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The design of overlay pavements for upgrading existing pave
ments, especially rigid pavements, has presented a formidable 
task for engineers in the past due to the lack of a rational de
sign procedure. This paper justifies the use of linear-elastic 
layered theory for the design of continuously reinforced con
crete pavements (CRCP) overlays of existing pavements. The 
background rationale for selecting layered theory instead of 
conventional concrete pavement design procedures from plate 
theory is presented. A comparison is made of the mechanical 
state of stress, strain, and deflection derived from layered 
theory and the Westergaard interior equation with field mea
surements of pavement deflection and strain. This comparison 
indicates that layered theory is an acceptable model for the de
sign of CRCP overlays. Techniques such as increasing the sub
grade stiffness with depth beneath a pavement structure are 
presented for developing a reasonable correlation between pre
dicted and measured deflection. Layered theory is applied to 
the design of a CRCP overlay of an existing jointed concrete 
airport pavement for a series of jumbo jets. Also discussed 
are the effects on de~ign of an intermediate asphalt concrete 
stress-relieving layer between concrete pavements. 

•THE DESIGN of overlays for existing pavements, especially rigid pavements, has pre
sented a formidable task for engineers in the past due to the lack of a rational design 
procedure. In recent years, continuously reinforced concrete pavements have been used 
to overlay existing highway and airport pavements, but the thickness design for these 
projects has largely been based on engineering judgment. 

The purpose of this paper is to select a mathematical model and to develop techniques 
that may be used for rationally designing continuously reinforced concrete overlays to 
upgrade existing pavement structures. 

The mathematical models considered are restricted to those sati:-.;ying the following 
conditions: (a) the mathematical models presently exist, and (b) the loading conditions 
are static. The reason for the first condition is apparent in the context of this study be
cause its purpose is to place overlay design on a more rational basis than that of most 
current procedures. The nature of the first condition, in part, limits the mathematical 
model to static conditions because the development of models for dynamic loading is in 
the early stages. Only limited data, such as those developed by Lee (1) and at the AASHO 
Road Test ~), are available as to the nature of dynamic loading for vehicles. 

REVIEW OF AVAILABLE THEORIES 

Mathematical models used in the highway field to predict the state of stress in a multilay
ered pavement structure fall into two basic categories: plate theory and layered theory. 
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Figure 1 shows the features of plate theory-a plate of finite thickness resting on a 
semi-infinite half-space of another material. Stresses may be computed for the various 
positions of load placement shown, e.g., edge, corner, interior, and joint. Some of the 
models will even allow varying conditions of support, such as a void beneath the slab (3 ). 
The theory will give considerable information pertaining to the state of stress in the -
plate, but none pertaining to the supporting media. 

In most applications of the layered theory, a uniform circular load is applied to a 
half-space of infinite dimensions in a horizontal direction and to several layers of finite 
thickness and one of infinite depth in the vertical direction. The state of stress may then 
be predicted at any point in the half-space. Any one mathematical model within each of 
the categories may give the most appropriate solution, depending on the type of informa
tion sought. 

Plate Theory 

The existing plate theory solutions assume that the supporting foundation material is 
either a dense liquid or a linear-elastic half-space. Most of the solutions used in the 
highway field are based on the dense-liquid assumption. Boundary-value problems have 
been solved assuming that the supporting material is a linear-elastic material, but these 
solutions have not been fully developed and utilized. 

Plate Theory 

Layered Theory 

Figure l. Conceptual diagram for com
paring and contrasting plate and layered 

theory. 

Dense-Liquid Foundation-The primary im
plications of using a dense liquid or Winkler
Zimmerman' s assumption are shown in Figure 2. 
First, there are no shear stresses in the foun
dation material; therefore, a force applied over 
an area develops an equal and opposite force that 
is equal to the deflection times a modulus of re
action value (generally defined as k). This as
sumption implies that, if a block were pushed 
into the foundation, the deflection pattern would 
take a rectangular shape rather than a more 
realistic basin shape. Of course, when the con
crete slab is placed on the simulated soil, the 
computed shape is a basin; Figure 2 illustrates 
the nature of the assumption. A popular physical 
interpretation of this model, shown in Figure 3, 
indicates that the foundation acts as a bed of 
springs or as a dense liquid with a density equal 
to k times the deflection of a given load. 

The most widely known and generally accepted 
plate theory development, using a dense-liquid 
foundation, is Westergaard's work in 1926 (4). 
Westergaard presented solutions for the following 
three conditions of load placement: (a) the corner 
of a large rectangular plate, (b) the slab edge at 
a considerable distance from the corner, and (c) 
the interior area away from the edge. Kelley (5) 
and Spangler (6) later revised the corner formula 
on the basis offield measurements to provide for 
curling stresses and load transfer at the joint. 

Pickett (7) noted that the equations for corner 
stress developed by previous investigators had 
poor boundary conditions, giving zero stress 
with certain loaq radii and pavement properties. 
Using mathematical techniques, Pickett developed 
a formula that had the shape and characteristics 
of Westergaard's corner equations, but with a 
more rational boundary condition. The Pickett 
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Figure 2. Implications of using a dense-liquid 
assumption for the foundation materia I. 
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Figure 3. Generally accepted physical in
terpretation of the dense- I iquid foundation. 

equation also provides for varying degrees of load transfer between slabs, as does the 
Spangler equation. 

All of these equations produce closed-form solutions, and they can be solved for a 
given set of conditions. For this reason they have been applied widely because of the 
relative ease of solution. Recently, Hudson (3) developed an open-form solution of a 
plate problem on a dense-liquid subgrade that provides special capabilities not available 
with the previous equations. This solution has the advantage of being able to handle the 
special problems of nonuniform support, special loadings, and discontinuities such as 
cracks. 

Linear-Elastic Foundation-The use of a linear-elastic foundation with plate theory 
has not been extensive in the highway and airport field, possibly because of the momen
tum previously developed by the dense- liquid approach. The use of an elastic foundation 
is probably a more realistic assumption and would permit laboratory measurements of 
elastic properties, i.e., modulus of elasticity and Poisson's ratio, rather than the more 
difficult and impractical measurement of modulus of subgrade reaction required with 
the dense-liquid approach. The complex mathematics required with these solutions have 
tended to impede their use. 

Layered Theory 

The boundary-value problems for layered theory have been solved through the use of 
both conventional numerical techniques and finite-element techniques. The full develop
ment of the solutions was not feasible until the computer age. Before then, the solution 
of the problem was impractical for any pavement with two or more layers. In contrast 
to plate theory, layered theory permits the complete state of stress to be determined at 
any point in the pavement structure. 

Burmister (8) laid much of the groundwork for solution of elastic layers on a semi
infinite elastic subgrade. He first solved the boundary-value problem for two layers, 
assuming a continuous interface, and conceptually established the solutions for three
layered problems. The assumption of full continuity implies that there is no slippage 
between the layers; hence, the strain in the bottom of one layer is equal to the strain in 
the top of the next layer, but the stress levels in the two layers will differ as a function 
of the modulus of elasticity for each layer. 

Hank and Scrivner (9), Peattie and Jones (10), and others extended Burmister's so
lution to three-layered-pavements and also solved for the complete stress and strain in 
the pavement structure. In addition, Hank and Scrivner presented solutions for full con
tinuity and zero continuity between layers. Their solutions indicate that the stresses in 
layer one for the frictionless case (zero continuity) are larger than the stresses pre
dicted for full continuity. The increase in stress between the two continuity conditions 
depends on the dimensions and material properties of the layer. In general, the error 
increases as the ratio of the stiffness of the lower layer to the stiffness of the upper 
layer increases. 

From the Hank and Scrivner data, it may be concluded that where there is a large 
relative difference in stiffness between the layers, the question as to full, zero, or in
termediate continuity is partially nullified because the error of assuming full continuity 
is small. As the material properties of the two layers become equal, the continuity con
dition becomes more important. In an actual pavement, the layers are very likely to 
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develop full continuity; hence, the assumption of full continuity between layers is prob
ably a realistic one. 

Recently the Chevron Research Corporation (11) and the Shell Oil Company (12) de
veloped multUayered pavement programs that permit the determination of the complete 
state of stress and strain at any point in a pavement structure. The modulus of elasticity, 
Poisson's ratio, and thickness of each layer are treated as variables. Furthermore,. the 
effect of multiple loads may be taken into account. 

The use of layered theory will allow the development of design curves for subbase 
layers as well as normal design curves for concrete layers. Curves derived in this 
manner will provide design compatibility among layers. Hence, design manuals may be 
developed for the pavement and subbase that allow the designer to select adequate thick
nesses based on the material properties of each layer. 

THEORY SELECTION 

The use of plate theory has an initial advantage with concrete pavements because it 
has been associated with this pavement type for approximately 40 years. Its use for 
overlay design, however, is eliminated in favor of layered theory for the following 
reasons: 

1. Only the state of stress in the surface layer of the pavement structure can be pre
dicted; therefore, the subsurface layers cannot be rationally designed without applying 
empirical procedures. 

2. The complete state of stress cannot be predicted because the vertical stress is 
assumed to be zero with plate theory. The vertical stresses and strains in the subgrade 
may be an important factor in design; hence, a prediction is required. 

3. Layered theory will permit the use of elastic constants that can be measured in 
the laboratory. Although the subgrade materials are not linear-elastic in a puristic 
sense, they may be characterized by using tests such as the resilient modulus, which 
simulates dynamic loading conditions and has given good correlation with field measure
ments (13 ). A valid criticism of plate theory is that the k value cannot b e measured in 
the laboratory; hence, elaborate field tests are required. Rather than resort to imprac
tical techniques, most agencies either assume a k value or correlate with their standard 
soil tests (14, ~. 16). 

Although a departure from the conventional approach, the use of layered theory with 
concrete pavements is felt to be sound, and its possibilities were recognized as early 
as 1948 by Hank and Scrivner (9). It is felt that the layered theory offers the greatest 
flexibility and possibility for developing an overlay design procedure for existing rigid 
and flexible pavements. The theory is especially applicable to continuously reinforced 
concrete pavements because the commonly accepted interior loading condition is similar 
to the axisymmetric loading condition of layered theory. This choice will also allow one 
theory to be used, thereby avoiding the presently accepted schism, which has evolved 
over the years, of using two different mathematical models for rigid and flexible 
pavements. 

VERIFICATION OF EXISTING THEORY 

It was considered necessary to compare solutions of typical pavement-structure 
problems obtained from using conventional layered theory with solutions obtained from 
using the Westergaard equation, because the Westergaard equation, with subsequent 
modifications, has been used with confidence in concrete pavement design for approxi
mately 40 years. If a favorable comparison were established, it would provide an initial 
confidence in the design of overlays developed from layered theory. The Westergaard 
interior equation was selected for comparison because its boundary conditions are very 
similar to the axisymmetric boundary condition of layered theory and its use in the de
sign of CRCP is established (17, 18). 

The applicability of layeredtheory is checked by comparing the s tresses in concrete 
pavement at the interface of the pavement and subbase layers directly beneath the wheel 
load (Fig. 4). This is the only permissible point of comparison because stresses at 



other depths in concrete pavement 
cannot be predicted with the Wester
gaard formula. The deflection com
parison is at the surface of the con
crete layer directly beneath the wheel 
load. 

One problem in comparing Wester
gaard' s formula and layered theory 
mathematicalmodels is how to assign 
to subbase and subgrade materials 
elastic constants that are representa
tive of the k values used with the 
Westergaard analysis. For the com
parisons, k values were obtained from 
deflections predicted by loading vari
ous layered systems with a 10-psi 
load on a 30-in. diameter plate (Fig. 4). 
The pressure and plate dimensions 
are those recommended by several 
agencies performing the test (19, 20). 
Figure 5 shows the relationship be
tween k value and subgrade modulus 
of elasticity derived from these com
putations. It is realized that k values 
from field tests vary with the rate of 
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Figure 4. Method of determining k value using a two
layered analysis and points in pavement structure where 
deflection and stress predicted from layered theory and 

Westergaard 's Interior Equation ore compared. 

loading, plate dimensions, and pressure (21), but these variations are not a factor when 
comparing theories. The k values obtained by this procedure are equivalent to those 
that would be obtained with flexible-plate measurements. To convert to rigid-plate k 
values, the flexible-plate values have to be increased by approximately 27 percent (13). 
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Figure 5. Relationship between subgrade modu
lus of elasticity and the flexible-plate k value 

derived by layered theory. 

All comparisons are made on the basis Of 
flexible-plate k values; if rigid-plate k val
ues were used, the stresses obtained by the 
Westergaard interior equation would be less 
than those shown. 

Comparison of Predicted Stress 

Figures 6 and 7 compare pavement stresses 
at the pavement-subbase interface for varying 
wheel loads, subgrade modulus, and pavement 
thickness for single and dual wheel loads. 
Figure 8 shows the same types of data as 
Figure 6, except that the modulus of the con
crete pavement is 1, 000, 000 psi rather than 
4,000,000 psi. All stresses in this compari
son are tensile because the lower face of 
concrete pavement is always in tension in 
the immediate area of the wheel load. 

Subgrade Modulus- For both single and 
dual wheels, the line equating layered theory 
and Westergaard stresses varies with the 
subgrade modulus. As the subgrade modulus 
increases, the relationship between the two 
approaches the line of equality, i.e., a slope 
of 45 deg. When the subgrade modulus is 
approximately equal to 30, 000 psi, the 
stresses estimated by the two methods are 
equal. 
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Wheel Load-The stresses for two 
different wheel loads (4, 500 lb and 6,000 
lb in Fig. 6) fall along the same line 
of equality for a given value of sub
grade modulus. The observation in
dicates that the stresses for different 
wheel loads vary in a linear fashion, 
as would be expected from examining 
mathematical models for Westergaard 
and layered theory. 

Concrete Modulus of Elasticity
Figure 8 shows that the Westergaard 
and layered theory stresses vary less 
with the subgrade modulus when the 
concrete modulus of elasticity equals 
1,000,000 psi than when it equals 
4,000,000 (Fig. 6). These stresses 
predicted by the two mathematical 
models approach equality for the lower 
range of modulus of elasticity used in 
concrete pavements. 

Comparison of Predicted Deflection 

Figure 9 compares pavement
surface deflection on the line of axi
symmetry for varying wheel loads, 
subgrade modulus, and pavement 
thickness for dual wheel loads only. 
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Figure 7. Comparison of pavement srresses at the pavement-subbase interface computed by Westergaard 
and layered theory for varying whee I loads, subgrade modulus, and pavement thicknesses-duo I wheel load. 
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Figure 8. Comparison of stresses at the pavement-subbase interface computed by Westergaard and 
layered theory for concrete pavement with E value of 1,000,000 psi. 

In general, layered theory predicts a deflection two to four times greater than that 
predicted by Westergaard. 

The line equating deflections predicted by layered theory and Westergaard varies 
with the subgrade modulus as did the line equating predicted stress, but with a much 
more pronounced effect. As the subgrade modulus increases, the deflections predicted 
by the two mathematical models approach one another. For a subgrade modulus of 
45,000 psi, the layered theory deflection is still two orders of magnitude greater than 
that predicted by the Westergaard equation. The 45,000-psi figure represents an excel
lent soil; hence, the two mathematical models are not equal at any point over the range 
of subgrade moduli generally found applicable to soils. 

This study indicates that the stresses predicted by layered theory are somewhat 
higher than those predicted by the Westergaard interior equation. This observation may 
be interpreted to mean that layered theory gives more influence to a variation in subgrade 
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support than does the Westergaard 
equation. The deflections predicted 
by the two mathematical models differ 
considerably, especially for poor sub
grade soils. Despite this discrepancy, 
the comparison does indicate that the 
two mathematical models may be used 
interchangeably with approximately 
the same degree of confidence. Hence, 
layered theory may be used in lieu of 
plate theory for interior loading 
conditions. 

VERIFICATION WITH FIELD 
OBSERVATIONS 

Figure 10. Comparisonof predicted deflection and mea
sured deflection considering subgrade support. 

For practicing engineers to gain a 
degree of confidence in the layered 
theory mathematical model, they must 
compare predicted values of deflection 
and stress with field data if possible . 
The AASHO Road Test is an excellent 
source of data for investigating the 
effect of wheel load and pavement 
thickness on deflection and strain (2). 
Following are the statistically de- -
rived empirical models from the 
AASHO Road Test for predicting 
pavement deflection and strain. 

d = 0.00883 x L (l) 

20.54 x L ( - -~~~~-~=~ 
- 10o.oo31T x nl.278 

where 

d = deflection at the pavement edge, in inches; 
( = strain at the pavement edge; 
L = axle load, in pounds; 

100.0075T X Dl.178 

(2) 

T = difference in pavement temperature between the top and the bottom of the slab, in 
degrees Fahrenheit; and 

D = pavement thickness, in inches. 

Equations 1 and 2 are for edge deflection and strain, which are different from the 
interior condition assumed for the two mathematical models being studied. This fact 
s hould be recalled when comparing the predicted deflection to measured deflection in 
later sections . Another factor peculiar to these equations and r elative to tbe mathe
matical model being considered is the inclusion of a pavement temper ature diffe r ential 
value . Although warping and curling s h·esses due to pavement temperature differen tial 
have long been cons idered in computing s ti· l:!sses, lhe lr effect on deflection has generally 
been ignored in mathematical modeling. All comparisoni:; of deflection in this r eport are 
made at zero temper ature diffe r ential to eliminate thi s factor . 

Soil Support 

The effect of soil support on deflection and stress cannot be ascertained from the 
AASHO Road Test data because only one subgrade soil type was present. Therefore, 
one must resort to other sources. The Texas Highway Department has recently com
pleted ~. study of concrete pavement deflection in which the effect of soil support on 
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Figure l l. Comparison of predicted deflection and measured deflection considering pavement thickness. 

deflection was investigated using the techniques developed at the AASHO Road 
Test (22). 

The Texas soil data are expressed in terms of the Texas triaxial test, which was corre
lated with the k value (22) to develop soil support values compatible with those used in 
the mathematical models. Figure 10 compares deflections mea~mred from in-service 
projects with those computed from the layered theory and Westergaard formula. The 
data are for 8-in. concrete pavements resting on a 6-in. subbase of fine-grained sandy 
or limestone materials. These two materials are unstabilized and represent the range 
of subbase materials normally used in construction. 

The deflection predicted by the layered theory is considerably higher than that mea
sured in the field, but Figure 10 shows that the shapes of the data lines are very similar. 
Therefore, it may be stated that, although the layered theory predicts somewhat higher 
deflections, its response to the influence of the soil support value is much more repre
sentative of actual conditions than is that of the Westergaard equation. Therefore, 
layered theory is somewhat more conservative. 

Figure 11 compares the effect of pavement thickness on deflection derived from the 
experimental data with the same type relationships developed from the two mathematical 
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models. The deflection data have been normalized to the deflection for an 8-in. thick 
pavement. Both of the mathematical models agree favorably with experimental data 
from the two different sources, especially within the limits of the data for which the ex
perimental models were derived. 

Figure 12 compares the relationship between pavement thickness and pavement strain 
derived from the AASHO equation and the layered theory mathematical model. The strain 
predicted from the layered theory mathematical model agrees reasonably with that mea
sured on experimental projects. 

Subgrade Thickness 

Figure 10 indicates that the deflection predicted by layered theory is considerably 
larger than that measured. This is partly because layered theory assumes that the sub
grade is of infinite depth. The assumption can be partially erroneous because most soil 
deposits generally increase in stiffness with depth below the surface. Therefore, in order 
to make the predictions from layered theory more realistic relative to real pavements, 
it is generally necessary to assume that a very stiff layer is present at some depth below 
the surface. Figure 13 shows the effect of thickness of subgrade material overlying a 
very stiff layer. For this particular graph, the s tiff layer is assumed to have an E value 
of 300,000 psi. Another study was also conducted assuming an E value of 2,000,000 psi 
for the stiff layer, but the data from the latter study did not portray a relationship sig
nificantly different from that in Figure 13. 

Figure 13 shows that variations in subgrade thickness between 0 and 12 feet have a 
significant effect on the deflection, especially for the lower soil-support values. The 
difference in deflection between a subgrade layer 4 ft thick and one with an infinite 
thickness may vary 150 percent on poor soils and up to 50 percent on good soils. A few 
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Figure 13. Influence of subgrade-layer thickness on 
pavement surface deflection. 

of the data points from Texas highways 
previously shown in Figure 10 are shown 
as dashed lines in Figure 13. It may be 
hypothesized from Figure 13 that, to sim
ulate the deflection as measured by the 
Texas study, it is necessary to increase 
the soil stiffness at depths of 6 to 10 feet 
below the surface. 

Figure 14 is similar to Figure 13 
except that the effects of the subgrade 
thickness on the tensile stress in the 
pavement are shown for different sub
grade soils. The deep rigid layer is 
assumed to have an E value of 300, 000 
psi. A similar study, in which the rigid 
layer was assumed to have an E value 
of 2,000,000 psi, gives essentially the 
same answers as those in Figure 14. 
When the thickness of the subgrade 
layer above the deep rigid layer ranges 
from 0 to 12 ft it has an effect on the 
tensile stress in the pavement. If the 
subgrade layer is greater than 20 ft, 
then the stress in the pavement re
mains constant. The stress difference 
with a layer 4 ft thick com~ared to one 
of infinite thickness is approximately 14 
percent with poor soils and approximate
ly 1 percent with good subgrade soils. 
This indicates that the stresses in the 
pavement are not as sensitive to thick
nesses of the subgrade soil and the stiff-



ness of the rigid layer as are deflec
tions. Therefore, it may be concluded 
that the stresses in the pavement may 
be predicted with a fair degree of ac
curacy whenever the subgrade soil 
layer is greater than 12 ft in thickness. 

PROBLEMS ADAPTABLE TO 
SOLUTION BY LAYERED THEORY 

Layered theory may be applied to 
the design of CRCP overlays of ex-
isting pavement, flexible or rigid. 
The layered theory application to 
airport or highway pavements will 
give the designer a rational method 
of examining the stress level in any 
layer of the pavement structure that 
was heretofore impossible. In addi
tion, the designer may confidently 
investigate the effect of unusual de
signs on the stress state, e.g., use 
of a cushion course, rather than re
sorting to empirical methods or im-
practical test sections. Further
more, the effect of the reinforcing 
steel related to an increase in slab 
stiffness may also be taken into ac
count. This may be of special interest 
with regard to overlay design. 

Figure 15 shows a series of de
sign curves for a CRCP overlay of 
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Figure 14. Influence of subgrade-layerthickness on pave-
ment stress. 

an existing jointed concrete pavement for several different aircraft and design conditions 
recently used at a U.S. Air Force facility (23). The predicted stresses are the combi
nations of multiple wheel loads for complex g ear configurations, e.g., the Boeing 747 
gear configuration consisting of sixteen 42,334-lb wheel loads. The effect of a stress-
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Figure 15. Design curves for a CRCP overlay of existing 12-in. jointed concrete pavement. 
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Figure 16. Effect of stress-relieving course on the stress in CRCP overlay and existing concrete pavement. 

relieving course between the existing jointed pavement and the CRCP is illustrated. 
Many designers feel the use of an asphalt concrete stress-relieving course is necessary 
with this type of condition to prevent the volume-change movements of the existing pave
ment from overstressing the longitudinal steel in the CRCP overlay. Figure 15 shows 
the increase in overlay thicknesses required when the stress-relieving course is used. 
For this particular design example, the stress in the existing concrete pavement at the 
subgrade interface gives the maximum stress level for all cases. For other combina
tions of thicknesses and material properties, other points in the pavement structure may 
give the controlling design conditions. 

Figure 16 shows the effect of various thicknesses of an intermediate asphalt concrete 
layer on the stress level in the CRCP overlay and the existing concrete pavement. The 
stress level in the existing pavement controls until the intermediate layer thickness ex
ceeds 4 in., after which the stress in the CRCP overlay controls. This type of analysis 
is not possible with empirical procedures or with the plate theory. Furthermore, the 
material properties used for the subgrade (i.e., resilient modulus) can be determined 
in the laboratory and are not dependent on impractical plate theory load tests. 

CONCLUSIONS AND RECOMMENDATIONS 

On the basis of this study, the following conclusions and recommendations are 
warranted: 

1. The application of layered theory to the design of CRCP overlays meets the cri
teria of reasonableness, and its use is recommended. 

2. The material properties used in the analysis may be measured in the laboratory. 
This eliminates the need for the impractical plate theory load tests in the field as well 
as allows for a better statistical sampling to be achieved. 

3. Special loading conditions and layered combinations for CRCP overlays may be 
analyzed with layered theory that arc beyond the scope of empirical methods or presently 
used theories. 

4. The stress level of every layer in the pavement structure may be taken into ac
count during design. 

5. The thickness of subgrade and its general increase in stiffness with depth should 
be taken into account in pavement structure computations, although the effect on stress 
is nominal relative to the effect on deflection. 



13 

REFERENCES 

1. Lee, Clyde E. A Portable Electronic Scale for Weighing Vehicles in Motion. High
way Research Record 127, pp. 22-33, 1966. 

2. The AASHO Road Test: Report 5-Pavement Research. HRB Spec. Rept. 61E, 1962. 
3. Hudson, W. R. Discontinuous Orthotropic Plates and Pavement Slabs. PhD Disser

tation, Univ. of Texas, Austin, 1965. 
4. Westergaard, H. M. Stresses in Concrete Pavements Computed by Theoretical 

Analyses. Public Roads, Vol. 7, No. 2, April 1926. 
5. Kelley, E. F. Application of Results of Research to Structural Design of Concrete 

Pavements. Public Roads, Vol. 20, No. 5, July 1939. 
6. Spangler, M. G. Stresses in the Corner Region of Concrete Pavements. Iowa State 

Univ., Eng. Expt. Sta. Bull. 157, 1942. 
7. Concrete Pavement Design. Portland Cement Association, Chicago, 1951. 
8. Burmister, D. M. The Theory of Stresses and Displacements in Layered Systems 

and Applications to the Design of Airport Runways. HRB Proc., Vol. 23, pp. 126-
148, 1943. 

9. Hank, R. J., and Scrivner, F. H. Some Numerical Solutions of Stresses in Two
and Three-Layered Systems. HRB Proc., Vol. 28, pp. 457-468, 1948. 

10. Peattie, K. R., and Jones, A. Surface Deflection of Road Structures. Symposium 
on Road Test for Pavement Design, Proc., Lisbon, 1962. 

11. Warren, H., and Eieckmann, W. L. Numerical Computations of Stresses and Strains 
in a Multiple-Layer Asphalt Pavement System. Chevron Research Company, 
Sept. 1963 (unpublished). 

12. Peutz, M. G. F., Jones, A., and Van Kempen, H. P. M. Layered Systems Under 
Normal Surface Loads. Highway Research Record 228, pp. 34-45, 1968. 

13. Seed, H. B., Mitry, F. G., Monismith, C. L., andChan, C. K. Prediction of Flexible 
Pavement Deflection From Laboratory Repeated-Load Tests. NCHRP Report 35, 
1967. 

14. Airport Paving. AC-150/5320-6, Federal Aviation Agency, June 1964. 
15. The United Soil Classification System. Corps of Engineers, Waterways Expt. Sta., 

Tech. Memo. 3-357, 1953. 
16. Design Manual-Airfield Pavements. NAVDOCKS, DM21, U.S. Navy, Bureau of 

Yards and Docks, 1962. 
17. McCullough, B. F., and Ledbetter, W. B. LTS Design of Continuously Reinforced 

Concrete Pavements. Jour. Highway Div., Proc. ASCE, Vol. 86, No. HW4, Dec. 1960. 
18. Design of Continuously Reinforced Concrete Pavements for Highways. Concrete 

Reinforcing Steel Institute, Committee on Continuously Reinforced Concrete 
Pavement, Bull. 1, Dec. 1960. 

19. Thickness Design for Concrete Pavements. Concrete Information, HB 35, Portland 
Cement Association, 1966. 

20. Engineering and Design-Rigid Airfield Pavement. AM-1110-45-303, Corps of 
Engineers, Feb. 3, 1958. 

21. Symposium on Load Test for Bearing Capacity of Soils. ASTM Spec. Tech. Publ. 
79, 1947. 

22. McCullough, B. F., and Treybig, H. J. A Deflection Study of Continuously Rein
forced Concrete Pavement in Texas. Highway Research Record 239, pp. 150-
174, 1968. 

23. McCullough, B. F., and Fredrick, J. B. Pavement Evaluation Study-Runway 7-25. 
U.S. Air Force Plan No. 42, Palmdale, Calif., 1968. 




