did not show a 
particulat' correlation with any of these variables. 
No specific trend was observed for m variation. 

Figure 7 shows m variation with the applied devi­
ator stress (o1 - o3). It can be seen from 
the figure that parameter m varied within a rela­
tively narrow range. Therefore it could be consid­
ered constant for practical design purposes. Figure 
8 shows that the confidence level of the actual mean 
of parameter m would lie within the shaded zone, as­
suming a normal distribution variation for the ob­
tained m values. 

Parameter A can be defined as the residual strain 
after the first load cycle is applied on the sample. 
Although the consideration of m as a constant is not 
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FIGURE 8 Predicted statistical range for 
parameter m. 

strictly justified, useful information relative to 
the dependency of residual strains on various inde­
pendent parameters may be gained by considering m a 
constant. In such a case, parameter A should reflect 
the residual behavior of the granular material 
(Equation 5). Statistical analysis of the test re­
sults revealed that parameters A and m were not in­
terrelated. 

Stepwise regression analysis in the power form 
was conducted between A and all physical and mechan­
ical variables considered in the analysis of m vari­
ation. Only the data set with (cr1 - a3) > 0 (i.e., 
dynamic c reep) was considered in the analysis. The 
correlation array is given in Table 3. In general, 
parameter A had a positive correlation with (cr1 -
cr 3), 'o• a0 , principal stress ratio [RP= (a1 -
cr 3)/cr 3], and octahedral stress ratio (R0 = •ofcr0 ) i 

it had negative correlation witn w, Yr• initial 
static modulus (Es), MR, $ 1 and a 3 • It appeared to be 

TABLE 3 Correlation Coefficients for 
Factors Affecting Parameter A and 
Resilient Modulus MR 

Factor A MR 

(cr1 - U3) 0.637 0.552 
To 0.637 0.553 
U3 -0.149 0.648 
Uo 0.241 0.731 
(U1 - U3 )fU3 0.777 0.080 
TofUo 0.798 0.130 
MR -0.215 1.000 
E, -0.1 98 0.627 
tan</> -0.049 0.051 
w -0.274 0.250 
'Y, -0.414 0.096 

Note: All vadables except w expressed in Logarithm 
form. 

highly dependent on either principal or octahedral 
stress ratio. 

Several forms of multiple regression were applied 
to the test results. The following expressions are 
examples of such forms: 

(6) 
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(7) 

(8) 

A= C1 J(Rp)c I 4(MR)° Is (9) 

A= C16(Rp)c 17 (MR)c 18 exp(C19W) (JO) 

where Ci are regression constants. The analys i s of 
these regression models was done in three p hases in­
corporating principal stresses as shown in Expres­
s ions 6-10, incorporating octahedra l stresses 
instead of principal stresses, and finally incorpo­
r aling the relative density inotcad of the water 
content. It was found that including either the rel­
ative density or the water content in the analysis 
would yield essentially the same results. That is, 
the third phase did not significantly affect the 
analysis. 

The results or Lhe first two phases are given in 
Table 4. Comparison of the correlation coefficient 
and the statistic F* of the different models re­
vealed the significance of various variables for 
parameter A. Incorporating the octahedral stresses 

TABLE 4 Results of Multiple 
Regression Analysis of Parameter A 

Model 
Correlation 
Coefficient F* 

Phase I-Incorporating Principal Stresses 

6 0.777 13.72 
7 0.836 13.10 
8 0.857 11.02 
9 0.800 15.99 

IO 0.844 14.00 

F 

3.57 
3.21 
3.02 
3 .57 
3.21 

Phase 2-lncorporating Octahedral Stresses 

6 
7 
8 
9 

IO 

0.801 
0.844 
0.867 
0.830 
u.~o5 

16.15 
14.06 
12.14 
20.00 
10. 8 1 

3.57 
3.21 
3.02 
3.57 
3.2 i 

appeared to improve the correlation. Regression Ex­
pression 9 would then become 

where s1, s2, and s3 are regression constants. The 
values of these constants for the data presented are 
0.0358, 2.135, and -0.304, respectively. Equation 11 
was suggested to describe the variation of parameter 
A in a less-complicated form. Figure 9 shows the 
relationship of A versus Ro for all tested samples. 
It was not practically possible to control sample 
preparation and stress state of the dynamic test in 
order to produce controlled values of resilient mod­
ulus. The results shown in Figure 9 were divided 
into two groups that have values of resilient mod­
ulus below and above 25,000 psi, respectively. 

Substituting Equation 11 into Equation 5 results 
in 

(12) 

Equation 12 is the constitutive equation that de­
scribes the permanent strain of granular material as 
a function of its resilient modulus, which reflects 
material strength, stress state, and number of load­
ing cycles. It can be used to predict permanent de-
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FIGURE 9 Parameter A versus octahedral 
stress ratio. 

formation in an untreated base course along with 
pavement life. 

Resilient Deformation 

Figure 10 shows typical results of the resilient 
modulus versus number of loading cycles (N) • The 
granular material reached a stable condition after 
100 cycles beyond which the modulus did not vary 
significantly. 
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FIGURE 10 Resilient modulus versus number of load 
repetitions. 

Table 3 gives the correlation array of the resil­
ient modulus versus different variables. The modulus 
was most sensitive to changes in stress state. It 
increased with dynamic deviator stress as well as 
dynamic confining pressure. In some samples, how­
ever, the modulus decreased with increasing deviator 
stress for low values of deviator stress (less than 
10 psi). At high stress levels, the modulus reached a 
stable maximum value. The measured results from Sam­
ples 82, 22, and 240 were compared to predictions 
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from Equation 3 and verified this equation satisfac­
torily. However, only the results from Sample 82 for 
a stress level (01 - 03) above 10 psi agreed with 
Equation 3 (Figure 11). Table 5 gives the results of 
statistical analysis of the data. 

A logarithmic relationship was observed between 
the constants k1 and k2 in Equation 3 (!.Q.l. The 
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FIGURE 11 MR versus e for sample 82. 

TABLE 5 Regression Results of Equation 2 

Sample Test Correlation 
No. Type k, k1 Coefficient 

82' CCP I. 704 x 103 0.802 0.949 
DCP 2.790 x 103 0.703 0.953 

22 DCP 5.450 x 103 J.526 0.860 
240 DCP I. 760 x 103 0.749 0.95 3 

3 0nly points with (01 - 03) > 0 were inc luded , 

data obtained by Allen <il for DCP and CCP tests and 
by Hicks (~) for dry and wet samples are plotted in 
Figure 12. The linear rela tionsh i p on the semilog 
plot between k1 and k2 is a ppa r e n t in that figure. 
The relationship could be expressed as 

(1 3) 

where H1 and H2 are regression constants. Values of 
H1 and H2 for the pr e sented data are shown in Figure 
12. It should be menti oned that Hicks 1 data pre­
sented in Figure 12 were for different materials, 
gradations, and fines contents. Apparently Equation 
13 holds rega rd less of these factors. That is, H1 
and H2 are dependen t only on the type of testing 
(CCP or DCP). 

A final comment should be made on the effect of 
static stresses on which dynamic stresses were super­
imposed. The static stresses were necessary to as­
sure proper sample seating and conditioning in the 
vertical direction and to avoid negative confining 
pressure from occurring during the test. It was 
found that changing static confining pressure within 
3 psi did not affect the resilient modulus signifi­
cantly. On the other hand, the deviator static 
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stress had significant effect on the moduluo (Figure 
13). Doubling the value of the static deviator 
stress from 3 to 6 psi could increase the resilient 
modulus by 50 percent or more. In any standardiza­
tion of the dynamic test procedure on granular mate­
rial, this factor should be taken into account. That 
is, a standard seating static stress should be as­
signed in order to assure reproducible and compa­
rable test results. 
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FIGURE 13 Resilient modulus versus 
static vertical stress. 

SUMMARY AND CONCLUSIONS 

A triaxial test program that applied time-variable 
confining pressure synchronized with deviator dy­
namic stress application was designed and performed 
on untreated granular base course material. Both re­
sidual and resilient character is tics were investi­
gated during the program. Analyses of the results 
led to the fo l lowing conclusions: 

1. The rate of permanent strain accumulation de­
creases logarithmically with the number of load rep­
etitions with excellent correlation. This is ex­
pressed in Equation 5. 

2. Parameter m in Equation 5 was found to vary 
in the range of 0. 7 to 0. 9 for the material tested, 
with a mean value of 0.804. 

Transportation Research Record 1043 

3. Pacametec A in Equation 5 w<io expressed in a 
power form as a function of octahedral stress ratio 
and resilient modulus, Equation 11. 

4. The resilient modulus for granular material 
was found to be most sensitive to stress state . 
Equation 3 was verified in most of the test results. 

s. constants k1 and k2 in Equation 3 were inter­
correlated thcough a logarithmic relationship, Equa­
tion 13. 

6. The resilient modulus of granular material 
was found to be sensitive to seating static vertical 
stress. This should be considered when standardizing 
the dynamic testing process for granular material. 

7. Further studies ;ire needed to validate the 
applicability of these conclusions to other types 
and conditions of base course materials. 
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Seasonal Load Limits Based on Rut Depth 

AMIR F. BISSADA and HASAN AL-SANAD 

ABSTRACT 

In hot climates, the prevention of excessive rutting failures in flexible pave­
ments often requires limits on the allowable axle loads on such pavements dur­
ing periods of high temperature and moisture. A rational approach for selecting 
this load limit to ensure a uniform rate of rutting failure throughout a typi­
cal year is discussed. The approach selected is based on the use of mechanical 
methods for determining the effects of seasonal changes in temperature and 
moisture on the pavement's response to load. The rate of rutting failure with 
traffic is regarded as the performance variable with traffic. The concept of 
pavement performance relates the rate of change of rutting damage units with 
traffic divide(! into straight-line segments for each season . The performance 
variable is predicted for each season, allowing for consideration of seasonal 
pavement behavior and traffic conditions. The validity of the method has been 
verified by determining the seasonal load limit for a typical road pavement 
under a particular set of seasonal environmental conditions, pavement mater i­
als, and axle load distributions in Kuwait. If a seasonal load limit based on 
the rutting damage criterion were adopted, pavement service life would be sig­
nificantly extended, 

Highway managers recognize that the load carrying 
capability and the rate of decrease of useful ser­
vice life of asphalt pavement vary during the year. 
Under uniform traffic, these variations reflect sea­
sonal changes such as temperature and moisture con­
tent in the physical characteristics of various 
layers of pavement materials. The application of 
normally acceptable heavy axle loads during critical 
periods when the pavement materials are in their 
weakened condition leads to an accelerated deter io­
ration rate and premature failure. 

In cold regions seasonal temperature changes 
cause poor spring-thaw performance as a result of 
differences in the response of materials to freezing 
and moisture changes. In nonfrost regions, however, 
environmental factors , such as temperature of the 
asphalt layers and moisture within granular layers 
and subg.rade , have an overriding influence on the 
performance behavior of the pavement structure. The 
seasonal variations in temperature and moisture con­
ditions are sometimes more important than the stress 
states because most of the permanent shear deforma­
tion observed occurs when the pavement material is 
subjected to high temperatures or moisture (.!_,±_). 

The surface curvature index (SCI) measured on as­
phalt pavements 150 to 300 mm thick during the high­
temperature summer period in Kuwait was found to ex­
ceed two to three times the normal SCI values Clril· 
This explains the relatively high reduction in the 
load carrying capacity of the asphalt layers during 
the high-temperature summer season. 

In current practice decisions concerning the mag­
nitude of seasonal load limits, the dates of their 
imposition, and the duration of the restricted pe­
riod are usually made on the basis of local experi­
ence based on seasonal observations of pavement sur­
face deflections. The method described in NCHRP 
Synthesis 26 (5) and Report 76 (6) is typical of 
these approach~. It directly acco~nts for seasonal 
changes in pavement performance by measuring SCI and 
deflections at both normal and peak periods of a 
year. 

Recently, other methods of pavement response 
analysis and materials testing have been used in a 

more rational mechanical approach and applied to the 
problem of selecting the spring-thaw load limit. The 
fatigue-based criterion (7) and the uniform failure 
rate criterion (8) , which- predicts pavement distress 
in terms of fatigue cracking , rutting, and rough­
ness, are among the recent criteria developed for 
this purpose. 

The objective of this study is to develop a ra­
tional seasonal load 1 imi t procedure based on the 
rutting damage potential of the pavement layers. Be­
cause shear strength of a layer material is a func­
tion of the state of stress and its level in the 
pavement structure, resulting changes in rutting 
damage depend mainly on seasonal axle loads and en­
vironmental conditions. The method is demons teated 
with an application to an in-service asphalt pave­
ment road in Kuwait. 

RUTTING DAMAGE CRITERION 

Justification of the use of the rutting damage-based 
criterion as a basis for selecting the critical sea­
son load limit follows. 

Asphalt pavement failures in hot climatic regions 
are mainly due to excessive permanent deformations 
or rutting of asphalt-bound and granular layers as 
well as of subgrade soil. Rutting damage occurs in 
these layers in the form of cumulative permanent 
deformation or inadequate stability. Both distress 
modes are related to the shear strength of the layer 
mat-erial. 

The allowable shear stress (qf) can be calcu­
lated from the single-load shear strength as qf = 
(cr1 - 03)/2, where (o1 - o3) is the failure deviator 
stress obtained from a triaxial test at a confining 
pressure value (cr3) equal to that computed in the 
pavement layer under a standard dual wheel load sys­
tem during a given period. 

Shear failure in any layer of a pavement sub­
jected to the standard dual wheel load system is as­
sumed to occur when the maximum shear stress attains 
the shear strength of the material under tr iaxial 
loading condition. The factor F = qi/qf indicates the 
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relative probability of fdllure for the ith pavement 
layer, where qi denotes the maximum shear stress 
developed within the ith layer. 

The computer algorithm relevant to the layered 
elastic theory coupled with the seasonal values of 
the elastic response parameters of the pavement are 
used for calculating stresses and strains at three 
specific points: (a) directly under the centerline 
of one wheel, (b) at the edge of one wheel, and (c) 
at the centerline of the dual wheels. All these 
points are located at the middepth of each pavement 
layer and at the s u fac of subgrade as shown in 
Figure 1. 

P::: 25 kN P::: 25 kN 

mm_...,._ ..... """"'""""' ................. _-+_-+'_... .......................... ..,.._ 
40 (1) 

60 (2) 

80 

100 SAND ASP HALT 
SUB BASE +--t --+ 

(3) 

SANDY I SUBGRADE 

LOCATIONS CONSIDERED 

FOR COMPUTING MAXIMUM "t'; 8. Uo; 

FIGURE 1 Asphalt pavement structure analyzed for a standard 
dual wheel load system. 

The rutting damage potential (RD) of each pave­
ment layer is assessed from the permanent deforma­
tion curves, relating the magnitude of permanent 
strain (£p) to the number of deviator stress repeti­
tions (N). A typical curve presented in a double­
logari thmic scale , as shown in Figure 2, can be 
developed for each layer ma t e r ial under specific en­
vironmental conditions. Changes in the deviator 
stress (q) would produce results that would follow 
parallel lines . These linear relationships are the 
result of extensive laboratory tests carried out on 
different asphaltic and granular paving materials 
(9-11). On the other hand, changes in mix character­
istics, environmP.ntal conditions (such as tempera­
ture or moisture), and experimental conditions (such 
as degree of confinement or frequency of loading) 
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FIGURE 2 Equivalent rutting damage in asphalt 
pavement layer at different stress levels. 
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would change the s love of these linear relation­
ships. Cons equently, f or a certain permanent strain 
value, t.he rutting dam<tye LJULt:uLla l o f t.he ith 1'1ycr 
material du.ring a given period j i s defined as fol­
lows: 

RD;;= (Nr/N;); = (q;/qr)f (I) 

where 

qf = half the failure deviator stress, which is 
taken as a limit for the range of linearity. 
Above this stress level, the rate of perma­
nent strain is greatly accelerated and even­
tually leads to failure (Figure 3). 

Nf number of applications of the deviator stress 
level (qf), assumed to be equal to 1 in the 
criterion proposed here (i.e., one single ap­
plication of half the failure deviator stress 
wonld produce the maximum permissible perma­
nent strain). 

qi an applied deviator stress level equaling 
the maximum shear stress computed in the ith 
pavement layer. 

Ni number of applications of the deviator stress 
l evel (qi), which produces the maximum per­
missible permanent strain. 

c = a coefficient that characterizes the suscep­
tibility of the layer material to rutting 
damage. Its value depends on the properties 
and mix composition of the material and en­
vironmental and experimental conditions. 
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FIGURE 3 Relationship between permanent strain 
and applied stresses. 

For asphalt paving mixtures, the c-value was found 
to r ange from S to 8 (1 1,12), so that higher values 
are more appropriate t o fi ner gradation mixtures 
with high bitumen content tested at relatively high 
temperatures . For unbound granular materials and 
sandy s ubgrade soils , c-values range from 8 to 14 
depending on grain size distribution and moisture 
content (10 ) . 

The permanent deformation within a pavement l ayer 
is assumed to be a function of the elastic volume 
change calculated in the same layer (13). Accord­
ingly, the rutting damage potential fo"""i""" the whole 
pavement structure during period j is determined by 
averaging the weighted rutting damage for each pave-
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ment layer with respect to the value of strain 
energy of distortion (UDi) absorbed by each layer as 
follows: 

(2) 

The daylight hours in each season are divided 
into environmental periods to allow prediction of 
changes in rutting damage due to variable tempera­
ture gradients in the pavement s truc t ure. Th is is 
especially important in seasons with a mean air tem­
perature higher than 20°C and where a nonuniform 
dis t ribu tio n o f t r a ff i c l o ad ing possibl y exists dur ­
i ng d a ylight hour s . The accumulated r utting d a mage 
potential for a pa vement str uc t u re during the da y ­
l i gh t hours o f season s is then d e t ermine d as f o l ­
lows: 

(3) 

whe re RDs is the accumulated ruttin g da mage poten­
t i al f or s ea son S an d Wj i s the perc e n t age of load 
a pplications while the pavemen t is in the j t h period. 

The maximum axle load permitted during the criti­
cal season should be restricted to one which pro­
duces a rate of rutting damage with traffic (~RD/~T) 

not exceeding 1. 5 times the average value produced 
for the whole year by the maximum legal axle load. 
The objective of such a criterion is to maintain a 
uniform rate of pavement distress throughout the 
year and consequently extend the service life of the 
pavement. 

APPLICATION OF THE LOAD LIMIT PROCEDURE 

To e valuate the load limi t a pproach, the following 
experimenta l analysi s a nd s ta t istic a l study of the 
necessary input parameters were carried out on a 
section of a h i ghwa y in Kuwait that is subjected to 
heavy traffic loading throughout a typical year. The 
pavement structure consists of 18-cm-thick asphalt 
concrete layers and a 10-cm-thick sand-asphalt base 
layer constructed on a sandy subgrade desert soil. 

Experimental Investigations and Assessment of 
Exis t ing Pavemen t 
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Field surveys and sampling programs were carried out 
to evaluate the pavement section and its condition 
during three different temperature seasons of the 
year. The following parameters were collected: 

• Visual aspect of the bituminous pavement in­
cluding ru t depth measure ments using a 1.20-m 
straightedge ; 

• Dynamic deflection measurements using Dyna­
flect; 

• The type a nd thickness of the a sphalt pave­
ment layers, p r ope rties of subgrade s oil, and its 
water content; 

• Information about past service period and 
maintenance provide d; and 

• Laboratory testing program to determine re­
silient moduli of the pavement and subgrade materi­
als and the failure deviator stress at different 
confining pressures within the range of seasonal 
temperatures. 

The response of the pavement to the maximum legal 
axle load applied locally was determined using the 
BISAR layered elastic computer program (14) • The 
stresses and strains in the pavement structure and 
s ubgrade due to a dual wheel load of 50 kN spaced at 
350 mm between centers were calculated. The maximum 
shear stress and the strain energy of distortion in 
each pave ment layer and on the top of the subgrade 
were calculated for each season at four different 
tempera ture gradients c orresponding t o 6 100 a.m., 
10: 00 a.m., 2 : 00 p . m., and 6:00 p . m., respectively. 

The l a bor ato ry tes t i ng and t he compu t er analysis 
necessary to complete the proce dure are well estab­
lished and descr ibed e l sewhere (~ 1 11, 15-.!1.) . The 
general information conce rn i ng the r oad s ection 
tested and the principal assessment data are given 
in Table 1. 

Pavement Temperature Distribution 

Temperature distribution in the bituminous pavements 
has been recorded in a real scale model and the re-

TABLE 1 Pavement Material Properties and Assessment Data Used in Seasonal Rutting Damage Analysis' 

Depth of Strain Failure Deviator 
Pavement Season E- Maximum Energy of Stress, (01 - 02)/2 Exponential c, 
Layer of the Modulus Poisson's Shear Stress, Distortion Qr at 03 l /log slope of 
(mm) Year (N/mm2) Ratio qi (N/mm 2) (Un x I0-4 ) (N/mm 2

) (N/mm2) €p - N curve 

Asphalt I 2120 0.40 0.162 0.024 l.80 0.40 5 
Concrete 2 180 0.4S 0.152 1.089 0.7S 0.30 6 
Surface 3 28 0.4S 0.148 9.897 a.so 0.30 7 
0-40 

Asphalt I 2810 0.40 0.083 0.039 2.30 0.30 s 
Concrete 2 520 0.40 0.098 0.16S I.OS 0,20 6 
Base 1 3 60 0.4S 0. 100 I.I 19 0.62 0.20 7 
40-100 

Asphalt I 3120 0.40 0.089 0.037 2.80 0.10 s 
Concrete 2 1300 0.40 0.067 0.044 1.40 0. 10 6 
Base 2 3 280 0.45 O.OS9 0.166 0.85 O.l o 7 
100-1 80 

Sand 3400 0.40 0.162 0.124 1.40 0.00 5 
Asphalt 1800 0.40 0.138 0.167 0.80 0.00 7 
Sub base S20 0.45 0.103 0.323 0.40 0.00 7 
180-280 

Silt I 110 0.4S 0.046 0.361 0,43 0.40 
Sand 2 110 0.45 0.068 0.556 0.32 0.30 7 
Sub grade 3 13 0 0.45 0.093 0.870 0,2 1 0.20 10 

3
For the peri od J2:00p.m. to 16:00p.m. 
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sults of this investigation have been published 
<lli. On the basis of this experimental work the 
following approximate temperature frequency function 
has been established: 

f(T°C) = l/ ((211) Y' j (10) exp[-0.005 (T- 35)2 ) (4) 

where T°C is the temperature of the pavement surface. 
The probability that the temperature of the pave­

ment is lower than Ti is given by 

P{T<T 1)=1/((2rr)v2
] (10)[:

1 
exp[- 0.005(T-35) 2 J dT (5) 

The cumulative histogram of the pavement surface 
temperature is shown in Figure 4. This histogram in­
dicates three seasonal conditions for the pavement 
surface temperatures in Kuwait as follows: 

Season 1: R < T"C < 25 for 25 percent of the year, 

Season 2: 25 < T°C < 45 for SO percent of the year, and 

Season 3: 45 < T°C < 67 for 25 percent of the year. 
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FIGURE 4 Cumulative histo~am of pavement 
temperatures. 

Traffic Load Distribution 

70 

Previous statistical investigations (15,19), carried 
out in the development of the local asphalt pavement 
design method, have permitted characterization of 
the daily traffic pattern of commercial vehicles on 
the mai n roads in Kuwait and the associated axle 
load distribution. These are shown in Figure 5. 

To assess the impact of the axle load limits on 
pavement failure, an axle load distribution model 
with a gamma density function is developed to esti­
mate the axle frequency response to variable axle 
load limits as suggested by Saccomanno and Abdel 
Halim (£Q_) : 

f(x) = ~(x - 0) ex p [-i/l(X - O)] (6) 

where 

f(x) proportion of axle loads with a load value 
of x kN; 
smallest axle load observed in the truck 
fleet = 20 kN; and 
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calibration parametPrR, which vary with 
limiting legislation and other jurisdic­
tional factors. 

The cumulative number of axles up to an axle load 
limit of Xm can be expressed as 

Xm 
F(x) = f ~(x - 0) exp[-iJ!(x - 0)) dx 

8 
(7) 

and the totaJ. payload (L) carried by the pavement 
can be expressed as 

Xm 
L(x) = ~ tl(x - µ)(x - 0) exp [-iJ!(x - 0)) (8) 

where µ is the average weight per axle of an empty 
truck = 20 kN. 
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FIGURE 5 Axle load distribution for a constant 
payload (11,330 ton/day). 

In Kuwait as well as in many other developing 
countries, the usual lack of enforcement and a low 
response rate to legislation suggest that it would 
be more appropriate to use the upper limit (i.e., 
Xm = 00 ) in the preceding definitions. In the case of 
the road section analyzed in this study, the ob­
served number of axle passes (greater than 20 kN) 
was 2,110 per day per lane. The adjusted parameter 
values of a and 1)1 for the axle load distribution 
shown in Figure 5 were taken to be 300 and -o .370, 
respectively. 

The total payload (L) carried by the observed 
number of axle passes was calculated with Equation 8 
to be 11,330 tons per day. On the basis of this, the 
number of axle passes would increase if an axle load 
limit were enforced. In Figure 5 a new axle load 
distribution is shown for the same payload and with 
the assumption that legislation is enforced. This 
distribution reduces the axle load limit from Xm = oo 

to Xm = 100 kN. This axle load restriction would 
result in an increase in the number of axle passes 
from 2,110 to 3,080, if it were to be enforced dur­
ing the critical season. Converting the axle load 
applications of x kN to an equivalent standard axle 
load (EAL) of 80 kN, using the fourth power damage 
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function, a reduction in the 80-kN EAL from 4 .1 x 
10 3 to 1.8 x 10' per day is obtained as a result of 
the axle load distribution under the new axle load 
limit. 

Seasonal Rutting Damage Rate 

The implications of a er i tical seasonal load limit 
are analyzed in terms of its effect on rutting dam­
age to the pavement studied. The effects of both 
temperature and moisture variations on the strength 
of layer materials and consequently on the rutting 
damage potential have been considered for the three 
seasons of the year. Due to the slight seasonal 
changes in moisture content of the sandy subgrade 
under the pavement section (2 to 4 percent), the ef­
fect of temperature variations on the rutting damage 
rate was dominant. For each season, the 16 daylight 
hours are divided into four equal periods from 4:00 
a.m. to 8:00 p.m. to account for the effect of vari­
ation in both temperature gradient and traffic load 
distribution. 

An example of the effect of temperature gradient 
on the unit rutting damage corresponding to the 
three seasons is shown in Figure 6. The distribution 
of the rutting damage rate within the pavement lay­
ers during the period from 12:00 p.m. to 4:00 p.m. 
is calculated according to the mechanical approach 
introduced in th is paper. As seen in Figure 6, the 
40-mm-thick surface asphalt concrete layer has the 
highest rutting damage potential because its temper­
ature during this period of the day compared to the 
underlying base layers is highest. However, due to 
the relatively low shear strength value of the sand­
asphal t subbase at zero confining pressure, the rut­
ting damage potential of this layer is almost of the 
same order as that for the surface asphalt concrete 
layer. 

· 6 
10 

Unit Rutting Damage 

FIGURE 6 Distribution of rutting damage rate within pavement 
layers during the period 12:00 noon to 4:00 p.m. 

-3 
10 

The pronounced effect of the variable moisture 
content on the failure deviator stress of the sandy 
subgrade soil and consequently on the rutting damage 
potential is shown in Figure 6. There is no signifi­
cant effect on the temperature gradient in the pave­
ment on the rutting damage potential of the subgrade 
soil. However, the effect of seasonal temperatures 
was found to be extremely high. During Season 3 with 
the highest summer temperature, the rutting damage 
potential in the subgrade is 30 times greater than 
that for the winter temperature (Season 1) between 
12:00 p.m. and 4:00 p.m. 

The weighted average rutting damage rate for the 

143 

whole pavement structure has been calculated for the 
different 4-hr periods considering the distribution 
of the traffic axle loads. The results are shown for 
the three different seasons in Figure 7. During Sea­
son 3 with the highest temperature, the predicted 
rutting damage rate for the pavement under study was 
found to be five times greater than that for Season 
2 with the medium temperature range. This result in-
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FIG RE 7 Unit nilling damage development during 1 
day al different seasonal temperatures. 

dicates that if a uniform rutting damage rate crite­
rion is used, a seasonal axle load limit should be 
imposed. Table 2 gives a summary of the resulting 
weighted average rutting damage rates for the three 
seasonal conditions. A maximum allowable axle load 
limit of 100 kN is proposed for the study pavement 
during the critical Season 3. 

The change in the rutting damage resulting from 
the axle load limit was calculated under the assump­
tion that the total payload remains constant. Figure 
8 shows that 6RD/6T during the critical season de­
creases from 39. 20 x 10 · 6 for the case of no axle 
load limit to 17.22 x 10" 6 for the case of a 
100-kN axle load limit. Accordingly, the annual rut­
ting damage rate is decreased by 40 percent as the 
data in Table 2 indicate. Furthermore, the objective 
of the proposed criterion, to maintain a uniform 
rate of pavement distress throughout the year, is 
also met. 

Alternative seasonal load limit policies could be 
analyzed in terms of their effects on the rate of 
rutting damage using the proposed procedure. How­
ever, an essential step in the economic analysis of 
alternative load limit policies is the determination 
of cumulative damage to the pavement or its remain­
ing service life up to a certain maximum rutting 
value under each of the possible alternatives con­
sidered. 

The annual rate of increase of rutting measured 
on the road pavement studied during the past 6 years 
was found to vary from one location to another de­
pending on the frequency of the lateral distribution 
of wheelpaths as well as on the average traffic 
speed (1). Excluding the permanent deformations de­
veloped-during the first 2 years after construction, 
the measured rate of increase of rutting varied be­
tween 2.5 and 5.0 mm annually. Accordingly, the 
equivalency of the calculated damage unit to a rut-



144 Transportation Research Record 1043 

TABLE 2 Seasonal Rutting Damage Rate llRD/llT 

4 .00 a.Jll.-8:00 d.111. 

Ratiob .20 T3 
4:00 p.m.-8 :00 p.m. se.wmel 
.15 T llRD/llT x 10-6 

8:00 o.m.-12:00 o.m. 12:00 p,m,-4:00 p.m. 
Season 

.25 y 0.7 

.50 y 5.4 

.25 y 
No axle load limit 29.4 
Maximum axl e 
load 100 kN 12 .9 

_35 T .30T 

l.3 1.4 
11.2 12.0 

56.0 56.4 

24.6 24.8 

0.4 
3.6 

15.0 

6.6 

3.8 x .25 = 0.95 
32 .2 x .50 = 16.10 

156.8 x .25 = 39.20 

68.9 x .25 = 17.22 

Note: Annual rutting damage rate: 110 seasonal axle load limit = O. 95 + 16, IO+ 39. 20 = 56.25 x I o-6, with seasonal axle load limit of 100 kN = 0.95 + 16.10 + 
17.'J'l = J4. l7 x io- 6. anJ l) erceotage dec;ca.5c in ;utting dnmnge rate - 40. 
ana tio to total daily traffic . 
bRatio to whole year. 
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FIGURE 8 Effect of seasonal load limit on annual 
decrease in rutting damage units. 

ting value of the pavement structure for each loca­
tion could be estimated. Using these equivalency 
values, the implications of the alternative load 
limits are analyzed in terms of their effects on the 
remaining rutting life of the study pavement. 

CONCLUSIONS 

Previous studies have documented that rutting damage 
in pavements in the form of shear deformations in 
flexible pavement layers is experienced in hot cli­
matic areas. Seasonal environmental effects, such as 
changes in temperature or moisture, or both, on the 
load-associated distress are considered in order to 
select a seasonal load limit that will provide a 
uniform rate of rutting damage. The results of the 
research described in this paper suggest the follow­
ing conclusions: 

1. The mechanical approach employed provides a 
rutting performance model. This model is based on 
the rutting damage potential of each pavement layer 
for any desired physical condition of the pavement 
provided that appropriate response parameters are 
used. 

2. The performance variable is used to predict 
the rate of rutting damage with equivalent number of 
axle loads, thereby allowing the evaluation of sea­
sonal variations in pavement conditions and axle 
load distributions. 

3. The increased costs for pavement maintenance 
justify the use of the proposed mechanical proce­
dure. Imposing a seasonal load limit will modify 
maintenance and rehabilitation costs by changing the 
time over which these expenditures are required. 

4. Seasonal load limits will reduce rut depth 
and increase time before maintenance. 

REFERENCES 

1. A.F. Bissada. Analysis of High-Temperature In­
stability Failures of Heavily Trafficked As­
phalt Pavements. Pree., Association of Asphalt 
Paving Technologists, Vol. 49, 1980. 

2. C.R. Freeme, J.H. Maree, and A.W. Viljoen. 
Mechanistic Design of Asphalt Parameters and 
Verification Using the Heavy Vehicle Simula­
tion. Proc., Fifth International Conference on 
the Structural Design of Asphalt Pavements, 
Delft, The Netherlands, Vol. 1, 1982. 

3. S.N. Doshi, H.R. Guirguis, and M.S. Mesdary. 
The Influence of Temperature on Dynamic Deflec­
tions of Flexible Pavements. Proc., Interna­
tional Conference on Roads and Development, 
Paris, France, May 1984. 

4. A.F. Bissada and H.R. Guirguis. Dynamic Deflec­
tion Measurements of Asphalt Pavements at Hiyh 
Service Temperatures. Proc., International Sym­
posium on Bearing Capacity of Roads and Air­
fields, Trondheim, Norway, June 1982. 

5 • Roadway Design in Seasonal Frost Areas. NCHRP 
Synthesis of Highway Practice 26. TRB, National 
Research Council, Washington, D.C., 1974. 

6. F.H. Scrivner, R. Peohl, W.M. Moore, and M.B. 
Phillips. Detecting Seasonal Changes in Load­
Carrying Capabilities of Flexible Pavements. 
NCHRP Report 76. HRB, National Research Coun­
cil, Washington, D.C., 1969. 

7. J.H. Hardcastle, R.P. Lottman, and T. Buu. Fa­
tigue-Based Criteria for Seasonal Load Selec­
tion. In Transportation Research Record 918, 
TRB, National Research Council, Washington, 
D.C., 1983, pp. 22-30. 

8. M.S. Mamlouk. Seasonal Load Limit Using Failure 
Rate Criterion. In Transportation Research Rec­
ord 954, TRB, National Research Council, Wash­
ington, D.C., 1984, pp. 58-63. 

9. s.F. Brown and C.A. Bell. The Prediction of 
Permanent Deformation in Asphalt Pavements. 
Proc., Association of Asphalt Paving Technolo­
gists, Vol. 48, 1979. 

10. L.D. Allen and R.C. Deen. Rutting Models for 
Asphaltic Concrete and Dense-Graded Aggregate 
from Repeated-Load Tests. Proc., Association of 
Asphalt Paving Technologists, Vol. 49, 1979. 

11. S. Huschek. Zurn Verformungsverhatten Von As­
phaltbeton Unter Druck. Mitteilung 54. Institut 
fur Str assen-, Eisenbahn-und Felsbau, EDI, zu­
r ich, Switzerland, March 1983. 

12. P.J. Van De Loo. The Creep Test: A Key Tool in 
Asphalt Mix Design and in the Prediction of 
Pavement Rutting. Proc., Association of Asphalt 
Paving Technologists, Vol. 47, 1978. 

13. S. Huscheck. Evaluation of Rutting Due to Vis­
cous Flow in Asphalt Pavements. Proc., Fourth 
International Conference on the Structural De-



Transportation Research Record 1043 

sign of Asphalt Pavements, Ann Arbor, Mich., 
Vol. 1, 1977. 

14. D.L. De Jong, M.G.F. Peutz, and A.R. Korswagen. 
Computer Program BISAR, Layered Systems under 
Normal and Tangential surface Loads. External 
Report AMSR. 0006. 73. Koninklijke Shell Labora­
tor ium, Brussels, Belgium, 1973. 

15. A.F. Bissada, S.K. Hamdani, and H.R. Guirguis. 
Design Criteria of Asphalt Pavement Structures 
at High Service Temperatures. Proc., Fifth In­
ternational Conference on the Structural Design 
of Asphalt Pavements, Delft, The Nether lands, 
Vol. 1, 1982. 

16. R.J. Schmidt. A Practical Method for Measuring 
the Resilient Modulus of Asphalt Treated Mixes. 
In Highway Research Record 404, HRB, National 
Research Council, Washington, D.C., 1972, pp. 
22-32. 

17. Test Proce.dures for Characterizing Dynamic 
Stress-Strain Properties of Pavement Materials. 
TRB Special Report 162. TRB, National Research 
Council, Washington, D.C., 1975. 

Abridgment 

Predicting Resilient Modulus: 

145 

18. A.F. Bissada. Asphalt Pavement Temperatures Re­
lated to Kuwait Climate. In Highway Research 
Record 404, HRB, Nationa~Research Council, 
Washington, D.C., 1972, pp. 71-85. 

19. A.F. Bissada and A. Al-Abdulla. Asphalt Pave­
ment Response to Excessive Axle-Loads in Ku­
wait. Presented at the International Road Fed­
eration Conference for the Middle East and 
North Africa, Cairo, Egypt , April 1978. 

20. F.F. Saccomanno and A.O. Abdel Halim. Economic 
Analysis of Axle-Load Limits in Less-Developed 
Countries. !.!!_ Transportation Research Record 
898, TRB, National Research Council, Washing­
ton, D.C., 1983, pp. 357-364. 

Publication of this paper sponsored by Committee on 
Strength and Deformation Characteristics of Pavement 
Sections. 

A Study to 

Determine the Mechanical Properties of Subgrade Soils 

R. F. CARMICHAEL III and E. STUART 

ABSTRACT 

Extensive literature review, detailed regression studies, and limited labo­
ratory t e sting were use d to develop models for predicting subgrade resilient 
modulus. General models are proposed for cohesive soils and nonplastic or 
granular-type soils. These two models are provided in the new Forest Service 
Surfacing Handbook (FSH 7709.56a) to provide the practicing engineer with guid­
ance in t he a bsence o f test results . More than 250 different soils , represent­
ing more than 3,300 modulu s test points , were placed in a compute rized data 
base for regression s tudies . Although these data come from a literature s earch 
a nd testing variations definitely existed, the final models provide a us eful 
first estimate. However, it was strongly recommended that resilient modulus 
laborato ry tests be obtained whenever feasible. The effect of an error in sub­
grade modulus estimation on the thickness obtained from the design procedure 
was also studied. Some laboratory tests were made for use in mode l verification. 

Since 1972 the U.S.D.A. Forest Service has been de­
veloping a program to provide systematic pavement 
management for the design of Forest Service roads. 
As initially developed, this project-level design 
system use s the AASHO Interim Design Guides as the 
basic structural and performance model <l -1.l for 
paved roads and a rut depth model developed by the 
U.S. Army Corps of Engineers for the design of 
aggregate-surfaced roads. 

Recently the structural models in the Surfacing 

Design a nd Management System (SDMS) were modified to 
use the mechanistic approach for determining the 
thickness of the structural roadway section compo­
nents (_!). This work was basically a revision of 
Chapter 50 of the Forest Service Transportation En­
gineering Handbook (~). At thi s time, the Forest 
Service has decided to place the information in 
Chapter 50 in a separate handbook. The Surfacing 
Handbook, Forest Service publication FSH 7709.56a, 
will be the new equivalent to the existing Chapter 
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~O design procedure. The new mechanistic approach is 
based on elastic-layered theory and requires that 
the resilient modulus of the subgrade soil be input 
into the design procedure. Although this input can 
be determined with repetitive load tr iaxial testing 
of subgrade soil samples, such testing is not cur­
rently widely available to Forest Service field en­
gineers. The need exists to develop a quick method 
for determining the resilient modulus from correla­
tions with established or newly developed tests or 
procedures (~) • 

STUDY OBJECTIVE 

The overall project objective was to develop corre­
lations for predicting subgrade resilient modulus 
values from basic soil tests or newly developed 
tests or procedures. This study was undertaken so 
that a quick method for estimating subgrade resil­
ient modulus would be available to practicing Forest 
Service engineers. 

SCOPE OF STUDY 

The project included three general work areas: 

1. Collecting existing data from the literature, 
2. Establishing correlation models using this 

data base, and 
3. Testing several soils to help verify the new 

models. 

The significant results of this study are the 
correlation equations summarized in this paper. 

LITERATURE REVIEW AND DEVELOPMENT OF DATA BASE 

A literature search was made on the Highway Research 
Information Service (HRIS) data base, and approxi­
mately 100 references were collected and reviewed 
for the establishment of a data base. Although it 
was initially hoped that extensive data would be 
reported in the literature for correlation testing 
between resilient modulus tests and other strength 
tests such as the California bearing ratio (CBR) 
test, such was not the case. Therefore resilient 
modulus test results were recorded in the data base 
along with more basic soil parameters such as the 
plasticity index (PI), water content (%W), and 
;imrnmt of matP.rial passing the No. 200 sieve. The 
data base contained more than 3,300 records of re­
silient modulus test results for more than 250 dif­
ferent soils at specific confining pressures and 
deviator stresses. 

However, the literature study indicated that a 
more general form was needed for implementation in 
the Surfacing Handbook. Fortunately, other re­
searchers (7) have proven that simpler relationships 
based on fUndamental soil properties can be de­
veloped. 

ESTABLISHMENT OF CORRELATION MODELS 

Regression studies were initially made for indi­
vidual soil types according to the unified soil 
classification (USC) system. Several problems with 
the data were encountered in the development of the 
regression equations, including (a) missing obser­
vations, (b) different test procedures, (c) lack of 
range in predictor values, (d) collinearity, (e) 
confounding of data, and (f) inconsistent sample 
sizes. 

Transportation Research Record 1043 

The data were divided according to individual 
soil types within the USC system and models were 
developed for eac.:h i;ull lyJ:Je fui; which data were 
available. The following symbols and units are used 
in the equations: 

MR = resilient modulus (ksi), 
PI = plasticity index, 
%W = percentage water, 
CS ~ confining stress (psi) , 
DS = deviator stress (psi) , 

T bulk stress (psi) (DS + 3CS), 
DD= dry density (pcf), 

S200 = percentage passing No. 200 sieve, and 
SS soil suction. 

Using the best subsets of data found in the anal­
ysis of individual soil types, a general equation 
was sought that would encompass all soil types. Com­
bining all the soil types to accomplish this ob­
jective did not yield reasonable results. It was 
decided to create two broad classes of soils: fine 
grained (Group 1) and coarse grained (Group 2). The 
coefficient for deviator stress tends to be negative 
for Group 1 and positive for Group 2. Specifically, 
Group 1 consisted of cohesive (fine-grained) soil 
types including CH, MH, ML, and CL, and Group 2 con­
sisted of granular (coarse-grained) soil types GW, 
GP, GM, GC, SW, SP, SM, or SC. The following general 
equations were found after several trial combi­
nations. 

Cohesive Soils 

The general model is as follows: 

MR = 37.431 - 0.4566(PI) - 0.6179(%W) - 0.1424(8200) + O. l 79l(CS) 

- 0.3248(DS) + 36.422(CH) + 17.097(MH) 

where 

CH 

MH 

and the 

1 for CH soil 
0 otherwise (for MH, ML, 
1 for MH soil 
0 otherwise (for CH, ML, 

other terms are as defined 

0.759, 
5.277, and 

or CL soil); 

or CL soil); 

previously. 

R' 
standard error (SE) 

N 418 observations. 

Here, 

Ranges of the variables are given 
following table. 

in t he 

Soil Type 
CH MH .!:!!! CL 

PI 21-55 13 2-12 13-20 
%W ll-36 37-51 6-24 9-21 
S200 79-91 86 80-93 60-92 
cs 2-20 2-6 o.5-4.5 2.5-40 
OS 2-15 1-12 0.5-9.0 3.0-40 

Granular Soils 

The general model is as follows: 

log MR= 0.523 - 0.0225(%W) + 0.544(1og T) + O.l 73(SM) + 0.197(GR) 

where 

SM 1 for SM soils 
O otherwise; 

GR 1 for GR soils (GM, GW, GC, or GP) 
0 otherwise; 
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TABLE I Soil Samples Tested for Resilient Modulus 

Dry of Optimum Optimum Wet of Optimum Liquid Plastic Percentage 
Water Content Water Content Water Content Limit Limit Passing No. 

Soil No. use" (%) (%) (%) (%) (%) 200 Sieve 

10607 GW-GM 4.48 (4.0) 5.21 (8.0) NP NP 5 
10600 GW 19.53 (19.2) 25.22 (25.0) 39 35 20 
10823 SP-SM 8.48 (8.5) 12.08 (13.3) NP NP 8 
10799 SM 13.15 (15.0) 17.84&17.90 ( 19.0) 35 NP 28 
10604 SC 14.58 (14.3) 16.63 (16.4) 35 21 43 
10756 CL 13.36 (14.0) 16.05 (16.0) 40 16 68 
10755 CL 12.07 (I 0.3) 11.4 (17.0) 44 14 81 
10825 CH 19.78 (19.4) 20.07 (21.0) 61 15 91 

Note: Laboratory compaction efforts were aimed at obtaining the water conte11t shown in parentheses; the actual value obtained ap­
pears first, 
8 Unified soil classification system , 

and the other terms are as defined previously. Here, 

R' 
SE 

N 

0.836, 
0.1627, and 
583 observations. 

Ranges of the variables are given in the follow­
ing table. 

Soil Type 

!:!!: SM ~ 
%W 4.0-8.8 8.7-37 . 8 5.7-12.3 
cs 1. 0-20. 0 1. 0-23. 0 1.0-20.0 
DS 1.0-20.0 1.0-30.0 5 . 0-90.0 

T 4.0-75.0 3.4-116.0 8.0-114.8 

SOILS TESTING FOR MODEL VERIFICATION 

The Forest Service provided the researchers with a 
number of soil samples of a range of material types 
collected at random by the Region 5 laboratory. 
Basic soil test results were provided by the Forest 
Service. Table 1 gives the soil samples, the use 
classifications, and the water contents used for the 
MR tests that were run. 

The new AASHTO test method T274-82 for the resil­
ient modulus of subgrade soils was used in testing. 
When the moisture-density relationship was known, 
laboratory test specimens were compacted to two den­
sity values selected for testing: (a) the maximum 
density at the optimum water content and (b) one 
other density either wet of optimum or dry of opti­
mum. ARE, Inc., soil testing produced more than 300 
MR values for the different deviator stress and 
confining stress combinations. The actual values 
were compared with the predicted values from the two 
general equations (for cohesive soils and for granu­
lar or nonplastic soils). Figures l and 2 show the 
results of these comparisons. For the limited range 
of soils tested, the models do a fair job of esti­
mating MR. Although the scatter is broad, there do 
not appear to be any major trends in the data that 
would cause a rejection of the equations. Some of 
the scatter obviously could be attributed to the 
fact that before AASHTO T274-82 no standard proce­
dure ex i sted; hence the s c a t t e r or error of the 
"prediction." The engineer should always use these 
equations with engineering judgment. 

The models presented have been adopted for use in 
the new Forest Service surfacing Handbook (FSH 
7709.56a). These models are the most applicable ones 
available at this time. Certainly, caution must be 
used when using these or any regression equations to 
ensure that the input information is within the in­
ference space from which the equations were devel­
oped. By using these equations, the engineer can es-
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soils versus predictions from general cohesive equation. 

timate subgrade strength as a function of moisture 
content for each season of the year. The surfacing 
Handbook design procedure allows for such variations 
in subgrade modulus. 
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Pavement Response to Road Rater and Axle Loadings 

M. C. WANG 

ABSTRACT 

The response of flexible pavements to 18-kip (80-kN) single axle and Road Rater 
loadings was investigated. A Benkelman beam was used to measure surface deflec­
tion under the axle loading; and a model 400 Road Rater was operated at 25-Hz 
frequency to monitor pavement deflection. The pavement deflection data were 
analyzed and the pavement layer moduli were evaluated. The modulus values, in 
turn, were used to analyze the critical response of the test pavements. Results 
of the study indicate that, at least for the conditions investigated, summer 
deflection measurements are as effective as spring season measurements for 
pavement condition evaluation. The layer modulus values evaluated from the Road 
Rater deflection basins are not necessarily equal to those obtained from the 
Benkelman beam deflection basins. Critical pavement response to axle loading 
can be estimated from the corresponding Road Rater data by using the developed 
relationships. These relationships and other data may provide a basis for the 
development of a generally accepted pavement evaluation criterion for use in 
pavement management programs. 

Numerous devices are frequently used to evaluate the 
structural capacity and to predict the future per­
formance of flexible pavements; these include Ben­
kelman beam, Road Rater, Dynaflect, and falling 
weight deflectometer, among others. The Benkelman 
beam was available long before the other devices. 
Since its development, the Benkelman beam has been 
widely adopted for pavement evaluation. As a result, 
a wealth of Benkelman beam deflection data and vari­
ous evaluation criteria have been developed (_!-_!). 
Other devices have also received considerable study, 
and different deflection criteria for evaluation of 
pavement performance have been proposed (l_-.!!). 

Although various evaluation criteria already 
exist, a generally accepted one has not yet been 
available. Primary reasons for this may be that (a) 
each study was conducted under its specific environ­
mental and pavement conditions and (b) the test 
loading conditions varied considerably among these 
studies. In considering loading condition, it should 
be noted that these various testing devices employ 
different types of loading for testing. The Benkel­
man beam uses the actual axle loading, whereas the 
other devices use loadings that differ considerably 
among themselves and are smaller than the axle load­
ing. 

In the development of a generally accepted evalu­
ation er i ter ion, it is essential to have a funda­
mental understanding not only of the behavior of 
pavement response to each type of loading but also 
of the relationship among the pavement responses to 
the various loadings. Pavement response to one type 
of loading with respect to actual axle loading is of 
particular importance. 

This study was undertaken to investigate pavement 
response to Road Rater and axle loadings. The de­
flection under axle loading was determined using a 
Benkelman beam. In this study, the deflection data 
were used to evaluate the pavement layer moduli, 
which, in turn, were employed to analyze critical 
pavement responses including the maximum tensile 
strain at the bottom of a stabilized base course and 
the maximum vertical compressive strain at the top 
of the subgrade. From all of these data, relation­
ships between the Road Rater and the Benkelman beam 
(axle) loadings were developed for surface deflec­
tions, modulus values, and critical strains. 

TEST PAVEMENTS AND MATERIALS 

This study was conducted as a part of the research 
project undertaken at the Pennsylvania Transporta­
tion Research Facility. The research facility was 
constructed in 1972 and was composed of 17 test 
pavements. Of these pavement sections, one section 
(Section 8) was overlaid and three sections (Sec­
tions 10 through 12) were replaced by eight shorter 
sections in 1975. All pavements were 12 ft (3.7 m) 
wide. 

The subgrade soil was a silty clay that had clas­
sifications ranging from A-4 to A-7 according to the 
AASHO classification and CL according to the unified 
soil classification. The subbase material was a 
crushed limestone. The base course materials were 
bituminous concrete, aggregate cement, aggregate­
lime-pozzolan, aggregate bituminous, and crushed 
stone. In the aggregate-cement base course, three 
types of aggregate were used--limestone, slag, and 
gravel. The wearing surface was an ID-2A bituminous 
concrete. 

The traffic on the research facility was provided 
by a conventional truck tractor pulling a semi­
trailer and one or two full trailers. A total of 
about 2.4 million and 1.3 million applications of 
18-kip (80-kN) equivalent axle loads (EALs) have 
been applied to the pavements constructed in 1972 
and 1975, respectively. More detailed information on 
the research facility can be found elsewhere (2_) • 

MAXIMUM SURFACE DEFLECTION 

Pavement surface deflections were measured biweekly 
in the wheelpaths by using a Benkelman beam and a 
Road Rater. Because spring season deflections are 
widely used for pavement evaluation, the deflection 
data obtained during the months of March, April, and 
May are selected and discussed first. It is neither 
possible nor necessary to present all of the spring 
season deflection data; thus, for the purpose of 
discussion, pavement sections that are more repre­
sentative of each pavement group (in terms of base 
course material type) are selected. The pavement 
sections selected and their base course materials 
are those of Section 3 (aggregate-lime-pozzolan), 
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Section 5 (aggregate bituminous), Section 7 [bitumi­
nous concrete, 8 in. ( 203 mm) thick] , Section 9 [bi­
tuminous concrete, 4 in. (102 mm) thick], Hection 14 
(full-depth bituminous concrete), A (limestone ag­

gregate cement), D (gravel aggregate cement), and E 
(crushed stone). The maximum Road Rater deflections 
of these sections are plotted against 18-kip (80-kN) 
EALs in Figure 1. Note that the Road Rater used is a 
model 400, which has a vibrating mass of 160 lb (72 
kg) and is operated at a frequency of 25 Hz. 
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FIGURE 1 Variation of maximum Road Rater spring 
season deflection with equivalent axle load. 

Figure 1 shows, as would be expected, that the 
maximum Road Rater deflections increase with in­
creasing EAL; the rate of increase differs for dif­
ferent pavement sections. Also, for each pavement, 
the rate of increase becomes greater in the later 
stages of pavement service life. The increase in 
pavement deflection is primarily due to the progres­
sive deterioration of the pavement structure as evi­
denced by the gradual decrease in the present ser­
viceability index (PSI) of the pavement sections. 
The PSI data of all of the test pavements are docu­
mented in a research report (10) and are also sum­
marized in an earlier paper (~). An attempt was made 
to establish relationships between the increased de­
flection and the dropped PSI; however, no apparent 
correlation between the two was found. 

The maximum Benkelman beam deflections also in­
crease with EAL in a manner similar to that of the 
maximum Road Rater deflections. Again, no correla­
tion between the increase in deflection and the drop 
in PSI was found for Benkelman beam deflections. 

The maximum Benkelman beam and Road Rater deflec­
tions are correlated in Figure 2, in which there are 
137 data points for pavements with bituminous con­
crete base and 52 data points for other pavements. 
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The correlation analysis was performed using the SAS 
computer program (11). Both linear and nonlinear re­
lationships were considered in the analysis. It is 
interesting to note that the data points for pave­
ments with bituminous concrete base form a distinct 
group and are located below the data points for 
other base course materials. Results of the analysis 
yield the following equations: 

RRD = 0.15 + 0.018 BBD (I) 

with R2 = 0.669 and R2 = 0.665 for pavements contain­
ing bituminous concrete base courses, and 

RRD = -0.04 + 0.051 BBD (2) 

with R' = 0.849 and R' = 0.846 for pavements contain­
ing other types of base course materials. In Equa­
tions 1 and 2, RRD designates Road Hater deflections 
and BBD stands for Benkelman beam deflections, both 
in units of 10"' in., R2 is the coefficient of deter-

mination, and R2 is the adjusted coefficient of de­
termination for degree of freedom. 

The trend of correlation shown in Figure 2 is 
quite clear. Due to the wide scatter of data points, 

however, the values of R2 and R2 are low especially 
for the bituminous concrete pavements. The correla­
tions indicate that when the deflection is large, 
the Road Rater deflection corresponding to a given 
Benkelman beam deflection is considerably smaller 
for pavements with bituminous concrete bases than 
for pavements with other types of base course mate­
rials. Although this could possibly be due to a vis­
cous damping effect of the bituminous concrete under 
the vibratory Road Rater loading, exact causes for 
this effect are not clearly understood. The avail­
able correlation developed by Bhajandas et al. (5) 
between Road Rater deflections, which were deter­
mined at 25-Hz frequency, and Benkelman beam deflec­
tions is also included in Figure 2. Note that their 
correlation was developed on the basis of only 52 
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samples and no indication of the type of base course 
materials in the pavements was given. Their correla­
tion is shown bracketed between the two developed in 
this study. 

SURFACE DEFLECTION BASIN 

Because of the seasonal change in pavement temper­
ature and subgrade mo i sture content, it is expected 
that pavement deflections will vary with the sea­
sons. Due to the low pavement temperature and sub­
grade moisture content in the winter, winter deflec­
tions are the smallest. However, the spring season 
deflections are not necessarily the largest as gen­
erally thought. A comparison of spring and summer 
Road Rater deflection basins is shown in Figure 3 
and given in Table 1. The deflection basins are pre­
sented in t e r ms of the readings at Sensors 1 (S1, 
maximum de f l ecti on) and 4 (S 4), surface curvature 
index (SCI, which is the difference in readings be­
tween Sensors 1 and 2), and base curvature index 
(BCI, which is equa l to S3 - S4). The ra tio between 
the spr ing and t he sununer data is plotted against 
the spring data. The figure shows that for 15 of the 
16 pavement sections containing bituminous concrete 
base course, s1 values obtained in the spring 
(March, April, and May) are smaller than those de­
termined in the summer (June, July, and August); 
this is in ag r eement with the findings of the AASHO 
Road Test (ll· For other pavement sections, however, 
the s pring season deflections are approximately 
eq ua l to the summer data . The values o f s 4 are 
greate·r i n the s pcing t h·an in t he s ummer for the 
majority of the pavement sections regardless of the 
type of base course material. It also appears that 
the r atio of S4 read i ngs between spring and summer 
increases with increasing spring season values. The 
figure also shows that the SCI data generally follow 
the trend of S1 data, whereas the BC! data re­
semble S4 data. 

The smaller s1 values in the spring than in the 
summer for bituminous concrete pavements can be at­
tributed to lower pavement temperature in the 
spring. Because bituminous concrete is temperature 
dependent, the higher pavement temperature in the 
summer decreases the material stiffness. As a re­
sult, the summer deflections are greater than those 
of the spring. Although the stiffness of the base 
course affects S1 deflection greatly, i t s effect 
on s4 deflection is not as great. Ava ilable infor­
mation (12) has shown that s4 deflection is in­
fluenced most by subgrade condition. Generally 
speaking, the softer the subgrade is, the greater 
the s 4 deflection will be. For the test pavements, 
the subgrade mois ture content is sign i ficantly 
higher in the spring (approximately 20 percent) than 
in the sununer (about 18 percent). Because the stiff­
ness of the subgrade decreases with increasing mois­
ture content, the greater moisture content in the 
spring will result in a lower subgrade stiffness. As 
a consequence, the S4 deflections are greater in 
the spring than in the sununer. Figure 3 also shows 
that the effect of pavement temperature on SCI is as 
significant as that of S1. However, BCI values are 
less sensitive to subgrade moisture variation than 
are S4 values. 

Table 2 gives the ratio of spring to fall deflec­
tion data. The data i ndic a te that a great majority 
of the ratios are gre ater than unity, which indi­
cates that spring season deflections are greater 
than those in the fall, Because the pavement temper­
ature in the fall is close to that in the spring, 
the greater deflection observed in the spring can be 
attributed to the higher subgrade moisture content. 
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FIGURE 3 Average Road Rater deflections in spring and 
summer. 
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The available subgrade moisture data show that the 
moisture contents in the s pr ing and fall are approx­
imately 20 and 17 percent, r e spectively. 

The maximum Benkelman beam deflection data show a 
similar trend of variation with seasons, but the 
difference between seasons is not as great as that 
of Road Rater deflection data. According to these 
observations, the deflection data obtained in the 
summer, which are greater than the spring season de­
flections, could be more effective for evaluation of 
fatigue life of bituminous concrete pavements. A 
primary reason for this is that, in the summer, the 
higher pavement temperature decreases the stiffness 
of bituminous concrete and therefore increases the 
tensile strain at the bottom of the bituminous con-
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TABLE 1 Average Road Rater Deflection Data 

Base 
Course Si S4 Si - S2 S3 - S4 

Section Ma-
No. terial8 Spb Sp/Sue Sp/Fd Sp Sp/Su Sp/F Sp Sp/Su Sp/F Sp Sp/Su Sp/F 

IB BC 44.24 0.78 0.99 17.28 1.36 l.11 11.02 0.63 I.I I 10.42 1.12 1.41 
51.37 0.89 1.13 15.94 1.10 0.97 12.40 0.59 1.24 12.59 1.19 1.76 

IC 42.70 0.63 0.90 18.00 1.06 1.07 10.44 0.56 0.91 9.51 0.87 1.33 
59.32 0.86 1.08 18.l 2 1.26 I.OS 15.56 0.61 1.18 13.78 1.22 1.52 

ID 47.96 0.62 0.92 19.16 1.18 1.25 13.54 0.55 0.89 8.25 0.66 1.11 
72.97 0.92 1.18 16.93 1.11 1.08 22.77 0.77 1.25 16.42 1.30 1.53 

2 39.01 0.71 1.06 16.31 1.20 1.14 10.51 0.67 l.30 7.59 0.77 1.23 
53.69 0.96 1.31 18.51 1.33 I.I 1 13.89 0.82 1.86 12.19 1.01 2.17 

6 ~ l.'/7 0.69 1.03 16.71 0.95 I.OS 8.33 0.85 1.69 5.86 0.81 1.26 
43.51 0.85 1.22 22.18 1.57 0.84 9.24 0.56 2.07 5.58 0.49 1.13 

7 32.81 0.66 0.91 14.62 0.90 0.88 6.92 0.57 0.97 8.38 I. I 0 1.58 
47.50 0.85 1.13 22.89 1.45 1.24 10.95 0.56 1.29 5.97 0.60 1.18 

8 67 .25 0.83 1.00 13.89 0.97 0.91 23.22 0.84 0.97 12.22 t.34 1.40 
75.73 1.09 14.13 0.76 30.94 1.78 9.04 0.99 

9 60.70 0.81 1.05 14.20 1.18 1.02 20.62 0.74 0.97 12.70 1.34 1.82 
90.08 0.95 1.16 15.56 0.98 0.97 35.68 0.88 1.19 15.61 1.10 1.73 

4 AC 23.13 0.97 0.87 15.61 1.20 1.05 7.50 2.12 1.57 3.20 0.78 0.89 
34.09 1.09 1.25 21.09 1.56 1.17 7.78 l.17 3.93 3.05 0.40 2.75 

A 94.29 0.98 1.03 21.43 1.18 0.88 30.25 0.77 1.17 17.94 1.23 1.11 
B 40.42 0.97 l.15 17.05 I.I I 0.88 7.11 1.04 2.84 11.08 0.97 2.00 
c 80.Rl 0.87 0.90 17.42 1.14 1.02 31.78 0.75 0.76 14.41 1.23 1.87 
D 88.95 l.18 1.39 17.64 1.12 0.89 36.83 1.34 2.14 16.68 l.14 1.43 
3 ALP 46.05 0.89 1.06 16.20 0.92 1.05 18.56 1.14 1.32 8.58 1.38 1.50 

52.14 0.93 16.07 0.96 17.18 0.80 7.76 1.36 
116.52 1.04 1.35 17.46 0.99 0.81 52.33 1.04 1.87 19.93 1.21 1.38 

5 AB 60.95 0.93 1.20 16.31 1.09 l.16 25.53 0.92 1.54 6.87 1.35 1.00 
61.05 0.98 12.87 0.90 24.85 0.86 8.24 1.40 
69.32 1.05 1.42 19.51 1.38 1.21 25.09 0.96 2.23 9.16 0.94 1.22 

E cs 110.58 1.00 1.14 17.11 1.21 l.19 58.85 0.98 1.33 10.29 0.84 1.21 
112.55 1.02 1.21 16.77 1.27 1.17 52.70 0.90 1.25 12.92 1.11 1.40 

8 Base course materiaJs: BC = bituminous concrete, AC= aggregate cement, ALP= aggTegate-Hme-pozzolan, AB = aggregate bituminous, CS= crushed 
bs1ona. _5 
~~~,;~·:~~t~o~ftJJ~~h~~'!:~~~~ lt1~11'tt!~1!!:U::,~.in units of 10 in. 

Sp/l'i: ~atio of spring ~e33on to f11. ll d1ta. 

TAHLE 2 Layer Modulus Computed from Spring Season Road Raler Deflection 
Basins 

Layer Base Layer Modulus (103 psi) 
Section Thickness• Course EAL 
No, (in.) • • . . .h , , ,.,6, "··-.!'~ ~~ Base Sub base Subgrnde IVlat~JlilJ \ lV J JU1lcll.<V 

IC 1.5-6-8 BC 1.4 730 899 31 21 
1.8 708 952 36 24 
2.3 811 879 34 22 

ID 1.5-6-6 BC 1.4 536 794 32 22 
1.8 480 544 31 36 
2.3 811 879 34 22 

2 2.5-6-8 BC 1.4 774 809 42 25 
1.8 742 951 39 28 
2.3 940 902 38 23 

7 1.5-8-8 BC 1.0 837 964 38 21 
1.4 664 740 34 28 
1.8 841 873 41 23 
2.3 647 768 43 26 

9 2.5-4-8 BC 0.3 643 798 15 28 
1.4 443 619 16 29 
1.8 596 732 18 24 
2.3 538 509 14 21 

2.5-8-8 ALP 0.3 200 500 100 34 
1.4 50 150 35 28 

5 2.5-8-8 AB 0.3 150 100 117 35 
A 2.5-4-8 AC 0.3 100 2,830 50 21 

0.6 60 1,455 60 21 
0.9 80 800 45 20 
1.3 20 100 40 20 

c 2.5-6-8 AC 0.3 100 1,000 30 32 
0.6 300 470 22 32 
0.9 26 168 15 28 

D 2.5-6-6 AC 0.3 '.lOO 504 15 30 
0.6 300 212 19 28 
0.9 70 100 18 26 
1.3 20 40 11 24 

E 2.5-8-8 cs 0.3 220 45 30 40 
0.6 800 36 27 31 
0.9 500 45 24 26 

~Thicltnc.~se.s ofsurfoc.e, base, and subbru.o cour~. respec1lvoly. 
Base cnun:I! mat1trh1h: BC= bituminouli: c::oncrotc, AC = ~1uregate cement, AB= aggregate bituminous, 
ALP = aggregete-Jime-pozzolan, CS= crushed stone. 
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crete base. Because tensile strain is related to fa­
tigue cracking in a power function, it is often used 
to evaluate the fatigue life of pavement structures. 

For maximum surface deflection, the deflection 
basin also varies with EAL. The general trend of 
Road Rater deflection basin variation with EAL is 
shown in Figure 4. Figure 4 shows the Road Rater de­
flection basins at three levels of EAL for pavement 
Sections 3 and 5. It is seen that as EAL increases, 
the deflection basin becomes deeper and narrower, 
and the radius of curvature at the loading point be­
comes smaller. For the Benkelman beam deflections, 
the trend of deflection basin variation with EAL is 
not as well defined as is that for the Road Rater 
deflection bas ins. This is probably because the ac­
curacy of Benkelman beam readings is not as high as 
that of the Road Rater readings. Note that the Ben­
kelman beam readings were taken with a dial gauge, 
whereas the Road Rater readings were monitored using 
accelerometers. 
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FlGURE 4 Road Rater deflection basins for Sections 3 
and 5. 

PAVEMENT LAYER MODULUS 

The spring season deflection basin data were used to 
evaluate the modulus of each constituent pavement 
layer. The evaluation was made by using the computer 
program that was developed earlier based on the 
method of successive iteration (12,13). It should be 
noted that, for modulus evaluati;f;",-;ach of the four 
sensor readings of the Road Rater was plotted 
against EAL and smooth curves were drawn through the 
data points. From these curves, the deflection data 
at a desired level of EAL were read to obtain de­
flection basins for use as input to the computer 
program. In the computer analysis, the Poisson's 
ratios used were 0.45, 0.35, and 0.45 for the bitu­
minous concrete surface, crushed limestone subbase, 
and silty clay subgrade, respectively; and 0.35, 
0.30, 0.20, and 0.15 for the bituminous concrete, 
aggregate bituminous, aggregate cement, and aggre­
gate-lime-pozzolan base courses, respectively. Also, 
the 4- x 7-in. (10.2- x 17.8-cm) loading plates of 
the Road Rater were approximated by two circular 
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areas spaced 10.5 in. (26.7 cm) apart center to cen­
ter; each has a 3-in. (7.6-cm) radius. The contact 
pressure under each plate is 13 psi (89.6 kPa). 

For the Road Rater deflection basins thus ob­
tained, layer modulus values at different EALs were 
evaluated for most of the test pavements and the re­
sults of evaluation are summarized in Table 2. The 
data in the table indicate that a great majority of 
the subgrade modulus values fall within 20,000 and 
30,000 psi (138 and 207 MPa) with few fluctuating 
between 30,000 and 40,000 psi (207 and 276 MPa). 
This type of fluctuation is as would be expected; 
primary reasons are that (a) the subgrade material 
may not be uniform in terms of its soil composition 
and compaction conditions ( inclucing moisture con­
tent and dry density) throughout the entire test 
pavements and (b) it is difficult to obtain theoret­
ical deflection basins (the basins computed from the 
theory of elasticity) that will fit perfectly to the 
measured deflection basins because of possible non­
uniformity in pavement materials and layer thick­
ness. Recall that the evaluation of modulus employed 
the procedure of successive iteration for which a 
set of layer moduli must first be assumed to compute 
deflection basins. The computed deflection basin is 
then compared with the measured one and the differ­
ence, if any, between the two deflection basins 
serves as the basis for adjusting the assumed modu­
lus values. The adjustment is made by using the suc­
cessive iteration procedure until the difference be­
tween the two deflections is less than 10 percent of 
the measured values. 

Except for pavement Sections 3 and 5, the modulus 
of the subbase course of each pavement varies within 
a narrow range. Specifically, the subbase modulus 
fluctuates between 31,000 and 43,000 psi (214 and 
297 MPa) for Sections lC, lD, 2, and 7; between 
14, 000 and 18, 000 psi (97 and 124 MPa) for Section 
9; between 40,000 and 60,000 psi (276 and 414 MPa) 
for Section A; between 15,000 and 30,000 psi (103 
and 207 MPa) for Section C; between 11,000 and 
19, 000 psi (76 and 131 MPa) for Section D; and be­
tween 24, 000 and 30, 000 psi (166 and 207 MPa) for 
Section E . When the previously mentioned factors, 
which could possibly cause modu.lus variation, are 
considered, th is range of variation in each section 
can be considered normal. However, for Section 3, 
the difference between the highest and the lowest 
values is as much as threefold. Also, the highest 
subbase modulus values for Sections 3 and 5 are con­
siderably greater than those of other sections. This 
is rather unexpected and possible causes of this 
wide variation are not yet fully understood. One in­
teresting trend of variation is that the subbase 
modulus appears to decrease with EALs for some sec­
tions (2, 3, C, and E). The data also show that the 
overall range of subbase modulus values is consider­
ably broader than that of subgrade modulus values. 
There is no trend indicating how the subbase modulus 
variation is related to the type of base course ma­
terial, however. 

For the pavements containing bituminous concrete 
base course (Sections lC, lD, 2, 7, and 9), both the 
surface and the base course moduli fluctuate within 
an expected range. There is no apparent trend of 
variation of layer modulus with layer thickness. For 
other sections, except Sections 5 and E, the base 
course modulus decreases with EAL. The decrease in 
the base course modulus could possibly be attributed 
to progressive deterioration of the base course with 
traffic volume. The surface course modulus of these 
sections fluctuates randomly without a definite pat­
tern. The data on Sections 3, A, and C indicate, as 
expected, that the aggregate-1 ime-pozzolan base, 
limestone aggregate cement base, and slag aggregate 
cement base courses have considerably greater moduli 
than does the bituminous concrete surface course. 
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TABLE 3 Layer MuduluM Computed from Spring Season Benkelman Beam 
Deflection Basins 

Layer Base Layer Modulus (103 psi) 
Section Thickness Course EAL 
No. (in.)3 Materialb (106) Surface Base Sub base Subgrade 

IC 1.5-6-8 BC 1.4 25 300 10 29 
ID 1.5-6-6 BC 1.4 20 100 8 21 
2 2.5-6-8 BC 1.4 30 400 10 32 
6 2.5-8-8 BC 1.4 40 300 10 28 
7 1.5-8-8 BC 1.4 50 200 12 33 
9 2.5-4-8 BC 1.4 50 200 10 20 
3 2.5-8-8 ALP 1.4 85 100 18 20 
5 2.5-8-8 AB 1.4 75 60 14 34 
4 2.5-8-8 Al. 1.4 500 750 16 58 
A 2.5-4-8 AC 0.3 220 2,000 14 48 
B 2.5-6-8 AC 0.3 500 1,000 10 51 
c 2.5-6-8 AC 0.3 50 450 12 30 
D 2.5-6-8 AC 0.3 150 500 12 49 
E 2.5-8-8 cs 0.3 55 30 12 49 

~ Thicknes:s ot' surface. base, and subbase cout$Cl , respecUvc ty. 
Base Courie materla.b: BC= bituminous con~c:te, AC ~ :liJjP,regate cement, AB = aggregate bituminous, 
ALP= aggregate-lime-pozzo1an, CS= crushed stone. 

Furthermore, the gravel base course has a smaller 
modulus than does the bituminous concrete surface, 
as indicated by Section E. Comparison of the modulus 
of the gravel base with that of the limestone sub­
base in Section E indicates that the base course 
material is slightly stiffer than the subbase 
course. This is as would be expected because the 
Road Rater loading induces greater confining pres­
sures in the base course than in the subbase; the 
greater confinement causes higher stiffness for the 
gravel material. 

For the Benkelman beam deflections, because fewer 
deflection basins are available and also because the 
variation of deflection basins with EAL is not as 
well defined as that of the Road Rater deflections, 
the analysis of layer modulus is made for only one 
level of EAL, which is 0.3 million for Sections A, 
B, C, D, and E and 1.4 million for the other sec­
tions. The deflection basins obtained at and near 
this level of EAL are averaged; for each averaged 
deflection basin, the deflection values at four lo­
cations--at the center of the dual loading tires and 
at 1, 3, and 5 ft (0.3, 0.9, and 1.5 m) off the cen­
ter--are used as input to the computer program. The 
analysis is made for 18-kip (80-kN) single axle 
loading with dual tires each having 80 psi (552 kPa) 
tire pressure. Results of the analysis are summa­
rized in Table 3 . 

The data in Table 3 show that both subgrade and 
subbase modulus values fluctuate without a definite 
pattern with respect to type of base course mate­
rial. For each type of base course material, the 
base course modulus varies within a reasonable 
range. The modulus of surface course, which has the 
same material for all test pavements, appears to be 
smaller for pavements that contain a bituminous con­
crete base course. Reasons for this effect are not 
yet known. 

For comparison of the modulus values evaluated 
from the Benkelman beam and the Road Rater deflec­
tion basins, the ratio between the two sets of 
values is plotted against the values obtained from 
the Road Rater deflections in Figure 5. Because the 
d ifference between the two sets of surface moduli is 
somewhat erratic, it is not included in the figure. 
Figure 5 demonstrates that the ratio of the two sets 
of subgrade modulus values fluctuates around unity , 
indicating that regardless of the type of base 
course material, the Benkelman beam and the Road 
Rater deflection basins give practically the same 
subgrade modulus. For the subbase modulus, however, 
the values obtained from Benkelman beam deflections 
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FIGURE 5 Ratio of layer modulus between Road 
Rater and Benkelman beam loadings. 

are considerably lower especially for pavements con­
taining a bituminous concrete base course. The dif­
ference be tween the two se t s of base course moduli 
is not as great as is that for the subbase modulus. 
It appears that the modulus of bituminous concrete 
base computed from the Road Rater deflections is 
significantly higher than that computed from the 
Be nkelman deflections, whereas the modulus of other 
bas e cour se materials is practically the same. Rea­
sons for the observed modulus variations are not yet 
available. Additional study is needed to better un­
derstand the behavior of modulus variation. 

The resilient modulus of each constituent pave­
ment material was determined from laboratory re­
peated load tests on specimens 6 in. (152 mm) in 
diameter. The laboratory testing was conducted at a 
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room temperature of about 70°F (21°C). The test 
specimens for the surface, base, and subbase materi­
als were prepared in the laboratory to the same com­
position and density as those in the field. For the 
subgrade soil, both undisturbed and remolded speci­
mens were tested. 

The repeated load had a frequency of 20 cycles 
per minute and a duration of 0.1 sec. The stationary 
confining pressure and cyclic deviatoric pressure 
used in the testing are given in Table 4. For each 

TABLE 4 Confining and Deviatoric Pressures Used in 
Laboratory Repair Load Test 

Test Material 

Surface 
Base 
Sub base 
Subgrade 

Confining Pressure 
(psi) 

20, 30, and 40 
10, 20, and 30 
10 and 20 
5 and 10 

Deviatoric Pressure 
(psi) 

I 0, 30, and 50 
10, 25, and 40 
I 0, 20, and 30 
S, I 0, and 20 

test condition, a minimum of three tests were per­
formed. Resilient modulus values obtained from the 
laboratory testing are summarized in Table 5. Also 
included in Table 5 for comparison are the range and 
average values of layer modulus obtained from Tables 
2 and 3. 

The data in Table 5 indicate that for the bitumi­
nous concrete surface, bituminous concrete base, and 
aggregate bituminous base course materials, the re­
silient modulus is practically equal to the layer 
modulus obtained from Benkelman beam deflection ba-

TABLE 5 Resilient Modulus and Layer Modulus 

155 

sins. The resilient modulus values for other base 
course materials are considerably greater than the 
layer modulus values. Also, the resilient modulus 
values are slightly greater for the limestone sub­
base and smaller for the silty clay subgrade com­
pared with the l a yer modulus va l ues . Although a 
slight difference be tween the two d ifferent sets of 
moduli can be expected, possible reasons for resil­
ient modulus larger than layer modulus for one and 
smaller for the other are yet to be investigated. 

Critical Pavement Response 

The modulus values were used to analyze critical re­
sponses of the test pavemen t s s ub j ected to 18-kip 
(80-kN) single axle (Benkelman beam) loading and 
Road Rater load i ng. The analys is was made using the 
bituminous structures ana l ysis in roads (BISAR) com­
puter prog ram; the er i tical res ponses analyzed in­
cluded the maximum tensile stra in at the bo t tom of a 
stabilized base course or maximum tensile strain at 
the bottom of a surface course for the pavement sec­
tion containing crushed s tone base course, and the 
maximum vertical compressive strain on top of the 
subgrade. 

Because there are more data on the variation of 
Road Rater deflection basins with EAL, the maximum 
tensile strain (£tl at the bottom of a stabi­
lized course (surface course for Section E and base 
course for other sections) and the maximum vertical 
compr ess i ve strain (£vl at the top of a subgrade 
are a nalyzed for the Road Ra t e r deflection basins 
selected at different levels of EAL. Some of the re­
sults of the analys is a re shown in F i gures 6 and 7, 
which show the varia t ion of vertical compressive 

Layer Modulus• (1 o3 psi) from 

Resilient Modulus Benkelman Beam 
Deflection 

Layer 

Surface 
Base 

Sub base 
Subgrade 

Material 

Bituminous concrete 
Bituminous concrete 
Limestone aggregate cement 
Slag aggregate cement 
Gravel aggregate cement 
Aggregate-lime-pozzolan 
Aggregate bituminous 
Crushed limestone 
Silty clay 

(10 3 psi) 

Range 

85-200 
250-450 
3,000-4,500 
2,500-4,000 
2,000-3,800 
1,500-3,500 
58-200 
42-64 
6-20 

Average 

140 
320 

3,600 
3,200 
2,500 
2,400 

100 
48 

8 

Road Rater Deflection 

Range Average 

20-837 442 
509-064 801 
100-2,830 1,296 
168-1,000 546 
40-504 214 
150-500 325 

100 
11-117 35 
20-40 26 

Range 

20--500 
100-400 
750-2,000 

8-18 
20-58 

8Values obtained from Tables 2 and 3. 
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FIGURE 6 Variation of maximum vertical compressive strain at top of subgrade 
with EAL for Road Rater loading. 

Average 

132 
250 

1,250 
450 
500 
100 

60 
12 
36 
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FIGURE 7 Variation of maximum horizontal tensile strain at bottom of stabilized 
course with EAL for Road Rater loading. 

strain and horizontal tensile strain, respectively, 
with EAL. It is seen that, for most pavement sec­
tions, both strains increase with increasing EAL. 
The shape of the curve, generally speaking, follows 
that of the maximum surface deflection (Figure 1) 
except for Sections 3 and E. For Section 3, the rate 
of increase in 'strains is not as pronounced as is 
that of the surface deflectioni and for Section E, 
the strains remain essentially constant throughout 
the entire range of EAL. 

In addition to the results shown previously, each 
of the analyzed strain values is shown in Figure B 
in terms of the ratios between the two values, one 
obtained from the Benkelman beam and the other from 
the Road Rater (BBEt/RR<t a nd BB<v/RR<vl· The figure 
demonstrates that the ratio of maximum tensile 
strain (BB £t/RRctl fluctuates around 20.0 for the 
data points o f pavements con ta in ing bituminous con­
crete base courses and around 15.0 for the data 
points of the other types of base course materials. 
For the maximum vertical compressive strain, the 
ratio BB<v/RR<v fluctuates around 10.0 regardless of 
the type of base course materials. 
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FIGURE 8 Ratio of critical strains between Road Rater 
and Benkelman beam loadings. 
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The results of computer analyses, which were dis­
cussed in an earlier report (14), indicated that for 
both maximum tensile and maximum vertical compres­
sive strains, the values for Benkelman beam loading 
are 12.5 times those that occur under the Road Rater 
loading. It should be noted that the analysis was 
made for pavements containing bituminous concrete 
base courses only. Furthermore, in the analysis, the 
surface and base courses were treated as one layer, 
and the modulus values of the pavement layers were 
estimated on the basis of maximum surface deflection 
without consideration of the entire deflection ba­
sin. Because of these limitations, the current 
values of 20.0, 15.0, and 10.0 should be closer to 
the actual values and therefore should be more use­
ful for practical applications. 

SUMMARY AND CONCLUSIONS 

The response of flexible pavements to two different 
types of loading--18-kip (BO-kN) single axle and 
Road Rater loadings--was analyzed. The pavement re­
sponse to the single axle loading on dual tires wa:; 
measured using a Benkelman beam. The Road Rater used 
was a model 400, which was operated at 25-Hz loading 
frequency. The flexible pavements investigated con­
tained different types of base courses including bi­
tuminous concrete, aggregate bituminous, aggregate 
cement, aggregate-lime-pozzolan, and crushed stone. 

Pavement surface deflections obtained from these 
two types of loadings were analyzedi factors con ­
sidered in the analysis were weather, base course 
materials, and cumulative axle load application. 
Also, the surface deflection basins were used to 
evaluate layer moduli, which in turn were used to 
analyze the maximum tensile strain at the bottom of 
the stabilized base course or at the bottom of the 
surface course of pavements without stabilized base 
courses and the maximum vertical compressive strain 
at the top of the subgrade. 

Results of the analysis indicate that, for the 
conditions studied, spring season deflections are 
not necessarily the largest, as is generally 
thought, especially for pavements with bituminous 
concrete base courses. For other pavements, the 
spring season deflections are approximately equal to 
the summer data. For the spring season deflection 
data, the maximum surface deflection, maximum hori­
zontal tensile strain, and maximum vertical compres­
sive strain increase with increasing cumulative axle 
load applications as would be expected. From the re­
sults of the analysis, relationships be tween Road 
Ra t e r and single a xle l oadings were e sta blished for 
l ayer modulus, maximum s ur fac e deflection , maximum 
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tensile strain, and maximum vertical compressive 
strain. 

On the basis of the results of this study, it may 
be concluded that, at least for the conditions in­
vestigated, summer deflection measurements are as 
effective as, if not more so than, spring season de­
flection measurements for evaluation of pavement 
condition. The layer modulus values evaluated from 
the Road Rater deflection basins are practically the 
same as those obtained from the Benkelman beam de­
flection basins for the subgrade and base course ma­
terials. The subbase modulus obtained from the Road 
Rater deflection basins is considerably higher than 
that evaluated from the Benkelman beam deflection 
basins. For the surface course material, however, no 
definite trend in the relative magnitude between the 
two sets of layer modulus values is found. Further­
more, the resilient modulus obtained from the labo­
ratory repeated load test is reasonably close to the 
layer modulus for most pavement layers except for 
aggregate cement and aggregate-lime-pozzolan base 
courses. For these base course materials, the resil­
ient modulus is considerably greater than the layer 
modulus. Under lB-kip (BO-kN) single axle loading, 
the maximum surface deflection, maximum horizontal 
tensile strain, and maximum vertical compressive 
strain can be estimated from the corresponding val­
ues caused by the Road Rater loading by using the 
developed relationships. These relationships and 
other data may provide a useful basis for the devel­
opment of a generally accepted pavement evaluation 
criterion for use in pavement management programs. 
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